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Hydrogen and the energy transition:
One molecule to rule them all?

« Although itis too-often hyped as a
climate change silver bullet, hydrogen
is a credible part of the solutions to
decarbonise our energy system, if it is
itself produced without carbon

+ Thereis an intimate alignment between
green hydrogen and renewable
electricity as the latter is the key enabler
of the former

« Direct electrification is a superior
proposition and should be favoured
whenever possible

« Afirst step is to decarbonise carbon-
intensive hydrogen production and
to ensure that growth is dedicated
to applications where alternatives
are scarce, such as heavy-duty road
transportation, long-haul shipping, or
steel making

+ Green hydrogen is not cost competitive
today but is expected to be in a decade.
Itis however important to think in terms
of delivered cost to the end users

« Thereal objective is to build a hydrogen
ecosystem, which will require investments
in transport and storage infrastructure

« Hydrogen does not exist in a vacuum and
competing technologies may prove more
effective. For instance, progress in battery
technology, most notably solid-state
lithium-ion batteries, or even in fusion will
affect our view of the attractiveness of
hydrogen in certain applications

« Hydrogen is a relatively inefficient
energy carrier given the energy required
to produce and transport it. Society -
including engineers and economists - will
have to accept that a hydrogen economy
may be ostensibly less efficient than
a fossil fuel economy, but that this is
not true once you factor in the effect of
carbon emissions

« We argues that opportunities for investors

arise more in renewable electricity and
integrated hydrogen supply chain areas
than in equipment suppliers

Olivier Eugene,
Head of Climate Research, AXA IM Core




Hydrogen and the energy transition: One molecule to rule them all?

The Intergovernmental Panel on Climate Change (IPCC)
made clear in its August 2021 report that humankind is
making a dramatic contribution to global warming through
emissions of greenhouse gases, mostly carbon dioxide

(CO,) and methane (CH,).* To contain the increase in
temperature and limit disruptions to our planet’s ecosystem
it is necessary to reduce those emissions by moving to a
decarbonised economy.

Right now, and despite increasing efforts from governments,
businesses and investors, we remain locked in the fossil
fuel-based economy that has powered our world since the
industrial revolution. Coal, crude oil and natural gas - which
together account for about 80% of emissions - have offered
us high energy density and relative ease of transport and
storage.?

The energy transition is our effort to switch to other forms of
primary energy and other energy vectors, but it also is much
more than this.®> As our economies and societies transition, we
will pay higher prices as the cost of carbon is made visible. In
the language of economists, we will internalise an externality.
Living with two energy systems will be an additional source of
costs, but there are opportunities for growth in the transition
too.*

Itis also a behavioural and social transition. We will have

to make hard choices on what we consume and how we
consume it. We will have to redefine what we count as “basic”
needs and “luxury” habits. The on-tap availability of energy,
goods, and services could be questioned, at least in rich
countries with high emissions per capita.

The breadth of this challenge demands a breadth of solutions,
and in this context, hydrogen - or to be precise, di-hydrogen
(H,) - has gained more prominence in recent years among the
many tools and levers that can drive decarbonisation.> We
believe hydrogen has the potential to be a carbon-free source
of electricity, fuel, a long-term energy storage medium, or a
raw material - but currently production is relatively carbon-
intensive and the hydrogen created largely destined for use

in industrial processes only tangentially linked to the energy
transition.

In this note, we look at how that dynamic may change

and how this simple molecule might evolve to become a
fundamental part of the transition. Most notably, we will
explore how so-called green hydrogen, produced through
electrolysis of water with renewable electricity, might become
an attractive prospect for investors.

“Itis unequivocal that human influence has warmed the atmosphere, ocean
and land”, IPCC 6th Assessment Report

2 Global Energy Review: CO2 Emissions in 2021, IEA

*Primary energy is the energy that is harvested directly from natural resources,
e.g. coal, crude oil. An energy vector or energy carrier allows the transfer, in
space and time, of a quantity of energy; e.g. gasoline, electricity, hydrogen.
Energy Education, University of Calgary

* Climate change - Cost of inaction - Axa-im

>For simplicity, we will use the term hydrogen instead of di-hydrogen
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https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM.pdf
https://iea.blob.core.windows.net/assets/c3086240-732b-4f6a-89d7-db01be018f5e/GlobalEnergyReviewCO2Emissionsin2021.pdf
https://energyeducation.ca/encyclopedia/Main_Page
https://www.axa-im.com/insights/economic-insights/macro-investment-insights/climate-change-economic-cost-inaction-0

Hydrogen 101

The hydrogen atom is the most
abundant element in the universe. Itis
the simplest atom, with one proton and
one electron, and the lightest elementin
the periodic table.® On Earth, hydrogen
is found in chemical compounds, most
notably in water (H,0) and methane. In
its gaseous form, hydrogen has a high
energy content, but a low density. It
may need to be liquefied or compressed
for certain uses, but compared to other
fuels, pound for pound, hydrogen
contains much more energy - this is why
it is part of the energy transition debate.

The first table opposite highlights how
hydrogen’s main physical characteristics
compare to other energy sources

About 90 million tonnes (MT) of hydrogen
were produced in 2020 according to the
International Energy Agency (IEA). Some
72MT were produced from dedicated
plants and the balance mostly as a
by-product of oil refining processes.
Demand has grown by 50% since 2000.

The largest end-market is in refining
where 40MT was used in 2020, mainly to
remove sulphur from fuels, with 33MT
used to produce ammonia, mostly for
fertilisers. The two other significant
uses are for methanol and in iron ore
production.

Of the 72MT derived from dedicated
plants in 2020, virtually all of the
hydrogen was produced from fossil
fuels, mostly methane (75%) - the main
component of natural gas - and coal
(24%). Methane-based plants can be
found everywhere on the globe, but the
coal-based method is predominantly
used in China. Overall, the IEA reckons
that 6% of the world’s natural gas

and 2% of the world’s coal are used to
produce hydrogen.

Rapid growth in production is widely
predicted. Various agencies and

Selected Hydrogen comparisons
Property

Density (gaseous)

Density (liquid)

Boiling point

Energy per unit of mass (LHV)
Energy density (ambient cond., LHV)
Specific energy (liquefied, LHV)
Flame velocity

Ignition range

Autoignition temperature

Ignition energy

0.089 kg/m3 (0°C, 1 bar)
70.79 kg/m? (-253°C, 1 bar))

4 —77% in air by volume

Hydrogen Comparison
1/10 of natural gas

1/6 of natural gas

-252.76°C (1bar) 90°C below LNG
120.1 MJ/kg 3x that of gasoline
0.01 MJ/L 1/3 natural gas
8.5 MJ/L 1/3 of LNG
346 cm/s 8x methane

6x wider than methane
585°C
0.02 MJ

220°C for gasoline
1/10 of methane

Notes: cm/S = centimetre per second, kg/m?*= kilograms per cubic metre, LHV = lower heating value,
MJ = megjoule, MJ/kg = megajoules per kilogram, MJ/L = megajoules per litre.

Source: The Future of Hydrogen, IEA, 2019
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forecasters envisage an annual market
of between 480MT and 660MT by 2050,
equivalent to more than seven-fold
expansion at the upper end. The IEA
has also a lower growth scenario, with
the market reaching 250MT by 2050
based solely on announced country
pledges (APC) linked to the Paris
Agreement.’

In all scenarios, the hydrogen is fully
produced through decarbonised or low
carbon processes, compared to less
than 1% currently. The main difference
between the forecasts is the level of

To be chemically strict, the H+ ion, made of only one proton, is even simpler
TAnnounced country pledges are emission reduction pledges made by countries after the COP21 in Paris in 2015 and updated in Glasgow at the COP26
in 2021. According to the 2021 UNEP Emissions Gap Report and NGO Climate Action Tracker, the world is on track for a warming significantly above 2°C based

on those pledges

penetration of hydrogen in passenger
cars.

However, when looking at the list of
hydrogen projects identified by the IEA
(updated as of October 2021°), there

is strong but insufficient momentum.
There appear to be many projects,
with more announced regularly, but
prospective additional capacity is
currently estimated at about 12-14MT
for 2030. That means the development
pipeline is sharply undershooting all
the scenarios presented above, bar the
baseline IEA scenario.

8NZ: Net Zero.The Hydrogen Council is an initiative made of more than 130 companies to promote hydrogen; Hydrogen for Net-Zero. In its Rapid scenario, BP

factors in a reduction of global emissions by 70% by 2050; BP ener

°Hydrogen Projects Database - Data product - [EA

outlook. IEA Net Zero 1,5°C scenario.



https://www.unep.org/resources/emissions-gap-report-2021
https://climateactiontracker.org/global/temperatures/
https://hydrogencouncil.com/wp-content/uploads/2021/11/Hydrogen-for-Net-Zero.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2020.pdf
https://iea.blob.core.windows.net/assets/beceb956-0dcf-4d73-89fe-1310e3046d68/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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Hydrogen’s production processes

Hydrogen is produced by splitting apart molecules in which itis
a component. Fossil fuels have been the main feedstock as they
are made primarily of carbon and hydrogen. The water molecule
- made of oxygen and hydrogen - is another significant potential
reservoir.

When the source molecules are split, hydrogen is produced,

but the other elements are released. Hence, the production of
hydrogen from fossil fuels leads to significant carbon emissions,
while splitting water leads to benign emissions of oxygen.

Atypical methane plant produces 10 units of CO, per unit of
hydrogen, and a coal plant 19 units. There are a handful of
methane plants with carbon capture and storage (CCS) installed,
which can reduce the carbon footprint to between 1-4 units

of CO,, but they account for less than 1% of total production.
Emissions from water electrolysis depend on the electricity
supply. A coal-powered electrolyser will be “dirty” while there
will be zero carbon for one powered by renewable electricity.

The different production processes of hydrogen have been
given colours related to their vastly different carbon intensities.
The following table matches processes and colours, including
production pathways such as methane pyrolysis still at the
research and development phase.

The following schematic details the main processes:

Hydrogen industrial processes

Chemical reaction

The colours of hydrogen
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Overall, given the current production mix, dedicated
hydrogen plants worldwide generate around 900MT of CO,
emissions, equivalent to 2.5% of global emissions, or 40%
more than Germany’s CO, emissions.*® While hydrogen is
presented as a solution to decarbonise, today it remains a
very carbon-intensive product. To have a viable place in the
energy transition, the mix must switch decisively towards
production without carbon.

Industrial process CO, Emissions

) Cﬁ, »  o°o”° .
Grey hydrogen ¢ €0+ Cﬁj > &+ o°° - I TCOZ Direct
H, from fossil Natural L ~93tC0, /tH, | Carbon
fuels, mainly gas CH, + 2H,0 —CO, + 4H, gas D |”°°°°| > Hydrogen intensive
andieo) Methane  Vapour Carbon Di- A :
et hydrogen Hydrogen production unit by methane
reforming (SMR: Steam methane reformer)
f Cﬁ, e o°o”® Natural co,
Blue hydrogen + > +
o p) Hydrogen
H, from fossil fuels, -4 %) i Uodo 533 > ydrog
with CO, capture CH, + 2H,0 —CO, + 4H, Underground J/ Direct (residual)
during production Methane  Vapour Carbon Di- storage  CO, ~1tCO,/tH, Low-carbon /
dioxide hydrogen ) Zero-carbon
SMR with carbon capture
£ 2 "+ o
2H,0 — 0, + 2H,
Water Oxygen Di-
hydrogen

Source: Total Energies Energy Landscape. CCS assumes 90% capture rate in this example

10BP Statistical Review of World Energy 2022



Focus on green hydrogen

Most studies around hydrogen call

for a massive deployment of green
hydrogen. However, according to

the IEA, green hydrogen accounted

for just 0.03% of total production in
2020. Installed electrolysis capacity
was 290MW. If the 2020 production
volume of 90MT was produced through
electrolysis, it would require capacity
of about 950GW.*

Two technologies dominate the
electrolysis landscape: Alkaline, which
originated in the 19th century, and,
proton exchange membrane or PEM -
which was first developed during the
1940-50s. Both are well proven and
commercially viable, with PEM having
more room to further improve than
the very mature alkaline technology.
Two other potential technologies exist
- Solid Oxide Electrolysis Cell (SOEC)
and Anion Exchange Membrane (AEM)
- but these are still at the development
phase.

All electrolysis technologies function

with the same fundamental process: an
electric current pass between an anode
and a cathode and splits purified water

into hydrogen and oxygen. They differ
on temperature and pressure, and on
the materials used for the electrodes
and the electrolyte.

Global installed electrolysis capacity

With more than 140MW of installed
capacity, alkaline is the dominant
technology.’* However, PEM is
gaining market share, notably thanks
to its ability to power on and off
extremely rapidly, a favourable feature
considering the intermittency of
renewable electricity supply.

§3oo 30 §
250 25
200 20
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150 15
Em PEM
100 10
50 5 Unknown
0 ¢ 0 o Largest plant
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Source: Global Hydrogen Review, IEA, October 2021

The following table present the main strengths and weaknesses of alkaline and PEM technologies:

Key strengths and weaknesses of electrolyser tech

Alkaline Electrolyser

PEM Electrolyser

Commercial status Mature
48 53

Electrolyser UECEL
electrical efficiency 2030 151
kWh/kg hycrogen ’

Long

o 42 48
Operating temperature (°C) 60 -80
Plant footprint m? : kW 0.095
Characteristics * Slower dynamic response

Major producers
(non-exhaustive)

Less well suited to intermittent power
supply (e.g. renewables) - likely to be over
come by innovation for faster ramping and
batteries to smooth short term variations.

Suzhou Jingli, Thyssenkrupp, Nel

Commercial, fast growth

56 59
153
45 50
50-80
0.048

« Well suited to a variable electricity
supply (e.g. intermittent renewables)

« Suitable for voltage regulation services

« Siemens, ITM Power, Cummins

Source: “Making the Hydrogen Economy Possible”, Energy Transitions Commission, 2021

1 Thyssenkrupp nucera CMD - January 2022, page

30

12 Electrolysis capacity is quoted in watts while hydrogen production is in tonnes. The chemical formula of water electrolysis is as follows: H,0 (liquid) + 237.2
kJ/mole electricity + 48.6 kJ/mole heat > H, + 72 O,. The final production of hydrogen will depend on the number of hours an electrolyser is running and on

the efficiency of the system


https://ucpcdn.thyssenkrupp.com/_binary/UCPthyssenkruppAG/a91d89c8-2c32-405b-9875-118cfc5127cb/220209_CMD-nucera_vFINAL.pdf
https://energy-transitions.org/wp-content/uploads/2021/04/ETC-Global-Hydrogen-Report.pdf
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Present and future costs

The key cost point to assess the competitiveness of hydrogen is the delivered cost
to the end-user. This is relevant to compare hydrogen to other energy sources and
energy carriers (gasoline, diesel, or natural gas), and also to different production
pathways - green, blue or grey. Production cost is the key variable as the logistics
costs of hydrogen are agnostic to its ‘colour”.

The cost structure of grey hydrogen is well understood and heavily depends on the
price of natural gas. A range of $1-$2/kg is widely acknowledged. For blue hydrogen,
the cost of CCS has to be added. A range of $1.5-$2.5/kg is typical.*?

For green hydrogen, the cost is highly dependent on the electrolyser cost, more
precisely on the investment per kWh of capacity, and the electricity cost. In terms

of the impact of the method of production, alkaline is currently cheaper than PEM
but is expected to experience a smaller decline in costs. There are also regional
differences depending on local factors. The cost range is much wider than for grey
hydrogen as projects are smaller and located in regions with different conditions for
renewable electricity.

As a result, the best green hydrogen projects show a cost of $2.5/kg - mostly with
very cheap power - while small/high-power-cost projects are above $5/kg. It is
important to keep in mind that current production volumes are very small and the
sample size is limited. **

Production costs are expected to fall thanks to:

« Declining cost of renewable electricity: the unit costs of solar and onshore wind
generation have fallen by respectively 85% and 56% between 2010 and 2020.*°
Expectations are for costs to fall further, notably for offshore wind. As seen in
recent years, there will be regional differences in this trend

« Declining capital intensity: The cost of alkaline and PEM electrolysers falls
in a range of $500-1,000/kW and $700-1,400/kW respectively today.** With
growing scale - from single digit MW modules to above 100MW, larger projects
where modules are stacked, and industrial development (which should deliver
traditional efficiencies), the International Renewable Energy Agency (IRENA)
expects the capital intensity to fall below $400/kW by 2030 and below $200/kW
by 2050

+ Improved electrical efficiency: A 1% change in efficiency translates into
a 1.3% higher production, hence a lower unit cost. According to IRENA,
current efficiencies are in a wide range of sub-50% to 80%, with often strong
discrepancies between stated efficiencies and actual results. In its modelling,
IRENA factors in an efficiency above 88% by 2050. There is ongoing research in
this area to improve efficiencies.

One important observation is that once the capital intensity falls below $400/kW,
electricity becomes the primary cost driver, if the electrolyser is used more than
2,000 hours per annum (equivalent to about 12 weeks).

13 Global Hydrogen Review, IEA, October 2021

1bid

1> Renewable Power Generation Costs | 2020, IRENA, 2021

'® Green Hydrogen Cost Reduction”, IRENA 2020

1" A high-performance capillary-fed electrolysis cell promises more cost-competitive renewable hy-
drogen | Nature Communications, March 2022
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https://www.nature.com/articles/s41467-022-28953-x
https://www.nature.com/articles/s41467-022-28953-x

The following charts show the IRENA
and Hydrogen Council views of cost
trends for the next three decades.

The Hydrogen Council’s cost pathway

is more bullish as it relies on more
favourable assumptions, notably a
capital intensity of less than $250/kW by
2030.

The IEA, in its Global Hydrogen Review,
forecasts rapidly declining costs as well.
While it expects the same cost level

for green hydrogen produced under
optimal conditions, it expects a broader
cost range, with highs of $3.9/kg by 2030
and $3.3/kg by 2050.

What those forecasts have in common,
beside a sharp drop in unit costs, is that
they do not forecast a cost, but cost
ranges. That often-quoted witticism -
“prediction is very difficult, especially if
itis about the future” - also applies to
hydrogen.

There are several variables to take

into account - capital intensity, cost of
electricity, location - which explains the
variability in those forecasts. Location
and electricty cost are connected. If we
assume a standardised capital intensity,
the difference in cost will come from the
cost of electricity, and hence countries
and regions with strong solar and wind
resources will be advantaged. This could
lead to the production of hydrogen
being located not necessarily where
customers are, but where the sun shines
and the winds blow.

By and large, an average green
hydrogen project is expected to become
cost-competitive with grey and blue
hydrogen sometime in the mid to late
2030s. However, large projects with
access to very low-cost renewable
power could be competitive in the very
near future.

The comparison of green and grey
hydrogen is usually done using
normalised power and natural gas
prices. The real world is however not

normalised and shifting prices for those
two components - driven by traditional
supply/demand interactions, but also
by geopolitical events - can paint a
different picture at any given moment.

The introduction of a cost of carbon
would change this cost dynamic as it

Green hydrogen production costs $/kg

Electricity cost =40$/MWh

Capex:
o — 100USD / kW
10 300 USD / kW
9 —— 300USD/ kW
8 700 USD / kW
7 —— 900USD / kW
6
5
4
3
2
1
0
0 2000 4000 5000 8000

would make grey hydrogen more
expensive. In its modelling, with a
carbon price of $50/tonne in 2030,
the Hydrogen Council expects green
hydrogen to reach cost parity by
2028 for the best locations and

by the early 2030s for average
locations.

Capex =400 $/kwW
Electricity cost:
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20 USD /MWh
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Source: “Making the Hydrogen Economy Possible”, Energy Transitions Commission, 2021

Production cost of green hydrogen
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Electrolyser cost in 2020:
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Source: “Green Hydrogen Cost Reduction”, IRENA 2020

Production cost of hydrogen USD/kg
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Source: “Hydrogen Insights”, Hydrogen Council, 2021

18 Key assumptions: gas price $2.6-56.6/Mmbtu (Metric Million British Thermal Unit); power cost $/MWh $25-$73 (2020, $13-$37 (2030), $7-525 (2050); low carbon

hydrogen is blue hydrogen


https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://hydrogencouncil.com/wp-content/uploads/2021/02/Hydrogen-Insights-2021-Report.pdf
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Cost for the end-users

End-customers do not pay the production price but a
price that includes the entire distribution chain up to the
delivery point. This delivered cost can be significantly
higher, especially when production and consumption are

geographically far apart or when small volumes are involved.

This is clearly not relevant when hydrogen is produced on
location, for instance at a refinery.

As discussed, the best locations to produce hydrogen
may not be where the customers are. From a delivered
cost perspective, there is an analysis to be made of the

production and logistic costs to assess the optimal structure.

The IEA has produced the following chart, showing
the relative merits of pipelines and trucking for land
transportation.

Estimated transport costs per unit of hydrogen via different
types of transport

2.5

2.0

USD/kg H,

15

1.0

0.5

0.0

0 200 400 600 800 1000
mmmm Pipe (100 t H,/d) Pipe (500 t H,/d) —— Truck (Ammonia)
—— Truck (Gas H,) —— Truck (LH,)

Source: Global Hydrogen Review, IEA, October 2021.
H,/d: hydrogen per day. LH,: liquid hydrogen

Hydrogen can be transported under several forms: as

a compressed gas, as a liquid (from a temperature of
-252.76°C), or as a chemical compound such as ammonia.
When compressed at 700 bars, hydrogen occupies 467x less
space than at atmospheric pressure, and 789x less when
liquefied.?®

Overall, trucks are more competitive for volumes up to
10 tonnes per day. Pipelines are the most economical
solution when greater scale is needed and long distances
are involved. Shipping - for either liquefied hydrogen or
ammonia - is for overseas trade and requires expensive
dedicated vessels.

In all those options, there is an energy penalty as
compression, liquefaction or conversion into ammonia
consume energy. For instance, liquefying hydrogen
consumes about a third of the energy that the hydrogen
contains.®® For large-scale users, onsite production is by far
the most efficient solution as it only requires a short pipeline.
This is why many hydrogen plants are located near refineries.

There are about 5,000km of hydrogen pipelines today, mostly
on the US Gulf Coast and in Northern Europe, connecting
clusters of industries, and operated by industrial gas
companies.

Storage is another cost layer. The best way to store gaseous
hydrogen is in salt caverns, a widely used technique for
natural gas. There are currently four salt caverns in use for
hydrogen - three in Texas and one in the UK - as well as
several projects under consideration. As for any commodity,
a well-functioning storage system is a necessity.

The following chart is an illustration of estimated delivered costs for alkaline-based production, in 2030:

"All-in" cost of delivered hydrogen including production, transport and storage, 2030 LCOH, $/kg

Large scale users Small scale users
>100 t/day, e.g. steel mill ~0.5 t/day, e.g. refuelling station

5.23

mmm Production
Storage & Conversion

Em Transport

Onsite Offsite + Pipe

Offsite + Truck Onsite Onsite

Source: “Making the Hydrogen Economy Possible”, Energy Transitions Commission, 20217

19 How is hydrogen stored? | Air Liquide Energies
% State of the art in hydrogen liquefaction, ISES Solar World Congress 2019

21 L COH: levelized cost of hydrogen. The most rightward column assumes grid power instead of renewable


https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored
http://proceedings.ises.org/paper/swc2019/swc2019-0128-Abdi.pdf

Feedstock bottlenecks for green hydrogen?

Renewable electricity:

The viability of green hydrogen is
dependent on the development of
renewable electricity. As we have seen,
water electrolysis is an electro-intensive
process.

In its net zero scenario, the IEA expects
green hydrogen to consume 10% of the

Water is essential to energy production,
whether for thermal electricity - where
steam is generated to move turbines, for
coal production - where once extracted,
coal is washed, or for oil - where water
is used in enhanced recovery and
processing.? Hydrogen is no exception:

« Grey hydrogen: according to the
Hydrogen Council, the SMR process
consumes between 13-14kg of water
per kilo of hydrogen?

« Green hydrogen: at least 8.9kg of
water are required to produce 1kg
of hydrogen, assuming no losses in
the electrolysis process.?* However,
according to ITM Power, a PEM
electrolyser producer, total withdrawal

Many metals are used in electrolysers,
but nickel and iridium present specific
constraints.

Alkaline electrolysers require large
quantities of nickel, in common with
lithium-ion batteries, where nickel is the
main component of the cathode. While
nickel is not scarce, rising demand from

world’s electricity, from barely above
0% today. Whether or not this scenario
comes to pass, the required growth in
renewable electricity capacity in the
coming decades is very significant. A
key challenge is that hydrogen is one of
the many end-markets for green power.

is higher - to the tune of 17-20kg of
water per kilo of hydrogen® - because
water has to be cleaned and deionised
first, which means that some 8-11kg
are not consumed and immediately
returned

Water for green hydrogen can be
freshwater but can also be desalinated
water - either sea water or brackish
water from underground reservoirs - in
water-stressed areas. This would increase
the overall power consumption - as
reverse osmosis technology, the leading
desalination technology, uses 3.5-5kWh
per cubic meter of clean water. It would
also push up the cost - by $0.01-50.02
per kg of hydrogen - of the entire
process.? In other words, the use of

electric vehicles (EVs) could stress the
market. The key challenge is for the mining
industry to develop sufficient capacity that
keeps pace with demand.

PEM electrolysers require platinum

and iridium, two metals with limited
production and a strong resource
concentration in South Africa. Iridium, used

Electrification is one of the key levers
—if not the key lever - to decarbonise
our economies in any energy transition
scenario, and competition for this power
will be fierce, even more if growth in
generation capacity is insufficient.

desalination is a credible possibility and
does not meaningfully impact the overall
economic equation.

The subject of water and hydrogen
requires a comparison of water intensity
for different hydrogen production
processes, relative to the water intensity
of other sources of energy. Producing
coal and crude oil is notoriously water
intensive, and a shift to hydrogen could
lower total water consumption.

Although it does not appearto be a
problem on the technical and cost front,
it could easily be more challenging on
the social acceptance front at local
community levels, where conflict of use
could arise about water.

to coat the anode of PEM electrolysers,

is particularly rare. Supply issues could
occur given the expected growth in green
hydrogen. However, the industry’s track
record for steadily reducing the amounts of
iridium required for a process is good and
technical improvements to further reduce
the intensity of use are expected (see here
and here forinstance).

2 For more analyses on this topic, see World Energy Outlook 2016 - Excerpt - Water-Energy Nexus by the |EA
or Thirsty energy - Oil&Gas Extraction by the World Bank

% Hydrogen-Council-Report Decarbonization-Pathways Part-1-Lifecycle-Assessment

? Given the relative molecular weights of hydrogen and oxygen, respectively 1 and 16 grams per mole

» Green Hydrogen Water Use, ITM Power

% Does the Green Hydrogen Economy Have a Water Problem?, American Chemical Society 2021
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https://iea.blob.core.windows.net/assets/e4a7e1a5-b6ed-4f36-911f-b0111e49aab9/WorldEnergyOutlook2016ExcerptWaterEnergyNexus.pdf
https://openknowledge.worldbank.org/bitstream/handle/10986/23635/Thirsty0energy0l0and0gas0extraction.pdf?sequence=1&isAllowed=y
https://hydrogencouncil.com/wp-content/uploads/2021/01/Hydrogen-Council-Report_Decarbonization-Pathways_Part-1-Lifecycle-Assessment.pdf
https://itm-power-assets.s3.eu-west-2.amazonaws.com/Green_Hydrogen_Water_Use_56b96f577d.pdf
https://pubs.acs.org/doi/pdf/10.1021/acsenergylett.1c01375
https://www.sciencedaily.com/releases/2019/11/191120131325.htm
https://www.miningweekly.com/article/iridium-breakthrough-a-boost-for-green-hydrogen-economy-pgm-mining-2020-11-16/rep_id:3650

Hydrogen and the energy transition: One molecule to rule them all?

The case against hydrogen

“Been there, done that” is often heard when discussing
hydrogen. Old timers and archivists will quickly point out
that hydrogen has been “the next big thing” several times
in the past. The tragic Hindenburg Zeppelin that burst into
flames on 6 May 1937 has become somewhat emblematic
of hydrogen’s tricky past.

That accident highlights an important risk with hydrogen:

It burns, and it burns well. Other fuels burn of course,

but they do not require the complex infrastructure that
hydrogen does. They notably do not need deep cryogeny or
high compression.

In addition, the way hydrogen burns is different, notably
itignites more easily and the flame velocity is faster (x4.4
compared to methane).?’2

The H, molecule is small and can easily leak from pipes
and tanks, hence a great focus on the physical integrity
of infrastructure is needed, as well as specific safety and
detection equipment for this invisible, tasteless, and
odourless gas.

In the case of any large-scale leaks that increase the
atmospheric concentration of H,, there would be adverse
consequences for global warming. By itself, the molecule has
no direct warming potential. However, it has been shown
that there are indirect impacts, most notably as hydrogen
slows down the degradation of atmospheric methane, a
very potent greenhouse gas, and also because it leads to a
slight increase in water vapour in the atmosphere.® While
this cannot be ignored and implies the need for robust
operational standards for the hydrogen value chain, the
benefits of using it to reduce CO, emissions do appear to be
far greater.

Another point against hydrogen is its poor energy efficiency
in several applications. Comparing the energy input

and output along the hydrogen value chain - the energy
required to produce and transport the hydrogen with the
energy provided to the end-user - raises concerns that are
explored below.

Beyond objective technical factors, as in many situations,
the risk perception is at least as important as the actual
risks. Social acceptance of hydrogen, especially if it is to
spread widely, will be essential, as will be social acceptance
of the renewable energy projects required to deliver
scalable green hydrogen production.

I See table on page 3 and Hydrogen Compared with Other Fuels | Hydrogen Tools (H,tools.org)

8 Hydrogen for Power Generation Whitepaper, GE Power 2019
2 Atmospheric implications of increased hydrogen use
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https://h2tools.org/hydrogen-compared-other-fuels
https://www.ge.com/content/dam/gepower/global/en_US/documents/fuel-flexibility/GEA33861%20Power%20to%20Gas%20-%20Hydrogen%20for%20Power%20Generation.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067144/atmospheric-implications-of-increased-hydrogen-use.pdf#:~:text=%60Atmospheric%20implications%20of%20increased%20hydrogen%20use%20An%20increase,stratospheric%20%28%3E40%20km%20altitude%29%20ozone%20mixing%20ratios%20decrease.

Where hydrogen should be used... and where it should not

Before we start to carefully factor in
things like economics and energy
efficiency, hydrogen can have multiple
and extended uses, mostly as a fuel
that can be burned, as a molecule that
can be turned into electricity, or as
raw material for synthetic products. A
first priority is to decarbonise existing
hydrogen production.

For new applications, one point
that should be made in any analysis
is to think in terms of entire value
chains, emissions, economics, and
technologies.

An important initial question is to ask
whether hydrogen is the best lever to
decarbonise a given application.

A key step then is to think in terms of
energy efficiency. Between the initial
input and the final consumption,

there are many stages in the hydrogen
value chain and many points of

energy leakage. Hydrogen should be
matched against alternative options,
primarily direct electrification, as green
hydrogen requires lots of electricity.

The case of smaller vehicles, i.e.
passenger cars, is instructive. A battery
electric car and a hydrogen fuelled

Hydrogen and electric drive

Actual and potential main uses for hydrogen
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« Industrial heating

« Residential and commercial
heating

TRANSPORT

 Road transport
¢ Trains

* Aviation

« Shipping

Source: “Geopolitics of the Energy Transformation — The Hydrogen Factor”, IRENA, 2022

car are both electric cars as they
have electric engines. The first has a
large battery rack, recharged from an
external electricity supply, directly
feeding the engine. The second has a
compressed hydrogen fuel tank, fuel
cells converting the hydrogen into
electricity that feeds a small battery
that feeds the engine. However, the

Efficiency rates in comparison using eco-friendly energy

Well-To-Tank

Energy
|
100%
Hydrogen car Energy Electrolysis

Transportation
and storage

Compression &  Transportion Fuel cell &
liquefaction &filling power generation
I | &0 |
o) ¥,
| [ — [ |

energy yield, i.e. the share of energy
that is used compared to the initial
energy unput, is dramatically different
and clearly in favour of battery electric
cars.* In a study, Volkswagen showed
that an EV had an overall electrical
efficiency of 70%-90% while an
hydrogen car stood at 25-35%. 3!

Tank-To- Wheel

Electric battery E-engine
(high capacity)
W] > =0
> R =
I
~ 70-90%

Overall efficiency rate

Electric battery
(low capacity)

E-engine

~ 25-35%
Overall efficiency rate

¥ There are other elements to consider when comparing both technologies, such as fuelling time and range
31 What's more efficient? Hydrogen or battery powered? (volkswagenag.com)



https://www.irena.org/publications/2022/Jan/Geopolitics-of-the-Energy-Transformation-Hydrogen
https://www.volkswagenag.com/en/news/stories/2019/08/hydrogen-or-battery--that-is-the-question.html

Hydrogen and the energy transition: One molecule to rule them all?

In many applications, direct electrification is a superior
proposition, if it is technically feasible. It is important to
use electricity, and preferably renewable electricity, for
processes where the efficiency is the best. Hydrogen ought
to be used for so-called hard-to-abate sectors, where there
are no alternatives.

Let us highlight here several critical areas where we believe
the merits of hydrogen are strong:

Heavy duty road transportation: Long distance trucking is
diesel territory today. Electrification is not an option as the
energy requirement of large trucks is too high compared
to the capacity of batteries - the weight of the battery

rack would be so high that the carrying capacity would

be significantly reduced. This is why a hydrogen-based
solution, using fuel cells, is seen as the most effective
option.*

Progress in battery technologies could upend this analysis.
State-of-the-art lithium-ion battery technology is not
efficient enough today for heavy trucks going long distance,
although it is appropriate for lighter trucks doing urban
deliveries. Future progress, notably in solid state batteries,
could change this.

Long-haul shipping: International shipping accounts for
about 2% of global CO, emissions.** While small and mid-

sized vessels travelling short distance can be electrified, this
is not the case for large long-haul ships given their weight

and energy requirement. Container ships - the backbone of
international trade as they move goods from manufacturing
hubs in Asia to the rest of the world - need another solution.

Development of no-carbon fuels is necessary for those
ships, and hydrogen, under the guise of NH,, can help.
The NH; molecule - three hydrogen and one nitrogen, i.e.
ammonia - is already widely produced and traded. When
it burns, it does not generate any CO,. As we have seen,

it is mostly used today to produce fertilisers, but it can

be directly burned in engines. It would have to be green
ammonia, produced with green hydrogen, and shipping
companies would have to retrofit their fleet or invest in
new ships. While the current cost is high, and higher than
traditional marine fuels, this is a solution that could soon be
available. *

Sustainability is not just about climate, and two issues with
ammonia must be properly handled:

« Ammonia is toxic to humans. Safe handling is an obvious
priority

+ Burning ammonia generates NOXx (nitrogen oxide), a
gas harmful for human health, and advanced cleaning
systems would be needed. *3¢

The following chart is a good illustration of how we might view the relative
merits of direct electrification versus electrification through hydrogen:

Maturity of hydrogen solutions HYDROGEN
(compared with other decarbonisation solutions)
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Source: “Geopolitics of the Energy Transformation - The Hydrogen Factor”, IRENA, 2022

*2 Fuel Cell Hydrogen Trucks - Roland Berger
® International Shipping — Analysis - [EA

* The case for two-stroke ammonia engines - Maritime industry leaders to explore ammonia as marine fuel in Singapore , Maersk 2021

* Science and technolo
% Nitrogen Oxides | Medical Management Guidelines | Toxic Substance Portal
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https://www.rolandberger.com/en/Insights/Publications/Fuel-Cells-Hydrogen-Trucks.html
https://www.iea.org/reports/international-shipping
https://www.man-es.com/discover/two-stroke-ammonia-engine
https://www.maersk.com/news/articles/2021/03/10/maritime-industry-leaders-to-explore-ammonia-as-marine-fuel-in-singapore
https://reader.elsevier.com/reader/sd/pii/S1540748918306345?token=4DE047C928BA986D6AA657AA352CB35B92D127842B27DEB94C93D086C6A9A703D980695BF2773ED70297219DFFBF5AF2&originRegion=eu-west-1&originCreation=20220221135427
https://wwwn.cdc.gov/TSP/MMG/MMGDetails.aspx?mmgid=394&toxid=69

Carbon steel: According to the

IEA, the steel industry is deemed

to be responsible for 7%-8% of the
world’s CO, emissions - a typical
tonne of steel made in a blast
furnace generates two tonnes of
CO,. This is because coke, made
from metallurgical coal, is used to
turn iron ore into iron by removing
oxygen. It is feasible to use hydrogen
instead of coke, with emissions

of water vapour instead of CO,.

This requires access to hydrogen,
but also a change in the industrial
process (and therefore extra costs)
to switch from blast furnaces to
‘direct reduced iron’ or DRI. The cost
to produce steel without CO,, also
called green steel, will be higher
than for traditional steel.’”

Even so, companies have made
moves in this area. Arcelor Mittal
has announced several projects - in
Belgium, Canada, France and Spain
- to shift to DRI production.® SSAB,
for its operations in Sweden, has
brought forward its net zero steel
target from 2045 to 2030 as it also
goes the hydrogen way.*

Industrial heat: Certain industrial
processes, such as making glass or
producing cement, demand constant
and very high levels of heat, up

to 1,500°C. In general, this heat is
generated by burning coal or natural
gas, and sometimes biomass or
waste. Burning hydrogen instead
could be a technical possibility. It
entails a change of equipment as, as
we have described, hydrogen burns
differently. It also entails handling
corrosion risk as burning hydrogen
generates water vapor.

Long term energy storage and
power system balancing: A critical
challenge in a decarbonised and
electricity-dominated energy
system is energy storage. Coal,
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crude oil, and natural gas are easily
stored. Electricity is not. Battery
farms exist and allow the storage of
electrons but are limited in scale and
durability. Hydrogen can be easily
stored for months and years. Green
hydrogen produced in times of excess
renewable electricity supply can be
stored and turned back later into

3 Decarbonisation in Hamilton, Canada, ArcelorMittal 2021

3 SSAB plans a new Nordic production system and to bring forward the green transition - SSAB

““Making the Hydrogen Economy Possible”, Energy Transitions Commission, 2021
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electricity, either via fuel cells or direct
combustion in gas turbines. To a large
extent, hydrogen could be a way to
help manage the intermittent nature
of renewable electricity. The cost is

a low energy yield as the round-trip
electricity-to-hydrogen-to-electricity
means an overall efficiency in a 25%-
40% range.®


https://www.ssab.com/fossil-free-steel/faqs-the-big-questions-answered
https://corporate.arcelormittal.com/media/press-releases/arcelormittal-and-the-government-of-canada-announce-investment-of-cad-1-765-billion-in-decarbonization-technologies-in-canada
https://www.ssab.com/news/2022/01/ssab-plans-a-new-nordic-production-system-and-to-bring-forward-the-green-transition

Hydrogen and the energy transition: One molecule to rule them all?

Cost of hydrogen and cost of CO2

As in any discussion on the energy transition, the question
of introducing a cost of CO, is part of the hydrogen debate.
The cost elements highlighted above would be largely
unchanged for green hydrogen if a CO, cost was charged for
carbon emissions.* This would however increase the cost
of all fossil fuel-based products, including grey hydrogen.
This would, as a result, positively improve the relative
competitiveness of hydrogen and its derivatives.

The chart opposite shows the estimated required cost of
one tonne of CO, for hydrogen to be competitive relative to
fossil fuels for several industrial applications, assuming a
$1/kg green hydrogen cost in 2050.

A cost of carbon is an important step for hydrogen to be
viable outside of a few core end-uses where it is the best
lever to decarbonise. This chart shows that the current price

Hydrogen, politics, and sovereignty

Green hydrogen can be produced almost anywhere. As long
as there is some wind and sun and access to water, it can

be technically produced. This is a sharp contrast with fossil
fuels where geology is the driving force. An oil field cannot
be delocalised.

This does not mean that it makes economic sense to
produce green hydrogen everywhere, but it changes the
thinking about energy sovereignty. Renewable electricity
allows us to reduce our dependence on fossil fuels, even
more so with the addition of hydrogen. This can lead

to strategic decisions where the economic equation is
secondary to sovereignty and security issues.

However, wind and solar resources are not evenly spread.
Some regions - such as Chile, the North Sea, the Middle
East or Australia - have better conditions to develop green

of CO,, at least in some regions, is high enough for hydrogen
to be in the minds of relevant corporate executives.

Carbon price (in $) required for hydrogen to be competitive

50
|
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Source: “Making the Hydrogen Economy Possible”, Energy Transitions
Commission, 2021

electricity. Translating this into the hydrogen value chain,
this could create hubs where green hydrogen is produced
with a superior cost structure and then shipped, most likely
as hydrogen if pipelines are an option or as ammonia if being
shipped. It is not far-fetched to envisage global trade routes
similar to that which exists today for liquefied natural gas.

Natural gas companies could also attempt to reinvent
themselves as blue hydrogen companies, converting
their methane into hydrogen and utilising retrofitted gas
pipelines.

Many countries - and regional organisations such as the
European Union - have announced hydrogen strategies.
Beyond the goal of reducing carbon emissions and
generating economic growth, they pursue broader goals of
energy security. This has been reinforced in recent years by
the supply chain disruption caused by COVID-19, and more
recently by the war in Ukraine.

# Green hydrogen is CO, free, although there could be CO, costs incurred in its value chain



A place at the table?

Climate change has become the long-
term focus of the world’s attention,
and carbon has become a dirty word.
Our analysis leads us to believe that
hydrogen’s moment appears to be
coming - and with the evidence and
momentum this time around to give
it a genuine place at the table in the
energy transition. It will not be as
widely used as its most enthusiastic
eulogists predict - notably its role in
passenger cars is doubtful, in our view
- butits credentials to decarbonise
heavy-duty transportation and
industrial processes are convincing
to us.

Costs must fall, however, and

most notably progress is needed

in the capital intensity and cost of
renewable power. Also, carbon must
have a consistent, agreed price for
green hydrogen to really become a
no-brainer for businesses seeking
energy solutions.

We would argue that investors should
very carefully assess the opportunities
and risks of the hydrogen space.

We believe that renewable electricity
is a clear and obvious way to be
exposed to the growth of green
hydrogen. A higher use of electricity
and the electrification of many
processes promise decades of

Recommended reading:

developments for solar and wind
power. While we acknowledge that
green hydrogen is one amongst those
many growth avenues, it also means
that risks are spread. Electric utilities
with strong credentials in renewables
ought to benefit from the rise of the
hydrogen economy.

We have seen that hydrogen is not an
easy molecule to handle. As such, we
believe that companies already active
in the production and especially

the logistics of hydrogen - namely
industrial gas producers - have a
competitive advantage. Their know-
how in managing a complex value
chain sets them ahead of would-be
competitors. A few mostly Western

integrated oil and gas companies
have started to invest in hydrogen.
Their experience in complex energy
value chains and chemical processes
could make them credible hydrogen
players, although they will primarily
remain fossil fuel producers for many
years.

Equipment providers are an

area where risks may win over
opportunities. Most notably,
producers of electrolysis technologies
are likely to see very strong volume
growth, but also strong price pressure
and sharp competition. We expectin
time to see commoditisation arising
for those selling the picks and shovels
of the green hydrogen industry.

» “Making the Hydrogen Economy Possible”, Energy Transitions Commission, April 2021

» Hydrogen Insights 2021, Hydrogen Council, July 2021

» Global Hydrogen Review, |IEA, October 2021

» Green hydrogen cost reduction, IRENA, December 2020
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