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The European Biogas Association (EBA), in
collaboration with biogas experts, has compiled
this paper to outline the important role of
biohydrogen, as a complement to biogas and
biomethane, in ensuring the sustainability,
affordability and accessibility of green gases in
Europe. Insights are provided as to the place of
biohydrogen within total hydrogen production
(Chapter 0, the technologies available to produce
biohydrogen (Chapter 2), the ways in which
biohydrogen contributes to the decarbonising of
Europe's hydrogen production (Chapter 3), the
economics of biohydrogen production (Chapter 4)
and the readiness of the markets to facilitate its
commercialisation (Chapter 5). Taking into
consideration the current policy context as well as
the technical background, the paper concludes by
making recommendations for an EU regulatory
framework to support the production and use of
biohydrogen (Chapter 6).

Hydrogen as an element can be produced from
biological and non-biological sources. There are a
number of production pathways for hydrogen;
these are categorised by colour according to the
feedstocks, power source and technique used in
the production process (Chapter 7). Biohydrogen
refers to the hydrogen obtained from biogenic
sources (for instance biogases and biomass). It can
be produced via a range of production
technologies. Dark fermentation,
photofermentation and bio-photolysis are
examples of the biological processes which can be
used; thermochemical processes include
gasification, (bio)methane/biogas steam reforming
(BMSR) and pyrolysis. Microbial electrolysis (ME) is
one example of a bioelectrochemical process. In
terms of practicability and energy efficiency, each
method has its own set of pros and cons' (Chapter
2).

One of the main challenges facing the hydrogen
sector is to decarbonise its production. Over 95%
of European hydrogen production capacity in 2020
was derived from fossil fuels?. Compared to grey
hydrogen (see table 1 for a breakdown of the
colour categories), the share of green and blue
hydrogen produced is still small: in 2020 it
comprised less than 1% of production in the EU2
The carbon footprints of the different types of
hydrogen vary, ranging from —-26.5 to 20.0 kg CO,/
kg Ha.

Unlike its counterpar
biohydrogen can be carl
negative if, for example
combined with carbon dio
capture and storage (CCS
obtained from feedstocks ¢
as wastes and man

As a result, the carbon footprint of biohydrogen
ranges from -26.5 to 10.8 kg CO»/ kg H, whereas
the carbon footprint of grey hydrogen ranges from
10 to 20 kg CO,/ kg H, (Chapter 3).

According to the International Energy Agency
(IEA)?, producing hydrogen from fossil fuels is
currently the lowest-cost option (EUR 0.46-1.8/kg
H,). Hydrogen production from electrolysis, using
green electricity (wind, solar) is much costlier in
most places, at EUR 2.51-11.94/kg H.. The
renewable electricity costs can make up 50-90%
of total production expenses. Biohydrogen can be
obtained at a cost ranging from EUR 115 to EUR
9.65/kg H,), making it considerably cheaper than
hydrogen from electrolysis (Chapter 4).

"Balachandar, G., Khanna, N., & Das, D., (2013). Biohydrogen Production from Organic Wastes by Dark Fermentation. In A. Pandey, J.-S. Chang, P. C.

Hallenbecka, & C. Larroche (Eds), Biohydrogen (1st ed, pp.103-144). Elsevier B.V.

2 Gas for Climate. (December 2020). Market state and trends in renewable and low-carbon gases in Europe. A Gas for Climate report. Guidehouse

Netherlands B. V.
% International Energy Agency. (2021). Global Hydrogen Review 2021,


https://doi.org/10.1016/B978-0-444-59555-3.00006-4
https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c507a62341/GlobalHydrogenReview2021.pdf
https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c507a62341/GlobalHydrogenReview2021.pdf

Because of the unique ability of biohydrogen to
remove carbon from the atmosphere, it is well
placed to help sectors with limited decarbonisation
options achieve carbon neutrality by compensating
for hard-to-eliminate residual emissions. Examples
of sectors that can benefit hugely from
biohydrogen production are the iron and steel
industry, the chemical industry and ethylene
synthesis. At the same time, biogas producers are
keen to diversify their outputs and further increase
the flexibility of anaerobic digestion plants
(Chapter 5).

As the European Union moves toward the
establishment of a single market for energy, it is at
a critical point in the development of laws
governing the future of biohydrogen. Biohydrogen
is an innovative product and the regulatory
framework has not yet fully adapted to allow it to
reach commercial maturity. An enabling EU
regulatory framework can be achieved by enforcing
legal and market recognition, driving market access
via consumption targets, using taxation to send a
price signal in support of renewable sources of
hydrogen, and facilitating network access (Chapter
6).







The European Union has been developing a policy
framework for hydrogen since 2018. Meanwhile,
more and more Member States have established
their own official hydrogen strategy. The sector
was further strengthened in 2022 when the
REPowerEU Plan anticipated an acceleration of
investment in hydrogen production capacity.

In the European Commission’s long-term climate
vision, published in November 2018, the share of
hydrogen in the EU’'s energy mix is projected to

grow from less than 2%#* to reach 13-14% by 2050°.

As part of the European Green Deal, the European
Commission released the Energy System
Integration Strategy®, along with a dedicated
Hydrogen Strategy’, in July 2020. It confirmed the
role of hydrogen as an energy carrier in the effort
to reach climate neutrality by 2050. Hydrogen is
seen as a vector for the storage of electricity from
intermittent renewable sources, as well as ‘for
connecting production locations to more distant
demand centres'®. An additional aim is to use
hydrogen to replace fossil fuel in some carbon
intensive industrial processes and, to some extent,
in heavy-duty transport modes®.

The Hydrogen Strategy set a target of 10 million
tonnes of renewable hydrogen production per
year by 2030 (equivalent to 333 TWh/year), while
considering the possibility of importing the same
quantity. The strategy outlined 5 areas of action:
investment support; production and demand
support; creating a hydrogen market and
infrastructure; research and cooperation; and

international cooperation. The European
Commission has since worked towards delivering
on these areas via legislative proposals, such as
the reform of the gas market rules®®, as well as
executive™ and political actions™.

Alongside the actions of the European
Commission, more and more European
governments have adopted their own hydrogen
strategy since 2020. Germany, France and Spain
are among them. Renewable hydrogen targets in
these countries as well as in Portugal and the
Netherlands already make up more than 50% of
the EU’s overall target of 40 GW of installed
electrolyser capacity by 2030%,

The energy response of the European Commission
to the outbreak of war in Ukraine — the
REPowerEU Plan — gave greater importance to
hydrogen in the future energy mix of the European
Union. Outlined in a Communication of March
2022"% then fully published in May 2022, the
REPowerEU Plan and its package of proposals aim
to disentangle the European Union from its
dependence on Russian fossil fuels by 2027°. The
plan is structured around three key areas of action:
diversification of energy sources, acceleration of
the clean energy transition and increase of energy
savings. It underlines the need for urgent
regulatory reforms and accelerated investment
into renewable electricity sources, hydrogen and
biomethane.

“ Fuel Cells and Hydrogen 2 Joint Undertaking. (2019). Hydrogen Roadmap Europe — A sustainable pathway for the European Energy Transition.

Publications Office of the European Union.

This includes the use of hydrogen as feedstock.

5 European Commission. (28 November 2018). A Clean Planet for All. A European strategic long-term vision for a prosperous, modern, competitive and

climate neutral economy. COM(2018) 773 final. CELEX:
was produced with natural gas.

. 96% of this hydrogen

5 European Commission. (8 July 2020). Powering a climate-neutral economy: An EU strategy for Energy System Integration. COM(2020) 299 final. CELEX:

7 European Commission. (8 July 2020b). A hydrogen strategy for a climate-neutral Europe. COM(2020) 301 final. CELEX:

& European Commission. (8 July 2020b), p. 1.

° See also article 39 in European Parliament resolution of 19 May 2021 on a European Strategy for Hydrogen. (2020/2242(INI)). CELEX:
,and articles 2.4, 2.5 and 2.7 in European Council. (11 December 2020). Council Conclusions
“Towards a hydrogen market for Europe”. https://www.consilium.europa.eu/media/47373/st13976-en20.pdf

' See the Commission’s proposals on a revision of the Gas Directive:
Regulation:

. on the revision of the Gas

" For example, the Horizon 2020 Framework Programme call to ‘develop and demonstrate a 100W electrolyser upscaling the link between renewables and
commercial/industrial applications’, which was launched in September 2020.

2 For instance, the establishment of the European Clean Hydrogen Alliance and the issuing of a Joint Communication with hydrogen production as a new
strategic priority: European Commission. (2021). Renewed partnership with the

N Pate.I,CSEoLrgI(.:O February 2021). Countries Roll Out Green Hydrogen Strategies, Electrolyzer Targets. Power: News & Technology for the Global Energy
!PCEjLLjfégéan Commission. (8 March 2022). REPowerEU: Joint European Action for more affordable, secure and sustainable energy. COM(2022) 108 final.
ggta(p:)ean Commission. (18 May 2022a). REPowerEU Plan. COM(2022) 230 final. CELEX:


https://data.europa.eu/doi/10.2843/341510
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021IP0241
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021IP0241
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021PC0803&qid=1645170932668
https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/topic-details/lc-gd-2-2-2020
https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/topic-details/lc-gd-2-2-2020
https://eeas.europa.eu/sites/default/files/joint_communication_renewed_partnership_southern_neighbourhood.pdf
https://www.powermag.com/countries-roll-out-green-hydrogen-strategies-electrolyzer-targets/
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022DC0108
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022DC0230
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022DC0230

The REPowerEU Plan identifies a shortfall of 14

million tonnes of renewable hydrogen that would

be needed in order to achieve its objective, in
addition to the 10 million tonnes foreseen in the
2020 Hydrogen Strategy. Of these 14 million
tonnes, 4 million would come from additional
domestic production.™ Renewable hydrogen,
ammonia and other derivatives would 'greatly
reduce the EU’'s dependence on natural gas (by
approximately 27 bcm), oil (by approximately 3.9
Mtoe) and coking coal imports (by approximately
156 Kt) from Russia’”. Substitution would initially
take place in refineries, steelmaking and heavy-
duty road transport. Although the European
Commission makes plans based on the use of
‘renewable hydrogen, it generally restricts the

'® European Commission. (18 May 2022a), Annex |.

|

concept to hydrogen from renewable electricity
sources and its derivatives, i.e. ‘renewable fuels of
non-biological origin’ (RFENBO). In order to
implement the REPowerEU Plan, the Commission
thus identifies the need for ‘further additional
investments in renewable energy production
requiring around 500 TWh of additional power
generation in 2030'%

The European Union as a whole now faces the
challenge of mobilising the necessary finance to
set up the desired electrolyser capacity and import
corridors, while preparing and implementing
European regulations to unlock the emergence of
the hydrogen market.

As the European Union
moves toward the
establishment of a single
market for energy, it is at
a critical point in the
development of laws
governing the future of
biohydrogen.

7 European Commission. (18 May 2022b). Implementmg the REPowerEU Actlon Plan: Investment needs, hydrogen accelerator and achieving the

bio-methane targets. SWD(2022) 230 final. CELEX: //eur-lex.eur

opa.eu

content/EN/TXT/?uri=CELEX:52022SC023C

'8 European Commission. (18 May 2022b).


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52022SC0230
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1.1. Introduction

The European Union aims to fully decarbonise its
economy, requiring a complete overhaul of the
energy system and its infrastructure by 2050%.
Since the announcement of the European Green
Deal in December 2019, a wide range of plans have
been put forward to augment climate mitigation
policies. A decarbonised Europe will be jointly
based on the production of renewable electricity
and deployment of green molecules to transport,
store and supply all sectors with renewable energy
at the lowest possible cost.

The plans to fully decarbonise the EU energy
system, in conjunction with and the current energy
crisis, will change the demand for gas in the near
future. Natural gas demand, reported at 412 bcm in
2021%, is expected to decrease to an estimated
271 bem by 2050%. By then, two major renewable
gases will be capable of meeting this remaining
gas demand: biomethane and green hydrogen.
These sustainable gases can be used for almost all

Biohydrogen refers to
hydrogen obtained from
biogenic sources (for
example, biogases and
biomass) using a variety of
technologies.

' Gas for Climate. (April 2020). Gas Decarbonisation Pathways 2020-2050. Guidehouse. http
2020-2050.pd

content/uploads/2020/04/Gas-for-Climate-Gas-Decarbonisation-Patt

energy end-uses and can ensure security of
supply.

Green hydrogen produced via electrolysis using
green electricity is still expensive and scarce today.
Although it will become more readily available in
the future, not all locations will have access to it at
an acceptable price. Locally produced
biohydrogen, a type of green hydrogen derived or
produced from biogenic sources, will therefore
have a clear role to play.

1.2. Different types of hydrogen

Hydrogen as an element can be produced from
biological and non-biological sources. There are
several production pathways for hydrogen; these
are categorised with colours according to the
nature of the generation process. Table 1 sets out
the different categories of hydrogen together with
their feedstock, the energy source used during
their production process, and the products
obtained.

asforclimate2050.eu/wp-

20 European Commission. (2022) Quarterly report on European gas markets — with focus on 20217, an extraordinary year on the European and global gas

markets (Vol.14, Issue 4). https://energy.ec.europa.cu/system/files/2022-

04/Quarterly%20report%200n%20European%20gas%20markets_Q4%202021.pdf
2 Gas for Climate (April 2020). The report anticipates that gas demand will reach 2,880 TWh (equal to 271 bcm) by 2050.



Table 1. Concept map of hydrogen categories and production pathways

Brown/Black

White

Grey

Blue

Turquoise

Red

Purple/Pink
RENBO
(non-
biological
origin)

Green
Bio-
hydrogen
(biological
origin)

Coal or

lignite sl

Naturally occurring

Natural Gas NEIE]
Gas
Natural Gas NEIUE]
Gas
Natural Gas NEIUE]
Gas
Water Nuclear
Power
Nuclear
Bl Power
Renewable
tleer electricity
Biogenic
sources Biomass
(biomass, derived
Biogas, energy®?
Biomethane

SMR in
combination with
gasification

SMR

SMR

Pyrolysis

Catalytic splitting

Electrolysis

Water splitting
processes
(thermolysis,
photolysis,
electrolysis)

Biological,
thermochemical
and

bioelectrochemical

(See Chapter 2)

Iu
CO

4

CO2 greleased)

Ho

Ho
+
CO2 (released)

Ho
+
C02 (% captured and

stored)

Ha + C (solich

Ha+ O2

Ho+ O2

Ha+ Oo

H>

+

biogenic CO»
+
co-product
(digestate, C,
biochar,
others)

Established process
used in industries that
convert organic or
fossil-based carbon
materials into CO, Ho,
and COa.

Naturally occurring
geological hydrogen,
found in underground
deposits and created
through fracking.

Sources are derived
from fossil fuels. Grey
hydrogen is currently
the most common form
of Ha production, in
which the hydrogen is
created from natural gas
(methane), using SMR,
with no GHG capture
process.

Produced mainly from
natural gas, using SMR
technology. CO2
obtained as co-product,
is captured using CCS
technology.

Uses methane pyrolysis
to produce H2 and
carbon materials.

Generated through
catalytic splitting
powered by nuclear
energy.

Generated through
electrolysis powered by
nuclear energy.

The best known green
Ha is obtained via
electrolysis of water
using clean electricity
from surplus renewable
energy sources, such as
solar or wind power.

Can be C negative when
combined with CCS or
when obtained from
feedstocks such as
wastes and manure. Low
electricity needs.

SMR: steam methane reforming; CSS: carbon capture and storage; RFNBO: renewable fuels of non-biological origin. Adapted from

Sustainable NI (2022).

2 Energy contained in biohydrogen is derived from biomass, but renewable electricity can be used to drive the process.



Almost all hydrogen in Europe currently derives
from grey hydrogen production routes. Green and
blue hydrogen production routes are in the early
stages of commercialisation. In the EU, around 379
TWhLHV (11.4 Mt HF, 37 bcm natural gas
equivalent) of hydrogen was produced in 2020%, In
the same year, over 95% of European hydrogen
production capacity was from fossil fuels?*. The
share of green and blue hydrogen produced is still
small in comparison, accounting for less than 1%
of production in the EU%,

As shown in table 1, green hydrogen is derived
from two main production routes: renewable fuels
of non-biological origin (RFNBO), and biohydrogen
produced from biogenic feedstocks such as
biomass, biogas and biomethane. This paper
focuses on the production of green hydrogen of
biological origin, such as biohydrogen from biogas
and biomethane, as well as the co-products
originating from its production such as digestate,
carbon materials and biochar. It highlights the
unigue technical and environmental benefits of
biohydrogen. Most significantly, unlike other types
of hydrogen, biohydrogen can be carbon negative,
if, for example, its production is combined with
CCS or it is obtained from feedstocks such as
wastes and manure.

1.3. Biohydrogen definition

Biohydrogen refers to hydrogen obtained from
biogenic sources (for example, biogases and
biomass) using a variety of technologies,
including biological, thermochemical and
bioelectrochemical processes.

A general overview of the different production
processes for biohydrogen can be found in section
2.3, with a further detailed description in the
Annex to this paper.

1.4. Energy system integration with
biohydrogen

Flexibility — in the form of flexible operations and
power generation, stronger grids, more energy
storage, and demand response — is paramount in
enabling the transition to a power system
dominated by renewables, which will include
increasing quotas of variable sources providing
fluctuating levels of electricity.

Enabling and encouraging different energy sectors
to work together optimises the function of the
energy system as a whole: it is more effective than
decarbonising and making separate efficiency
gains in each sector individually.

The fastest and most cost-efficient way in which
to decarbonise the EU economy is the
simultaneous deployment of complementary
energy solutions. Although the electrification of
end uses offers a partial route towards
decarbonisation, heat accounts for half of EU
energy consumption and transport emissions are
on the rise. In most cases, the combination of
electricity with gas decarbonisation technologies
yields the most cost-effective results.

In rural areas where there could be a future need
for hydrogen, biohydrogen can be produced from
raw biogas or biomethane to provide a local
source of green energy. This approach lowers
costs for remote locations, as the expense
associated with hydrogen transport is avoided. At
the same time, recent innovation aims to increase
the methane yield at anaerobic digestion plants by
combining hydrogen with raw biogas. The carbon
dioxide present in the biogas will then combine
with hydrogen to form additional biomethane.

% Allsop, A, & Bortolotti, M. (Eds). (2022). Clean Hydrogen Monitor 2022. Hydrogen Europe.

2 Allsop & Bortolotti (2022)
% Gas for Climate (December 2020)
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Biohydrogen production
technologies



2.1. Overview of biohydrogen
production technologies

Biohydrogen generation from biomass, biogas and
biomethane has attracted increased interest
because of its high yields and long-term
sustainability, as well as its low energy
consumption. There are a number of technologies
available to produce biohydrogen (Figure 1). Dark
fermentation, photofermentation and biophotolysis

are examples of biological processes.
Thermochemical processes include gasification,
biomethane/biogas steam reforming (BMSR) and
pyrolysis. Microbial electrolysis (ME) is an example
of a bioelectrochemical process.

Each method has its own set of pros and cons in
terms of practicality and energy efficiency?. The
different technologies for biohydrogen production
are set out in Figure 1 below.

Figure 1. Overview of biohydrogen production technologies

Biological

Dark

fermentation Gasification

Photo-
fermentation

Biophotolysis Pyrolysis

2.1.1. Biological processes
Dark Fermentation

During dark fermentation, microorganisms
generate hydrogen, biogenic carbon dioxide,
organic acids, and alcohols from biomass, under
anaerobic conditions. The metabolic stages of dark
fermentation include hydrolysis, acidogenesis and
acetogenesis. These three steps are identical to
the biogas production process but, in dark
fermentation, the methanogenesis stage (the
fourth step in the biogas production process), is
prevented. Hydrogen and carbon dioxide are
therefore mainly produced during acido- and
acetogenesis. Suitable operational conditions
(temperature, pH, hydraulic retention time, etc.)
should be maintained to maximise hydrogen
production according to the specific substrate?.
Different organic materials can be digested during

6 Balachandar et al (2013).

Microbial
electrolysis

dark fermentation, including agricultural waste,
residues and sewage sludge.

Dark fermentation is an alternative biohydrogen
technology that is still under development (with a
technology readiness level (TRL) of 3-4): it requires
a greater level of maturity for market prices to be
established. Current projects that aim to
demonstrate the use of dark fermentation in an
industrially relevant environment are described in
section 2.3.

Biophotolysis and Photofermentation

Biophotolysis includes all hydrogen production by
photosynthesis under aerobic conditions. In
principle, all photosynthetically active algae and
cyanobacteria can produce hydrogen?. Two
variants of biophotolysis exist today: direct and
indirect biophotolysis. During direct biophotolysis,

2 Pan, J., Zhang, R, EI-Mashad, H. M., Sun, H., & Ying, Y. (December 2008). Effect of food to microorganism ratio on biohydrogen production from

food waste via anaerobic fermentation. International Journal of Hydrogen Energy, 33(23), 6968-6975. hitps://dol.org/10.1016/]ijhydens 2008.07.130

2 McKinlay, J. B., & Harwood, C. S. (June 2010). Carbon dioxide fixation as a central redox cofactor recycling mechanism in bacteria. Proceedings of the
National Academy of Sciences, 107(26), 11669-11675. https://dolorg/10.1073/pnas. 1006175107


https://doi.org/10.1016/j.ijhydene.2008.07.130
https://doi.org/10.1073/pnas.1006175107

the transfer of excess electrons to protons occurs
directly during light irradiation. During indirect
biophotolysis, the electrons are first used for the
biosynthesis of hydrocarbons (starch, glycogen)
and only converted to hydrogen in a subsequent
step.

Photofermenation in purple non-sulfur bacteria
that perform a specific variation of photosynthesis
under anaerobic conditions is also considered a
biohydrogen production technology. These
bacteria need organic substrates and light to grow
and produce hydrogen.

Both biophotolysis and photofermentation are able
to provide valuable co-products such as omega-3
fatty acids, carotenoids and terpenoids, which are
suitable for the food and pharmaceutical
industries. Despite intensive study and
development in recent decades, biophotolysis and
photofermenation are still at the stage of
application-oriented basic research.

2.1.2. Thermochemical processes

The three most prominent thermochemical
conversion routes are gasification, pyrolysis and
biomethane/biogas steam reforming. All of these
processes, when using bioenergy or sustainable
biomass feedstocks and twinned with carbon
capture and storage (CCS) technologies, are
capable of delivering substantial net removals of
carbon dioxide from the atmosphere.

Gasification

Gasification is a versatile technology that converts
biomass and other solid wastes into a gas (named
syngas) at high temperatures (800 — 1,200 °C). The
presence of oxygen or steam as oxidising agents is
limited, preventing complete combustion to
carbon dioxide and water. Although syngas is the
main product, other solid and liquid by-products
are also generated (namely biochar and tars after
gas condensation). Gasification processes may be
conducted in different reactor configurations and
generate distinct compositions of syngas, which is
made up of varying proportions of carbon

monoxide, hydrogen, carbon dioxide, methane and
traces of lighter hydrocarbons.

Residual lignocellulosic biomass and the biogenic
fraction of waste are both useful feedstocks for
the production of biohydrogen via gasification.
Residual biomass is derived from forestry,
agriculture (e.g. cereal straw, corn stover, pruning),
agro-industry (e.g. dried fruit shells, olive pomace,
citrus pulp), and wood processing, as well as waste
streams from other processes.

Syngas cleaning and upgrading processes
(including water-gas shift and pressure swing
adsorption) are currently well-developed: they use
proven technologies, which are available on the
open market. The integration of gasification
technology with established gas conditioning
operations needs to be further advanced, however,
in order to consolidate gasification as a sustainable
technology for biohydrogen production.

Pyrolysis

Biomass pyrolysis, like gasification, is a thermal
process for converting biomass into other energy-
carrying products. Whereas in gasification, the
main energy product is syngas, pyrolysis generates
combustible liquids as well as gas. Both the liquid
and the gas have a high potential to produce
biohydrogen. A solid fraction (biochar) is produced
as a co-product. The technology is currently in the
demonstration phase, although it is approaching
readiness for commercialisation®.

Pyrolysis is a seemingly simple process, involving
the thermal decomposition of the biomass in the
absence of oxygen, usually performed in an inert
atmosphere at high temperatures (400 to 650 °C)
and a pressure between 0.1 and 0.5 MPa.
Operational conditions such as heating rate and
solids residence time greatly affect product types
and quantities. Fast pyrolysis targets liquid fuels as
the desired output, whereas slow pyrolysis often
targets solid biochar. Different temperatures and
catalysts can drive the pyrolysis reaction in favor of
hydrogen production, but the hydrogen yield is
lower than that of gasification due to the absence
of steam and oxygen®°. Pyrolysis enjoys some
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advantages over gasification, including a smaller
land requirement, fewer pollutant emissions, and
greater flexibility of end-product type. Like
gasification, however, pyrolysis faces challenges
such as tar formation (10-35 percent), as well as
corrosiveness and low heat stability. Moreover, the
hydrogen concentration in its gaseous products is
insufficient to make it a financially viable hydrogen
production process.

Recent innovations, such as cold pulse pyrolysis,
also comprise a range of different process
conditions, including lower temperature
requirements (around 200 °C). Such innovations
open up the possibility of converting biomethane
directly to biohydrogen. Current projects that aim
to demonstrate the use of cold pulse biomethane
pyrolysis are described in section 2.3.

Raw Biogas and Biomethane Steam Reforming
(BMSR)

Steam methane reforming (SMR) is the most
common industrial hydrogen production process in
use®!. The process requires high temperatures and
a catalyst to facilitate the reaction of methane with
steam (water) to produce hydrogen and carbon
dioxide. The process is typically carried out in high-
temperature reactors using top-fired reformers
along with a subsequent water-gas shift process.
In the reformer, methane reacts to form mostly
hydrogen and carbon monoxide. The water-gas
shift process follows to convert carbon monoxide
to carbon dioxide while increasing the hydrogen
yield from the steam.

Steam reforming can also be applied to raw biogas
(or biomethane), in which case it is referred to as
BMSR. Raw biogas steam reforming can be
conducted in compact reformers on-site at biogas
plants. Biomethane on the other hand can be
injected into the gas grid and used at a central
large-scale steam reformer. Compact steam
reformers that can operate on-site at biogas
plants to produce biohydrogen from raw biogas
are now being used in pilot projects (capacity
between 4.5 and 9 kg/h of biohydrogen). Steam

reforming units for on-site production are
currently available with a capacity of around 300
tonnes of hydrogen per year.

2.1.3. Bioelectrochemical processes
Microbial Electrolysis

Microbial electrolysis is based on the same
principle as electrochemical water electrolysis. The
main difference is the oxidation of organic
substances instead of water at the anode of the
electrolysis cell. In microbial ellectrolysis, biological
catalysts, i.e. electroactive bacteria, oxidise organic
substances such as volatile fatty acids and
transfer electrons directly to the anode.

The hydrogen evolution reaction at the cathode is
identical to water electrolysis (abiotic) but can also
be completed using a biological catalyst®?%, The
cell voltage generated by the oxidation of the
carbon source is usually complemented by an
additional voltage. However, this additional voltage
is much lower (around 0.123 V) than the theoretical
cell voltage of 1.23 V required for water
electrolysis®*,

In terms of practical application, it is possible to
Use agqueous organic waste streams such as
wastewater or liquid digestate as a substrate for
microbial electrolysis.

Additional information regarding the different
technologies can be found in the Annex to this
document.

2.2. Technology readiness level of
biohydrogen production technologies

The technology readiness level (TRL) of
biohydrogen production technologies varies. Some
technologies are well developed, such as the
thermochemical production processes. Other
technologies, including biological and
bioelectrochemical processes, are still in the
early stages of development.

Thermochemical technologies have been
implemented in the industry for several years,
using fossil natural gas as the energy source.
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