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The role of Hydrogen as an enabler for energy
decarbonisation®

Executive Summary

Hydrogen is an important future energy carrier in many ‘Net Zero’ carbon emission
scenarios because in some sectors it has specific advantages compared with
electricity. However, the pathway and ultimate scale of hydrogen has many
uncertainties, and its pace of development depends on many factors.

This paper looks at the status of both hydrogen demand and hydrogen supply and
considers where the future opportunities for this energy carrier may be as the energy
system decarbonises.

o Industrial segments currently account for most hydrogen demand and
provide the base demand which will help the introduction of low carbon hydrogen.
Industrial clusters enable co-location of the base demand users with production
facilities and additional smaller volume consumers of hydrogen. Industrial clusters
close to near-depleted gas fields are appealing locations for blue hydrogen
production due to both the existing industrial consumption of hydrogen and to the
potential access to the gas transportation infrastructure and depleted fields for
carbon capture and storage.

o In the light duty transport segment (which includes passenger cars and small
vans), electrification is now the dominant decarbonisation route. In the heavy-duty
vehicle segment, hydrogen is potentially still attractive for several reasons including
longer range, high payload capability without loss of power, and fast refuelling.
This gives hydrogen a distinct advantage over battery-electric options for long-
distance journeys and hydrogen could play a substantial role but with much lower
potential demand than for industry. Hydrogen is also being explored for some
marine applications and there are, for example, trials with regional ferries.
Hydrogen production is today dominated by fossil fuels and is not low carbon. ‘Blue
hydrogen’, which is produced from gas with carbon capture, is currently the lowest
cost route to low carbon hydrogen and hence expected to be the largest source of
low carbon hydrogen to 2030. Projects are however starting to be developed for
‘green hydrogen’ in which the hydrogen is produced by electrolysis using electricity
from wind or solar power.

This paper aims to be an evidence-based assessment of the status and outlook for

! Mallika Ishwaran, Chief Economist, William King, Project Co-ordinator, Shell International Limited,
London.

13



hydrogen and includes examples of activities from around the world relating to new
hydrogen uses, low carbon hydrogen production, and hydrogen infrastructure
development. Based on the learnings from these and other experiences, also
included are ways in which the development of both hydrogen supply and hydrogen
demand could be encouraged or stimulated.
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The role of Hydrogen as an enabler for energy
decarbonisation

I. Background

Hydrogen features as an important future energy carrier in many ‘Net Zero’ carbon
emission scenarios because it has some useful advantages over electricity.
Hydrogen burns cleanly and at a high temperature, it is relatively easily stored, and
it has a high energy density. This makes it attractive to decarbonise several hard-
to-abate applications in industry and parts of transport where electrification is not
practical.

Low carbon hydrogen still needs considerable development before it is
commercially viable. This is a complex issue involving all elements of the value
chain - supply, infrastructure, and demand (i.e., the equipment which will use
hydrogen). There is a lot of uncertainty about whether and how this development
will occur, and this partly explains why, when looking across the various energy
system scenarios, there are large differences in the expected future scale of
hydrogen.

Hydrogen has attracted waves of interest in the past, but each time wider adoption
has failed to take-off. The 1970s oil price shock because of OPEC’s oil export
embargo led the industry to explore alternative fuels including hydrogen.
Aspirations were, however, scrapped when oil prices reduced back to around
$25/bbl (in real terms) in the 1980s.

Interest in hydrogen as a low carbon energy carrier resurfaced again at the
beginning of the 2000s but deployment did not move beyond non-commercial trials
and pilots. Road-ready fuel-cell vehicles were introduced by Honda, Nissan, Ford
and GM but failed to gain consumer’s interest.

The current new wave of global interest may provide the scale needed to be able to
drive hydrogen technology costs down to commercially viable levels. For example,
the US Inflation Reduction Act provides a significant $3/kg subsidy for low carbon
hydrogen production.

Currently the total demand for hydrogen is relatively small. It is used primarily in
industry for ammonia and methanol production (more than 50% of overall demand)
and in refineries as chemicals feedstock (more than 40% of overall demand).

The number of investments, policy strategies, and real-world hydrogen projects has
been growing rapidly, with many countries (in the OECD and beyond) announcing
strategic hydrogen roadmaps and signalling policy support for greater adoption of
hydrogen.
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There are a number of common terms relating to hydrogen which are used in this
report, and these are explained below:
e Grey, black, and brown hydrogen refers to hydrogen produced from the
fossil fuels (gas, coal, lignite, respectively) using thermochemical processes.
Blue, green and pink hydrogen are low-carbon hydrogen. Green and pink
hydrogen are produced via electrolysis with renewable power (green) or
nuclear power (pink). Blue hydrogen is produced from fossil-fuels with the
carbon capture, utilisation and storage technology (CCUS) installed. The
amount of carbon captured depends on the project design and technology.
e Electrolysis is an electrochemical process which uses electricity to split
water into its constituent elements (hydrogen and oxygen).
e FCEV and FCH are fuel-cell electric vehicle (FCEV) and hydrogen-fed
fuel-cell hydrogen (FCH). They are used to refer to hydrogen powered
transport and hydrogen enabled heavy machinery, respectively.

Il. Hydrogen Demand

Total hydrogen demand is currently 95 million tonnes. Hydrogen is primarily a
feedstock for industry. More than 40% of hydrogen today is used in refineries as a
chemical feedstock. About 30% of hydrogen is used for ammonia production for
products used in agriculture and most of the remainder is used to produce methanol
for use in chemicals manufacture. Other uses of hydrogen, for example, for
glassmaking, electronics production and transport are less than 5% of demand.
Demand for hydrogen has been growing for the last 40 years.

In the transport sector, the direct use of hydrogen as a fuel is currently negligible.
As the energy transition progresses, there are going to be more use cases,
specifically for low carbon hydrogen, as part of the pathway to decarbonisation.

a. Industry

As the demand for low carbon hydrogen starts to grow for new uses, it can be a
challenge to ensure supply, demand and the needed infrastructure develop together.
There can’t be demand without supply, and if demand takes time to develop the
economic case is difficult for building new production facilities and infrastructure.
Industry creates a natural base demand due to its large existing usage. This can
initially be fulfilled by high carbon emissions ‘grey’ hydrogen which is produced
from gas without carbon capture. Successful substitution with low-carbon hydrogen
can happen later when the economic case is supported by an adequate carbon price
or other enablers. This base demand helps support the initial business case for low
carbon hydrogen supply which can then also supply new applications as they
emerge.
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Key barriers for the adoption of low carbon hydrogen are constrained investment
budgets in the refining and chemicals sector given decreasing demand for fossil
liquids, and the additional cost of blue hydrogen over grey. Particularly in industry
segments where products are highly traded and there is strong local and
international competition, enabling policy and co-ordination is required.

The first low carbon hydrogen production is likely to be large scale centralised
production, for example, blue hydrogen projects in the industrial clusters of
Rotterdam-Antwerp corridor and Port Jerome chemical complex. Additional
applications such as Direct Reduced Iron (or DRI) steel, industrial heat and
synthetic ‘Power-to-x’ (PtX) fuels can later be developed in such clusters.

Coastal industrial clusters are appealing locations for blue hydrogen production due
to the large existing consumption of hydrogen in the refining and chemical sectors,
and potential access to the near-depleted offshore gas fields (for CCUS) and
transportation infrastructure which is often at risk of being stranded once the nearby
fields are depleted.

Industrial clusters enable sector coupling and co-location with the ancillary
consumers of hydrogen — ferries, trucks, industrial heat, cement and steel producers.
Close spatial proximity is conducive to the creation of new business models and
resource sharing — providing a base from which demand could grow.

Case Study: Rotterdam H-Vision Blue Hydrogen Project

This is a collaboration between 16 companies that are present in the Rotterdam Industrial Cluster,
including Shell.

H-Vision is a response to the govermment’s initiative to attain climate neutrality by 2050. In
February 2018, the Netherlands government and business community launched a discussion on
CO:; reduction goals to bring the country in alignment with the Paris agreement. The goal of
attaining 49% reduction in CO; emissions was sealed in the Climate Agreement in June 2019,
and aims for industry to reduce emissions by 14.3 Mt by 2030, with 10Mt coming from
Rotterdam /| Moerdijk industrial cluster alone.

While most of the investment wonld be private, subsidies or other forms of policy support are still
required.

H-Vision can abate 5.4 M1CO; per year, equal to approximately 10% of the overall industrial
emission in the Netherlands.

b. Transport

In the light duty transport segment (which includes passenger cars and small vans),
electrification is now the dominant decarbonisation route. Electric vehicles are
getting better, more efficient and approaching cost parity with internal combustion
engine vehicles.
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In the heavy-duty vehicle (HDV) segment, hydrogen could play a role in
transporting heavier loads over longer distances. However, compared to industry
use, total hydrogen demand is likely to be much lower.

Hydrogen is attractive for HDVs for several reasons, including longer range, higher

payload capability without loss of power, and fast refuelling. In 2023 several

companies unveiled trucks that can run more than 1,000km before needing to refuel,
giving them an advantage over battery-electric options for the very longest-distance

journeys. Moreover, refuelling of an FCEV regional delivery truck would take 3-8

mins compared to 60 minutes for a battery electric vehicle (BEV) with a 600 kW

charger. However, higher running costs and continuing improvement of battery
technology have already begun to erode the advantages of FCEV trucks in many
geographies.

Hydrogen is also being trialled for buses. As with trucks, hydrogen fuel cell buses

can be refuelled much faster and have a longer range than battery-electric buses.

Hydrogen opportunities also exist in other niche transport segments.

e High efficiency and low emissions can make hydrogen attractive for the large
haulage trucks which move ore in large opencast mines. For example, the
mining company Anglo American is piloting forty hydrogen fuel-cell mining
trucks at the Mogalakwena mine in South Africa. Each truck can carry up to
315 tons of ore, with about a million litres of fossil fuel replaced by green
hydrogen (using solar power) each year.

e Regional ferries are particularly suitable for hydrogen. As they complete
several sailings daily with a short turnaround time, short refuelling times are
critical and give hydrogen a substantial advantage over full battery electric
ferries. Regions with access to abundant renewable power are already trialling
hydrogen technologies in ferries, supported by public procurement. For
example, the MF Hydra is a liquid hydrogen-powered ferry which operates in
Norway and can accommodate up to 300 passengers and 80 vehicles. Norway
does also have hybrid and full electric ferries in operation, so over time, a good
comparison of the relative advantages of the different systems will emerge.

e Low labour and servicing cost mean hydrogen forklift trucks can be profitable
today. Low downtime, fast refuelling, absence of power loss and low
maintenance requirements allow hydrogen (FCH) forklifts to compete against
battery-electric alternatives in North American and European markets, both in
terms of productivity and overall cost. Economies of scale suggest that only
large warehouse operators can currently profitably operate FCH forklift fleets
(compared to currently more cost-effective LPG forklifts). For example,
Amazon (one of the largest operators of FCH forklift fleets) signed an
agreement in 2022 to be supplied with over 10kt/a (10,000 tons per year) of
green hydrogen starting in 2025. This is enough annual power for 30,000
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forklifts or 800 heavy-duty trucks used in long-haul transportation).
c. Energy for Isolated Areas

There is a potential use for hydrogen is as an energy source for isolated areas such
as islands or remote communities. Hydrogen can be produced locally with
renewables and then transported over short distances to power local transport and
to heat residential and commercial buildings. For example, the UK Orkney Islands
have been producing all their electricity from renewables for nearly ten years.
However, grid capacity constraints means that renewable energy created can be lost
or wasted, so new projects are being developed that use the excess electricity for
hydrogen generation which can then be used in several applications or stored. The
activities have led to exploratory projects, such as a hydrogen/diesel dual fuel
conversion system on a local commercial ferry, and the decarbonisation of a
medium range small passenger aircraft to allow a 250-mile, zero-emission
hydrogen-powered trial flight.

I11. Hydrogen Supply and infrastructure

Hydrogen production is today dominated by fossil fuels, with relatively negligible
global supply of zero-carbon green, and blue hydrogen at around 1% of global
supply.

Blue hydrogen, which is produced from gas with carbon capture, is currently the
lowest cost route to low carbon hydrogen, and hence expected to be the largest
source of low carbon hydrogen to 2030. Constraints to domestic fossil fuel supply
or limited CO, storage space mean the opportunities for blue hydrogen are limited
in some countries. Limited access to low-cost domestic sources of natural gas can
also increase the cost of blue hydrogen. However, some of these constraints, such
as on domestic fossil fuel supply, can be addressed through imports. For example,
South Korea already has about the fifth largest hydrogen market in the world despite
having negligible domestic fossil resources.

While green hydrogen is not yet cost competitive with blue hydrogen, costs are
expected to decline and green hydrogen is likely to dominate in the long-term
beyond 2030, particularly in Western Europe and other geographies without
significant domestic fossil resources.

Countries with access to both ample renewable resources and sufficiently large
fossil-fuel reserves are letting market forces define the pathway for scaling low-
carbon hydrogen. Norway and the USA are continuing to invest in R&D of key
enabling technologies for low-carbon hydrogen — CCS, electrolysers, CHP fuel-
cells and modular natural gas plants with hydrogen as a potential fuel.

Rising carbon prices are now approaching levels at which blue hydrogen is cost
competitive, and expectations of future carbon price rises are incentivising
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investments in blue and green hydrogen production capacity. However, long
payback periods combined with project, technological and market risks mean
government support is still required. For example:

One of the largest blue hydrogen facilities, Quest in Canada, received $850
million in subsidies and benefited from the revenue stream from enhanced
oil recovery revenue.

Air Liquide added CCUS to an existing (steam methane reforming)
hydrogen production plant to abate 55% of the CO2 emissions, with the
hydrogen sold to a nearby refinery and the CO> treated and sold to the food
and beverage industry. Overall, the project received subsidies amounting to
nearly a quarter of the total capital costs.

Saudi Arabia’s Neom megadevelopment includes plans to develop a green
hydrogen and ammonia production plant, with the eventual capacity to
produce 1.2 million tonnes of green ammonia annually. The $5bn project
is one of the kingdom’s Public Investment Funds’ key megaprojects to
diversify the country’s economy away from a dependence on oil.

The NortH2 project is a collaboration between several companies for large
scale green hydrogen production, using self-generated offshore wind energy
to produce green hydrogen, which is then stored and delivered to industry
and heavy mobility clients in the Netherlands and beyond. The project,
which will require substantial government support to reach final investment
decision, envisions 10GW of offshore wind capacity to power electrolysers
and plans to commence hydrogen production in 2027.

Countries are also starting to focus on infrastructure required to support the
deployment and scale up of hydrogen. For example, the Netherlands believes it is
well positioned to be an energy gateway for hydrogen supply into Northwest
Europe and an important low carbon energy hub for Europe more generally. To this
end, the country has started construction of a hydrogen network that will span 1,200
kilometres in total. While the first 30-kilometres section is expected to be
operational in 2025, the national network will ultimately span 1,200 kilometres and
consist largely of repurposed existing natural gas pipelines. The intention is for the
network to be linked to large-scale hydrogen production facilities, import terminals
at seaports, and companies in the Netherlands and abroad who are switching to
hydrogen as part of their low carbon transition.

IV. Enablers for the development of hydrogen

There are a number of policy building blocks which could help the development
of hydrogen use, supply, and infrastructure.

The development of hydrogen strategies with clear long-term objectives
and short- and medium-term milestones. For example, the EU hydrogen
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strategy which was published by the European Commission in July 2020,
and the Dutch Klimaat Akkoord (National Climate Act);

e The creation of standards for decarbonised hydrogen production pathways,
together with a methodology to calculate life-cycle greenhouse gas
emissions and associated certification. For example, the EU taxonomy for
sustainable activities;

e Policies to stimulate demand for decarbonised hydrogen in key sectors
such as heavy duty transport and industry, including carbon pricing in
combination with targets. For example, Canada has proposed regulations
for the Clean Fuel Standard to drive investment and growth in its clean
fuel sector and the European Commission has proposed a binding target
for EU industry as part of the Fit for 55 proposal to switch partly to
renewable hydrogen;

e Support for mechanisms that encourage decarbonised hydrogen projects
and reduce the cost difference between decarbonised hydrogen and
conventionally produced hydrogen. Mechanisms include carbon contracts
for difference, increased public funding for projects, supportive taxation of
decarbonised hydrogen, production incentives for renewable electricity
and funding for research and development;

e Support for infrastructure planning and investment that creates conditions
for a hydrogen market. For example, the International Partnership for
Hydrogen and Fuel Cells in the Economy (IPHE) Regulations, Codes,
Standards & Safety (RCSS) Working Group is acting as a catalyst for
international cooperation and to facilitate the harmonisation of codes and
standards in infrastructure and transport.

Cautionary Note

The companies in which Shell plc directly and indirectly owns investments are
separate legal entities. In this document “Shell”, “Shell Group” and “Group” are
sometimes used for convenience where references are made to Shell plc and its
subsidiaries in general. Likewise, the words “we”, “us” and “our” are also used to
refer to Shell plc and its subsidiaries in general or to those who work for them.
These terms are also used where no useful purpose is served by identifying the
particular entity or entities.

This paper contains forward-looking statements (within the meaning of the U.S.
Private Securities Litigation Reform Act of 1995) concerning the financial
condition, results of operations and businesses of Shell. All statements other than
statements of historical fact are, or may be deemed to be, forward-looking
statements. Forward-looking statements are statements of future expectations that
are based on management’s current expectations and assumptions and involve
known and unknown risks and uncertainties that could cause actual results,
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performance or events to differ materially from those expressed or implied in these
statements. All forward-looking statements contained in this paper are expressly
qualified in their entirety by the risk factors that are contained in Shell plc’s Form
20-F for the year ended December 31, 2023 (available at
www.shell.com/investors/news-and-filings/sec-filings.html and www.sec.gov).
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