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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.

“Research Centre for Carbon Solutions, Heriot Watt University, Edinburgh EH14

1. Introduction

4AS, UK. E-mail: m.van_der_spek@hw.ac.uk

b Scandinavian Institute of Maritime Law, Faculty of Law, University of Oslo, 0130,

Oslo, Norway

Hydrogen is a versatile energy carrier and can in principle
be used wherever fossil fuels are used today. This includes

¢ Laboratory for Energy Systems Analysis, Paul Scherrer Institut, 5232 Villigen PSI,
Switzerland

9 Institute of Energy and Process Engineering, ETH Zurich, Zurich, 8092, Switzerland.
E-mail: marco.mazzotti@ipe.mavt.ethz.ch

¢ Sustainable Decisions Limited, London, WC2H 9JQ, UK

T SINTEF Energy Research, P.O. Box 4761 Torgarden, 7465 Trondheim, Norway

$The Sargent Centre for Process Systems Engineering, Imperial College London, London,
SW7 2BX, UK

" Department of Chemical Engineering, Imperial College London, London SW7 247, UK

i Centre for Environmental Policy, Imperial College London, London, SW7 2BX, UK

J Copernicus Institute of Sustainable Development, Utrecht University, 3584 CB, Utrecht,
The Netherlands. E-mail: m.gazzani@uu.nl

 Electronic supplementary information (ESI) available. See DOI: 10.1039/d1ee02118d

i Current affiliation: Climeworks AG, 8050, Ziirich, Switzerland.

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

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

This journal is © The Royal Society of Chemistry 2022
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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
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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.%*

This journal is © The Royal Society of Chemistry 2022


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 februar 2022. Downloaded on 4. 10. 2025 03:53:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

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 fu