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“Hydrogen is often hailed as the
solution to all challenges to
decarbonisation of the global
economy. This piece from
Greenwheel offered me valuable,
actionable insights into the most
viable use cases for hydrogen,
noting the obstacles to adoption for
other uses and crucially, the most
likely alternative technologies in
these instances.”

Amanda O'Toole, Portfolio Manager, Redwheel
Biodiversity and Clean Economy Strategies

Key Takeaways

Under the IEAs Net Zero Scenario, low-carbon hydrogen
accounts for 6% of emission reductions by 2050. However,
different hydrogen production processes have different lifecycle
GHG emission implications, and the strength of argument for
different hydrogen use cases varies significantly.

Hydrogen production processes can be classified according to
the ‘Hydrogen Rainbow’. Aimost all hydrogen currently produced
is ‘grey, which means it is extracted from natural gas and
produces CO2 emissions that are not captured or stored.

Less than 1% of hydrogen is currently produced using ‘low
carbon’ processes. This includes extraction of hydrogen from
fossil fuels or biomass with resulting emissions captured and
subsequently stored or used, or hydrogen from water using
electrolysis powered by renewable or nuclear electricity.

Producing low-carbon hydrogen is currently expensive, but with
policy support, could become competitive by 2030. Although
more than 40 countries have developed a hydrogen strategy,
there is a lack of policy support to stimulate demand for low-
carbon hydrogen. There are also different approaches to the
definitions and forms of low-carbon hydrogen promoted in
different countries and regions.

There are few or no alternatives to hydrogen in the production
of fertiliser, desulphurisation in oil refining and hydrogenation in
petrochemical production. Hydrogen also presents the most
promising path for decarbonising iron and steel production, and
for long-term electricity storage in the power sector - although in
both cases, alternatives are possible.

Low-carbon hydrogen, in the form of ammonia or synthetic
fuels, are likely to be competitive in fuelling shipping and
medium-to-long-haul aviation. For most land transport modes,
along with domestic, commercial and low-to-mid-temperature
industrial heating, electrification is very likely to win out - manly
due to the implications and cost of producing and using low-
carbon hydrogen compared to electrification in these sectors,
but supported by a range of wider technical and economic
factors.

The Hydrogen Ladder provides a useful framework for placing
key potential use cases for low-carbon hydrogen on a scale
according to its likely application. lllustrated below, it also
indicates the energy carrier or technology that presents the
greatest competition to hydrogen. It is important to note that
that mapping of potential hydrogen applications and likely
dominant alternatives is based on a global view, obscuring
specific circumstances in some end uses where hydrogen could
be more or less competitive than indicated.
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Why is Hydrogen Important to Net Zero?

Hydrogen emits no CO, when used and is a versatile energy
carrier. Hydrogen is a key input to the refining and chemicals
sectors and can play a crucial role in decarbonising other sectors
and processes to which other low-carbon energy carriers, such
as electricity generated by renewables, are less suited.

Hydrogen is the most common element in the universe, but on
Earth, it is largely bound up in compounds or materials, such as
fossil fuels, biomass, or water. Depending on the process applied
to extract hydrogen from these resources, lifecycle GHG
emissions range from significantly above fossil fuels, to very low
or even negative.

Under the IEA's Net Zero Scenario, low-carbon hydrogen
accounts for 6% of emission reductions by 2050 (IEA. 2023).
However, there is significant discussion around the
characteristics and prospects of different forms of hydrogen
production, and the sectors and processes in the economy in
which it may be used. This brief provides an overview of the
different forms of hydrogen production (using the ‘Hydrogen
Rainbow’), and the broad suitability and prospects for using low-
carbon hydrogen to decarbonise key end-uses (using the
‘Hydrogen Ladder’ concept).

The Hydrogen Rainbow

The Hydrogen Rainbow describes the range of hydrogen
production processes and assigns them colours based on their
different characteristics. The colours do not relate to the physical
characteristics of the resulting hydrogen, which are identical
regardless of production process.

Roughly 92% of hydrogen used in 2022 was grey hydrogen while
low-emission hydrogen accounted for less that 1%. The
development of low-carbon hydrogen, and particularly green
hydrogen, will depend significantly on policy support. Although
more than 50 countries have developed a hydrogen strategy ,
there is a lack of policy support to stimulate demand for low-
carbon hydrogen (IEA 2023).

There are also different approaches to the definitions and forms
of low-carbon hydrogen being promoted in different countries
and regions. For example, policy frameworks in the USA and
Japan appear to favour blue hydrogen, while those in the EU
favour green hydrogen (IEA 2023).

1 Brown hydrogen has a CO2 intensity of 19 kgCO2/kg, equivalent to 158
gCO2/MJ). Motor gasoline, for example, has a CO2 intensity of 69
gCO2/M|. Hydrogen production may be negative if extracted from
biomass, with subsequent GHG emissions captured and stored.

Although there is no universally agreed naming convention and
definitions. Table 1 presents those which are commonly used.?

Table 1: The Hydrogen Rainbow

Colour

Grey

Black/Brown

Blue

Yellow

Green

Pink (or Purple/Red)

Definitions

Produced by steam methane reformation of
fossil hydrocarbons, usually natural gas (CH,),
with resulting GHG emissions not captured

Produced by the gasification of coal. Black
hydrogen is produced from black coal, while
brown hydrogen is from brown coal (lignite) or
biomass, with resulting GHG emissions not
captured

Produced by the same processes as grey, black,
and brown hydrogen, but captures and
subsequently stores or reuses the emitted
GHGs

Produced by water electrolysis using grid
electricity (sometimes used to refer to electricity
from solar power, considered under ‘green’
here)

Produced by water electrolysis using renewable
electricity

Produced via water electrolysis using some
combination of heat and electricity from nuclear
power

Comments

Currently the most common and cheapest production process,
used as a feedstock for fertiliser, methanol production, and
refining. The price is largely driven by that of natural gas.
Generates moderate GHG emissions.

More expensive than grey, but cheaper than blue or green.
Price is driven by that of coal. The most GHG intensive

hydrogen production process (Gupta, 2022).

Slightly more expensive than grey or brown/black hydrogen, but
cheaper than green. Requires CCUS technology, which is
immature at scale. However, deployment is increasing (IEA,
2023). Price driven by that of feedstock and CCUS process. Key
uncertainties include difficulty estimating storage requirements
and the risk of CO, leakage (Lee et al, 2019). May be considered
low-carbon hydrogen.

Price and lifecycle CO, emissions is driven primarily by the price
and CO, intensity of electricity from the grid, alongside the cost
of electrolysers (also applies to the two electrolytic processes
below) (IRENA, 2020).

Primarily driven by the cost of renewable electricity, green
hydrogen is on average the most expensive, but with a
significant cost range. However, the falling costs of renewable
electricity and electrolysers means that green hydrogen could
be cost-competitive with other forms by 2030 (IRENA, 2020).
May be considered low-carbon hydrogen.

If using existing nuclear capacity, then currently significantly
cheaper than green (new nuclear likely produces comparable
cost)(Soja et al, 2023). However, existing capacity would require
upgrades to achieve particularly low costs (Karaca et al, 2023).
May be considered low-carbon hydrogen.

2 Other, less material, processes include ‘turquoise’(use of methane pyrolysis to produce hydrogen and solid carbon), and ‘white/gold” hydrogen (geological hydrogen
found in underground deposits created through fracking).



The Hydrogen Ladder

Hydrogen may be used as an energy source for numerous
applications across a wide range of sectors, either in its natural

form or products derived from it (such as ammonia). However, The 'Hyd‘rogen Ladder’ is a
this does not mean that low-carbon hydrogen is always - or .

often - the most appropriate low-carbon energy choice. For useful concept for placmg
many applications, other low carbon energy carriers and key potentia]_ use cases fo-r

technologies will have technical or economic advantages.

low-carbon hydrogen on a
Developed by Michael Liebreich,? the ‘Hydrogen Ladder’ is a

useful concept for placing key potential use cases for low- scale accordmg toits hkely

carbon hydrogen on a scale according to its competitive app[ication_
position, running from applications in which the use of low-

carbon hydrogen is unavoidable, to those in which it is highly

unlikely to be competitive with other low carbon energy sources

and technologies.

The Ladder is presented below. Also indicated is the energy carrier or technology that presents the greatest competition to
hydrogen for the end uses considered. The Ladder is constructed using a combination of factors, including thermodynamics,
economics, safety, human behaviour, resilience and geopolitics. It is important to note that that mapping of potential hydrogen
applications and likely dominant alternatives is based on a global view, obscuring specific circumstances in some end uses where
hydrogen could be more or less competitive than indicated (Liebreich Associates, 2023). It is also not an exhaustive list of uses to
which hydrogen may technically be applied. However, we believe the broad rankings presented by the Ladder, including key
competing energy carriers and technologies, is a reasonable reflection of the different factors at play.

Figure 1: The Hydrogen Ladder
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Unavoidable/very likely uses (Row A)

Hydrogen is already used in the production of fertiliser, desulphurisation in oil refining and hydrogenation in petrochemical
production. The production of this hydrogen, almost exclusively black, brown or grey, accounts for around 3% of global CO,
emissions. These are processes in which there a few or no alternatives to hydrogen.

Probable/possible uses (Rows B-D)

Low-carbon hydrogen offers the most promising path for decarbonising iron and steel production, but other options are
possible, and may outcompete hydrogen in the longer term (Kim et al 2022). Hydrogen is already used as a feedstock to in a
variety of chemical processes. It is also likely to be used to provide high-temperature heat in some industrial sectors, although
electric heating (including heat pumps) may prove more attractive in others (Thiel & Stark, 2021).

2 Chairman and CEO of Liebreich Associates and co-managing partner of EcoPragma Capital. Michael is a member of the UK Board of Trade, an honorary fellow of
the Energy Institute and visiting professor at Imperial College London. He is a former advisor to the UN on Sustainable Energy for All, member of the board of
Transport for London and founder of BloombergNEF (Source).



Low-carbon hydrogen is well suited to providing long-term energy storage, providing back-up and
resilience to the power sector at times when electricity generation from renewables like solar and wind
is suppressed for long periods of time, and demand is high. However, other technologies - including
pumped hydropower, new battery technologies and network interconnection - are potential
alternatives (Lait & Walker, 2022).

Low-carbon hydrogen, in the form of ammonia or synthetic fuels, is likely to be competitive in fuelling
shipping and medium-to-long-haul aviation, particularly as electrifying these sectors would be highly
challenging. Using hydrogen directly is technically possible, but impractical due to the on-board
hydrogen storage space that would be required. Biomass-derived fuels are a significant (and more
mature) competitor, although constraints to sustainable biomass supply may arise (Su-ungkavatin et a/
2023).

Unlikely/very unlikely uses (Rows E-G)

For short-term support to variable renewable energy in power generation, batteries (and other
technologies, including pumped hydropower) are a more efficient and cheaper solution (Egeland-
Eriksen et al, 2021). For most land transport modes (with the possible exception of long-distance trucks
and coaches, and some off-road vehicles, such as haulers used in the mining industry), along with
domestic, commercial and low-to-mid-temperature industrial heating, electrification is very likely to win
out.

Although filling a car with hydrogen and using a hydrogen boiler would be very recognisable
experiences to the user, technical and economic factors strongly favour electrification. In particular, the
hydrogen value chain is inherently energy-inefficient compared to that of electricity. For example, the
‘well-to-wheel efficiency (i.e. energy efficiency of the full energy value chain, from production to useful
work delivered) of electric cars is around 80%, compared to less than 40% for fuel cell hydrogen cars
(Baxter, 2020). For the electrification of heating using heat pumps, value chain energy efficiency is
around 270% (as heat pumps draw more heat energy from the air, earth or water than the electricity
used to power them). For hydrogen heating, efficiency is less than 50% (Woollard, 2023). This has
significant cost implications.

Other factors include existing and required infrastructure, costs, convenience, policy, and path
dependency. Global renewable electricity deployment is growing rapidly, and although the rate of
hydrogen electrolyser deployment is also increasing, it is well behind what is required to service even
the applications ranked higher on the Ladder (IEA, 2023). Hydrogen is likely to be diverted to sectors in
which its use is a greater priority, while its production is relatively limited.

The hydrogen value
chain is inherently
energy-inefficient
compared to that of
electricity.



Hydrogen can be produced on-site at a vehicle refuelling station through electrolysis. However, this
would require a high-capacity connection to the electricity grid, which would also be required for
direct use of this electricity in vehicles. Hydrogen can also be delivered by pipeline or tanker.
Delivery by tanker would add significant expense due to the low energy density of hydrogen, and
the high cost of liquification (Genovese & Fragiacomo, 2023). Existing natural gas pipelines can be
converted to allow the transport of pure hydrogen, and such a process has begun in countries such
as the UK (for other reasons), where existing gas networks are extensive. However, for transport
refuelling this also requires: (a) enough refuelling stations able to build sufficient connections to
these pipelines, and (b) all offtakers of gas from these pipelines able to accept pure or high-volume
hydrogen blends. In both cases, this would require significant system-level co-ordination and
investment.

Electric vehicles accounted for 14% of global car sales in 2022, and are likely to reach 18% in 2023.
Most major car manufacturers have EV manufacturing targets, and an increasing number are
committing to all-electric production. Vehicles prices are increasingly competitive with fossil fuel
counterparts, and although raw material and battery supply chain constraints may arise with
continuing rapid growth, innovation and policy action is likely to mitigate this to some degree.
Battery capacity and range is continually increasing. Although EV charging can be slow, chargers can
be installed almost anywhere there is an electrical connection, and fast and ultra-fast charging is
increasingly available (IEA, 2023). By contrast, fuel cell cars accounted for just 0.02% of global sales,
are likely to remain more expensive to buy, maintain and run than their electric counterparts, may
also face raw material supply constraints if deployed at scale, and must continue to be fuelled at
dedicated stations - which would likely only deploy incrementally, inducing a different form of range
anxiety (Ajanovic & Haas, 2021).

A similar story plays out for heating. Global heat pump sales are growing rapidly, can be installed in
almost any type of home, and are installed in around half of homes in cold climates such as Norway
and Sweden (Harris & Walker (2023). By contrast, full hydrogen boilers are not yet available, and
although they are likely to be a similar price to natural gas boilers, they are only potentially useable
in buildings with a connection to a gas network. Although heat pumps are significantly more
expensive to retrofit into existing homes, their much lower running costs can largely or potentially
more than offset this over time. They can also be disruptive to install, however hydrogen heating is
also likely to provide disruptive, including for the installation of appropriate internal piping and
additional ventilation for user safety (Harris & Walker (2023). EVs and heat pumps produce no
‘tailpipe’ emissions, but hydrogen, as with fossil fuels, can produce nitrogen dioxide (NO,) when
combusted - an air pollutant harmful to health.

Global public policy is significantly more supportive of electrification for both light duty vehicles and
non-industrial heating than it is for hydrogen. Combined with the range of technical and economic
benefits highlighted above, this means that as the switch to electrified light-duty transport and
heating gathers pace, barriers to further growth are likely to reduce. At the same time barriers to a
significant reorientation toward hydrogen are likely to increase. This means energy systems are
likely to become increasingly path dependent on electrification.




Key Information

No investment strategy or risk management technique can guarantee returns or eliminate risks in any market environment. Past
performance is not a guide to future results. The prices of investments and income from them may fall as well as rise and an
investor's investment is subject to potential loss, in whole or in part. Forecasts and estimates are based upon subjective assumptions
about circumstances and events that may not yet have taken place and may never do so. The statements and opinions expressed in
this article are those of the author as of the date of publication, and do not necessarily represent the view of Redwheel. This article
does not constitute investment advice and the information shown is for illustrative purposes only.

Disclaimer

Redwheel ® is a registered trademark of RWC Partners Limited (‘RWC"). The term “Redwheel” may include any one or more
Redwheel branded entities including RWC and RWC Asset Management LLP, each of which is authorised and regulated by the UK
Financial Conduct Authority and, in the case of RWC Asset Management LLP, the US Securities and Exchange Commission (“SEC");
RWC Asset Advisors (US) LLC, which is registered with the SEC; RWC Singapore (Pte) Limited, which is licensed as a Licensed Fund
Management Company by the Monetary Authority of Singapore; Redwheel Australia Pty Ltd is an Australian Financial Services
Licensee with the Australian Securities and Investment Commission; and Redwheel Europe A/S which is a Danish public limited
company.

Redwheel may act as investment manager or adviser, or otherwise provide services, to more than one product pursuing a similar
investment strategy or focus to the product detailed in this document. Redwheel seeks to minimise any conflicts of interest, and
endeavours to act at all times in accordance with its legal and regulatory obligations as well as its own policies and codes of conduct.

This document is directed only at professional, institutional, wholesale or qualified investors. The services provided by Redwheel are
available only to such persons. It is not intended for distribution to and should not be relied on by any person who would qualify as
a retail or individual investor in any jurisdiction or for distribution to, or use by, any person or entity in any jurisdiction where such
distribution or use would be contrary to local law or regulation.

This document has been prepared for general information purposes only and has not been delivered for registration in any
jurisdiction nor has its content been reviewed or approved by any regulatory authority in any jurisdiction.

The information contained herein does not constitute: (i) a binding legal agreement; (ii) legal, regulatory, tax, accounting or other
advice; (iii) an offer, recommendation or solicitation to buy or sell shares in any fund, security, commodity, financial instrument or
derivative linked to, or otherwise included in a portfolio managed or advised by Redwheel; or (iv) an offer to enter into any other
transaction whatsoever (each a “Transaction”). Redwheel bears no responsibility for your investment research and/or investment
decisions and you should consult your own lawyer, accountant, tax adviser or other professional adviser before entering into any
Transaction. No representations and/or warranties are made that the information contained herein is either up to date and/or
accurate and is notintended to be used or relied upon by any counterparty, investor or any other third party.

Redwheel uses information from third party vendors, such as statistical and other data, that it believes to be reliable. However, the
accuracy of this data, which may be used to calculate results or otherwise compile data that finds its way over time into Redwheel
research data stored on its systems, is not guaranteed. If such information is not accurate, some of the conclusions reached or
statements made may be adversely affected. Any opinion expressed herein, which may be subjective in nature, may not be shared
by all directors, officers, employees, or representatives of RWC and may be subject to change without notice. Redwheel is not liable
for any decisions made or actions or inactions taken by you or others based on the contents of this document and neither Redwheel
nor any of its directors, officers, employees, or representatives (including affiliates) accepts any liability whatsoever for any errors
and/or omissions or for any direct, indirect, special, incidental, or consequential loss, damages, or expenses of any kind howsoever
arising from the use of, or reliance on, any information contained herein.

Information contained in this document should not be viewed as indicative of future results. Past performance of any Transaction is
not indicative of future results. The value of investments can go down as well as up. Certain assumptions and forward looking
statements may have been made either for modelling purposes, to simplify the presentation and/or calculation of any projections or
estimates contained herein and Redwheel does not represent that that any such assumptions or statements will reflect actual future
events or that all assumptions have been considered or stated., There can be no assurance that estimated returns or projections will
be realised or that actual returns or performance results will not materially differ from those estimated herein. Some of the
information contained in this document may be aggregated data of Transactions executed by Redwheel that has been compiled so
as not to identify the underlying Transactions of any particular customer.

No representations or warranties of any kind are intended or should be inferred with respect to the economic return from, or the
tax consequences of, an investment in a Redwheel-managed fund.

This document expresses no views as to the suitability or appropriateness of the fund or any other investments described herein to
the individual circumstances of any recipient.

The information transmitted is intended only for the person or entity to which it has been given and may contain confidential and/or
privileged material. In accepting receipt of the information transmitted you agree that you and/or your affiliates, partners, directors,
officers and employees, as applicable, will keep all information strictly confidential. Any review, retransmission, dissemination or
other use of, or taking of any action in reliance upon, this information is prohibited. Any distribution or reproduction of this
document is not authorised and is prohibited without the express written consent of Redwheel.



AIFMD and Distribution in the European Economic Area (“EEA")

The Alternative Fund Managers Directive (Directive 2011/61/EU) (“AIFMD") is a regulatory regime which came into full effect in the
EEA on 22 July 2014. RWC Asset Management LLP is an Alternative Investment Fund Manager (an “AIFM”) to certain funds managed
by it (each an “AlF"). The AIFM is required to make available to investors certain prescribed information prior to their investment in
an AIF. The majority of the prescribed information is contained in the latest Offering Document of the AIF. The remainder of the
prescribed information is contained in the relevant AlF's annual report and accounts. All of the information is provided in
accordance with the AIFMD.

In relation to each member state of the EEA (each a “Member State”), this document may only be distributed and shares in a
Redwheel fund (“Shares”) may only be offered and placed to the extent that (a) the relevant Redwheel fund is permitted to be
marketed to professional investors in accordance with the AIFMD (as implemented into the local law/regulation of the relevant
Member State); or (b) this document may otherwise be lawfully distributed and the Shares may lawfully offered or placed in that
Member State (including at the initiative of the investor). ]

[Information Required for Offering in Switzerland of Foreign Collective Investment Schemes to Qualified Investors within the
meaning of Article 10 CISA.

This is an advertising document.

The representative and paying agent of the Redwheel-managed funds in Switzerland (the “Representative in Switzerland”) FIRST
INDEPENDENT FUND SERVICES LTD, Feldeggstrasse 12, CH-8008 Zurich. Swiss Paying Agent: Helvetische Bank AG, Seefeldstrasse
215, CH-8008 Zurich. In respect of the units of the Redwheel-managed funds offered in Switzerland, the place of performance is at
the registered office of the Swiss Representative. The place of jurisdiction is at the registered office of the Swiss Representative or at
the registered office or place of residence of the investor. ]
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