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The envisioned role of hydrogen in the energy transition — or the concept of a hydrogen economy — has varied
through the years. In the past hydrogen was mainly considered a clean fuel for cars and/or electricity production;
but the current renewed interest stems from the versatility of hydrogen in aiding the transition to CO, neutrality,
where the capability to tackle emissions from distributed applications and complex industrial processes is of para-
mount importance. However, the hydrogen economy will not materialise without strong political support and
robust infrastructure design. Hydrogen deployment needs to address multiple barriers at once, including technol-
ogy development for hydrogen production and conversion, infrastructure co-creation, policy, market design and
business model development. In light of these challenges, we have brought together a group of hydrogen
researchers who study the multiple interconnected disciplines to offer a perspective on what is needed to deploy
the hydrogen economy as part of the drive towards net-zero-CO, societies. We do this by analysing (i) hydrogen
end-use technologies and applications, (i) hydrogen production methods, (i) hydrogen transport and storage
networks, (iv) legal and regulatory aspects, and (v) business models. For each of these, we provide key take home
messages ranging from the current status to the outlook and needs for further research. Overall, we provide the
reader with a thorough understanding of the elements in the hydrogen economy, state of play and gaps to be filled.

The interest in hydrogen has soared in the last five years: many businesses, countries and organisations see clean hydrogen as indispensable for reaching the Paris Agreement

target of below 2 °C and toward 1.5 °C global warming. However, today hydrogen production is a CO, intensive process, accounting for about 2% of global CO, emissions. Clearly,

we cannot scale up towards a hydrogen economy by continuing with greenhouse gas-emitting processes. Hydrogen has to be produced with the lowest greenhouse gas footprint
possible, but also affordably, likely requiring both the fossil route with CO, capture and storage and the electrolysis route with renewable energy supply. How will these routes
develop in the future, what is the competitive edge of one towards the other and when will price parity occur versus buying CO, emissions certificates? How may hydrogen
networks evolve and what regulatory and market designs are needed for successful implementation? These are questions we are grappling with at present and that we try to

address in this perspective paper. No simple answers can be provided, but there are directions and signposts we can use to create a credible narrative on how this may develop.
Here, we try to provide the reader with an experienced and cross-disciplinary view on what the hydrogen economy is and is not, and how it may develop over the next decades.
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hard-to-abate sectors like industry and mobility. The interest in
hydrogen has soared in the last five years: many businesses,
countries and organisations see hydrogen as indispensable
for reaching the Paris agreement target of below 2 °C and toward
1.5 °C global warming. Global production of hydrogen is about
90 mega tonnes per year (Mt/a), and applications of hydrogen are
dominated by refining and industrial uses. Current hydrogen
production is totally dominated by reforming of fossil fuels,
most commonly natural gas, without integration with technolo-
gies to mitigate or reduce greenhouse gas (GHG) emissions.
Today, the emissions caused by these operations account for

This journal is © The Royal Society of Chemistry 2022
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approximately 900 Mt CO,-eq per year or about 2% of global CO,
emissions.'”?

Clearly, we cannot scale up towards the hydrogen economy
by continuing with GHG-emitting processes. Hydrogen must be
produced with the lowest GHG footprint possible but also
affordably. To that end, hydrogen from natural gas with carbon
dioxide capture, transport and storage (CCS) is often put
forward, in addition to hydrogen production using renewable
energy - both options often coined low-carbon hydrogen. How
will these routes develop in the future, what is the competitive
edge of one towards the other and when will price parity occur
versus buying CO, emissions certificates? These are questions
we are grappling with at present. No simple answer can be
provided, but there are directions and signposts we can use to
create a credible narrative on how this will develop.

First, clearly we will need all available low-carbon hydrogen
production pathways to fulfil the expected role of hydrogen in
the energy transition; the scale and pace of decarbonisation
simply requires this. We are much more likely to reach our
targets if we can rely on multiple energy vectors rather than
one, ie., electricity, biomass, and natural gas (or other fossil
fuels).

Second, we need to address the barriers to large-scale
deployment of the hydrogen economy. For electrolysis, this is
presently controlled by limitations of cheap and abundant
supplies of renewable electricity. The question is not if electro-
lysis should be supplied by renewables, but how, especially
as system analyses show that in a system where the electricity
mix is dominated by non-renewable production, most new
renewable production should be used for decarbonising the
electricity mix, rather than producing hydrogen.>”® This is
usually referred to as the additionality principle. For the
fossil fuel pathway, the limitation at present is access to CO,
transport and storage in the scale of hundreds of megatonnes
per year, extending to gigatonnes per year.”

Third, there is the difference in scale of production
methods. The need for a sizeable CCS infrastructure means that
hydrogen production based on fossil fuels will only make sense
at large scale, otherwise it will not be cost-efficient to connect the
production unit to the CO,-transportation system. Electrolysis-
based hydrogen, on the other hand, lends itself well to modular
and smaller installations with simpler infrastructure needs,
although also electrolysis is moving into the 100 megawatt
(MW) scale now with several initiatives to make this happen
(e.g., the Refhyne project®).

Fourth, we know that the price sensitivity of fuels varies
by end-use market: price sensitivity is much lower in the
transportation sector than in the industrial sector, meaning
that certain markets may be more or less suitable as outlets for
hydrogen suppliers and traders, e.g., based on the hydrogen’s
origin and the supplier’s ability to supply flexibly. The above
also means that we need to assess the hydrogen system as a
whole, including sector coupling, instead of looking at specific
end uses one by one.

Fifth, the often-forgotten issue of safety and acceptance of
the hydrogen economy can constitute a barrier to large-scale
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deployment. It is often taken for granted that the introduction
of a large-scale hydrogen economy will be uncontroversial.
This assumption can be dangerous, the hydrogen economy
must prove itself as safe and an economy that works for people,
implying that the introduction and deployment of hydrogen as
a significant energy vector in our society must be proven in the
field. This in turn means that research and development of
critical safety aspects, as well as living labs, will be important in
the quest for climate neutrality by hydrogen.

The sixth question is how the market uptake and growth
should be tailored. We must remember that the upscaling
foreseen is tremendous: in the EU hydrogen strategy, the
targets for H, production capacity are 6 GW of electrolysis by
2024, equivalent to 1 million tonnes of H, per year, and 40 GW
by 2030, equivalent to 10 million tonnes of H, per year.” The
2030 target also presumes 40 GW of additional import to the EU.
This is from a base of some 100 MW today, meaning scale-up
by several hundreds. This ambition is a very hopeful and much-
needed signal, but as in most value chains, supply must be
matched by demand, meaning that also a vast demand must be
created, and hydrogen use incentivised. Electrolysis-based
hydrogen may help to create a market because of its positive
image, giving confidence in hydrogen as a low-carbon solution.
Fossil fuel-based hydrogen with CCS can then deliver at scale
relatively fast and in a cost-effective fashion. While this is
developing, Europe’s electricity mix GHG footprint will significantly
be reduced and the sustainable production of hydrogen from
electrolysis will ramp up and may at some time surpass hydrogen
from fossil fuels with CCS in volume. Within this century, hydrogen
should ideally be dominated by electricity-based production
(but only if sufficient renewable electricity can become available).

Finally, to combine production and markets, hydrogen
transmission, distribution and storage need to be present at
scale. Hydrogen infrastructure to support market creation and
facilitate supply has a similar chicken-and-egg problem to, for
example, CO, transport and storage infrastructure: it needs to
be installed before there is sufficient demand, thus economic
rationale, for it. Whether re-purposing natural gas infrastructure
or building new hydrogen infrastructure, it will have to be done
in substantial steps that “leap-frog” demand. We do not have
time for a more evolutionary transition as has been the case with
electricity.

There are obviously many assumptions made in the above
discussion. We do not currently know how and how fast the
decarbonisation of the electricity mix will develop, the availability
of space for renewables generation likely playing a significant role.
How will net removal of CO, play a role, and could biomass-
produced hydrogen with CCS become an important step in
making the production net negative in terms of greenhouse gas
emissions? What will govern the ETS (European Trading System
for CO, emissions) price in the future? It is believed the EU ETS
price thus far has been influenced by the shift from coal to natural
gas in electricity production and it is assumed that new EU targets
will facilitate low-carbon hydrogen production and removing CO,
from the atmosphere further down the road." Clearly, if the ETS
price will continue to move towards the 100€ per tonne CO, mark
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by 2030, this would be a huge incentive for companies to invest in
hydrogen infrastructure and appliances: at this price, hydrogen
will be close to parity with natural gas but also quite similar to
“traditional” post-combustion CCS cost.” These are uncertainties
we need to work out as we go. However, there is no doubt that the
hydrogen economy is needed to reach global warming mitigation
targets.

We see this in the hydrogen strategies which have emerged
the last years. Besides the EU hydrogen strategy, we have seen
strategies emerge in European countries such as Germany,
The Netherlands, Norway, Portugal, France and in the UK. The
focus of all is to enable the hydrogen economy driven by the
necessity to provide energy carriers not emitting greenhouse
gases when utilised. The strategies differ in the focus on
production methods, infrastructures whereas all want to develop
a thriving industry and value creation based on hydrogen. It
is clear that the countries that do not have own petroleum
production have no particular interest in developing schemes
for low carbon hydrogen from natural gas and CCS. But it could
become a source of low carbon hydrogen imports as reflected in
the EU hydrogen strategy and the German hydrogen strategy.
Hydrogen also opens up for new better interaction with
neighbouring regions to Europe and integrated energy systems.
The possibilities for renewable sourced hydrogen in Africa and
export to Europe is interesting besides catering for own electricity
and domestic hydrogen demand in key African countries. This
has been subject to studies working on a European hydrogen
corridor with interconnectors to neighbouring economies.™

1.1. Aims, scope and paper organisation

The above discussion is a teaser for the rest of this perspective.
We will thoroughly address these issues with the aim to provide
the reader with our view on what the hydrogen economy is and
is not, how it may develop over the next decades, which
technologies, production methods and end-uses may come into
play and why (not), what the legal and regulatory requirements
are or should be and how the commercial end of the hydrogen
economy should be designed. The rationale is to bring together
many decades of cumulative experience in hydrogen research
with the aim to provide a one-stop starting point for the reader
who wants to catch up on this exciting and relevant topic.
Outside the scope of this paper are the more fundamental
science question on, e.g., materials design for electrolysers and
hydrogen storage, reforming catalysts et cetera. It is hoped that
this perspective will give the reader a thorough understanding
of the elements in the hydrogen economy, state of play and
gaps to be filled.

The paper is organized as follows. Section 2 describes
hydrogen end-use technologies and applications (where hydrogen
is needed, what technology can be used to convert it to the useful
service, and what status and perspectives of applications and
technologies are). Section 3 describes the different routes
for producing low-carbon hydrogen (status and perspective of
hydrogen from water electrolysis, hydrogen from fossil fuels with
CCS and hydrogen from biomass). Thereby, Sections 2 and 3 set the
boundaries of what the hydrogen economy can technically span.
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Section 4 addresses hydrogen transportation infrastructure and
safety aspects, as well as what optimal hydrogen network
development may look like. Section 5 discusses the legal and
regulatory requirements to facilitate the development of a
hydrogen economy, particularly hydrogen networks. Finally,
Section 6 discusses hydrogen business models and how
hydrogen markets should be organised given its societal value,
including the need for a system perspective, market drivers, the
public-private interface and synthesises this into an example
business model for the United Kingdom. Every section starts
with a synthesis of the key messages, that are then further
elaborated, allowing the reader to obtain a quick view of our
perspective on each of the discussed topics.

2. Hydrogen end-use technologies
and applications

In this section, we provide our perspective on hydrogen end-use
technologies and applications. First, we provide a historical
context to understand how the (envisioned) role of hydrogen
has evolved in time and how it has finally come to be viewed as
key to cross-sector decarbonisation. We continue by looking at
the different hydrogen conversion technologies, ie., where
hydrogen is converted to satisfy the demand for a certain
service, and at the different end-use applications (e.g., providing
industrial heat). Finally, we analyse the interplay between
technologies, applications, and the system boundary conditions
that control the transition to the hydrogen economy.

The envisioned role of hydrogen in the energy transition,
and especially its final use, has varied through the years.
The concept of the hydrogen economy was first introduced in
1970 by Bockris and Appleby,'* and since then, hydrogen has
been at the centre of several research programs with focus on
both production and use.'® The first works on hydrogen as fuel
for heat and/or power generation dates back to the 1970s:
following the successful deployment onboard spacecrafts, H,
was proposed as fuel for electricity generation in fuel cells
(FC)."*'° A few years later, in the early 1980s, Japanese and
Swiss engineers started to investigate the use of H, in gas
turbines (GT)."”° Since then, the technological development
of H,-fuelled power systems has proceeded with variable
momentum, and has experienced multiple false starts. This stems
from the several hurdles that must be tackled simultaneously
when introducing hydrogen at scale, which include technological
and infrastructure development, regulation, and standardisation,
coordinated policy measures, and market creation. While in the
past, hydrogen was mainly associated to fuel cells for transportation
and/or electricity production, the current renewed interest stems
from the versatility of hydrogen and the multiple roles that it can
take in the transition to CO, neutrality: low and high temperature
heat provision, maritime, air and road transportation, energy
storage for balancing the power grid and building block for
chemicals synthesis and other industrial processes. Notably, the
common denominator is the capability of hydrogen to tackle
emissions from distributed applications and complex industrial

This journal is © The Royal Society of Chemistry 2022
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processes. Within this framework, it is important to note that there
is no absolute or preferred winner among the end-use applications;
rather, each country - or region with similar socio-economic
conditions — may follow different H, implementation pathways
and end-use distribution. Eventually, early applications will create
hydrogen value chains which then support the emergence and
deployment of other applications.

While technical challenges in the conversion of H, certainly
exist, they are often used in the public arena to argue against
H, deployment rather than to think about possible solutions.
In fact, several commercial solutions do exist for the conversion
of H, in end-use applications and these are marketed by
specific manufactures and can be normally acquired with
performance warranties, depending on the application.** To
name a few: Ballard Power Systems, Bloom Energy, Solidpower,
Fuel Cell Energy, and Panasonic (fuel cells), GE, Siemens,
and Ansaldo (gas turbines), MAN and GE-Jenbacher (internal
combustion engines), and Tenova and Danieli (Steel production).
However, as these technologies were designed to run on natural
gas as primary energy source, they do not perform equally well
when running on H,, and have substantial room for improvement
from a technical and cost perspective.”’ This gap must be
closed for end users to reap most benefits of the transition to
hydrogen. Moreover, while hydrogen conversion technologies can
be regarded as commercial, their integration within a certain
application might not be. In other words, the technology
readiness of the entire hydrogen chain is typically lower than that
of the standalone technologies. This calls for demonstration at
scale, considering chains relevant to a certain country or region.

Importantly, the specific technical features required by
conversion technologies might be different, if not contrasting,
when applied to different end use applications, e.g., fuel cells
for power generation and for heat provision call for different
performance characteristics, the same could be said for gas
turbines for grid balancing versus for industrial cogeneration.
This, however, poses a significant challenge for advancing
technologies, as manufacturers can hardly afford to have multiple
lines of development in a phase where market drivers are not yet
consolidated. In Table 1, we have summarized specific needs
of each technology to support a certain end use application.
Moreover, for each combination we have indicated prospects
of deployment during the transition to net-zero-CO, systems.
Both technologies and applications are further discussed in the
following sections.

2.1. Technologies for end use hydrogen conversion

As of today, we can recognize five main end-use technologies of
H,: (i) fuel cells, which can be applied to electricity (and heat)
generation for stationary as well as to mobile (e.g., road and
maritime transport) applications; (ii) gas turbines and (iii)
internal combustion engines (ICE), which can both be used for
electricity (and heat) generation as well as maritime transport;
(iv) industrial, commercial and residential boilers and furnaces
for heat generation at different temperature levels, and (v) a
plethora of chemical reactors where H, is fed as chemical
building block or reductant. It is important to note that the
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development trajectories — undertaken and required - for these
conversion technologies are very different. While the vast
majority of existing FC are inherently fit for H, use - in fact they
have been built for that purpose — GT, ICE, and burners have been
originally designed to run on hydrocarbon fuels. Accordingly,
while fuel cells mainly call for lowering capital costs and increasing
lifetime, H,-fired GT, ICE and burners aim at reaching the same
standards set by the machines running on carbonaceous fuels in
terms of efficiency, cost and emissions. In the following, we
discuss the different technologies in more detail.

Fuel cells. From many perspectives, fuel cells are the optimal
H, conversion technology: they were specifically conceived to
use H, without suffering from the thermodynamic limitations of
heat engines. Today, fuel cells can be regarded as commercial
technologies: in 2019, 1.1 GW of fuel cell capacity, or about
70000 units, were shipped globally.>* Thanks to the growing
demand, the supply chain is consolidating throughout Europe,
US and Asia. However, a few remarks are worth making when
looking at fuel cell deployment within a hydrogen economy.

Several types of fuel cells exist (typically categorized according
to the electrolyte) and can be adopted for different end-use H,
applications. We can recognize four main FC types. Polymeric
fuel cells (PEMFC) dominate the market both by units and
capacity (62% and 83%, respectively).?> The other three types
include phosphoric acid fuel cells (PAFC), solid oxide fuel cells
(SOFC), and molten carbonate fuel cells (MCFC). Looking at
current applications, PEMFC are used in both stationary and
ground transport applications, while PAFC, SOFC and MCFC are
mainly designed for steady-state power and heat generation. This is
a result of the operating temperature: thanks to the low operating
temperature (80-100 °C), PEMFC can undergo fast cold starts while
also offering high efficiency and power density, which makes
PEMFC suitable for powertrain applications.”® As for stationary
applications, all four types of cells are used, with preferred solu-
tions depending on the end use. Here, PEMFC are mainly adopted
for residential combined heat and power (CHP) applications, SOFC
for commercial (and partially residential) CHP applications, and
PAFC and MCFC for onsite (baseload) power applications.

When thinking of fuel cells as H, conversion devices we
must recognize that many existing cells are designed to operate
in current applications with natural gas as fuel input, which
must be reformed to H, prior undergoing the electrochemical
conversion. In fact, only PEMFC for powertrains have substan-
tial operating hours with pure H,. It is therefore important to
understand the implications of switching to pure hydrogen as
input. Again, we can distinguish between two main cases
depending on the operating temperature and on the capability
of carrying out internal reforming of hydrocarbons.

In low-temperature FCs (PEMFC and PAFC, PAFC operates at
around 150-210 °C), where no reforming is possible within the
FC stack, the anode must be supplied with high or very high
purity H,. Commercial PEM or PA cells running on natural gas
are therefore equipped with all components required to make
H, available at the stack, and to keep contaminants, e.g., CO,
largely below catalyst poisoning levels. When moving to H, as
fuel input, a substantial simplification of such systems is possible,
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Table 1 Hydrogen technologies and end use applications: needed technical features and prospects for the transition to a CO,-neutral society. CHP:
combined heat and power; Tcell: operating temperature of the fuel cell; Tout GT: outlet temperature of the gas turbine; T ICE: operating temperature of

the internal combustion engine

End use applications

Technology

Heat provision needs

Power generation and grid
balancing needs

Transport needs

Low temperature Moderately fast dynamics
fuel cells

Fast dynamics and start-up/
shut down

Operation at varying load and ambient conditions Multi-year stack lifetime

Multi-year stack lifetime

System maintenance with
technicians

out highly specialized

Be cost-competitive with heat pumps

Low temperature heat
(below Tcell)
Guarantee demand at
varying ambient condi-
tions through the year

Relevance for Wwar
2050 net-zero : ;

Residential/commercial

CHP

High tempera-
ture fuel cells

High temperature heat

Embedded efficient H,
post-combustion with no
NO,

Small scale industrial
processes with high
electricity consumptions

Balanced electricity and heat output

Cost competitive with other
balancing technologies
Efficient coupling with
electrolysers in power-to-gas
configurations

A | @ [ 4
A © |4
wyr

Grid balancing and seasonal
energy

Light and compact design

Multi-year stack lifetime
Mass manufacturing

Road Maritime
Be broadly cost-
competitive cost
with batteries point

Fast dynamics  Design optimized for

and start-up/shut operation on board of
down ships (V-I curve)

Easy

maintainability

Wwar
Yr
wyr

Lorries and long- Small/medium ferries
distance for passengers
applications

Moderately fast
change in operating

Standard solutions for remote/ Maritime

island applications and
backup systems (no grid
balancing)

To operate at varying loads and ambient conditions Reliable and robust operation Light and compact design

Multi-year stack lifetime
System maintenance with
technicians

Low temperature heat
(below Tcell)
Guaranteed demand
throughout seasons
Ability to provide heat
flexibly

Relevance for
2050 net-zero

Large commercial
applications

Gas Turbines
small-scale gas turbines

1038 |

out highly specialized

High temperature heat
(around or above Tcell)
Matching of cell and
process temperature
or

Embedded efficient H,

post-combustion with no
NO,

Industrial applications

Efficient and cost-competitive micro and

Energy Environ. Sci., 2022, 15, 1034-1077

Wwar
h| @ L4
Wwyr

Island configurations and
backup

Multi-year stack lifetime
Competitive cost with respect to low
temperature fuel cells and internal
combustion engines

Resistance to maritime environment

Mid-size and range ships (propulsion
engine) or on-board power supply of
large ships

Efficient and cost-competitive Light and compact design

medium and large-scale gas
turbines

This journal is © The Royal Society of Chemistry 2022
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Table 1 (continued)
End use applications
Power generation and grid
Technology Heat provision needs balancing needs Transport needs

Relevance for
2050 net-zero

Internal com-
bustion engines

Relevance for
2050 net-zero

Traffic
light legend

r
£
o

which will lower capital expenditure (CAPEX) and will require
minor tuning in the cell operation strategy (e.g., in the optimal
voltage—current density working point and heat management).

For CHP: ability to operate with positive primary

energy saving index under varying conditions

Adaptability to seasonal variations

Low temperature High temperature

(around or above Tout

GT)
Efficient and compact

heat exchange efficient H, post-

combustion with no NO,

Efficient and compact

heat exchange

| @ |4
War
Wwyr

Large commercial appli- Industrial applications

cations (e.g., airports)

Efficient and cost-competitive gas engines

For CHP: capable of operating with positive pri-

mary energy saving under varying conditions
Simple maintenance

Adaptability to seasonal
variations

Low temperature High temperature

For high T: embedded

Fast dynamics and start-up/
shut down

No NO, generation
Premixed combustors for
(close to) 100% H,

No flashback flame issues in
the combustion at anytime

Wwar
Wwar
wyr

Grid balancing

Efficient and cost-competitive
engines at different scales
Fast dynamics and start-up/
shut down

No NO, generation

Efficient and compact
heat exchange

Medium scale CHP in
residential/commercial

(around or above T ICE)
For high T: embedded
efficient H, post-
combustion with no NO,

KYar
Wwar
wyr

Small/medium industrial Grid balancing
applications

Same or better fuel efficiency and per-
formance than gas turbines fuelled with
synthetic hydrocarbons

Aviation Maritime

Fast dynamic in
power ramp up/
down

Moderately fast
change in operating
point and broad
power range
Resistance to mar-
itime environment

Noise control

Medium and
large planes

Large ships

Maritime
Light and compact design

Same or better fuel efficiency and per-
formance than internal combustion
engines fuelled with synthetic
hydrocarbons

Moderately fast change in operating
point and broad power range

WYar
Wwar
wyr

Medium-large
ships

The technology-end use application combination is very relevant for 2050 net-zero scenario

The technology-end use application combination is relevant for 2050 net-zero scenario

The technology-end use application combination is somewhat relevant for 2050 net-zero scenario

The technology-end use application combination is not very relevant for 2050 net-zero scenario
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In high-temperature FCs (MCFC and SOFC), where reforming
can take place inside the stack, natural gas does not need to be
fully converted to H, outside the cell. In fact, the vast majority of
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high-temperature cells are designed with internal reforming, as
it has proved superior compared to external reforming.>* For the
reforming to effectively take place in the stack, the cell must be
designed to enhance heat transfer between the anode membrane
and the gas while limiting the temperature change along the
stack. When running on pure H,, the cell heat balance is
different, and the stack has to be redesigned for a new optimum
operation. Moreover, there exist an intrinsic loss as the cell heat
is not converted into highly valuable chemical energy, i.e., via
reforming. Similar issues are already experienced when varying
fuel composition, as different studies have pointed out.>>™’
Challenges include, but are not limited to a change in the
performance metrics and polarization curve, non-uniform stack
internal profiles and a steep change in temperature gradients.
While running on pure H, will eventually simplify the overall
system complexity and its CAPEX, the design optimization is a
demanding process in term of costs and time which should
not be underestimated, especially in light of the fuel cell
manufacturers size. On the other hand, MCFC and SOFC may
be particularly interesting in a H, economy, as they are able to
operate as net hydrogen generator units while producing
electricity (and heat) when running on hydrocarbons at low fuel
utilization factor. They could therefore be very useful in the transi-
tion from natural gas (NG) to a green Hy-based society. Moreover,
MCFC and SOFC offer a large variety of highly efficient processes
integrated with carbon capture and storage (for more details see,
e.g., ref. 28-30), allowing low carbon (albeit not net-zero over the
life cycle) H, production from natural gas, and potentially
negative CO, emissions when using a biogenic feedstock.

Two further issues may be relevant to the use of hydrogen
FCs. First, the purity of the supplied hydrogen needs to adhere to
strict constraints (e.g., 99.97% purity for PEMFC), as otherwise
FC producers would waive their product guarantees. Given that
large-scale hydrogen supply systems may not deliver at FC
specifications, some form of on-site polishing may be required
at for example vehicle filling stations.

Second, there is the issue of NO, formation in the FC stack
after-burner: as FCs cannot fully convert their fuel input,
some H, is left in the anode outlet stream. While recovering
it via a proper separation process is the preferred option in large
plants,*! in small and medium applications the residual H, is
typically burned. Care must be taken in preventing NO,
formation from this combustion, e.g., using catalytic converters
(see also section 2.2.1), or proper NO, removal abatement.

Gas turbines. H, and H,-rich syngas can currently fuel
commercial gas turbines. However, these machines are far
from the very efficient state-of-the-art GTs that reach 60+ %
electric efficiency in combined cycles, produce close to zero
NO, emissions, and achieve fast ramp-up/down in operation.
In fact, GT manufacturers offer syngas turbines for H,-rich
blends that use diffusive combustors,**?* e.g., multi-nozzle
quiet combustors, rather than the state-of-the-art premixed
nozzle types (commercial machines using the latter combustor
can be fed with only up to 5% H,).>* Diffusive combustors are
used in combination with large amounts of diluents, such as
nitrogen or steam (approximately 50 vol%), which prevent the
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formation of local hot spots in the combustion and the associated
thermal NO,.*>” Using diluents results however in lower
efficiency, as it typically entails a reduction in the turbine inlet
temperature, and in a reduced operability window.*> Moreover,
the turbomachine design is mostly unchanged compared to
natural gas-fueled machines (with exception of reducing the
compressor stages for very low-LHV fuels) making their operation
suboptimal.

The challenges that need addressing to use H,, or H,-rich
syngas, in state-of-the-art gas turbines are diverse. First, there
are challenges inherent to the combustion of H,; these include
(i) thermal NO, formation because of the high H, flame
temperature, and (ii) high heat transfer coefficient in the
expanding flue gas because of increased amount of water.
Second, there are challenges linked to using H, in gas turbines
whose design is optimized for running on natural gas, e.g,
handling the higher flue gas-to-air volumetric ratio, and the
higher mass flow rate required for blade cooling. Practical
solutions exist for these challenges, but they come at the
expense of the machine efficiency and capacity of operating
dynamically. If high performance is to be maintained, then different
technical solutions are needed. Aerodynamic challenges can be
solved by designing new blade shapes and resizing the turboma-
chines as best for H, use. This can be implemented today but comes
with high costs, and therefore needs sufficient market drivers.

On the other hand, suppression of NO, formation requires
the development of ad hoc lean premixed combustors using
(close to) 100% H, as fuel (selective catalytic reduction would
also be technically feasible,*® yet not economically viable given
the large reduction required). Similarly, to those designed for
natural gas, premixed combustors tailored for H, would allow
for high gas turbine efficiency and operability, while also
limiting NO, formation to a few ppm (<10 ppm).***> The
design for such components is very complex though, and
exhibits safety issues because of the low ignition temperature
of hydrogen and the risk of flashback (i.e., the flame moving
back into the burner because the flame speed is higher than the
gas flow velocity). Other challenges like low combustion efficiency
and potentially higher CO or hydrocarbon emissions (when using
a Hyrich syngas) need also to be kept under control.*” Improved
designs are under way that exploit the flexibility of 3D printing
and that allow for burning ultra-lean fuel/oxidant mixtures.*® Also,
catalytic burners that lower the flame temperature have been
tested for several gas-turbines types, including those of Siemens
and GE.”

In fact, after years of R&D, the development of H, premixed
combustors has reached a turning point, and the leading gas
turbine manufacturers®® have pledged to reach 100% hydrogen
fuelled gas turbine within the next decade(s), e.g., Siemens and
GE by 2030.%%!

Internal combustion engines. H,-fuelled ICEs have long been
investigated, with the first attempts already in the 19th century,
and modern development starting in the late 20th century. Most
of the R&D efforts have been focused on automotive applications.
In 2009, Verhelst and Wallner provided a detailed review of
H,fueled ICEs for transportation purposes covering

This journal is © The Royal Society of Chemistry 2022
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fundamentals of combustion, modeling, engine design, safety
and applications.”” They concluded that (i) H,-fuelled ICEs are
technically viable, and (ii) H, is a desirable fuel for ICEs, but that it
also poses challenges that have to be addressed with specific
engine design, e.g., external gas recirculation (EGR). However,
since this review paper was published, the automotive industry
has been experiencing a disruptive transition towards electric
engines, either battery- or fuel cell-powered. On the other hand,
H, is regarded as pivotal for large integration of intermittent
renewables. From this perspective, stationary H,-fuelled ICEs
represent an interesting alternative to FCs and GTs given their
rather high electric efficiency (40-50%), prompt dynamics,
robustness of the technology, and flexibility in running with
natural gas-hydrogen mixtures. Similar to H, GTs, several ICE
manufacturers have been operating engines with high H, content
(up to 70 vol%), and have plans to quickly develop machines for
100% H,.* As with H, gas turbines, NO, formation remains a
challenge, though it can be controlled either via EGR (but with an
efficiency loss) or via high-pressure direct injection of H, into the
combustion chamber (yet to be fully developed).

Burners for heating provision. The key challenge of using
hydrogen for industrial heating, like its use in gas turbines,
is the high temperature of combustion and inherent NO,
formation beyond regulation limits.*® However, the boundary
conditions of furnace and/or boiler burners make the combustion
process easier compared to the complex fluid dynamic conditions
found in gas turbines and ICEs. While the literature on H,
industrial burners is limited, a few examples and patent
applications exist that provide robust evidence for using H, in
this context. Lowe and co-authors™ showed experimentally and
numerically that switching industrial furnace burners from
natural gas to hydrogen is possible from a technical viewpoint,
while also keeping NO, emissions within regulation limits. More
recently, Toyota has developed a general-purpose hydrogen
burner for industrial use, where hydrogen-oxygen mixing is
retarded, and the adiabatic flame temperature is lowered.*>*®
The resulting NO, levels in the exhaust gas are claimed to be
below that of natural gas burners of similar size.*

Chemical reactors for H, conversion. Generally speaking,
H,-based chemical reactors are established and well-known
technologies. Relevant examples include the Haber-Bosh
ammonia synthesis and methanol synthesis, where several
reactor configurations are available. These will remain important
end conversion of H, and will need to adapt to evolving
materials, catalysts, design, et cetera. We see, however, an
additional line of H, conversion reactors becoming more and
more important, namely H,—CO, reactors, where CO, is activated
and converted into C-based fuels or chemicals (see further
Section 2.2.4).

2.2 Hydrogen end use applications

2.2.1. Supply of industrial, commercial, and residential
heat. Hydrogen has the capability of supplying thermal energy
to a process at a wide range of temperatures without producing
direct CO, emissions. Clearly, this makes it a pivotal element
wherever heat is needed: from the low temperatures for
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residential and commercial buildings to (and foremost) the
large variety of industrial processes (steam boilers, furnaces,
process reactors). In the following we analyse the use of
hydrogen as heat provider, starting from the industrial sector
where typically heat is needed at high temperature (i.e., above
200 °C), and concluding with the built environment heat supply.

Provision of industrial high-temperature heat. In 2014, direct
and indirect emissions from industrial processes accounted for
approximately 15 Gt CO,-eq per annum, roughly 28% of global
GHG emissions.*” Around 40% of these emissions stem from
fuel combustion for heating, with the remainder mainly in the
form of process emissions and emissions for electricity
generation.”” Although there are alternatives to hydrogen for the
provision of low-temperature industrial heat (e.g, electrification
through heat pumps, decarbonized heat networks),"” the majority
of industrial heat is required at levels of several hundreds of
degrees and higher, necessitating the combustion of a fuel.*’*®
From this perspective, hydrogen has the potential to fully
decarbonize medium- and high-temperature industrial heating.
Steel making, a difficult-to-decarbonize industrial process, is
probably the application that will benefit the most from using
hydrogen. Here, hydrogen can be used in the direct reduction of
iron ore to iron (the so-called DRI process) or as alternative
to methane in the electric arc furnaces, and possibly in both
(DRI and electric arc furnaces are complementary processes).*’
DRI processes typically require new reactors for iron ore
reduction, whose design need to be tailor-made for hydrogen
use. Several industrial initiatives exist, with Hybrit®® and
Energirion®! being the most advanced in terms of demonstration
and commercialization. Not surprisingly, the challenge lies in the
demonstration of the process at scale.”® Recently, a hydrogen-
methane blend was successfully demonstrated as fuel in the
forging process of industrial steelmaking without requiring plant
or equipment (burners) modification and while also maintaining
the quality of the end product.>®

Potentially, hydrogen combustion - especially in small
industrial plants - could be facilitated by including a catalytic
combustion section. The catalyst, often platinum or another
noble or transition metal,>* would then aid the lean-premixed
fuel combustion by allowing oxidation at lower temperatures,
thereby mitigating NO, formation. Advantages regarding fuel
flexibility may also be present: it is expected that heavy industry
may need to flexibly fire several fuels, where catalytic burners
can also play a role.*”

Provision of commercial and residential low temperature heat.
The role of hydrogen for heating in commercial and residential
buildings is more controversial than in industrial applications.
Because heat is needed at lower temperature, typically in the
range of 60-90 °C, several technologies exist that can potentially
fulfil this function without emitting CO,. These include heat
pumps, district heating (e.g., coupled to waste plants, geothermal,
or biomass), biogas, and hydrogen. The preferred pathway is once
again dependent on the boundary conditions of the respective
energy system and cannot be identified without accounting for
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the geographical, social and economic context. Looking at the
use of hydrogen in commercial and residential buildings, fuel
cells (co-producing electricity)®® and catalytic boilers are the
technological options receiving most interest.>* Co-generation
of heat and electricity is more likely applicable to the commercial
building stock, since electricity and heat demands are higher,
and economies of scale can be reached more easily. On the other
hand, catalytic boilers may be more suitable for residential
buildings, and to our knowledge, at least one model, by Giaco-
mini, is commercially available and CE certified.>* Interestingly,
catalytic boilers have limited operating temperature (around
400 °C) and, therefore, burns hydrogen virtually free of NO,.
Other hydrogen boiler prototypes, e.g., by Baxi and Bosch, are
ready for large-scale piloting.>®>” While residential hydrogen
boilers are technically feasible and safe, questions remain to
be answered around the implementation pathway and the
integration with other CO,-free technologies for residential
heating. In particular, high initial numbers are required and
a gradual ramp up of production, like with normal new
technologies, may not be acceptable. As a result, the production
of the first large volume may need guaranteed off-take, e.g,
through government backing, to decrease the risk for
commercial boiler suppliers.>* Hydrogen for residential heating
is not widely considered yet, but the UK§ for example, is betting
strongly on it.”®

2.2.2. Power generation and seasonal storage for balancing
of intermittent renewable electricity production. Hydrogen
has historically been associated with clean power generation,
particularly when photovoltaic panels (PV) and wind turbine
(WT) were deemed too expensive to play a significant role in the
energy transition. However, the perspective of hydrogen use in
power generation has changed drastically during the last
5 years. On the one hand, there has been an extraordinary
growth in wind and solar installations thanks to the fall of their
levelized cost of electricity (LCOE) - solar PV and onshore wind
are currently the cheapest source of new electricity generation
capacity for two-thirds of the world population.’® On the other
hand, the power generation sector can potentially benefit from
multiple low, zero, or even negative CO, emissions technologies,
making hydrogen a contender but not an indispensable ingredient
of the mix. As a result, H, for electricity generation faces now
the prospect of providing specific services rather than a
solution for base-load production. These services include peak
electricity generation, seasonal electricity storage, backup
dispatchable plants, and combined heat and power systems
(CHP) for centralised/decentralised applications.?® Accordingly,
H,-based power technologies need to follow a development
pathway targeted to acquire the key characteristics for these
applications, going beyond the traditional high-efficiency and
low-cost combination. In the following, we examine these
services more in details.

§ The UK department for Business, Energy and Industrial Strategy is running
Hy4Heat programme, which focuses on Government support and comprehensive
stimulation policies, safety, certification and appliance design.*®
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Electricity grid balancing. As mentioned above, hydrogen can
provide grid balancing services to match power generation and
demand.®® During periods of high energy demand, sudden
demand peaks can be met by converting H, in gas turbines,
internal combustion engines, or low temperature fuel cells.
Here the requirement is the capability of ramping-up operation
within seconds (primary frequency control) and/or minutes
(secondary frequency control). Hydrogen supply may or may
not include hydrogen storage. In the latter case, the hydrogen
used as a fuel needs to be readily available from a dedicated
hydrogen grid, and its production, e.g., via steam methane
reforming or water electrolysis, needs to be balanced with the
overall use. This configuration would be viable only when other
hydrogen end-uses are present, as grid balancing is likely to be
needed for limited hours per year while still requiring significant
infrastructure and conversion technologies. On the other hand,
the use of hydrogen storage, which can span from hours- (short-
term storage) to days- and months-equivalent (long-term, seasonal
storage), would enable more steady state hydrogen production
(further discussed in Section 4).*°* Furthermore, when coupled
with hydrogen production via water electrolysis, hydrogen
storage allows full exploitation of the potential of renewable
energy sources (RES) by absorbing the excess energy during
periods of low energy demand (and reusing it during periods of
high energy demand). Interestingly, the role of hydrogen as
power-to H,-to power system is downplayed when a large
exogenous hydrogen demand is present, e.g., for industrial
feedstock or heating.*® Again, this shows that hydrogen deployment
needs to be coordinated considering the different end-users
and their evolving role during the energy transition, for example
through “hubs” (see Section 4 for more details).

Optimal grid balancing services, and the highest energy
efficiency, are obtained by coupling electricity storage in hydro-
gen with other forms of electricity storage, particularly batteries
(see Fig. 1). This allows optimal exploitation of the technical
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Fig.1 CO, emissions isolines (in t per GWh,) at varying undispatchable
renewable generation (x-axis) and storage capacity (y-axis) when con-
sidering a system with only H, storage (solid lines) and H, storage +
batteries (dashed lines). Adapted from Gabrielli et al.%*
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features of the different storage options to deal with the
variability of electricity generation and demand at different
sizes and time scales.®”®* On the one hand, batteries are
characterized by a round-trip efficiency that is high for short
periods but decreases with time due to self-discharging losses,
which makes them optimal for storing electricity during
periods shorter than about three months.®> On the other hand,
storage in hydrogen is characterized by negligible self-discharging
losses, but lower values of overall round-trip efficiency (mostly
due to the losses incurred during hydrogen production and
re-electrification), making it more suited to seasonal energy
storage.®®®” Furthermore, electricity storage in hydrogen is likely
to use large-scale hydrogen production (e.g., electrolysers) and
conversion (e.g:, fuel cells) plants, making power-to-hydrogen cost-
competitive with respect to batteries. The cost of the expensive
components of a power-to-hydrogen system, electrolysers and fuel
cells, scale with the rate of the charging/discharging power
conversion processes (instead of the stored energy quantity).
In other words, power-to-hydrogen allows for a better decoupling
of energy and power than batteries.®

When CO, emissions are to be minimized, RES need to be
oversized with respect to the demand and coupled with large
amounts of electricity storage. In such a case, the cost optimum
solution features storage in hydrogen deployed and operated in
a seasonal fashion, and batteries operated for short-term
storage.®* The associated hydrogen storage needs to be large
enough to enable seasonal operation but also flexible with
respect to injection/withdrawal to exploit RES production
peaks. Underground hydrogen storage in salt caverns, and
possibly in depleted gas reservoirs and aquifers, is likely the
most viable option (tank and in-grid storage might be used for
short, local, buffer capacity).®*

Combined heat and power. Thanks to their modularity,
hydrogen-based electrochemical technologies (i.e., fuel cells
and electrolysers) can be deployed for centralised and
decentralised applications covering both the macro (MW) and
micro (kW) scale without significant change in the conversion
performance.®®®® In domestic or urban energy systems, fuel
cells contribute to increasing the efficiency of the energy supply
system by cogenerating electricity and heat. At the same time,
electrolysers can utilise electricity in moments of excess
production, which allows for a wider deployment of renewable
energy sources while avoiding local grid congestion. Overall,
this helps to enhance the energy efficiency and self-sufficiency
of decentralized energy systems and unlock the full potential of
electricity distribution grids with an overall reduction of CO,
emissions. An important point in this application is the
selection of the device that best matches the intended use.
Within the framework of urban energy systems, where the
cogeneration of electricity and heat is often driven by the heat
demand,”® low-temperature conversion technologies (e.g.,
PEMFC) are the optimal choice due to their faster dynamics
and their higher thermal efficiency. However, when energy
end-users require a higher fraction of electrical energy, or when
larger fractions of self-sufficiency are requested, high-
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temperature technologies such as SOFC and MCFC can be
preferred.”” As a matter of fact, the optimal degree of decentra-
lization of hydrogen-based power generation systems is still an
open question, with possible solutions ranging from national
and regional installations’> to neighbourhood and building
units.”> The optimal solution depends on the specific cases of
interest and on the entire hydrogen supply chain (see Section 4).

2.2.3. Low carbon (heavy) road transport, maritime shipping,
and aviation. Hydrogen can play a key role in tackling distributed
CO, emissions, which largely stem from the various forms of
transportation. While hydrogen properties present both advan-
tages and disadvantages depending on the specific application,
hydrogen fulfils a key prerequisite: it fully eliminates direct CO,
emissions. This is evident when comparing hydrogen to fossil fuel
powered systems, but it also leads to clear advantages with respect
to renewable-based synthetic hydrocarbons, i.e., there is no need
to re-capture carbon (or make carbon circular). In fact, the
decarbonisation potential of H,-based transportation depends
on the carbon-intensity of the hydrogen production pathway,
which, in turn, depends on the energy system at large. At the
same time, and especially when comparing to internal
combustion engine vehicles (ICEV), hydrogen-fed fuel cell electric
vehicles (FCEV) substantially eliminate pollutant emissions in the
exhaust, thus improving local air quality in areas with high traffic
volumes. While FCEV and battery electric vehicles (BEV) are often
presented as competing solutions, their role in decarbonisation
is rather complementary, especially when considering the 1.5 °C
timeline (ie., there is not enough time to develop the perfect
battery). On the one hand, BEV seem to fulfil most user
requirements at lower costs for motorised individual traffic, which
is clearly reflected by current market trends and announcements
of major car manufacturers.”*”> On the other hand, FCEV seem to
be the most promising “clean” option in the heavy-duty road
vehicles and (mid-range) maritime shipping sectors due to
specific use profiles and associated requirements in terms of
range, fuelling time and lifetime.”®”” An overview of ICEV/FCEV/
BEV vehicles is shown in Table 2.

Road transportation. Today, fuel cell buses represent the
most widely adopted hydrogen application in the transport
sector with hundreds of vehicles in operation, mainly in
Europe, China, Japan and the US.”®”° Most of them are publicly

Table 2 Comparative overview of drivetrain technology characteristics
and performance today (and expected mid-term trends in between
brackets) from best (+) to worst ()

ICEV (fossil fuel) FCEV BEV
Investment costs +(+) —(0 o(¥)
Operation costs o (o) -1 o+
Additional infrastructure needs +(+) — (o) o(0)
GHG emissions (life cycle) - (=) o(H)* o+
Air pollutant emissions (tailpipe) — (o) t(+) +®)
Efficiency - (=) o) +(4)
Range +(+) o(o) —(o)
Fuelling time +(4) o —(-)

¢ Depending on fuel supply - potentially large reductions compared to ICEV.
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operated and exhibit predictable operation profiles (routes)
requiring few fuelling stations, which facilitated their roll-
out.”®%¥1 Commercialisation of fuel cell (as well as battery
electric) heavy-duty trucks is lagging behind. However, the first
substantial numbers of FC trucks are going to hit the road in
Switzerland and Norway®” with a few other European countries
following suit. By 2025, 1600 Hyundai ‘Xcient Fuel Cell”
trucks® are foreseen to be operating on Swiss roads, and this
will represent the first large-scale introduction of such heavy-duty
vehicles in specific markets.** Other truck manufacturers are
developing similar vehicles. The rather slow development of the
heavy trucking market segment can be attributed to high vehicle
and hydrogen cost as well as the (currently) limited refuelling
infrastructure.”

Maritime transportation. The same obstacles present for road
transportation hinder hydrogen deployment in maritime shipping
today. On top of that, limited hydrogen storage density poses a
problem for long-distance trips.*® Liquified hydrogen could
improve this, but affecting both energy and infrastructure costs.
When looking at present implementation, the first commercial
fuel cell ferry is deployed in Scotland®® while the second is meant
to start operating by the mid 2020’s in San Francisco.®” Several
pilot and demonstration projects are also ongoing.***° From a
technology perspective, while hydrogen-fuelled road vehicles are
generally equipped with low-temperature PEMFC, both high-
temperature fuel cells and internal combustion engines represent
interesting alternative solutions for ships, where also ammonia
could be used as hydrogen storage medium.***

Aviation. In aviation, a competition between hydrogen and
liquid renewable-based synthetic hydrocarbons can be reasonably
expected. While small aircraft for short-range applications could
in principle use fuel cells (either alone or combined with, e.g,
turbines), larger, commercial aircraft are likely to keep using
gas turbines fuelled with hydrogen or synthetic hydrocarbons.
Hydrogen propulsion could be more economic up to medium
range aircraft segments compared to synfuels, which may be more
cost competitive for long-range aircraft.”” Using hydrogen as avia-
tion fuel would require an adaptation of the fuelling infrastructure
within airports, though the challenge would be not as significant as
transporting and distributing hydrogen throughout a nation or
region. Finally, it is worth stressing that recently Airbus, the largest
plane manufacturer along with Boeing, has released plans for
transitioning to zero-emission aircrafts fed by hydrogen, which
suggests that the aviation industry is actively looking, if not betting
on hydrogen as alternative zero emission fuel.”®

In addition to its different sectors of application, it is
important to consider the economic and environmental aspects
of hydrogen-fed vehicles. The economic competitiveness of
FCEVs is still limited by high vehicle and fuel costs as well as
substantial investments required for hydrogen transport and
storage infrastructure. Current total costs of ownership (TCO)
of FC vehicles — passenger vehicles, trucks, buses, ships - are
higher than those of fossil fuelled counterparts.>*”%8%8%949
Perspectives in terms of reaching cost parity are uncertain: TCO
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projections vary over wide ranges and while some studies
estimate cost competitiveness to be achieved within a few years
(e.g. ref. 79 and 96), others are less optimistic and expect TCO
parity not before 2030-2040.5%%%°7%8 The key issue is the
required reduction in purchase costs for FCEVs, which can
only be achieved by substantially increasing production
volumes. While this seems to be realistic for buses and freight
transport vehicles, since the market for low-carbon alternatives
is still underdeveloped, the recent development of BEV in the
passenger vehicle segment represents a high entry barrier.
Besides pure vehicle purchase costs, sufficient lifetime of FC
stacks must be ensured to keep capital investments reasonable.
Finally, hydrogen transport and distribution infrastructure can
only become affordable if sufficient hydrogen can be sold
(further discussed in Sections 4 and 6). Cost competitiveness
also depends on the development of alternatives, both in terms
of economic and technology performance. For example, sub-
stantially increasing oil prices or carbon taxes would make
conventional vehicles less attractive, while new battery technol-
ogies with higher energy storage density and longer lifetimes
would result in advantages for BEV.

The environmental performance exhibits less ambiguity.
While local and regional air quality will profit from FCEV in
any case - which is important for both urban areas and large
ports - the environmental benefits (and potential trade-offs) of
FCEV from a life-cycle perspective are mostly determined by the
hydrogen production, transportation and storage pathways and
not by the FCEV itself.”®%%997,997101

Accelerating the deployment of FCEV requires targeted
support measures. These can address environmental issues,
e.g., CO,-emission performance standards for passenger
vehicles'® and heavy-duty vehicles'® or larger low-emission
zones,'** or directly set a plan for phasing out internal combus-
tion engines.'®® Measures can also aim at improving economic
competitiveness of FCEV by enforcing the ¢“polluter pays
principle” viag internalizing externalities resulting from impacts
on human health due to release of air pollutants, GHG
emissions, or noise, which would help electric vehicles reaching
cost parity. Addressing local and global environmental damages
in synergistic ways can help to effectively foster climate action in
road transport while maintaining public acceptance and socially
fair outcomes.'®® Road toll exemptions for clean vehicles can
also be granted, as currently in Switzerland. Finally, voluntary
agreements in specific sectors, as recently set in place by the
International Maritime Organization,"” can accelerate FCEV
employment.

2.2.4. Carbon free and carbon-based synthetic products
derived from hydrogen. Currently, the largest end-use of hydrogen
is in the synthesis of fuels and chemicals, above all ammonia
production and oil refining. While the latter will gradually
disappear, the former will likely expand - for fertilizers but also
for energy applications - and various other opportunities will
arise, where hydrogen may act as a feedstock, energy input or
reducing agent to the synthesis reaction. Among the possible
products, fuels represent the largest potential market. Most
prominently, synthetic hydrocarbon fuels are being discussed as
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a replacement of current fossil fuels, especially for sectors in
which direct electrification is difficult and that need high energy
density, liquid fuels (like aviation).'®® Typical synthesis routes
involve the reduction of CO, through hydrogen to form molecules
containing a single carbon atom, such as formic acid, methanol
or methane, or to synthesis gas (carbon monoxide and hydrogen)
followed by a Fischer-Tropsch synthesis to form longer carbon
chains. Also, base chemicals can be derived in this way, where
existing as well as novel organic chemistry routes enable the
synthesis of virtually all products of the modern chemical industry
that are today derived from fossil feedstock.'® Besides
renewables-based hydrocarbons, ammonia represents the most
prominently discussed carbon-free hydrogen-based fuel,"**'""
which could be used in a range of applications."**™** In a similar
way as synthetic hydrocarbon-based chemicals enable the sector
coupling of the electricity and the chemical industry, ammonia
acts as a link between the fuel and the fertilizer industry
(and potentially transportation). As with hydrogen, there is
strong advocacy for a “methanol economy”**® or an “ammonia
economy”.**'” However, the different synthetic fuel candidates
have fundamentally different properties and fuels are used in
such a wide variety of applications, that the ambition of finding
the ideal synthetic fuel of the future seems unachievable.
Important aspects include the chain efficiency of the fuel
synthesis and use with “cradle-to-grave”-type system boundaries.
In general, such indirect electrification via electricity-based
synthetic fuels exhibits a two to 14 times lower energy efficiency
than direct electrification, which is substantial, depending on
end-use technologies (fuel cell, turbine, et cetera) and considering
all conversion steps from electricity to end-use.'® For carbon-
based fuels, such analysis must imply the closing of the carbon
cycle, either through CO, capture at the fuel use or through
sourcing of the feedstock carbon from the atmosphere via
biological means or direct air capture (DAC). Secondly, infrastruc-
ture requirements for the synthesis, transport, and storage of the
synthetic fuels play an important role and existing fossil fuel
infrastructure is a major argument for carbon-based synthetic
fuels. Thirdly, health, safety and environmental aspects, such as
toxicity of the fuels, explosion risks and the ease of handling have
to be considered. These aspects should be assessed with a dynamic
view on regulatory requirements and technological capabilities, as
demonstrated by the emergence of a worldwide LNG transport and
storage network over the course of the last two decades.

In the discussion of different fuels and their race for public
and private investment, it is important to note that hydrogen is
a central feedstock for all such fuels and products proposed.
Making hydrogen economically and logistically available
will enable the market to develop and test the different pro-
ducts and fuels. Large-scale applications that inevitably
require specific products justify research and development of
carbon-based and carbon-free alternatives. These applications
include intercontinental air travel, which benefits most of the
unrivalled volumetric energy density of hydrocarbon fuels, and
fertilizers production, which requires ammonia as a means to
supply nitrogen. These large-scale applications represent sub-
stantial markets and considering the lack of climate-neutral
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alternatives, they should be prioritized considering the (at least
within the next few decades) limited availability of low-carbon
hydrogen.'%®

2.3. Matching technologies, applications, and boundary
conditions

While there often is a tendency to promote one specific end-use
of hydrogen, independently of the boundary conditions, hydrogen
will be needed across different sectors and applications. However,
different economic, geographical, and societal macro areas
will see different low-carbon implementation pathways, which
translate into a different final portfolio of hydrogen end-uses. We
therefore expect that one or two applications will catalyse the
deployment of H, for all relevant end users, and that regions
with similar environmental conditions will experience similar
pathways. To understand and quantify this better, a cross-
sectorial analysis of the overall hydrogen value chain is required.
For example, Fig. 2 illustrates the pan-European nature of the
hydrogen infrastructure but also the different types of end-uses
found in each country (from the ELEGANCY ACT project''®). For
the different countries, we see that:

In Germany, hydrogen is expected to play a key role in
decarbonizing heavy industry and transportation. Critical open
questions concern the optimal development and legal-social
aspects of building a new infrastructure for hydrogen
production (local/central/import), its integration with the
natural gas grid, and the transportation of by-product CO, to
third countries for storage.'**'*°

In the Netherlands, hydrogen deployment will be triggered
by industrial clusters such as the Rotterdam harbour, where it

@ Natural gas
-== o,
~ = = Hydrogen

Fig. 2 Possible European chains for H,, CO, and natural gas production,
transport, storage and usage. This map illustrates the large number of
choices that must be made about the future energy system: where will H,
be produced, how will it be transported and used; how will CO, be
captured and transported, and where will it be stored?
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can be used as building block for chemicals production, as
alternative feedstock in power plants, and for high or medium
temperature heating. For this to commence, it is important to
investigate industrial clusters from a coordinated, multi-actor
perspective, so as to identify a joint masterplan for transition
and exploit synergies among processes.'>"*?

In Switzerland, hydrogen demand is expected to be driven by
road transportation, which has led to an interest in distributed
H, production. Distributed production implies relatively small
volumes and typically high costs. It is therefore critical to
identify optimal technologies and network configurations.*>

In Norway, the hydrogen focus is on production and export
based initially on natural gas reforming with CO, capture and
storage. It is important to evaluate the different options for the
location of H, production and CO, separation as well as
technology choices. Factors influencing the choices include
the level of H, demand, the existence of a CCS infrastructure
and constraints on the H,-transportation infrastructure, and
the expected cost reductions due to capacity development.'**

Finally, in the UK, hydrogen deployment may be triggered by
industrial and residential/commercial heating demand, with
supporting applications in heavy goods transport and potentially
power generation. Urban and suburban transition will have to be
reconciled with the industrial clusters transition, such that most
benefits are reaped.'**'**

3. Hydrogen production methods

3.1. Introduction

As hydrogen is an energy carrier, it needs to be produced from
other energy sources. Virtually all hydrogen currently stems
from fossil fuels, roughly 70% from natural gas, with only a
minority of approximately 2% (based on mass of total H,
produced, including the hydrogen as by-product from chlor-
alkaline processes) produced via water or brine electrolysis.'*®
Other approaches include coal or oil gasification and/or biomass-
based hydrogen production, mainly biomass gasification.

In this section, we provide our perspective on hydrogen
production technologies by discussing typical characteristics,
including their technology readiness level, feedstock availability,
costs, life-cycle carbon footprint and net-zero potential and
possible showstoppers. We discuss the current as well as the
expected status at mid-century (except for costs), when many
European economies aim to be netzero CO, (or GHG)
emitters."?” Afterwards, we provide a more detailed overview of
the characteristics of each technology, focussing more on the
status of technology and potential technical hurdles that still
need to be overcome for successful large-scale technology
deployment. We include the technologies we think are most
relevant in the energy system discourse, and which may play a
role in the transition to net-zero GHG economies (i.e., up to
2050): water electrolysis (alkaline, polymer electrolyte membrane
and solid oxide), natural gas reforming (steam reforming,
autothermal reforming and partial oxidation), and biomass-
based hydrogen production (reforming of biomethane and
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biomass gasification options). The main characteristics of the
selected production technologies are summarised in Table 3,
Fig. 3 and 4.

The currently most mature technologies include alkaline
(technology readiness level (TRL) 9) and polymer electrolyte
(TRL 9) electrolysis and natural gas reforming (TRL 9). New
deployment of the latter should critically include CO, capture
and storage, as moving towards the Paris climate agreement
would prohibit constructing new CO, emitting production
facilities. It is therefore not surprising that most of the
announced new hydrogen projects make use of natural gas
reforming with CCS for large-scale facilities, and electrolysis for
smaller scale projects." The issue with the latter is mainly the
availability of low carbon electricity, as well as currently high
costs, although the costs are expected to fall as a result
of economies of scale and technological learning.'*®'*° The
availability of renewable electricity production, however, con-
tinues to be an issue, as deployment of electrolysis capacity not
running on renewables goes against the needed shift to lower
GHG emissions: the 2020 global wind and solar electricity
production was under 10% of the total global electricity
production,'*! and the share of renewables in 2040 is still
projected to be smaller than 50%, with the make-up mainly
fossil and some nuclear,'*® raising serious doubts on the
availability of renewable electricity for large-scale hydrogen
production. Some announced projects, like the Dutch NortH,
project, do plan to use dedicated renewables, but this naturally
leads to displacement of emissions from hydrogen production
to other sectors of the economy, analogous to land use change
for biomass production. We therefore expect the required,
quick, cost-effective deployment of large hydrogen production
capacity to come from fossil fuels, mainly natural gas, combined
with CCS, where electrolysis will follow, rather than lead. Fig. 3
and 4 show that this option is not only currently the cheapest,
but can have a life-cycle GHG footprint comparable with
renewables-based electrolysis when two conditions are met: (i)
advanced reforming technologies (e.g., autothermal reforming)
are used with plant-wide CO, removal rates approaching 100%,
and (ii) methane emissions from natural gas supply need to be
very low over the full production and supply chain, for example,
in line with the current European standards."*® Questions have
been raised to what extend this is realistic,"** but recent
studies™'*® have suggested that natural-gas-based hydrogen
production can capture and mitigate almost all CO, emissions
from reformers if the most advanced technologies are used.

The issue of fugitive methane emissions seems more of a
threat, especially since low leakage European natural gas
production in the North Sea region is gradually replaced
with imports from non-European countries and Russia, which
typically come with much higher leakage rates and are outside
the control of European countries.'** For NG-based hydrogen to
fit in a net-zero economy foreseen for 2050, the leakage from
such production and supply chains needs to be dramatically
reduced (actually brought to negligible values), and the during
the 26th Conference of Parties (COP26) announced 30% leakage
cut in 2030 is far from enough to achieve this.

This journal is © The Royal Society of Chemistry 2022
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Table 3 Selected hydrogen production technologies and assessment characteristics, based on the analyses in the subsequent sections

Expected
Feed/resource Expected feed/ Commensurate commensurate
TRL  Expected availability = resource to net-zero to net-zero
Technology current TRL 2050 current availability 2050 current? 2050? Possible showstoppers?
Alkaline electrolysis plus 9 9 Limited® Sufficient? Largely® Likelyd Availability of low-carbon
renewable electricity electricity
Polymer electrolyte electro- 8 9 Limited” Sufficient” Largely® Likely? Availability of low-carbon
lysis plus renewable electricity
electricity
Solid oxide electrolysis plus 6 9 Limited” Sufficient” Largely® Likely? Availability of low-carbon
renewable electricity electricity; insufficient technology
progress
Natural gas reforming with 8 9 Sufficient Sufficient No, but can be Possibly” Availability of CCS infrastructure,
CO, capture and storage low carbon reduction of CH, emissions from
NG supply
Biomethane reforming 8 9 Very limited Limited Yes Yes Limited biomass resources, CCS
with CO, capture and availability
storage
Low temperature biomass 7 9 Very limited Limited Yes Yes Biomass/residue availability, CCS
gasification availability
High temperature biomass 6 9/ Very limited Limited Yes Yes Technology scale-up, dedicated
gasification bioenergy crop availability, CCS

availability

“ The 2017 global wind and solar electricity production was just 6% of the total global electricity production.’*® » Although uncertain and highly
dependent on implementation of further decarbonisation policies, based on the current net-zero pledges, it is expected that sufficient renewable
electricity for large-scale electrolysis may be available.**'* ¢ Life cycle GHG footprint is non-negligible as production of assets (wind turbines, PV
cells, electrolysers) is associated with GHG emissions, e.g., due to the combustion of coal during steel production. ¢ If production of infrastructure
(wind turbines, PV cells, electrolysers) can be made GHG neutral and the electricity grid at large reaches carbon neutrality. © Only if fugitive
methane emissions of NG production and transport can be fully mitigated. / If scale up issues can be overcome, including financing of capital-

intensive pilot and demonstration plants.

1 I 10.0
2.3 I 12.1
30 I o !
NG SMR/ATR w. €CS 0.8 I 3.5
Biomethane SMR/ATR w. CCS 1.4 [N 16.7
Low T biomass gasification w/o CCS 1.4 [N 6.7
1.4 I 7.0

00 20 40 60 80 10.0 12.0 140 16.0 18.0
Hydrogen production costs (USD,,/kg)

Electrolysis Alkaline
Electrolysis Polymer

Electrolysis Solid Oxide

Low T biomass gasification w. CCS

Fig. 3 Current reported cost ranges for selected hydrogen production
technologies. Ranges based on values reported in Speirs et al.,*3! IEA12¢
Binder et al.,**? Howes et al.,*** Bauer et al.,*** [EAGHG"*® and Parkinson
et al B*5%7 and converted to 2016 USD per kg using an average 2016 USD/
GPB exchange rate of 1.3552 and an average 2016 EUR/GBP exchange rate
of 1.1068.

The successful implementation of large-scale, low carbon
NG-based hydrogen production also critically depends on the
availability of CO, transport and storage infrastructure,**
requiring strong policy measures to incentivise and/or facilitate
this (see also Section 5). Further down the TRL scale we find
solid oxide electrolysis and biomass gasification-based hydro-
gen production. The development and inherent cost reductions
of the electrolysis technologies is well under way, as discussed
below in Section 3.2. Biomass gasification has been demon-
strated at pilot or demonstration scale, for instance in the
Silvagas'*®> and GoBiGas plants,"*® but still suffers from technical
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Fig. 4 Lifecycle impacts on climate change (using the GWP100 indicator)
of hydrogen produced via water electrolysis, natural gas reforming, and
biomass conversion considering different types of electricity for electrolysis
and several process configurations for natural gas reforming and biomass
conversion. Data sources: electrolysis and NG reforming (Bauer et al.,
2021),**® biomethane reforming (Antonini et al, 2020),%> wood gasification
(Antonini et al,, 2021).* Methane emissions from natural gas supply represent
current average European supply and amount to about 1.3% (Bauer et al.,
2021). GHG emissions of electricity used for electrolysis represent typical
values for run-of-river hydropower, wind power and solar photovoltaics in
central Europe (ecoinvent, 2021).** SMR with CCS includes ~56% capture
and storage of the plant-wide emissions produced, ATR with CCS includes
~93% capture and storage of the plant-wide emissions produced.

hurdles, especially in the case of high temperature, entrained
flow gasification (Section 3.4), which on paper is the
most suitable for direct hydrogen production. Reported cost
projections for biomass-based hydrogen show a mixed picture,
with values reported as low as NG-based hydrogen production
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(Fig. 3), but we believe these may be strongly underestimated.
Biohydrogen based on residues or other sustainable biomass
feedstock is essentially commensurate with net-zero targets and
may deliver substantial amounts of negative emissions if
coupled with CCS.*® However, we believe the constrained
availability of biomass for bioenergy will be a serious limitation
to large-scale deployment, as will be elaborated in Section 3.3.4.
In short, low-cost, low-carbon hydrogen production can
commence today, as illustrated by the increased number of
recently-announced large projects (see, e.g., ref. 147) and the
technology pipeline has a full complement of technologies that
can further increase capacity and flexibility at reduced costs
and carbon footprint. However, there are still substantial
challenges with the hydrogen production technologies themselves
that need to be urgently addressed, including the availability of CO,
transport and storage infrastructure, the reduction of methane
emissions along natural gas supply chains, and the availability of
sufficient renewable electricity, and biomass for bioenergy.

3.2. Hydrogen production via electrolysis

The current production of hydrogen from electrochemical
technologies amounts to around 2 Mt year,'*® this is produced
from plants with an installed capacity of 37.9 GW."*® Electro-
lysis is the process of splitting water into hydrogen and oxygen
using an electric current. The overall concept can be under-
stood by considering what happens when two electrodes (an
anode and a cathode) between which a current flows, are placed
in pure water. At the cathode, a reduction half-reaction occurs
where protons are combined with electrons to form hydrogen
gas. Similarly, at the anode, a balancing oxidation half-reaction
occurs where water is split into oxygen, protons, and electrons.
In practical technologies, electrolytes are used to improve the
efficiency and membranes are used to separate the oxygen and
hydrogen evolved.

There are three main practical technologies for water
electrolysis: alkaline water electrolysis (AEC), polymer electrolyte
membrane electrolysis (PEMEC), and solid oxide electrolysis
(SOEC). Alkaline electrolysers typically use an electrolyte of
potassium hydroxide, with electrodes separated by a thin
membrane (“diaphragm”) through which hydroxide ions can
travel. This technology has been used for many decades. Polymer
electrolyte membranes are more recent and compact and use a
solid polymer membrane which acts as an electrolyte while also

Table 4 Key characteristics of water electrolysis technologies
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being able to conduct protons. They use more expensive catalysts
(platinum group metals) compared to AEC technology. Solid
oxide electrolysers use a ceramic membrane which under the
conditions of operation are oxide ion conducting.

While AEC and PEMEC can be considered as mature tech-
nologies, SOEC - which are operated under high temperatures
around 800 °C and use steam as input - are not yet entirely
commercialized. PEMEC are most flexible in their operation,
i.e., can follow intermittent loads with high ramping rates
while AEC are capable of modest ramping and SOEC best
operated under steady conditions. Table 4 summarizes their
key characteristics.

Unlike traditional process technologies, water splitting by
electrolysis is a process in which capacity is defined by surface
area of electrodes. This places a limit on the capacity of
individual modules, and capacity is built by “numbering up” and
using multiple modules. This also facilitates flexible operation
and robustness. The modularity of the technology means that
cost reductions will arise through standardisation and mass
production, rather than through economies of scale.

3.2.1. Efficiency and economics of electrolysis: current
status and future trends. The economic competitiveness of
hydrogen production via electrolysis is mainly determined by
investment costs and lifetimes of electrolysers, their utilisation
rates as well as expenses for electricity supply, which are in turn
driven by the efficiency of electricity-to-hydrogen conversion.
Reported system efficiency depends on unit sizes and other
parameters and can thus vary considerably. However, much of
this variability in reported estimates is actually due to the
different system boundaries considered. Total system efficiencies
are often about 10% lower than the electrolysis efficiency alone,
depending on the duty, accounting for rectification of current,
purification, compression, and storage. The temperature of opera-
tion, capacity and age of the installation also impact efficiency.

Projections of improvements in efficiency are not expected
to be as significant as those expected in capital cost. Schmidt
et al."* undertook a survey of experts to develop estimates of
efficiency improvements for AEC and PEMEC. They found that
improvements of approximately 10% higher heating value may be
achievable with some of the drivers being thinner membranes,
higher operating temperatures, and marginal improvements in
balance of plant design (water pre-treatment, current rectification).
In addition, efficiency, and thus electricity consumption per unit

AEC PEMEC SOEC
Electrolyte Liquid Solid (polymeric) Solid (ceramic)
Operating temperature 60-80 °C 50-80 °C 600-850 °C
Typical output pressure 1-30 bar 20-30 (up to 80) bar 1 (up to 25) bar
Hydrogen purity >99.5% >99.5% >99.5%

Catalyst used Ni/Co/Fe, Ni/C-Pt

Advantages Low capital costs

Disadvantages Slow dynamics, corrosive electrolyte Use of noble metals
Challenges Durability needs improvement Reduce noble metal content
1048 | Energy Environ. Sci., 2022,15, 1034-1077

Iridium, Platinum
Fast response - flexible operation High electrical efficiency, relies on abundant

Nonprecious metals, e.g., Ni

materials

Mechanically unstable electrodes, less suited for
intermittent loads

Structural changes in electrodes limiting lifetime

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The dependency of specific energy demand on the production
rate today. Based on Smolinka.*>®

Table 5 Efficiency ranges (% LHV) of electrolyser systems today and in
2050 (expected). SOEC figures do not include energy for steam
generation®11%2

AEC PEMEC SOEC
2020 58-70% 58-65% 81-83%
2050 61-80% 70-74% 88-90%

of hydrogen produced, is improved substantially with electrolyser
capacity up to the MW or 10 s of MW range, after which marginal
improvements are made, as shown in Fig. 5 for AEC and PEMEC.
Table 5 provides efficiency ranges of the three electrolyser types
today as well as expected ranges in 2050.

On the other hand, dramatic improvements are expected in
CAPEX. Capital cost reductions were reviewed in Glenk et al.>®
(Fig. 6), Schmidt et al.** and here using data from the Potsdam
Institute for Climate Impact Research (PIK)">* (Fig. 7). The
Glenk review synthesised manufacturer data from interviews
with grey and academic literature to give estimates of historical
costs up to 2016 and projections up to 2030. There is under-
standably high variability in CAPEX historically as (particularly
PEM) electrolysers mature. The Glenk study estimated average
annual CAPEX declines of 4.8% for PEM and 3% for alkaline
electrolysis; trend analyses for SOEC were not undertaken, thus
we added them in Fig. 6 below.

In these analyses, there have been and are future expectations
of significant cost reductions in PEMEC technology, based on its
relative immaturity and headroom. Current costs of SOEC are
high, but given the bill of materials, large cost reductions are
expected in the future. The costs are expected to follow different
trajectories, but Glenk expect them to end up being fairly similar
by 2030 as shown in Table 6. Schmidt et al. estimate costs for
2020 at 992, 1440 and 3254 USD per kW for AEC, PEMEC and
SOEC respectively, reducing to 697, 1115 and 2168 USD per kW
by 2030,"*° higher than the Glenk estimate. The most recent
CAPEX review with projections up to 2050 has been performed

This journal is © The Royal Society of Chemistry 2022

View Article Online

Energy & Environmental Science

5000 o AR
o PEM

SOEC
--------- Expon. (AEL)
~~~~~~~~~ Expon. (PEM)
4000 : Expon. (SOEC)

4500

3500

3000

2500

Capex (USD/kW)

2000

1500

1000

500

2000 2005 2010 2015 2020 2025 2030 2035

Year

Fig. 6 Examples of CAPEX estimates for different electrolyser types for
the year of development. Source: Glenk & Reichelstein.*>®
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Fig. 7 Expected cost reductions to 2050 of AEC, PEMEC, and SOEC,
based on data from PIK.?%*

Table 6 Average cost projections for electrolyser types. Source: Glenk et al*®

Year AEL (USD per kW) PEM (USD per kW) SOEC (USD per kW)
2020 951 1138 1296

2025 816 997 1062

2030 768 899 835

by PIK (2021).">* We used their data to establish our own trend
lines for AEC, PEMEC, and SOEC, as shown in Fig. 7.

Capital costs are amortised over the equipment lifetime,
which means increasing lifetime should lead to cost reductions.
Schmidt et al.,"*® used an expert elicitation approach to try to
understand likely improvements in electrolyser lifetimes. A
summary of their findings is illustrated in Fig. 8. SOEC are
relatively new and hence their current expected lifetimes are
relatively low. However, in the near future, the lifetimes of all
technologies are expected to become relatively similar and
attaining the range of life of 60 000-70000 h by 2030.

3.2.2. Photocatalytic and photoelectrochemical hydrogen
production. In addition to the electrolysis technologies dis-
cussed above, hydrogen can be produced via sunlight driven
water splitting devices, i.e., with photoelectrochemical (PEC) or
photocatalytic (PC) devices.>*™*° This technology family has
the benefit of integrating in one device (with many possible
configurations depending on the materials adopted) the photo-
current generation and the water electrolysis. While the technology
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Fig. 8 Projections of lifespans of each electrolyser technology for 2020
and 2030 across interviewed experts. Bars show the 50th percentile
estimate ranges of the experts, based on Schmidt et al.’*° Note that the
AEC estimate for 2030 was from one expert only.

is the natural evolution of a PV-electrolyser system (PV-E) and on
the long run it could potentially offer lower costs and higher
efficiency, the technology is far from becoming competitive with
the other production routes, and will not play a significant role in
the near- and mid-term hydrogen economy.'®® We therefore do not
discuss PEC or PC in this work, but redirect interested readers to
specific publications.'>¢7%%161

3.3. Low carbon hydrogen production from fossil fuels

As highlighted in Section 3.1, around 76% of the 70 Mt per year
of today’s H, demand is produced from natural gas, with the
remainder coming mainly from coal. The dependency on fossil
fuels also means that significant CO, emissions are associated
with current hydrogen production, totalling about 830 MtCO,
per year."”® However, several solutions exist where CO, from
the process is not emitted but captured - from the syngas
(typically prior to H, purification) and/or flue gases — and safely
stored in a geologic formation. Depending on the capture
technology selected, CO, capture (and subsequent storage)
can make hydrogen production from fossil fuels close to CO,
neutral. We believe low carbon H, production from natural gas
will play an important role in the establishment of the hydrogen
economy and in its consolidation, i.e., in the near (2030) and
midterm future (2050)." However, we expect the fossil-route to
disappear in the long run, as fossil fuels will (have to) be fully
phased out. It remains however difficult to predict when this will
happen, as it will depend on a combination of several factors,
among others the scale-up (and cost) of green H, production.
An overview of the standard route for H, production with
CO, capture is illustrated in option 1 in Fig. 9: the syngas
generation section consists of a syngas production unit (e.g.,
reforming, partial oxidation, gasification) and of a syngas shift
unit, where CO is further converted to H,; the resulting syngas

1050 | Energy Environ. Sci., 2022, 15, 1034-1077

View Article Online

Perspective

undergoes different separations, where eventually high purity
CO, and H, are produced. Several solutions exist where CO,
from the process is not emitted, but captured - from the syngas,
typically prior H, separation, and/or flue gases — and safely stored
underground.'®® A detailed discussion on the variety of specific
processes and technologies that can be currently adopted is out-
of-scope here, and can be found with great detail in different
literature sources, e.g,, the Ullmann Encyclopedia**'®* and
Perry’s Chemical Engineers Handbook'®® and several review
works on hydrogen production from fossil fuels."*>'®'%> 1t is
worth stressing that all technological components of the state-of-
the-art route are mature and are offered commercially, at scale,
and with guarantees by several engineering companies; this shall
not be surprising because they are all present in UREA/methanol
plants. Note that the cost of hydrogen increases when CCS is
added; for example, IEA estimates an increase from 1.7 to 2.3 €
per kg H, in Europe, from 1.0 € per kg H, to 1.5 € per kg H, in the
US, and from 1.8 € per kg H, to 2.4 € per kg H, in China
(considering existing technologies).'*® Equally important, the blue
hydrogen production technology can already be deployed at scale
to match a steep increase in hydrogen demand. Therefore, it is
worth stressing that virtual CO, neutral hydrogen from fossil fuels
is already a viable possibility today, provided the CH, emissions
along the value chain are low."*®

Given that the blue hydrogen route will remain an important
player for reasonably 30+ years, the technology will undergo
further development and improvements. These should aim to
reduce the (energy) cost of producing very low carbon merchant
hydrogen, to maximise resource use and economic efficiency.
Additionally, development should aim to move towards 100%
capture of plant-wide CO, emissions. However, this also means
that many lines of current research will not find their way to full
implementation as the transition to green hydrogen may happen
before that. It is therefore important to understand how the
technology can and needs to evolve in time to deliver cost- and
environmentally optimal hydrogen while efficiently using R&D
resources, especially time and budget. Fig. 9 provides an
overview of four pathways to improve low carbon hydrogen
production from fossil fuels, starting from improvement of
today’s state-of-the-art. These technologies are not representative
of the whole landscape of research and development for clean
hydrogen production from fossil fuels, but are those that we
believe key for H, deployment for a net-zero society by 2050.
Whether or not all these four pathways will be deployed along
the course of this century depends on a great number of
variables, not in the least on how quickly electrolysis-based
hydrogen production will develop and scale up.

Improvements in the state-of-the-art route. Existing hydrogen
production processes will further advance by employing new
materials, novel reactor configurations, or better process
integration. For the syngas production units, efforts need to be
focused on the development of better integrated reformers, for
example reusing high temperature gas from the autothermal
reformer (ATR) to heat up a gas heated reformer (GHR)."®%'%”
Moreover, they should allow for increasing the hydrogen produc-
tion scale, thus overcoming current limits of SMR, which are too
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Fig. 9 Hydrogen production from fossil fuels with carbon capture and storage, with highlight on current and future pathways relevant for CO,-neutrality in 2050.

complex to scale-up further in a cost-effective manner. This
means that for the scale of hydrogen production foreseen, we
expect to see a move from classical steam methane reforming to
autothermal and gas heated reforming, and/or partial oxidation.
When looking at the syngas separation section, novel solvents
and advanced process configurations for CO, separation have
the potential to decrease the energy consumption and the capital
cost of CO, capture. Moreover, one further critical development
is that the CO, removal from the hydrogen production plant
should approach 100%. This is possible already with today’s CO,

This journal is © The Royal Society of Chemistry 2022

capture technology'®*™7° but requires the process to be designed
such that all sources of CO, emissions in the hydrogen plant are
addressed, e.g., including furnaces and heaters.

Development of novel separation processes. Two concepts
alternative to liquid scrubbing are particularly promising: (i)
the use of adsorption cycles at ambient temperature to carry out
the CO, and H, separations in one single process using a
vacuum pressure swing adsorption (VPSA) cycle,"”*™"”? and (ii)
the use of membranes to separate hydrogen from a pressurized
syngas with low energy consumption. The former is of particular
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interest for small to medium size applications and for retrofitting
existing PSA; future R&D efforts should focus on demonstrating
the technology at relevant scale and in real industrial conditions.
For the latter, efforts must be focused on developing better
material frameworks that possess the right combination of selec-
tivity and permeability under practical conditions, but also be easy
to manufacture defect-free on a porous support with enough
mechanical strength.”**7

Development of novel integrated concepts. These routes
exploit Le Chatelier’s principle: by applying a change in the
product concentrations, a more favourable chemical equilibrium
is established. This can be achieved via either immobilizing one
of the products in a solid phase, or via continuous removal of
one of the products (see Fig. 1 in ESIT). At present, the sorption-
enhanced water-gas shift (SEWGS) concept is the closest to
commercialization (TRL 7) among the different integrated
concepts.'”®"”® Another concept that is attracting significant
interest thanks to the process intensification potential is the
sorption enhanced reforming (SER), where CO, is removed as
the methane reforming takes place.'® %> Finally, intensified
hydrogen production routes include membrane reactors, where
membranes can be integrated in the reforming or in the water-
gas-shift step.”>"®*'%¢ These technologies are further discussed
in the ESL.}

Development of alternative H, production routes. In addi-
tion to the previous developments, interesting concepts are
being investigated for compact and efficient production of
hydrogen. These include chemical-looping reforming (and all
associated configurations) and thermal methane decomposition.
Hydrogen production with chemical looping offers potential for
high energy efficiency and for a compact system, possibly
integrating the CO, separation.'®”"'®® Different challenges
remain to be addressed for industrial deployment though, which
are specific to the reactor configuration and reaction pathway,
and include erosion of the reactor by the oxygen carrier, solid-
solid heat integration, carbon deposition, and mechanical
stability of the oxygen carrier. Accordingly, we see these technol-
ogies as important improvements if large-scale production of low
carbon hydrogen from fossil fuels is still needed in the second
half of this century, but do not expect them to contribute
significantly before.

3.4. Hydrogen production from biogenic sources

Hydrogen production from biogenic sources is of particular
interest for future hydrogen production, as biomass is a renewable
feedstock and when the biomass to hydrogen value chain is
managed well, it can approach netzero GHG emissions or, if the
CO, produced during the hydrogen manufacturing is captured and
permanently stored, biohydrogen may be a means to reach net-
negative CO, emissions.™ Biogenic hydrogen production mostly
involves the gasification of biomass, and possibly the reforming of
biogas or biomethane.'®® Although biomass gasification has
advanced substantially, and some (fluidized bed) gasifiers are
operating at higher TRL (TRL 7-8), the development of large-scale
equipment is also characterised by technical setbacks (e.g, the
German Choren entrained flow gasifier, that failed in 2009
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because commissioning took longer than its investors could beard]).
Furthermore, sufficient biomass availability for bioenergy
production is far from guaranteed, briefly discussed in Section
3.4.3, and the amount that is available might well be directed to
energy outlets other than hydrogen.

3.4.1. Hydrogen production routes via biomass gasification.
Biomass gasification is the key step for production of hydrogen
from biomass. It is a thermochemical process commencing
at elevated temperature and sometimes elevated pressure,
breaking down the cellulose, hemicellulose and lignin com-
pounds that are the building blocks of biomass, into a product
gas, mainly consisting of carbon monoxide, hydrogen and
water, but also methane and other hydrocarbons can be
produced, including tars and char.'®® Biomass gasification
involves several overlapping processes, including drying,
pyrolysis (the conversion of solid biomass into chars, liquids,
and gases), partial oxidation, and reforming (the conversion of
hydrocarbons to syngas).'*®

Biomass gasification is a widely studied process including
many different biomass sources as feedstock, as well as reactor
types and reactor conditions.'*>'*®18%190 A typical division of
biomass gasification processes can be in terms of temperature,
distinguishing between high-temperature processes operating
over 1300 °C and low-temperature processes operating roughly
between 700 and 1000 °C.'*® The high temperature route
typically uses oxygen blown entrained flow gasifiers that
produce a very pure hydrogen stream free from tars but at the
expense of comparatively lower biomass to hydrogen efficiencies
and low fuel flexibility (requiring a very well defined biomass
feed). In the 2000’s and early 2010’s there was much enthusiasm
for high temperature wood gasification, but especially the very
high costs of upscaling (not of the final commercial size tech-
nology) have proven a large hurdle and there are few activities
currently. Low temperature biomass gasification in fluidized bed
gasifiers has progressed more and larger plants have been built,
including the 40 MWy, Silvagas plant in the USA and the 32 MW,
GoBiGas plant in Sweden with commercial units being sold by
market parties,"®" although these plants are still an order of
magnitude smaller than what might be expected of commercial-
scale hydrogen plants and the question is if the fluidised beds
can be scaled enough to truly benefit from economies of scale.
Another large drawback of the low temperature route is the
production of tars which have to be removed or cracked, the
latter also requiring high temperature catalytic conversion.
There are also other concepts emerging that either try to leverage
the benefits of low-temperature and high-temperature, such as
the transport integrated gasification (TRIG)'**'®® and biomass
chemical and/or calcium looping.'®* For more in-depth discus-
sions of novel biomass gasification technologies, the reader is
referred to the supplementary information and to dedicated
reVieWS.146’189'190'195

3.4.2. Hydrogen production routes via biogas reforming.
Besides natural gas, biogas and biomethane can also be fed into
steam or autothermal reformers,"*® without significantly changing

9 See, e.g., https://energycentral.com/c/ec/what-happened-choren.

This journal is © The Royal Society of Chemistry 2022


https://energycentral.com/c/ec/what-happened-choren
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02118d

Open Access Article. Published on 02 2022. Downloaded on 18.07.2025 22:21:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

performance - a slightly lower efficiency is observed due to absence
of higher hydrocarbons, but this also removes the need for a pre-
reforming step. Raw biogas can be cleaned of CO, and fed as
biomethane, but could also be fed to a reformer directly, ie.,
without upgrading,'®”'*® allowing for additional CO, capture and
storage, increasing the potential for net CO, removal from the
atmosphere. The issue with direct feeding of biogas is therefore not
so much of a technical, but rather of a logistic nature: as biogas
production is very decentralised, the volumes are usually very small.
The largest producers are typically wastewater treatment plants that
produce biogas at the single MW scale. Moreover, raw biogas
cannot be fed into the natural gas pipe network, because of the
higher density of CO, and the risk of the carbon dioxide creating
‘heavy pockets’ in the pipes. Biohydrogen production from raw
biogas will necessarily be limited to small scale. If a larger scale is
foreseen, then the suggested option is to locally remove the CO,
from the biogas, and feed biomethane to the natural gas network,
while the reforming plants are ensured to buy biomethane, e.g,
through a certificate of origin (like current renewable-electricity
contracts for electricity users).

3.4.3. Cost of hydrogen production from biomass. There is
large uncertainty on the cost of hydrogen production from
biomass with CCS, as few studies have been published, while
more studies can be found for hydrogen from biomass without
CCS. The work from the Sustainable Gas Institute (SGI)
summarises some of these studies and complements this with
their own estimates."*""*® Ecofys,"** the IEAGHG"*> and Bauer
et al.,"** recently also presented their estimates, where the
former two do in fact include CCS. The SGI presents values
for biomass gasification without CCS in the range of 1.4 to
3 US$,016 per kg H, and with CCS in between 1.4 and
3.6 US$,016 per kg H,, on par with NG-based H, production
with CCS, but do report that these costs are probably under-
estimated, as biomass gasification is currently too far from
commercialisation to get to grips with real potential costs. This
statement is underpinned by the Ecofys, IEAGHG and Bauer
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studies, which place biomass-based hydrogen without CCS
(respectively 3.4-5.1, 5.6 and 2.5-6.7 US$,16 per kg H,) and
with CCS (respectively 3.9-7, and 6.1-6.3 US$,,,¢ per kg H,) at
substantially higher values than NG-based hydrogen. The
IEAGHG study stresses that only very recently, some high-
level costs have become available of operating small-scale
biofuels plants, highlighting indeed the uncertainty of the
above numbers. Costs for biohydrogen may fall once deployed
at large-scale due to learning by doing and economies of scale,
but for large costs reductions, the high-temperature, high-
pressure technology (or the TRIG technology) should become
available, which is currently still far away, as discussed in Section
3.4.1. Furthermore, reported costs of hydrogen from biomethane
range from 1.4 to 16.7,"*""** a very large spread indeed, mostly
driven by different assumptions on the cost of anaerobic digestion;
costs will most likely be higher than the solid-biomass gasification
route. In short, this brief discussion implies that bio-based hydrogen
will likely have a cost disadvantage towards NG-based hydrogen, at
least in the foreseeable future, with large uncertainty on how it may
develop towards the middle of the century.

3.4.4. Availability of biomass as limitation for biohydrogen
production. Possibly the key limiting factor for biomass-based
hydrogen may be the availability of biomass for bioenergy.
Bioenergy competes with food, feed, and nature conservation
and/or other ecosystem services, and the remaining biomass
potential for hydrogen may be limited. There seems to be a
consensus that these other biomass uses should be prioritised
over bioenergy, although some argue'®® that feed for cattle
should be considered less relevant, as the world should move
towards a more plant-based diet and would need biomass for
energy. Furthermore, the future availability depends on the
evolution of a multitude of social, political and economic
factors including land tenure and regulation, trade and
technology.?*>!

Fig. 10 provides an overview of global bioenergy potentials
quoted in four studies.’’>*°° The estimates for 2050 differ,

Source Study type Range Included Year
Beringeret  Earthsystem | ’ ) - ’ T | Energy crops 2060
al, 2011 model - s2 [ - |

Searl & Corrections to Energy crops, 2050
Malins, 2015 10 studies a5 [ .1 | sometimes residues

Fuss etal., Comprehensive | i Energy crops/ 2050
2018 review i 60 _- residues/a|gae

Daioglouet |IAM _ Energy crops & 2050
al., 2019 117 193 residues

Daioglouet |IAM L 46 _ 122 Energy crops 2050
al., 2019 !

Fig. 10 Concise overview of biomass potentials as reported in the academic literature.2927294 All sources report the so-called sustainable potential,
minding the conservation of forests, wetlands and so on, as well as sufficient space for food and feed production. Estimates include energy crops and,
where indicated, biomass waste/residues; the studies quoted by Fuss et al. with the highest estimates include large-scale algae production and assume

aggressive technology and agricultural production improvements.
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ranging from about 45 EJ per year to around 300 EJ per year,
where Fuss et al.>*®> quote very optimistic estimates that go as
high as 1548 EJ per year, but the latter also includes large-scale
algae production for bioenergy and uses very technology-
optimistic assumptions. Jones and Albanito*®' argue that the
different estimates of biomass availability derive from differing
use of the same FAO (the UN Food and Agriculture Organisation)
data and the use of different spatial and temporal factors,
affecting biomass production potential. The more conservative
estimates assume bioenergy crops only (or mostly) on so-called
marginal or degraded land, while completely safeguarding
currently existing natural parks (forests, wetlands, etcetera)
and thereby have stronger emphasis on ecological and biophy-
sical concerns and natural limits. When productive land is also
included, minimum potentials increase to 130-160 EJ per year
and maxima of 216 and 267 EJ per year. The optimistic estimates
quoted in Fuss>® start at 350 EJ per year and range to 1548 EJ per
year, but these come from economic optimisation models
that assume significant technological change to improve yields,
and the aforementioned inclusion of algae. Note that the 2010
production of biomass for bioenergy was approximately 50 EJ per
year,”® so although there is some increase to be expected, we
believe it more realistic to count on a doubling or trebling over
the next decades, rather than a major increase that might
support the very large volumes of biohydrogen needed in a
net-zero-emissions world.

3.5. Effects of hydrogen impurities on CO, storage

Finally, as noted in Sections 3.3 and 3.4, clean hydrogen
production from fossil fuels or biomass produces a CO, stream
which, if not utilised in a chemical process, must be trans-
ported and stored in a suitable geological sink. The technology
required to achieve this is well developed and already
implemented in a small but growing number of CCS projects.
The technical issues that arise when CCS is applied to hydrogen
production are mainly associated with the presence of H,
impurity in the CO, stream directed to transport and geological
storage. A certain level of H, impurity in the CO, stream is the
inevitable consequence of imperfect separation processes and
high net marginal cost associated with improving CO, purity.
The actual level of H, impurity in the CO, stream will depend
upon the exact processes used to produce and separate the H,, as
constrained by technical, economic and environmental factors,
and upon commercial agreements between the parties operating
H, production and CO, transport and storage. A working assump-
tion is that the CO, stream may contain up to 2 mol% H,, and the
question to be addressed what influence this has on the design
and operation of transport and storage processes.

To obtain adequate pipeline capacity, long-distance CO,
transportation will operate at pressures above the CO, critical
pressure of 7.4 MPa, such that the stream is in a liquid or dense
super-critical state (‘dense phase’), depending upon temperature
in relation to the CO, critical temperature of 304 K. In a long
pipeline, pressure drops are such that compressor stations are
required periodically to boost the pressure and maintain the
desired dense single-phase state. In this context, the influence of
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Fig. 11 Dew and bubble curves of impure CO, in comparison with the
vapour—pressure curve of pure CO,. Equation-of-state model fitted to
experimental data, adapted from ref. 206.

impurities is seen mainly in the phase behaviour of the CO,
stream and, to a lesser extent, in phase properties, such as
density and viscosity, that affect pipeline capacity and pressure
drops. Fig. 11 shows the phase envelope for the mixture
(0.98 CO, + 0.02 H,) in comparison with both the vapour-
pressure curve of pure CO, and the phase envelope of
(0.98 CO, + 0.02 N,).>% It can be seen that H, as an impurity
has a much greater influence than N, at the same level. This is
an important factor to consider when determining pipeline entry
pressure and the location and specification of compressor
stations. It has also been found that H, impurity can substan-
tially reduce the density at temperatures in the vicinity of the
CO, critical point*®” and this must be accounted for in determin-
ing pipeline capacity and compressor duty.*® Seevam et al.,>*
have simulated the effects of impurities on the pressure drop
and temperature profiles along pipelines. For one scenario
involving a 3 mol% H, impurity, the maximum distance between
compressor stations was found to decrease from 300 km to
105 km. In the techno-economic study of Skaugen et al.,*'° it was
found that 5 mol% air impurity increased the overall cost of CO,
transportation over 500 km by about €2.3 per tonne of CO, when
the pipeline was optimally designed. Larger cost increases were
found when repurposing existing pipelines that were optimised
for transportation of pure CO,. The influence of impurities of
re-liquefaction during cryogenic ship transportation has also
been studied.”"* H, and other impurities in the CO, also affect
pipeline safety. The increased bubble-point pressure is a main
parameter in the assessment of running-ductile fracture and
leads to stricter requirements on the pipe wall thickness or
material toughness.**?

Geological storage of CO, can be regarded as a well-
established technology supported by strong scientific under-
standing of the fundamental processes of structural, residual
and solubility trapping.>'® The greatest available storage
capacity is found in saline aquifers, followed by depleted oil and
gas fields, and these sinks provide more than sufficient capacity for
large-scale deployment of geological carbon storage.”’* The
presence of low-level H, impurity will most likely have little
immediate effect but there is evidence that, over the long term,
some negative artefacts can arise. It is known that H, is much less
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soluble than CO, in connate waters>'®> meaning that, over time, the
non-aqueous phase may become enriched in H,. This will lead to
changes in physical properties (for example, an increase in the
interfacial tension against brine) but such changes are not expected
to influence storage capacity significantly. However, there is some
evidence that subsurface microbial communities may be able to
utilise H,,>'® possibly leading to biofilm growth and reductions in
the reservoir permeability and injectivity. To date there is a lack of
definitive evidence concerning this risk.

4. Hydrogen transport and storage
networks

4.1. Introduction

80% of H, in Europe is produced in sites that are categorised as
either “captive” or “merchant” H, production, and where H, is
generated as a by-product and consumed in the same
location.?'” This has meant that H, networks have been limited
in size and scope, with technologies such as pipelines only
spanning across 10 s of km in a region, serving a single user or
multiple users in industrial clusters. Altogether, H, pipelines
cover approximately 5000 km in length across the world;**® this
is expected to increase drastically with the development of
infrastructure over the coming decades. For example, the
European Hydrogen Backbone intends to extend the H, infra-
structure to create a pan-European network, with a length of
approximately 40 000 km by 2040. Moreover, H, transport and
storage networks facilitate the integration between suppliers
and consumers in both domestic and international markets,
thereby expanding the hydrogen economy.!

At the system-level, the most appropriate type of network
infrastructure to deploy in each country depends on the extent
to which H, is expected to penetrate the energy system both
locally and internationally. Nations may have a competitive
advantage in large-scale production of low-carbon H, if they have
access to low-cost CO, storage, natural gas, biomass, or renewable
electricity (see Section 3). Such geographical advantages may
enable these nations to ramp up their production capacity
cost-effectively to serve the growing market whilst creating
additional jobs and stimulating the growth of their
economy.”'® However, these advantages can only be realised
as economic benefits and strategic opportunities through
coordinated policy development and regulatory alignment on
network infrastructure (Sections 5 and 6).

This section critically discusses the technical feasibility of H,
networks, given their importance in connecting H, suppliers with
storage providers and end-users during system expansion. In this
instance, the term “H, networks” is assumed to include both pipeline
and non-pipeline transport along with H, storage infrastructure.

The current lack of a large-scale H, network infrastructure
may represent a barrier to widespread H, deployment.>*°
Blending H, into existing natural gas grids with up to 20% by
volume can help to overcome this barrier initially to enable the
scale-up of domestic H, production, albeit with an emissions
reduction of only 7%.>*' This is made possible as existing gas-
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based transport and end-use technologies can operate with such
blends of H,.>***** Blending removes the need for ancillary invest-
ments in dedicated H, transport and storage infrastructure and
provides an offtaker for H, use, until the scale is reached where
dedicated infrastructure is necessary. However, additional costs
may be incurred due to modifications to the existing pipeline
integrity management systems, but this is expected to be lower
than the cost of new transport infrastructure.”** Blending provides
an important benefit to the system in the near-term: scale-up of
low-carbon H, production using existing infrastructure whilst
increasing public acceptance.”*® This can support the rollout of
production technologies and induce cost reductions from technol-
ogy learning, and a falling cost of H, supply enables nascent
markets to develop, thereby reducing the level of financial support
required for commercialisation of subsequent investments.**®

The overall cost of H, supply can be reduced through
economies of scale effects, especially through increases in
production capacity from modular construction.”*” Concurrent
with blending, industrial fuel switching using pure H, may
present a unique opportunity to scale-up production through
clusters of end-users.””® Regional clusters of high demand
enable the deployment of larger production modules and
reduce the initial need for investment in large-scale transport
infrastructure.’® Additionally, the use of H, in industry can
serve as an anchor for investments in CCS infrastructure,
especially as industrial demands are largely time-invariant,
necessitating a steady supply of fuel.>*°

In particular, low-carbon H, production through methane
reforming coupled with CCS is cleaner (approximately
3 kg CO,-eq per kg H,)**° and more economical compared to
water electrolysis when the carbon intensity of the electricity
supply is high.>** Reforming-based H, production can operate
without supply-side interruptions, thereby eliminating the need
for grid-scale H, storage, whilst delivering scalable emissions
reduction. In contrast, renewable H, production will require
access to large-scale storage infrastructure, which could
complicate the design of the corresponding H, supply chains,
as it requires defining the optimal operation of additional
components. For example, the H21 North of England study
found that a cost-effective offshore wind-based electrolysis
system requires 19.5 TW h of H, storage to supply an annual
average heating demand of 74.5 TW h per year in contrast to
8.05 TW h for methane reforming with CCS.*”

Co-Locating natural gas-based H, production in industrial
clusters is also beneficial as the total system cost of CO,
transport and storage can be reduced through broader integration
with CCS networks. This is being explored in more detail in
projects such as Porthos| in the Port of Rotterdam, Netherlands.
The optimal design of such CCS networks, as well as the location
of natural gas-based H, production, depend on the availability of
CO, storage and on the nature of the adopted capture and
transport technologies.>*' Oversizing initial investments in both
H, and CO, transport and storage are likely to reduce the overall
cost of CO, avoidance for the industrial sector, as CCS networks

| https://www.porthosCOu003csubu003e2u003c/subu003e.nl/en/.
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Table 7 Transport and storage network considerations for different H, supply technologies and end-use sectors in a net-zero compliant energy system

End-use sector

H, supply

technologies Power Heat Transportation Industry Export market
Considerations Storage infrastructure  Storage infrastructure is nee- The transport network Large-scale storage Ships are better
applying to is important to balance ded to balance variable heat may involve pipelines infrastructure is suited for exports

renewable-based
water electrolysis

Considerations
applying to
methane/bio-
methane reforming
with CCS

Considerations
applying to all sup-
ply technologies

can abate industrial process emissions unrelated to fuel switching

variable power
demands with a vari-
able supply of H,.

Storage infrastructure

is needed to balance
variable power

demands and a steady

supply of H,.

Purification is unlikely
to be necessary as it is

directly combusted.

Few transport network

connections (likely

pipelines) are needed as
gas turbines are large,
centralized, users of H,
(compared to, e.g., resi-
dential heating where

many connections/
pipes are required)

demands with a variable sup-
ply of H,. Linepack storage is
needed for 100-1000 s of
homes in addition to above-
ground tank storage. Conver-
sions at a larger scale will
require access to cheaper,
large-scale H, storage such as
geological caverns and more
storage resources will be
required relative to methane
reforming with CCS or
nuclear-based electrolysis.

Storage infrastructure is needed
to balance variable heat

or road tankers. If the
purity level of H, in the
pipeline network is
lower than the electro-
lyser output, then road
tanker transport may be
more suitable depend-
ing on the economic
viability of that project.

Storage infrastructure
is needed to meet the
transportation demand
and it may involve tank
storage or geological
caverns.

Storage infrastructure
may be needed but it is

demands and a steady supply of dependent on the scale

H,. Linepack storage may suf-
fice for 100-1000 s of homes,
along with aboveground tank
storage. Conversions at a larger
scale will require cheaper sto-
rage such as geological caverns.
Purification is unlikely to be
necessary as it is directly
combusted.

The extent of the pipeline
network depends on the num-
ber of households and build-
ings converted to H,. Smaller-
scale distribution networks are
suitable for 10-100 s of homes,
and larger pipeline networks
are necessary for conversions
at a greater scale.

232

of H, adoption in the
transportation sector
and it may be served by
pipe storage.

Further purification is
likely to be needed at
the consumer location
to make it suitable for
application in FCEVs.
The extent of the pipe-
line network depends
on the number of H,
refueling stations oper-
ating across a given
region.

industrial ports in Europe.

necessary as the
industrial demands
are mostly time
invariant, but the
supply of renew-
ables is
intermittent.

Large-scale storage
infrastructure is
unnecessary as the
industrial demands
are mostly time invar-
iant, and they can be
supplied steadily.

Further purification
is unlikely to be
necessary for indus-
trial applications.

Few transport net-
work connections
(likely pipelines) are
needed as furnaces,
boilers and indus-
trial processes are
clustered users of H,.

234

over longer
distances, and the
degree of purity
needed may be
decided based

on standards,
regulations, or
negotiated
contracts.

Same as above

The type of trans-
port infrastructure
needed will be a
function of the
desired export dis-
tance as pipelines
are suitable for dis-
tances in the 1000
km range, but ships
are economical for
longer distances.

There is a vast potential for

(e.g., emissions from the iron & steel sector).

A greater degree of H, deployment across power, transport, and
buildings sectors would, however, require substantial investments
in large-scale transport and storage infrastructure, especially for
domestic consumers.'”® Key factors, such as the scale of H,
demand and the transport distance, influence the selection of the
most suitable transport technologies (Table 7)."*® New, dedicated
H, infrastructure may be integrated with repurposed gas networks
to support the market development for H, and in such cases,
regulatory alignment will be especially important.*** Transporta-
tion technologies such as pipelines, road tankers, and ships can
transport H, and offer different services in a mature H, economy.

The North of Europe is currently responsible for 60% of the
region’s demand for hydrogen, whilst also hosting the largest

1056 | Energy Environ. Sci., 2022, 15, 1034-1077

renewable energy in the North Sea to support Europe’s ambi-
tions for 40 GW of low-carbon hydrogen production capacity by
2030.%*° The global electrolyser capacity is dubbed to increase
to 54 GW by 2030 through projects under construction and
planning, with the potential to increase further to 91 GW by
2030 if projects in early planning phase were also accounted.
The 54 GW figure is regionally disaggregated as follows: Europe
(22 GW), Australia (21 GW), Latin America (5 GW), Middle East
(3 GW), amongst others. Given these developments, Europe is
likely to benefit from international trade with suppliers and
regions that can produce low-cost hydrogen. This will ensure
the development of a resilient hydrogen economy, which is less
exposed to supply and demand shocks. Moreover, there is a
well-developed natural gas pipeline infrastructure which

This journal is © The Royal Society of Chemistry 2022
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connect ports in Europe with its industrial hubs; this infra-
structure could be repurposed to support hydrogen delivery
from outside of Europe.

4.2. Key transport technologies

Road tankers and ships can transport liquefied H, at ambient
conditions, with a higher volumetric energy density compared
to gaseous H,. But, liquefaction of H, is energy-intensive and
requires almost one-third of its embodied energy as fuel in
comparison to 10% for natural gas.>*® A liquid boil-off rate of
0.3-0.6% per day is not considered as significant for road
tankers due to the short delivery time frames, spanning several
hours or days.>*” But it may be relevant for ships although the
boil-offs can be used as a power source. The energy density of
liquefied H, (2.6 kW h 17) is lower than fuels such as gasoline
(9.1 kW h 17") and LNG (6.9 kW h 17"), necessitating the usage
of larger transport vessels.”**>° At very short distances, the
transport of liquefied H, through road tankers is more affordable
compared to pipelines. This form of transport is especially
relevant for areas with low demands and a distributed mode of
production. In contrast, ships may be cheaper than pipelines for
transport over very long distances (>5000 km), with an approx-
imate cost of USD 3 per kg H,, rendering them suitable for
international exports,"*® but the export market may only emerge
following the initial expansion of the domestic hydrogen market.
Owing to its ability to transport large volumes of H, over medium
to long distances economically (0.11-0.21 EUR per kg for a
transport distance of 1000 km),'" pipeline transportation may
be appropriate for most applications.**"

Pipelines are capital intensive with long operational life-
times (30-50 years) and as such, revenue certainty is particularly
important for securing investor confidence (see also Section 6).
The potential to use repurposed natural gas networks to transport
H, is an attractive prospect as it eliminates the need for further
capital investments to reach the consumers. In principle, both
natural gas transmission and distribution infrastructure can be
repurposed to transport H, with adjustments to the pipe materials.
High-strength steels, which are commonly used for natural gas
transmission at high pressures,**> undergo embrittlement upon
exposure to H,. Therefore, transport of H, in high-pressure
environments could increase the likelihood of pipe failure®*****
and should not be recommended until safe operating pressure
ranges are established. Carbon steels of a low-strength grade have
been used for H, transport with few practical issues due to their
increased resistance to H, migration.”*> However, the impact of
cyclic loading on the fatigue strength of low-strength steels is
uncertain and needs further investigation. Due to these uncertain-
ties, the transmission of H, in existing high-pressure gas pipelines
is unlikely to be viable without modifications. Consequently,
new H, transmission infrastructure may be needed to support
deployment and to meet the projected hydrogen demand across a
range of end-use sectors as suggested by the Council of European
Energy Regulators.”*® This will be accompanied by the need to
establish a commercial and regulatory framework which guides
system expansion, whilst accounting for the evolution of networks

This journal is © The Royal Society of Chemistry 2022
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from their initial use in industrial clusters to multiple end-use
applications over time.

Unlike high-pressure gas transmission, the majority of the
low-pressure distribution networks can transport H, with only
minor upgrades.>*® Typically, the size of the low-pressure
distribution network (218000 km in the UK) is much larger
than the high-pressure transmission network (19 600 km in the
UK).”” Consequently, its conversion offers more value for the
transportation of H,, greatly reducing costs for domestic end-use
applications. Gas distribution pipes are often constructed from
materials such as polyethylene or reinforced polymers, which
eliminate concerns related to metallic corrosion and dust
formation.**” However, the permeation rate for H, was estimated
to be 4-5 times greater than for methane in the polymer pipes
used in the United States natural gas distribution system.>**
Even though polyethylene pipes are more porous to H, than
natural gas, the total leakages amount to 0.001% of the trans-
ported volume.>*® In contrast, leakages in steel and iron pipe-
lines mainly occurs through the seals, threads and mechanical
joints. Nonetheless, there is a three-fold greater leakage volume for
H, relative to natural gas.”** Overall, there are no significant
technical barriers limiting the deployment of H, transport
infrastructure.

4.3. Storage infrastructure

H, production using renewable electricity will reduce GHG
emissions in the transition towards net-zero emissions. However,
for renewable-based H, supply, there may be periods of time where
there is a mismatch between H, production and consumption due
to the spatio-temporal availability of renewable energy sources.
Such supply gaps can occur on different time scales, from hourly
to seasonal, and hence require access to storage infrastructure
including both short- and long-term energy storage technologies.®
The former can be supplied using electricity storage, e.g., via
batteries, which is a suitable option to store energy over periods
lasting up to a month. The latter can be provided by different
forms of hydrogen storage, namely medium-size, near-surface bulk
storage®®® and large-scale underground hydrogen storage.>*°
Furthermore, the storage infrastructure can reinforce the flexibility
of the power and hydrogen transmission system, especially in
instances where the supply of renewable energy may be distant
from the consumption sites.>®" The synergies between electricity
and hydrogen storage can be exploited, namely high round-trip
efficiency for the former, and low self-discharge losses and specific
costs for the latter,** to reduce the overall costs of renewable-based
H, supply.®* Additionally, storage infrastructure can be combined
with inflexible production processes such as conventional steam

** Electric batteries typically operate with around 0.9 round trip efficiency and a
self-discharge factor in the range of 0.05-0.01% energy content per hour.
Hydrogen storage in underground salt caverns has negligible, if any, loss in time
but hydrogen can be lost during injection/extraction through the well casing
(typical charge and discharge material efficiency is around 95%). Underground
hydrogen storage in existing cavern is expected to cost around 1 € kW~ h™* while
batteries are currently around 100-150 € kW' h™'. The salt cavern cost will
increase, but remaining in the low range, when caverns need to be mined.®***
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reformers to dispatch H, at times of peak demand, thereby
reducing an oversizing of production capacity.'*

Medium-size, near-surface hydrogen storage can be provided
by pipe storage (ie., linepack capacity), which provides high
operational flexibilityf+ but is less cost-competitive than under-
ground hydrogen storage. The latter offers the required capacity
and conditions to store hydrogen on seasonal time scales.**
Among the various stationary forms of hydrogen storage, salt
caverns are considered most relevant, with operational units in
the UK and the United States. The salt deposits are near-
impermeable to high pressure gases and the saline environment
prevents the onset of biochemical reactions which could
otherwise consume the stored hydrogen. Furthermore, salt
caverns can be operated with comparatively high injection and
withdrawal rates depending on the geology, and are typically
characterized by limited construction costs (estimated as
approximately 350 EUR per MW h of H, storage capacity),’”
especially if they already exist in a location.®® Overall, salt
caverns are well-suited for large-scale storage installations,
where the required capacities are such that hydrogen storage
becomes cost-competitive with electricity storage.®*

The integration of hydrogen storage across different sectors
is widely investigated in the scientific literature, though most
studies focus on the role of hydrogen storage within the design
of national energy systems. Some studies focus on 100%
renewable energy systems while not considering the spatial
resolution of the energy system, see, e.g., ref. 253, 254 and 255,
whereas others consider the spatial and temporal variation of
renewable energy generation, e.g., in Germany>*®>%® Italy,>*° or
the UK.”®® Findings for Germany show that a H, supply chain
based on renewable electricity results in a hydrogen cost below
9.5 EUR per kg H, (which is the current H, price at German
fuelling stations). However, this cost would increase by 25% if
large-scale hydrogen storage in salt caverns is not available,>*®
highlighting the relevance of large-scale storage for the eco-
nomic viability of hydrogen networks.

4.4. Cost-effective pipeline network design

Mathematical modelling tools can aid the development of new
network configurations for large-scale decarbonisation, whilst
explicitly accounting for the economic and environmental
performance of the designed systems. The delivery requirement
for H,, imposed by end-use applications across the various
sectors of the economy, is a key determinant of the size of the
network, its tortuosity, and its operating characteristics. On a
higher heating value basis, H, has a volumetric energy density
of 12.7 MJ m™* compared to 40.0 MJ m > for natural gas at

+1 The linepack flexibility is the amount of gas in the grid that can be managed
flexibly by varying the grid pressure within a minimum and maximum value; as
such, it is particularly suited to accommodate short-lived imbalances between
demand and supply. While the linepack flexibility is an inherent property of the
grid, changing its magnitude implies changing the grid design, and therefore
comes at high cost. On the other hand, salt caverns need to be operated so that
the pressure gradient between the wall and the cavern never puts the wall
integrity at risks. As such, the cavern fits better medium and long-term storage
where changes in the cavern-wall pressure gradient are limited.
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Fig. 12 Transmission of H; to supply peak heat demands for Great Britain
based on Sunny et al.*?® The direction of transmission is illustrated with the
numeric labels representing the average operating pressure of the trans-
mission line measured in bar. Salt caverns and production facilities dis-
pense H,, and booster compressors increase the transmission pressures to
satisfy periods of high demand.

similar temperature and pressure.*®* Thus, H, pipelines need to

operate at higher flow rates to compensate for its lower volumetric
energy density relative to natural gas. This is achievable through
pipelines with larger diameters and/or pressure drops (approxi-
mately 20 bar over a distance of 80-100 km), albeit with greater
material and compression costs. Alternatively, the installation of
multiple parallel pipelines has the potential to reduce the need
for higher operating pressures by reducing the material flow
per individual pipe, thereby lowering compression costs at the
expense of an increase in overall project CAPEX.>**

Existing natural gas transmission networks use a range of
pipeline diameters such as 600 mm, 900 mm, and 1200 mm
with the larger pipe sizes used in regions with comparatively
higher demands. The H21 project in the UK has proposed for
the installation of a new H, transmission infrastructure with
1200 mm pipelines covering over 75% of the network routes in
the North of England region.>” An extension of the analysis by
Sunny et al.,"”> shows that the peak demand for the heating
sector can be met economically using an H, supply at compar-
able pressures to natural gas transmission as depicted in
Fig. 12. In this instance, larger pipelines with diameters of

This journal is © The Royal Society of Chemistry 2022
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1050-1200 mm are deployed to a greater extent across the
network for H, (87%) compared to existing natural gas networks
(29%). Thereby, indicating the economic value from increasing
pipe diameters instead of building multiple pipelines in parallel.
A lower-pressure H, transmission network of greater length can
integrate distributed modes of production whereas higher-
pressure networks are more cost effective for large centralised
production of H,. Importantly, systems analysis can identify
robust network designs through an explicit assessment of bio-
mass, H,, electricity and CO, infrastructure in a region.

4.5. Network safety considerations

The actual routing of pipeline infrastructure for any application
not only depends on optimal economics, but also on the
terrain, rights of way, location of the H, production facilities,
H, or CO, storage, etc. New H, pipelines may follow similar
routes to the natural gas transmission network because of the
prevalence of existing connection points.>* The safety distance
(minimum distance between pipelines and sensitive areas to
reflect a minimal risk of impact) for H, transmission will
increase with an increase in the operating pressures and pipe
%63 Similar to the case of natural gas, pipelines can be buried
underground to reduce the safety distance. The “NaturalHy”
project has found that the failure frequency of existing distribu-
tion pipelines transporting up to 50% H, by volume is comparable
to that of natural gas.>>* However, blend compositions above 20%
of H, did increase the severity of vented explosions, whilst
marginally reducing the fire hazard. In particular, adding H, to
an existing pipeline increases the risk to an individual nearby to
the pipeline, but decreases the extent of the hazardous region.***
Overall, the risk from leakage of H, in transmission and distribu-
tion networks is comparable to that of natural gas, mainly as H, is
less dense and able to disperse rapidly upon release.”” However,
as with any pipeline project, risk analysis should be performed on
a case-by-case basis using prevailing risk assessment practices
where this finding is subject to further investigation.>” Most
importantly, practical concerns related to on-site fault repair
and leakage prevention must be resolved before investment due
to the greater risk for H, relative to natural gas in the near vicinity
of the pipeline. Notably, recent projects such as “H,HoWi” in
Germany and H100 in the UK are developing the evidence base
surrounding the use of pipelines for the supply of pure H, for
domestic applications.***

The overall safety of the transportation network can be
ensured through robust mechanical design, material selection,
use-specific hazard considerations, etcetera. H, is characterised
as a flammable gas within Category “E” of the European
Standard pipeline design code BS-EN-14161:2011. The
Published Document 8010-3:2009 provides guidance on the design
and routing of steel pipelines on land to ensure minimal risks
to the external environment from the transport of flammables.
Nonetheless, new functional specifications must be developed
for other pipelines such as polyethylene, incorporating design
standards on operating characteristics and monitoring to ensure
its safe and sustainable operation in the long-term. Overall, there
are no major technical barriers to the deployment of H, transport

sizes.
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and storage infrastructure and their overall feasibility depends on
societal acceptance and the rate of market expansion.

5. Legal and regulatory requirements
for enabling the development of
hydrogen infrastructures

To play their role in the transition to a low carbon energy
system, low carbon energy carriers like hydrogen will depend
among other elements on sound infrastructure regulations.
While many industrial actors have expanded their views on
hydrogen, legislators and regulators now need to decide how to
develop an enabling and consistent legal framework for the
gas infrastructure and for the gas market, balancing climate
ambitions, flexibility, security of supply, cost effectiveness,
safety, and fairness for final customers.

The gas market design (physical and financial) builds on
some key regulatory principles. The question investigated here
is to know whether such principles will need to be adapted and
complemented by others in the context of energy system
integration and decarbonised gas networks, and if so, how.
The Gas Directive 2009/73/EC already envisaged the possibility
of injecting other types of gas into the natural-gas networks
system. Therefore, the same regulatory principles could be
sufficient to integrate small volumes of hydrogen. However,
in the context of higher shares of hydrogen, sector coupling and
more decentralised production, the gas market design needs to
be adapted. In 2021 the European Commission has started a
two-step process for revising the relevant EU legislative frame-
work as part of the European Green Deal implementation. First,
as part of the so-called “fit for 55” package, the Commission
has proposed a revision of the Renewable Energy Directive (EU)
2018/2001. Second, as part of the “Hydrogen and Gas markets
Decarbonisation” package, the Commission has put forward a
proposal for a more comprehensive revision (recast) of the Gas
Market Directive’®® and the Gas Regulation (EC) No 715/
2009.7°® The second package on gas markets contains the most
relevant proposals for the purpose of gas market regulation.

The recommendation made by the present author is that the
redesign of the gas market should be based on the following
four key guiding principles, in order to enable a higher share of
hydrogen within the energy system:>®’

e Integrated energy system planning as well as integrated
governance tools (Section 5.1).

e Efficient and coordinated permitting procedures for infra-
structure projects (Section 5.2).

e Transparent and enabling regime for access to the grid and
for gas grid conversion (Section 5.2).

¢ Safe, effective and smart operation of transport networks
and related infrastructures (Section 5.3).

Before developing each of these guiding principles, the
question of the regulatory approach to be applied to a sector
still at its early stage must be raised. Legal frameworks have an
important enabling role, but they should also consider the state
of development of the sector. For this reason, regulatory models
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existing in mature markets cannot be copied and duplicated to
still emerging markets. This calls for a progressive regulatory
approach, based on dynamic regulation.?** Good regulatory prin-
ciples, including the ones described hereafter, should serve as
guidance, and applied gradually, with possible temporary exemp-
tion as practiced under previous EU gas and electricity directives.

5.1. Integrated energy system planning, infrastructure
development and governance tools

To enable the integration of hydrogen (and other gases with a
low GHG footprint) into the energy market and the coupling of
different sectors, it is necessary to think in terms of an “energy
system’ approach from the inception of energy policy, which
means applying integrated energy system planning.

Integrated energy system planning. Energy planning is the
process of designing and implementing policies regarding the
development of the energy system. Energy planning can be
undertaken at a local, national, regional or even global level.
A major and growing challenge for energy planning is to ensure
consistency between different policy objectives and different
planning levels. While energy modelling is often the basis of
energy planning policies, the need to clarify processes, objectives
and responsibilities through legal requirements arises rapidly.
Historically, countries have developed their national energy
planning framework differently, both in terms of legal binding-
ness (from a simple guidance document to a binding legal
framework) and content (from few general objectives and targets
to full programming law). Examples of comprehensive legal
frameworks on energy planning are, however, rare. Recently,
long-term energy planning has become a more common tool
supported by dedicated legal requirements, which may
contribute to spreading good practices and to harmonisation,
at least within the EU.

At the EU level, Regulation (EU) 2018/1999 on the Govern-
ance of the Energy Union (the Governance Regulation) pro-
motes integrated energy system planning as a new common
tool for achieving the objectives of the Energy Union and the
Union’s 2030 Climate and Energy Framework. The Governance
Regulation defines different instruments as part of the ‘governance
mechanism’,**® two of which being the integrated national energy
and climate plans (NECPs) and the long-term strategies (LTSs).”*®
The NECPs and the LTSs offer an opportunity to advance in the
effort of integrated energy system planning. However, the current
focus of the Governance Regulation is primarily on the formal
integration of the processes for the elaboration of the energy and
climate plans, and on the identification of interlinkages between
the five dimensions of the Energy Union®® with a target
compliance perspective rather than on the energy system integra-
tion. The requirements in terms of integrated energy system
planning remain quite general and indirect, whilst they are not
part of the assessment criteria for the elaboration and assessment
of the NECPs and LTSs. An option for improvement would be to
incorporate a requirement to systematically assess the potential for
energy system integration, including for the different energy
carriers/vectors such as H, (and for the decarbonisation strategies,
like CCUS).
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Integrated grid planning. To reach the envisaged volumes of
hydrogen within the European energy system, it will be necessary
to ensure enough capacity in transport infrastructures and
to develop an appropriately designed infrastructure network
connecting the relevant supply and demand points, as discussed
in Section 4.4 above. As existing gas grids can be used to
transport hydrogen blended with or as a substitute for natural
gas, this raises the question of gas grid planning with an
increased share of hydrogen.

The Gas Directive 2009/73/EC already allows for the possibility
of transporting other types of gases than natural gas in the natural
gas system, subject to compatibility and safety requirements and
in accordance with the principle of non-discrimination. This
entails that hydrogen will fall under the scope of application of
the Gas Directive, under the conditions set by the latter. The Gas
Directive establishes common rules for the transmission, distri-
bution, supply, and storage of natural gas.>”
hydrogen can be produced and used in diverse ways and is at
the interface between the electricity and the gas systems, the legal
treatment of hydrogen storage is still to be clarified. Already
existing infrastructure planning procedures could be used to
better integrate hydrogen. Hydrogen uses, sector coupling and
repurposing opportunities for gas assets could be part of the
National Development Plans (NDPs), the Ten-Year Development
Plans (TYDPs) and the Gas Target Model.

Regulation of pure hydrogen networks. Hydrogen transport
through the natural gas network is clearly covered by the
Gas Directive. However, transporting it through a pipeline
dedicated to hydrogen, i.e., without any link to the natural
gas network, seems to fall outside the scope of the Gas
Directive, since the Directive is applicable to other types of
gases ‘as far as such gases can technically and safely be injected
into, and transported through, the natural gas system’.””® In the
current state of the legislation, there are no EU law provisions
specifically addressing a transportation system purely dedicated
to hydrogen. This does not prevent developing hydrogen trans-
portation pipeline infrastructures, but it certainly brings legal
uncertainty and may lead to different national approaches. In
the context of an integrated internal market for energy, including
for hydrogen, a minimum harmonisation of hydrogen transport
networks regulation at EU level is both necessary and propor-
tionate, justifying EU intervention. Current shortcomings could
be addressed either by making the current Gas Directive a ‘gases
directive’ applicable to a broad range of gases, or by adopting a
new legal act dedicated to hydrogen. The first approach seems to
be the most appropriate to respect the current architecture of the
EU energy legislation, and the upcoming revision of the Gas
Directive provides an opportunity to do so. This also seems to be
the approach taken by the European Commission in its proposal
for revising the Gas Directive and Regulation.

Because

5.2. Efficient and coordinated infrastructure permitting
procedures (project level)

The complexity of existing permitting procedures for H, (alone
or in combination with CCS to deliver low-carbon H,) is a risk
factor in the development of H, projects. As of now, a number

This journal is © The Royal Society of Chemistry 2022
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of separate permits must be obtained through the whole supply
chain: permits for H, production, grid connection and transmis-
sion, H, storage licenses (if this is part of the infrastructure),
emission permits, building permit under urban and land planning
legislation, and safety and civil protection permits. Most of these
permits require a preliminary environmental impact assessment
and public consultation rounds. Parallel permitting procedures is
a well-known risk of delays for such projects. It increases
administrative and financial burdens for project developers. This
is particularly true in cases of interrelated, overlapping activities
which require permissions from several agencies responsible for
separate elements of the supply chain. Some countries have
developed good practices, but the permitting procedures are still
cumbersome in most EU countries.

Simplification of the permitting process for H, — and related
activities such as CCS - could be achieved through conditional
or unconditional permit exemptions for certain elements of the
supply chain. Simplification could also be achieved through the
creation of a single regulatory body (‘one-stop shop’ or single
permit) to oversee permitting processes for the entire supply
chain, or through mandated coordination between existing
regulatory agencies responsible for permitting processes. There
is a need to streamline permitting processes at both the
national and the EU level to ensure that the various levels of
consent are considered in a timely and cost-effective manner.
As a positive example, EU cross-border energy infrastructure
projects selected as Projects of Common Interest deal with a
single national authority for obtaining permits and benefit
from an accelerated permit granting process.””*

A common requirement for permitting procedures, such as
under the Renewable Energy Directive (EU) 2018/2001 (REDII),
is that they are necessary, transparent and proportionate.>”
This includes ensuring coordination between agencies, imple-
menting concrete time limits for decisions (with sanctions for
overruns), transparency with regard to process and cost, as well
as the obligation to designate one-stop shops for authorisation,
certification and licensing.>”> It may be valuable for similar
legislative requirements to be developed for the H, supply
chain, particularly in relation to the permits required for
various sectoral applications of H,.

A final important consideration is the role of permitting
processes in increasing public support and acceptance of H,
activities. Requirements for the inclusion of impact assessments,
consultation processes and compensation mechanisms or owner-
ship for local populations could ensure the feasibility of the project,
particularly regarding supply chains involving H, storage, rechar-
ging stations or large-scale H, production trials, by offering a
platform to communicate benefits and cement public support
before construction. The respect and improvement of public con-
sultation procedures is therefore fundamental for avoiding local
opposition and related litigation risks. It may also result in addi-
tional benefits for both the project developer and local populations.

5.3. Access to gas grid and grid conversion

Access to the gas grid. Although grid connections requirements
exist, uncertainties around grid access conditions may remain,
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particularly for new types of energy generation capacity like
hydrogen. Grid access is a significant factor for integrating hydro-
gen into the energy market and in determining the viability -
including commercial - of new energy projects. To reduce this
uncertainty, specific legislative measures have been introduced,
specifically priority or guaranteed access and dispatch. Priority
access to the grid provides assurance to connected energy
generators that they will be able to sell and transmit their energy
when the source is available. Guaranteed access ensures that all
energy that is already sold (because integrated into the sport
market) obtains access to the grid. Those two measures must
therefore be seen as counter parts. They have already been used in
the context of the Renewable Energy Directive 2009/28/EC (now
repealed) for enabling the integration of electricity generation
from renewable energy sources into the internal energy market.

Under existing rules, the EU allows States to grant mandatory
priority or guaranteed access to the grid for renewable energy,
indigenous fuels, and CHP-applications (combined with guaran-
teed transmission of electricity). This access can be granted
provided operations are in accordance with the national electricity
permitting scheme and the Electricity Directive. There is therefore
precedent of allowing priority or guaranteed access to the grid for
low-carbon energy sources. Importantly, the Energy Efficiency
Directive (also under revision) states that priority access for CHP
to the grid must not endanger renewable energy expansion.
This tends to indicate that EU rules favour the deployment of
renewable energy (including therefore renewable H,) over alter-
native low-carbon energy sources (such as fossil H, with CCS), for
the purpose of supporting primarily renewable energy sources.
This call for a review of the grid access regime in the view of
integrating larger volumes of low carbon hydrogen - including
green hydrogen - into the energy market, as envisaged in the EU
Hydrogen Strategy and most of the newly released national
hydrogen strategies.

Third party access (TPA) regime and tariffs conditions. TPA
is commonly defined as the legally enforceable right of eco-
nomically independent undertakings to access and use, under
specific terms (regulated or negotiated), various energy network
facilities owned by other companies.?” TPA is a fundamental
regulatory instrument to address natural monopolies in
network industries. In the current state of development of the
hydrogen markets, a strict TPA regime seems disproportionate and
may even refrain the development of hydrogen infrastructures.
When hydrogen is blended with natural gas in natural gas
networks, the TPA regime under the gas legislation will
normally apply, but the legislative does not foresee yet a clear
TPA regime for pure hydrogen networks. To that respect, the
Hydrogen and decarbonised gas market package contains
several concrete proposals for improvement, such as the application
of a negotiated access until 2030, followed up by a regulated access
after 2030. Tariffs conditions, including at injection points and for
cross-border interconnections, are also made more precise.

Grid conversion. The conversion of gas grids to hydrogen
should be a priority measure in the integration of hydrogen into
the energy market. It has a series of benefits, notably in terms of
cost saving, local acceptance, and environmental protection, by
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avoiding the duplicating of transport infrastructures. This has
been duly taken into account in the Hydrogen and decarbonised
gas market package, but the extent to which gas grid operators
investing in grid conversion will be allowed to recover their costs
through e.g., tariffs, still need to be further clarified. Notably, the
cross-subsidisation of H2 networks by natural gas network
revenues could be allowed subject to conditions. Grid conversion
operations should also be subject to safety requirements.

5.4. Operation of networks and related infrastructures

The deployment of hydrogen is at the same time benefiting
from the existing regime for gas, as it is facing the constraints
of that same regime. Operation of hydrogen networks and
related installations or services — such as storage — are good
examples of this. Certain transmission or distribution system
operators may be interested and well placed for taking operator
responsibility for hydrogen transport and storage infrastructure
and commercial operations. However, they may be prevented to
do so by unbundling rules. At the EU level, both the Electricity and
Gas Directives define requirements for the unbundling of
upstream/downstream ownership structures and functions. The
objective of the unbundling regime is to foster competition on the
energy market by separating the activities of energy generation
and supply from the operation of transmission and distribution.
There is currently a lack of legal clarity with regards to the grid
operators’ unbundling requirements between commercial and
grid activities regarding new activities such as hydrogen storage.
Key to the deployment of hydrogen projects and the integration of
hydrogen into the internal energy market will be to precise the
legal qualification of hydrogen storage activities, including the
applicability of the unbundling regime.

6. Business models for initial
infrastructure development

6.1. Introduction

Although there are several technical challenges to the deployment
and use of hydrogen that are widely acknowledged, investment
barriers to delivery of first-of-a-kind large-scale hydrogen
infrastructure in Europe lie in a combination of commercial,
legal, financial and policy constraints. These barriers can be
overcome, however, by government intervention if there is a real
coherent strategic rationale for investment propositions along
the value chain supported by society and implemented in colla-
borative business models with the private sector.

Previous chapters have highlighted that use of hydrogen
from electrolysis and reformed methane as an energy carrier will
require substantial effort and time to transform the existing gas
system at scale. The urgency of the physical implementation of
emissions reductions pathway to net zero in a period of less
than 30 years means facilitating new and modified regulations
(Chapter 5), new markets and market functioning, infrastructure
(Chapter 4), and long-term planning in both the public and
private sectors.”’* While there is a clear societal objective to
transition away from fossil fuels, business models and business
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cases for project and infrastructure investment during the
transitioning of the energy system will need to build on a likely
continuing interim role of natural gas.*”®

There are numerous definitions of business models in the
literature but in simple terms, business models describe how a
business or organisational entity creates, delivers, and captures
value.””® In the context of deploying new or re-purposed large-scale
infrastructure serving multiple sectors of the economy, a business
model can be considered as the means to organise and structure all
the relevant and material elements of investment, market develop-
ment and asset operation that can deliver the combined objectives
of public and private sector sponsoring parties.

This section explores how to create the conditions for
successful investment in first-of-a-kind hydrogen infrastructure
as well as CCS infrastructure where it is combined with
hydrogen production and/or synergistic emissions reduction
in industrial clusters. Selecting and implementing business
models to achieve this goal is a complex exercise. Research
conducted in two pan-European projects®’””® has led to the
following conclusions which are discussed in more detail in the
sub-sections below:

1. To remove investment barriers for both public and private
stakeholders, the techniques of systems thinking need to be
applied to business models so they can deliver optimal
integrated outcomes for multiple economic/market sectors.

2. Metrics for assessing and deciding on projects and invest-
ments need to be broadened away from standard cost-benefit-
analysis or technology cost reduction to include the greater value
for society created by undertaking these investments.

3. Business models for first-of-a-kind investments should
ensure three key outcomes can be met: initial revenue from
medium to long term stable anchor users; both government
and private stakeholders committed to invest with no or low
regret; and flexibility and optionality provided for future evolution
of markets, technology, and utilisation.

4. Initial market development for hydrogen end-use must be
led primarily by government and/or public bodies with assistance
from the private sector where it has specific expertise.

5. The selection of first-of-a-kind projects for government
support should be made based on an integrated system view
that uses an appropriate mix of collaboration and competition
between stakeholders, projects, regions, or industrial clusters
to ensure cost effectiveness and new barriers are not created for
expansion and utilisation over time (¢f. point 3).

6. Risk allocation and sharing between the public and
private sectors based on an accurate assessment of which
stakeholder is best placed to mitigate and manage the risk is
essential to structuring collaborative business models. The risk
sharing is dealt with through four principal business model
components: assets and rights ownership, capital sourcing,
market development, and physical delivery.

6.2. Shaping a business and investment rationale for
hydrogen infrastructure

6.2.1. Systems thinking applied to business models.
Recent research on business models for large-scale hydrogen
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(and CCS) value chains has concluded that there is a need to
differentiate between system or macroeconomic business models
and business segment or micro-economic business models.*””
System business models are the principal means for the mitiga-
tion of exogenous risks (including political, policy, social and
outcome risks) across multiple integrated business activities and
markets. These are risks which cannot in general be managed by
the private sector alone. They require a macroeconomic solution
that can overcome barriers to investment by both the public and
private sectors into the various operational segments of a full
hydrogen chain with or without CCS infrastructure. Operational
business models assist in the mitigation of endogenous risks and
therefore focus on the risks and delivery of the outputs and services
for a particular business segment within the hydrogen/CCS chain.

Although operational business models are ‘components’ of
the system business model, the system business model is
greater than the sum of the parts. It is designed holistically
‘top-down’ so that barriers to investment are removed, end-use
market development is facilitated, and segment businesses
perform in a wunified fashion to deliver the system
objective.””® Infrastructure investment is quite distinctive and
requires business models that can address its specific charac-
teristics: requirement for major upfront capital investment,
long term revenue streams, public involvement, natural
monopolies, and complex value delivery (economic, social,
environmental benefit in addition to financial returns).

Integrated energy system planning (Section 5.1.1) can provide a
generic structure in which to develop policy and legal frameworks
for hydrogen but enabling infrastructure investability also
requires practical removal of barriers to the financing and
physical delivery of objectives and outcomes. For example, unlike
renewable electricity, which can simply enter mature electricity
networks and markets, low/zero-carbon hydrogen requires
substantial change in the end-use consumer markets and new
or re-purposed infrastructure (possibly including CO, transport
and storage). Hence, the development and selection of sector- or
project-specific business models becomes dependent on an over-
arching system (integrated) business model that, at a minimum,
should address the following:

a. System-level (economy-wide) strategic rationale and
objectives.

b. Cross-sectoral synergies and sector coupling.

c. Development of ‘low-carbon’ end-use product and service
markets.

d. Enduring system governance and oversight until markets
are self-sustaining.

e. Public-private risk sharing reflecting system characteristics/
properties.

f. Public-private collaboration and capacity/capability
building.

g. Societal and social acceptance with removal of moral
hazard.

h. Flexibility to select different low-regrets decarbonisation
options over time.

6.2.2. Valuing societal benefits not only evaluating costs.
To date there has been a strong focus in European policies on
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cost reduction for hydrogen technologies (including production
with CCS), and project and infrastructure investment. Also,
energy system transformation pathways tend to be assessed
from a traditional least cost perspective using sectoral levelized
cost of energy metrics. However, in the context of achieving net
zero emissions with hydrogen as one of the energy carriers, the
key metrics need to be broadened to include the greater value
for society realised by undertaking these investments. The
system outcomes are not only about economic growth or value
for money, but rather sustainable growth and a circular econ-
omy with minimal dependence on fossil fuels. Evaluation of
policy, investment, and financing decisions which influence, and
are influenced by, business models therefore require including:

a. The cost of pollution on health, environmental degradation,
and long-term societal impact.

b. The economic multiplier effects of different activities and
sectors.

c. The value created by flexibility and optionality for future
technology deployments.

d. The facilitation of synergies between different energy
consuming activities and economic sectors (this also includes
the utility of CCS infrastructure within industrial regions).

e. The management of the decline in the fossil fuel industry
at the same time as creating new opportunities for technology
development and an alternative energy system.

These principles and metrics are among the practical aspects
of implementing the European Green Deal ‘just transition’
mechanism®® through public-private collaborative business models.

6.2.3. First-of-a-kind investment - three key principles:
‘anchor’ users, low-regrets, and optionality. Governments are
still learning how to create a flexible decarbonisation pathway
with emergent options that can develop over time and adapt to
technology performance and cost improvements, societal
preferences, and consumer demand. For example, hydrogen
transport infrastructure will be needed for hydrogen markets
whether production comes from electrolysis, methane reforming,
or other means. Business models that facilitate large-scale imple-
mentation of hydrogen infrastructure irrespective of production
technology, and which can deliver economies of scale along with
supporting new and evolving markets, will help create low-regrets
options for the future. ‘Low-regrets’ actions and investments are
those that have zero to small future penalty (such as cost or
performance) for changing between the different outcomes and
options that they can possibly deliver.

The concept of sustained ‘anchor’ demand (e.g:, low carbon
industrial clusters or transport hubs) is an essential requirement
to justify first investments with minimum regrets and maximum
optionality. The choice of the ‘right’ strategic early infrastructure
users will allow selection of business models and creation of
business cases which can be supported by local communities,
society and private investors. Key factors are:

a. Minimising complexity of implementation (e.g., number of
users, regulatory changes, technical risks, skills development,
and training).

b. Selecting market(s) where investment costs can be socialised
(e.g., domestic heating).
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c. Selecting government support mechanisms or levies that do
not penalise intermediate or final use and do not disadvantage
low-carbon products.

d. Minimising risk of stranded assets from volume and
demand uncertainty.

6.2.4. Market development. The overriding problem to
solve with business models is how to develop (and to what
extent) the various hydrogen markets, while ensuring low-
regrets investments and optionality at decision points along a
country’s decarbonisation pathway. Market maturity, and who
is responsible for market development where the market
is immature or does not exist, dictates the capacity of the
economic system to remunerate or create value for the public
and private participants. Remuneration ranges from direct and/
or indirect support from fully government-based revenue to
fully market-based revenue (no support).

Many industrial companies operate in competitive inter-
national markets. Currently, there is insufficient premium
(if any) and demand for low carbon ‘green’ products across
Europe for companies to justify the additional investment
costs and risks for fuel switching to hydrogen and/or carbon
capture without government support and guarantees — even if the
gas or CO, infrastructure were available. Pro-active and managed
end-use market development is therefore critical to create
demand for new low carbon products and services based on
hydrogen, and to transition from an early phase of government-
supported infrastructure development to a sustainable market-
driven expansion at a pace commensurate with a 2050 net zero
target.

6.2.5. Collaboration versus competition. An essential
requirement of business models for investing in hydrogen
infrastructure (also where it includes CCS) as well as initial
end-use consumer markets, is the choice of collaboration versus
competition between stakeholders, projects, regions, or industrial
clusters. A healthy amount of collaboration is occurring between
private sector companies, public utilities, research institutions
and governments across Europe for innovation, feasibility, and
concept definition projects. Nevertheless, questions remain as to
how European governments, including the European Commis-
sion, will utilise a mix of collaboration and competition to support
viability of the first infrastructure projects, including where they
will be located and how they will be expanded and utilised
over time.

Feedback from stakeholder meetings and workshops in two
European research projects®’”>”® held in collaboration with the
European Zero Emissions Platform (ZEP) highlighted that:

a. Each private sector party is generally only interested in
their core business and expects other parties to deliver the
other segments of the infrastructure.

b. Large-scale hydrogen-CCS infrastructure development will
require multiple regional organisations to be involved to create
low-regrets solutions for both industrial decarbonisation and
hydrogen use such as domestic and commercial heating.

c. There is a need for inter-regional leadership, governance,
cooperation, and cross-sectoral integration to develop a com-
plete energy system decarbonisation framework.
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6.3. Public-private collaboration: removing investment
barriers and sharing risk

6.3.1. Risk allocation. Risk allocation determines the
attractiveness for equity, debt and government investors of a
given project (acceptable rate of return, financeability, value-for-
money), as well as the ability to remain viable through to the end
of a long-term contract. In infrastructure projects risks are often
mitigated by a combination of measures from both public and
private sectors which may also change over time.

In contrast to the mature natural gas markets in Europe,
deployment of the first hydrogen (and CCS) infrastructure and
operations may require some bundling of business activities to
remove investment barriers, provide market-making certainty
for operators, handle policy and regulatory gaps, and generally
reduce commercial risks, including counterparty risk. This
would only be for a period sufficient to create a self-sustaining
market demand. For example, the business of hydrogen retailing
could be combined with the business of hydrogen distribution in
a regional hydrogen conversion. This would remove commercial
and engineering risks while enabling efficient management of
the physical delivery such as matching customer appliance
conversion with supply network operation. Already, the preferred
business model for CO, infrastructure in the UK is to combine
transport and storage in one regulated business.**!

This business optionality can also assist with managing
interfaces between a hydrogen-CCS chain and other parts of
the energy system that will influence delivery and scale of the two
networks. For example, various possible business combinations
within the hydrogen network will interact with the transport
sector; and various business combinations within a CCS network
will interact with industrial utilisation of CO, and H, as feed-
stock (see Chapter 4). Furthermore, there may be business and
risk mitigation benefits from cross-ownership of different seg-
ments of the value chain to facilitate investment and operability.
Such ownership structures have been used effectively in the
international LNG industry.

Whilst the first large-scale infrastructure required to deploy
hydrogen may benefit substantially from business segment
bundling or cross-ownership, this would require business
models that are in contravention of the EU Gas Market Directive
2009/73/EC and its amendments (see Chapter 5) with respect to
unbundling energy suppliers from network operators. Hence, if
regulations are not fit-for-purpose to deliver the first hydrogen
infrastructure in a cost-effective and optimal manner, then carve-
outs may be needed until such time as sufficient hydrogen and/
or CO, disposal market maturity materialises.

6.3.2. Business model structures. The main driver for
selecting a business model structure is the degree of transfer
of responsibility and risks from the public sector to the private
sector. There are many possible variations in the detail of these
structures and they are also the subject of continuous innovation to
adapt to the external investment environment, jurisdiction,
and macro-economic conditions. In all cases, however, they can
be categorised according to four main components of the transfer
of responsibility: ownership, financing, market development
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(including revenue structure), and physical delivery including
operational activities.

At one end of the spectrum, the public sector retains all
responsibility for the ownership, financing, and all the physical
activities as well as assuming all associated risks. Historically
this was a very common structure for delivering public services
such as gas and electricity, water, railways, bus networks and
waste disposal. At the other end of the spectrum, the private
sector carries all the risks and responsibility for the infrastructure
assets and service, and there is no government involvement and
support. This can work in the case of fully liberalised mature
markets such as cable and mobile phone networks (Europe),
wholesale gas supply (UK) and petrol retail (Europe). The private
sector model is designed to ensure high levels of competition with
high efficiencies and innovation with no financial burden on the
government. In between, there are many types of arrangements
where those responsibilities are split between the public and
private sectors.

The nature of infrastructure investment with long-term
capital requirements, value beyond traditional financial
returns, and monopolistic nature therefore requires synergies
and/or collaboration between the public and private sectors to
overcome those challenges. These ‘collaborative’ structures are
generally known as ‘public-private-partnerships’ or PPPs. The
PPP approach®®* is designed to overcome both the market
failures in critical infrastructure investment from the private
sector (e.g., market power) and public sector failures (e.g,
inefficiencies and financing constraints). These business
models allow the transfer of appropriate risks to private inves-
tors who can access significant pools of capital funds and
achieve better operating efficiencies whilst retaining the neces-
sary government control over pricing and infrastructure devel-
opment resulting in added value for all stakeholders.

The preceding sections have emphasised the need for public
and private sector collaboration to overcome investment
barriers and business risks for the hydrogen value chain, both
with and without CCS infrastructure. Of paramount importance
is managing the risk associated with the immaturity of the
markets for hydrogen use, ‘low-carbon’ consumer products,
and CO, disposal - all with significant uncertainty over the
future demand prospects.

6.4. An example business model

In this section an example system business model (Fig. 13) is
presented for the first phase of the UK H21 North of England
regional hydrogen conversion roadmap.’”*®* The first phase of
this roadmap proposes delivering a hydrogen-CCS infrastructure
network for domestic and commercial heating plus some possible
industrial fuel switching or power generation across the northern
regions of England in the period to 2034. The business model is
based on collaboration between the government, and public and
private sector institutions taking account of realistic risk sharing
and strategic drivers consistent with the UK government’s legal
2050 net zero emissions target. It offers one perspective for
addressing the requirements presented in Section 6.2.
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This business model was developed with input from extensive
stakeholder engagement that focussed on an assessment of the
system-level investment barriers and risks, and the mitigation
measures for the early phases of market creation and hydrogen-
CCS infrastructure deployment in England. Hydrogen produc-
tion is planned from centralised autothermal reforming of
natural gas and integrated carbon capture.**?

The H21 North of England roadmap was a private sector
initiative and has been followed by a detailed UK Hydrogen
Strategy published by the government’s Department of
Business, Energy, and Industrial Strategy in August 2021.>%*
The strategy includes an in-depth look at the types of issues
presented in this Section 6, and what actions and policies the
government can undertake to support the development of
hydrogen infrastructure and markets. The strategy’s objectives
could be achieved with the H21 business model example
provided here, although other variations are possible. The main
observation to make is that this example H21 business model
is not a theoretical one, but rather one feasible solution
applicable to the UK government Hydrogen Strategy.

The following sub-sections summarise the four components
of the H21 example system business model structure that were
described in Section 6.3.2. They contain a brief description of
the reasoning for allocating risks and responsibility in the
sectoral business models in Fig. 13, and provide some high-
level insights into how the public and private sectors could
collaborate.

6.4.1. Asset and rights ownership. Private ownership is
envisaged for most sectors - this solution builds on the estab-
lished ownership models in England for gas transmission,
distribution and supply, gas processing and power generation
but recognising that in the first phase of the H21 roadmap there
will be little to no free-market competition other than for
appliance conversions, and project supply chains such as engi-
neering and construction.

A joint public-private ownership is suggested for the CO,
transport and storage (T&S) infrastructure to facilitate the
management and delivery of this critical chain component for
the overall outcome of system decarbonisation. At a minimum,
government underwriting of uninsurable CO, storage risks and
assistance with the structuring of a storage financial security
is essential to remove the investment barriers for the private
sector. A joint venture can also allow government to steer
infrastructure expansion, have full transparency over performance
and pricing, ensure fair access to all users at the appropriate cost
and collaboration with all the regions of the north of England.
The government can also demonstrate its commitment to long
term infrastructure use and net zero policy delivery to facilitate
investor participation and capital sourcing from the private
markets.

Until such time as end-use markets for hydrogen have
reached a critical level of demand and become self-sustaining
the investment in, and provision of, hydrogen storage services
will be highly uncertain and risky. In this business model,
government ownership of initial geological hydrogen storage
facilities is proposed as a ‘public-good’ infrastructure with a
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Fig. 13 Example of H,-CCS system business model for the first phase of the UK H21 Roadmap with component segment business models.

public concession awarded to the private sector through a
competitive bid process.

6.4.2. Capital sourcing. Private capital sourcing is envisaged,
though government intervention may be required for the CO,
transport and storage infrastructure and for the H, production
facility, as necessary to support private capital sourcing and
reduce investors’ and banks’ financial exposure.

6.4.3. Market development. In all markets, the government
would be responsible for the market development of both
hydrogen and CO, through the implementation of several
government interventions via policy, regulatory, fiscal, and
financial means.

1. Hydrogen infrastructure remuneration.

i. Hydrogen production in this business model follows a
similar free enterprise model as with power generation sup-
ported by targeted revenue support in a form similar to a

1066 | Energy Environ. Sci., 2022, 15,1034-1077

contract for difference with an entity such as the Low Carbon
Contracts Company (LCCC),%# with all the capital and operating
and maintenance (O&M) costs of the facility covered initially.
Because the period to 2034 is focussed on heating and fuel
switching, the gate price of hydrogen would be the same or lower
than that of natural gas. The business model could include some
contractual flexibility for initial underperformance of the facility
(especially the carbon capture component) and performance and
availability-based incentives/penalties.

ii. Hydrogen transmission and distribution would use an
analogous price regulated revenue model as currently in place

+1 The Low Carbon Contracts Company is a limited company owned by the UK
Government with the function of being the public sector manager of, and
counterparty on, contracts for difference entered into with electricity power
generators.
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for natural gas - possibly with some additional construction
support for the new parts of the hydrogen transmission system.
This approach can be taken because the pipeline network will
be part of a well-defined and planned system conversion of
domestic and commercial customers. Investment in low and
medium pressure networks will include re-purposing of existing
infrastructure assets.

2. CO, infrastructure remuneration.

i. CO, Transport & Storage infrastructure would be structured
through a public/private sector joint venture with price
regulated revenue to cover the capital investment cost and
O&M costs for the initial oversized capacity at an agreed rate
of return. Government partial ownership would offer flexibility
in the negotiation of risk/return with the co-investors and
regulatory backed revenue would provide guarantees for the
investors regarding the market demand uncertainty, i.e., infra-
structure usage. Regulation would define the apportionment of
the service charges between the initial hydrogen production
facility and additional and future users.

3. Hydrogen end use markets.

i. Commercial and domestic customers would be serviced by
free enterprise retail businesses for hydrogen supply that will
be the same or similar to those currently existing for natural gas
and electricity. In this business model example initial bundling
of distribution and retail services is not required because of the
prescribed regional conversion of the consumer market
and the largely completed distribution network replacement
programme (using polyethylene pipes - see Section 4.3). Retai-
lers would be able to negotiate their own pricing arrangements
with the hydrogen producer(s).

ii. Industrial decarbonisation through hydrogen fuel switching
would be the responsibility of privately-owned industrial
companies. The combination of hydrogen being offered at the
same cost as natural gas, EU ETS (or similar UK ETS) pressures,
branding and reputational value may be sufficient to justify the
fuel switching capital expenditure. Additional support may be
necessary in the form of capital grants for specific industries.
This approach would allow ‘green’ low-carbon products to be
competitively priced in consumer markets.

iii. Hydrogen (or blended) power generation would be
structured on the traditional free enterprise business model
already established in the power-generation sector. The investors
in a new or refurbished facility would be remunerated using a
targeted revenue support mechanism based on the existing
Contract-for-Difference mechanism with LCCC and the
capacity market to cover the additional CAPEX and O&M costs.
Commissioning delays and technical issues related to the
technology could be handled contractually, and contractual
mechanisms could be defined to cover the risks of plant unavail-
ability (or higher emission costs if natural gas is burnt) due to
hydrogen unavailability.

6.4.4. Physical delivery. Delivery of the infrastructure,
facilities and services is allocated to private investors, and is
consistent with the established models in the UK. The technologies
proposed are relatively proven and there has been interest
expressed in the ongoing sponsored projects supported by

This journal is © The Royal Society of Chemistry 2022
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experience and expertise available in the private sector, including
supply chains.

6.4.5. Summary. The above example is a very cursory
presentation of the full system business model for the H21
roadmap. Nevertheless, it demonstrates that, although there
may be choices for selecting different mitigation measures
when sharing the risks and responsibilities between public
and private stakeholders, no individual sector or part of a
new hydrogen value chain can be facilitated without taking
account of other activities within the chain. Furthermore, the
extent and type of government financial and revenue support
for new activities or infrastructure is highly dependent on the
sustainability of market development, which in turn depends
on government policies and mechanisms for establishing end
use consumer and industrial demand. It is only through taking
a system perspective that these outcomes can be achieved.

7. Summary, key messages and
outlook

In this paper, we have tried to provide the reader with our,
hopefully balanced, perspective on the status of the hydrogen
economy, and on what is needed to deploy the hydrogen
economy as part of Europe’s (but equally other regions’) drive
towards net-zero-CO, societies. From the above, we have tried to
convey the message that the emergence of a full-fledged hydro-
gen economy will most certainly not happen by itself, but rather
needs strong support and clever design, first and foremost from
governments at multiple levels (regional, national, local) but also
from many industry players, including the producers of base
commodities like steel, electricity, and chemicals. Without this,
we may see some bilateral production-consumption combinations,
e.g., within an industrial cluster or at fuelling stations for bus fleets,
but no large-scale rollout. Second, hydrogen will unlikely be the, or
the only, energy vector of the future, but if it receives the integrated
support we envision, it may become a pivotal component of future
energy systems, especially with respect to sector coupling. We will
here briefly summarize the key messages and give an outlook for
further work.

Hydrogen end-use technologies and applications

The first key message on end-use technologies is that commercial
technologies exist in most of the envisioned end-use applications:
hydrogen fuel cells, gas turbines, internal combustion engines
and steel production technologies are all sold today by large and
credible parties. This implies that large sectors of the economy
can transition away from fossil fuels once sufficient hydrogen
production becomes available. But, the hydrogen-fuelled equip-
ment is not yet on par with incumbent fossil-fired equipment so
using hydrogen would come at a penalty on, e.g, efficiency.
Furthermore, when applied to different end-use applications,
the same H, conversion technology may need different technology
features, which may conflict and hinder further development in
the absence of established markets.

Energy Environ. Sci., 2022,15,1034-1077 | 1067
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The outlook for hydrogen use is, however, positive. It can be
expected that gas turbines designed to run on (almost) pure
hydrogen will reach the market in the next decade, with perfor-
mance that is on par with their natural gas-fired counterparts.
At the same time, tailor-made, efficient hydrogen burners will
be demonstrated for specific high temperature processes in
industry (e.g., steelmaking, glassmaking). We also expect
hydrogen fuel cells to develop quickly further, not only due to
their uptake in transport applications, but also in industrial
cogeneration and low temperature heating. This will trigger a
positive reinforcing cycle supported by inherent learning by
doing. For this to happen, it is important to proceed fast with
large-scale demonstration of integrated hydrogen end-use sys-
tems (the technology implemented into its technical/commercial
context) to identify and tackle end-user specific issues that H,
conversion technologies may experience.

Another key message is that hydrogen will take multiple
roles in the transition to CO, neutrality. While today H, is
mainly used in the chemical industry, we expect that high
temperature heat provision (possibly also low), road transportation
(heavy goods transport), and energy storage for balancing the power
grid will most likely catalyse the transition to a full hydrogen
economy. Further down the line there may be applications in air
and ship transportation, as well as chemical building blocks
alongside recycled CO, for CO,neutral carbon-based fuels and
materials. Importantly, we do not foresee a preferred global winner
among hydrogen uses, but rather each country - or region with
similar socio-economic conditions - following different H,
implementation pathways and end-use distribution. Eventually,
early applications will create hydrogen value chains which then
support the emergence and deployment of other applications.

Hydrogen production methods

The key message on low-carbon hydrogen production is that
scalable production technology is available today, i.e., reforming
with CO, capture as well as water electrolysis. However, large-scale
production of low-carbon hydrogen is hindered by system limita-
tions, notably the unavailability of CO, transport and storage
networks for the former and sufficient renewable electricity for the
latter. A second key message is that, in the interest of a timely
transition to a CO, net-zero society, H, production routes need to
be evaluated from a life cycle perspective avoiding any dogmatic
prejudice: it is found that the GHG footprint of hydrogen from
fossil fuels can be as low as, or lower than, that from electrolysis
with current technologies, depending on the GHG intensity of the
used electricity and natural gas. H, from natural gas with CCS is
therefore a key enabler for a green hydrogen-based future.

If the limitations of renewable electricity and CCS networks
at scale can be addressed, the outlook for hydrogen production is
positive too: where the price of low-carbon hydrogen produced
today is still around 50% (or more) higher than traditional (GHG
intensive) hydrogen, it is projected to come down significantly
through new technology maturing, economies of scale and learn-
ing by doing. For example, several routes for improving fossil-
based hydrogen exist at TRL7+, focussing on either reforming or
on H,/CO, separation or on integration of the two steps. This
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means that by 2050, when GHG neutrality should be reached,
these solutions should be ready. On a less positive note, we believe
technology for hydrogen production from biomass will have a
hard time scaling up, especially due to the many complexities of
biomass gasification, but also given the low expected availability
of biomass for bioenergy, which may likely be used to produce
other energy vectors or products. In this context, biohydrogen is
not likely to play a large role in the global transition to net-zero in
2050 but may play a role in specific small regional contexts.

Hydrogen transport and storage networks

The key message on hydrogen networks is that their
implementation needs careful system design and planning,
considering expected local end-uses. Early investment in
dedicated hydrogen infrastructure may be unrealistic due to
high costs compared to the relatively modest offtake but
blending hydrogen into the NG infrastructure can kick-start
the hydrogen economy by allowing production to ramp up
without the need of dedicated hydrogen transport networks.
Also, bilateral production and use within an industrial site or
cluster can likely form important seeds for substantial
development of hydrogen assets. In the design of hydrogen
networks, one needs to carefully plan for emergence of
production and consumption locations and types: a network
with more distributed production would benefit from lower
transmission pressures, while a network with large centralised
production benefits from higher pressures. Finally, although
the safety considerations around hydrogen pipelines are very
comparable to natural gas pipes, the risks vary slightly, which
may at points lead to a different safety distance.

Looking ahead, once hydrogen starts to also penetrate the
transport sector and the built environment, dedicated hydrogen
networks are indispensable, and their construction will likely go
region by region to maximise network utilisation. Notably, some
local NG distribution networks can transport 100% hydrogen
with relatively minor modifications. Hydrogen storage will
become critical to overcome periods of low production once
more intermittent renewables-based hydrogen will be produced.
H, storage is particularly attractive when salt caverns or under-
ground salt layers are available.

Legal and regulatory requirement for enabling the development
of hydrogen infrastructures

The key message on legal and regulatory requirements for
Europe (among others) is that carbon-free energy carriers like
hydrogen will depend among other elements on sound infra-
structure regulations. Especially, the gas market design needs to
be adapted if we are to allow for higher shares of sustainable
gases in transport networks, sector coupling and more decen-
tralised production of hydrogen, whereas the existing EU
regulatory principles could be sufficient to integrate small
volumes of hydrogen into the existing natural gas infrastructure.
The gas market redesign should be based on four key principles:

1. Integrated energy system planning as well as integrated
governance tools.
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2. Efficient and coordinated permitting procedures for infra-
structure projects.

3. Transparent and enabling regime for access to the grid
and for gas grid conversion.

4. Safe, effective and smart operation of transport networks
and related infrastructures.

The current outlook for fit-for-purpose regulation in the
European Economic Area that will facilitate investment in,
and growth of, hydrogen infrastructure and markets in a
manner that can maximise its contribution to a net zero
economy is judged to be neutral to slightly negative over the
next five to ten years. The complexity of adapting the European
gas market design needs to be reduced by taking pragmatic
steps in phases, such as starting with hydrogen blending and
selected end-use safety regulations. The UK on the other hand
has already advanced the adaptation and development of its
gas regulatory environment through collaboration between the
private sector, the gas market regulator and the health and
safety regulator. Thus, the outlook for timely and effective
regulation of hydrogen (and CCS) value chains in the UK is
judged as very positive.

Business models for initial infrastructure development

The key message on business models is that there are still
major investment barriers to delivery of first-of-a-kind hydrogen
infrastructure in Europe, stemming from a combination of
commercial, legal, financial and policy constraints. These
barriers need to be removed by developing business models that
create room for durable revenues (and profits) while distributing
risk over the actors that can bear it best. To create the conditions
for successful investment in initial large scale hydrogen
infrastructure, six items are imperative:

1. Systems thinking applied to business models to deliver
optimal integrated outcomes for multiple economic/market sectors.

2. Societal value should lead investment decisions, instead
of standard cost-benefit analysis.

3. Three key outcomes should be met: initial revenue from
medium to long term stable anchor users; both government
and private stakeholders can commit to invest with no or low
regret; and flexibility and optionality is provided for future
evolution of markets, technology, and utilisation.

4. Initial market development for hydrogen end-use must be
led primarily by government and/or public bodies with assis-
tance from the private sector where it has specific expertise.

5. The selection of first-of-a-kind projects for government sup-
port is based on an integrated system view using an appropriate
mix of collaboration and competition between stakeholders, pro-
jects, regions, or industrial clusters to ensure cost effectiveness.

6. Risk allocation and sharing between the public and
private sectors based on an accurate assessment of which
stakeholder is best placed to mitigate and manage the risk.

The outlook for implementation of effective business
models to deliver hydrogen and CCS infrastructure and
markets in the European Economic Area in the period to 2030
is judged as neutral to positive. Although national-level business
models in countries such as The Netherlands and Norway will
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help deliver initial projects, system business models that support
a wider sectoral and regional growth of hydrogen production,
transport and use will be challenging. The outlook is more
positive in the UK where the government has increased its effort
to facilitate hydrogen (including CCS) in the energy mix using
public-private business models and support mechanisms across
the full value chain. Nevertheless, it too will face the difficulty of
integrating production, infrastructure, and markets into a func-
tioning system across regions and market sectors.
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