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Summary

This policy brief, based on literature review, discusses frequently mentioned risks, trade-offs, and
co-benefits of establishing a green hydrogen economy in low- and middle-income countries. The
main findings are:
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The water- and land-related risks of the green hydrogen economy are largely local and
are felt by the producing country. It is, therefore, very important to identify project-based
risks including competition with other water uses, environmental flows, and land use
conflicts as well as develop good practices for managing these risks within the context of
the local socio-economic situation. The local context, including the current and future
water cycle, the geology, and climate values, should be embedded within water and land
management strategies as part of the plan to establish a green hydrogen economy. The
inclusion of civil society, private, and public sectors in the decision-making process of
green hydrogen projects, is equally crucial for minimising the risks and securing the
benefits for the local population.

The additional water requirements for green hydrogen could exacerbate water stress,
especially in regions already facing scarcity due to factors like population growth and
climate change, although at a global scale the requirement is small compared to other
water demands. Water stress can pose threats to sustainable development and spark
conflicts at various levels. Technologies such as seawater desalination and air-to-water
generation offer potential solutions to mitigate water scarcity risks associated with green
hydrogen production, though some of these technologies are still at an early stage. There
are also brine management technologies that reduce concentrated brine and chemical
discharge that impact marine environments. Addressing this challenge requires
collaborative approaches between the private sector, government, and civil society actors.
Governments and regulatory bodies play a pivotal role in managing water resources and
promoting sustainable practices to ensure the long-term viability of green hydrogen as a
clean energy solution while minimising the impact on water.

Large-scale renewable energy projects necessary for green hydrogen production could
potentially encroach upon natural habitats and agricultural areas, posing risks to
biodiversity and food security. The renewable energy required for green hydrogen
requires considerable amounts of land. Pressures on land use are escalating environmental
concerns, particularly in Africa, where competition for arable land and pastures is
intensifying. Mitigating these challenges requires inclusive planning processes, effective
land-use policies, and stakeholder collaboration to ensure sustainable integration of green
hydrogen projects while addressing local concerns and safeguarding land resources. Before
committing to establishing a green hydrogen project, it is important to understand the
local legal and regulatory framework governing land acquisition and use. The land tenure
risks, relations with Indigenous groups, and existing land rights need to be thoroughly
understood.

Establishing a hydrogen infrastructure in low- and middle-income countries demands
substantial upfront investment and has high Weighted Average Cost of Capital,
potentially competing with funding for essential initiatives like renewable energy
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deployment, energy efficiency measures, and nature-based solutions that are
important for national climate change mitigation and adaptation. While green hydrogen
can play a significant role in decarbonising hard-to-abate sectors, such as heavy industry
and long-distance transportation, it should complement broader efforts that prioritise
renewable energy deployment, energy efficiency, and sustainable land use practices.
Ensuring coherence, transparency, and accountability in climate policy decision-making is
essential for navigating the transition to a sustainable and resilient low-carbon future.

The development of green hydrogen offers a promising solution to reduce greenhouse
gas emissions and air pollution, provided that the water and land risks are properly
addressed. Green hydrogen is a versatile energy carrier with the potential to reduce
emissions in energy-intensive industries and long-haul transport. This can contribute to
national emission reduction targets and improve local air quality. Strategic integration of
green hydrogen into broader climate mitigation strategies is essential to maximise its
benefits while simultaneously ensuring a balanced and holistic approach to addressing
climate change. Continued investment, innovation, and collaboration are essential in
realising the full benefits of green hydrogen and accelerating the transition to a cleaner,
greener energy landscape.

Green hydrogen has the potential to create a sustainable supply of fertilisers, enhance
food security, and reduce GHG emissions from fertiliser production. Green hydrogen can
provide a cleaner, more stable, and predictable alternative by replacing fossil fuels in the
ammonia synthesis process. Through domestic production, green hydrogen can decouple
the price of fertiliser from fossil fuel prices ensuring affordability and sustainability of
supply. Through the sustainable production of ammonia from green hydrogen, low- and
middle-income countries can improve local food production, enhance their food security,
and reduce emissions from fertiliser production. This, however, requires significant
investment in scaling up production of green hydrogen and a supportive policy framework
to stimulate the sector as well as to ensure that domestic needs are met before considering
export.

Green hydrogen has the potential to advance universal access to clean energy and clean
water in low- and middle-income countries. Investments in green hydrogen
infrastructure, technology transfer, market development, and local capacity building can
reduce costs and the complexity of the energy system, facilitating the widespread
deployment of renewable energy technologies. Moreover, green hydrogen enhances
energy security by reducing reliance on imported fossil fuels, mitigating price volatility, and
improving the flexibility and resilience of energy systems. Revenue generated through the
export of green hydrogen can also be reinvested to improve energy access in underserved
communities. Similarly, promoting green hydrogen production presents an opportunity to
adopt integrated management approaches to the energy-water nexus. Technological
innovations, such as integrated systems where desalinated water is used for both
hydrogen production and other end-uses like irrigation and domestic use, offer promising
solutions. By recognising the interconnectedness of energy and water systems,
policymakers and stakeholders can develop strategies to optimise resource use and ensure
that a green hydrogen economy contributes positively to clean energy and water access.

The development of green hydrogen infrastructure and value chains can stimulate
economic growth, create employment opportunities, and drive green industrialisation,
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particularly in low- and middle-income countries. Investments in green hydrogen
infrastructure and technology not only foster domestic industry growth, but also create
opportunities for supply chain development and economic diversification. Strategic
industrial policies focused on integrating the hydrogen value chain can increase the local
added value, create high-quality jobs, and reduce distribution costs across multiple
sectors. There is the need to create local capacity, leverage project Memorandum of
Understandings with European countries to set up exchange programmes and other forms
of knowledge transfer and identify local demand prior to decision-making.

Establishing a green hydrogen economy brings various risks and trade-offs that need
thorough attention as well as co-benefits for other development goals. Key risks include
exacerbating water scarcity and intensifying land-related conflicts. There is also the
potential risk of hydrogen leakage and the risk of crowding out funding for other climate
change mitigation measures. At the same time, green hydrogen offers co-benefits such as
improving air quality, improving access to water, enabling green industrialisation including
fertiliser production, and creating decent jobs. Strategic integration of green hydrogen into
broader climate mitigation strategies is essential to maximise these benefits while
simultaneously minimising the risks and ensuring a balanced and holistic approach to
addressing climate change. By capitalising on the synergies between green hydrogen and
sustainable development goals, African countries could accelerate the transition to a low-
carbon economy while fostering inclusive and resilient economic development.
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1 Background

The global energy landscape is going through a profound transition towards sustainability, driven
by the urgent need to mitigate climate change and reduce reliance on fossil fuels and its associated
high energy costs. In this context, hydrogen has emerged as a promising alternative energy carrier.

Hydrogen is categorised into various colours, which refer to the many ways and processes of
production. Grey hydrogen, produced through fossil fuel-based reforming or gasification, is the
most cost-effective and dominant method, accounting for 80% of current hydrogen production. It
comes, however, with high greenhouse gas emissions. Blue hydrogen is also produced from fossil
fuels but has an improved environmental impact by incorporating carbon capture, utilisation, and
storage (CCUS), capturing up to 90% of CO, emissions during production. Green hydrogen,
produced via water electrolysis using renewable energy, is by far the cleanest method with zero
emissions released during production. As the world seeks to decarbonise numerous sectors, green
hydrogen holds great potential to provide a carbon-free energy carrier for a wide range of
applications and so to foster economic development.

A few European nations, which have limited land area and relatively low renewable energy
potential themselves yet a high energy demand, are showing a growing interest in importing green
hydrogen from low- and middle-income countries. There are various studies, plans, and
programmes by the European Commission, as well as some European countries like the
Netherlands and Germany, already in the pipeline to explore and/or establish a green hydrogen
economy in a few countries. The notion of a green hydrogen economy is intertwined with the wider
energy sector at several levels, bringing its own opportunities, such as green industrialisation and
energy security, as well as challenges and risks, such as pressure on land and water systems
I(Signoria and Barlettani 2023; Eljack and Kazi 2021; Bade et al. 202qg).

There is an important difference between the priorities of the Global South and North that centres
around the question of meeting the growing energy demand for development and mitigating
climate change. In the Global South, where many nations are still grappling with basic energy
access challenges, the primary focus often lies on addressing energy poverty, accelerating economic
development, and adapting to climate change. This involves expanding infrastructure, increasing
electricity access, and fostering inclusive industrialisation that helps lift people out of poverty. In
the Global North, on the other hand, where energy consumption per capita tends to be several
folds higher and infrastructure development tends to be more advanced, there is a greater
emphasis on climate change mitigation, energy security, and the transition towards sustainable
energy systems.

Bridging the gap between the respective priorities is essential (International Energy Forum 2023).
There is an increasing recognition that sustainable development pathways must integrate energy
access, climate resilience, and human development goals. Efforts to reconcile these priorities
involve fostering international cooperation, technology transfer, and financial support to enable
low- and middle-income countries to leapfrog to cleaner and more efficient energy technologies.
Ultimately, addressing the priorities of both the Global South and North requires a holistic
approach that balances socio-economic development with climate change mitigation and
adaptation efforts. Working towards a more sustainable and inclusive future requires leveraging
innovation, collaboration, and equitable policies.

The Dutch Ministry of Foreign Affairs is involved in various aspects of the development cooperation
with African partners. Green energy, particularly green hydrogen, is a main interest area of
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collaboration as stated in the Africa Strategy of the Netherlands 2023-2032 (The Ministry of Foreign
Affairs 2023). Moreover, the Netherlands Enterprise Agency (RVO) published a ‘Dutch Green
Hydrogen proposition for South Africa’ last year, suggesting joint investment and market
development opportunities for green hydrogen in South Africa (Becker et al. 2023). There is a drive
to make the collaboration on green hydrogen beneficial to all parties involved, including climate
change mitigation, energy security, income generation, and local socio-economic development. At
the same time, the risks related to land and water systems, environment, and health need to be
mitigated and synergies with other development goals should be harnessed.

An earlier PBL report, (Dagnachew et al. 2023), shows the role of green hydrogen in regional and
global future energy systems and the role it plays in reducing emissions. While low- and middle-
income countries, such as South Africa, Namibia, Mauritania, and Morocco, often face unique
challenges in transitioning to sustainable energy systems, they also stand to benefit considerably
from their vast renewable energy potentials.

This policy brief explores several social, environmental, and financial risks and trade-offs
associated with the green hydrogen economy, as well as its co-benefits for the sustainable
development goals in the context of low- and middle-income countries such as Algeria, Egypt,
Mauritania, Morocco, Namibia, and South Africa. By understanding these factors, policymakers,
financial institutions, and other stakeholders can better navigate the transition towards a more
sustainable energy future. The identified risks, trade-offs, and co-benefits will be used as input for
discussions of financing from bilateral and multilateral organisations for green hydrogen projects in
the Global South. Hence, the objective of this policy brief is threefold. First, to explore some general
risks and trade-offs of establishing a hydrogen economy; secondly, to identify co-benefits for other
development priorities in low- and middle-income countries; and finally, to present some risk
mitigation strategies with case studies of African countries that are front runners in establishing a
green hydrogen economy as illustrations.
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2 GHG emissions reduction potential
of green Hydrogen energy

Climate change is primarily driven by human activities, largely due to the emission of greenhouse
gases (GHG) such as carbon dioxide, methane, and nitrous oxide. These emissions trap heatin the
Earth’s atmosphere and disrupt the planet’s natural balance. Climate change has wide-ranging
consequences, including rising global temperatures, melting ice caps and glaciers, more frequent
and severe weather events, altered ecosystems and habitats, sea level rise, biodiversity loss, and
impacts on human health, agriculture, water resources (IPCC 2022).

A rapid and considerable reduction in greenhouse gas emissions is crucial to keep global warming
well below 2 °Cin line with the Paris Agreement. Green hydrogen, alongside electrification and
energy efficiency, plays a role in mitigating climate change by reducing greenhouse gas emissions
and supporting the transition to a low-carbon economy. By avoiding carbon emissions entirely
during production, green hydrogen can reduce the overall carbon footprint associated with the
hydrogen economy, making it a more attractive alternative. The scenario study by Dagnhachew et al.
(2023) shows such potential of green hydrogen in reducing global emissions related to energy use.
According to the study, while neatly complementing energy efficiency and electrification, green
hydrogen could play a key role in reducing the risk of delayed emissions reduction as well as
facilitating net-zero by 2050 under strict climate change mitigation scenarios.

One of the most important contributions of green hydrogen to emissions reduction is its
considerable potential to decarbonise sectors that are difficult to electrify (discussed in more detail
in chapter 5). Green hydrogen provides a means of converting renewable electricity into a versatile
energy carrier that can be used across various sectors of the economy. As a clean energy carrier,
green hydrogen enables the decarbonisation of sectors with high emissions intensity, such as
steelmaking, cement production, fertiliser production, and long-haul transportation, thereby
contributing to global efforts to mitigate the impacts of climate change. By replacing fossil fuels
with green hydrogen in the iron and steel sector, for example, there is a potential to reduce 2.3
gigatonnes of carbon dioxide per year (GtCO,/year) globally (Bhaskar et al. 2020).

Model results from Ferrada et al. (2023) demonstrate that for countries with a high renewable
potential, hydrogen is a cost-effective energy carrier for the reduction of emissions in long-haul
transport and serves as an alternative seasonal storage in the electricity sector, contributing to an
additional 50% reduction in emissions in these sectors. The authors conclude that in the case of
Chile, hydrogen is the most viable solution to effectively decarbonise long-haul transport, for
example. Similarly, Yafez et al. (2022) show the potential of green hydrogen in reducing emissions
from oil refineries in Colombia. Zou et al. (2021) investigated the benefits of replacing hydrogen
produced from fossil fuels with green hydrogen in order to reduce carbon dioxide emissions in
China. The study concludes that, by 2050, green hydrogen could account for 10% of the energy
consumption in the country and would reduce about 700 Mt of CO, emissions per year. The study
by Scolaro and Kittner (2022) demonstrates that an offshore wind farm in the North Sea, which
produces hydrogen from excess wind generation rather than curtailing it, offers a large climate
change mitigation potential. This is due to the potential of green hydrogen to replace the demand
thatis currently met by hydrogen produced from fossil fuels. The integration of the offshore wind
farm with green hydrogen production also improves the economic viability of a system that suffers
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from low electricity prices due to high competition in the electricity market (Scolaro and Kittner
2022). These examples all demonstrate the huge potential of a green hydrogen economy.

Furthermore, green hydrogen serves as a valuable seasonal storage solution, allowing excess
renewable energy generated during periods of high production to be stored and used when
demand is high (Ferrada et al. 2023). This ability enhances the reliability and stability of renewable
energy systems, enabling higher levels of renewable energy integration into the grid and reducing
the need for backup fossil fuel power plants. By facilitating the integration of renewable energy
sources into the grid, green hydrogen helps displace fossil fuel-based electricity generation, thereby
ultimately reducing overall emissions from the power sector.
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3 Methods

In this policy brief, we build on Dagnachew et al. (2023), which explored the techno-economic
opportunities and challenges of establishing a green hydrogen economy in Africa using an
integrated assessment model. It also analysed the potential to establish a collaboration on clean
hydrogen between Europe and Africa. This policy brief, then, uses that report as a starting point and
explores direct risks, trade-offs, and co-benefits that are frequently presented in literature. It is
complemented with peer-reviewed literature, for which we used keywords (green hydrogen) AND
(the specific risk, trade-off, or co-benefit) AND PUBYEAR > 2014 AND (LIMIT-TO (LANGUAGE, “”
English””)). A maximum of five most-cited, relevant articles in each topic are reviewed. Figure 1
below presents the conceptual framework and a set of direct risks, trade-offs, and co-benefits that
are covered in this policy brief. The detailed search protocol and the list of the reviewed articles can
be found in Table 2 in the Appendix.

Figure 1: The hydrogen economy and associated risks, trade-offs, and co-benefits

4 N N N

Risks / trade-offs U ety ooty Co-benefits
1 1
| Upstream industries ! Air pollution
; i i reduction
Water scarcity i !

Improved fertiliser
production

Land use challenges

Improved access to
Green hydrogen

clean energy
production,
conditioning,

Hydrogen leakage storage, and Improved access to
transport clean water
Green
Diverging industrialisation
investments
Downstream Create decent jobs

industries

PBL |12



q Risks and trade-offs of a green
hydrogen economy and possible
mitigation strategies

Hydrogen is increasingly seen as a crucial component in the transition towards a low-carbon energy
future. As a clean and versatile energy carrier, hydrogen holds the potential to decarbonise various
sectors, including long-haul transportation, (heavy) industry, and heating (see Chapter 2). Among
the different methods of hydrogen production, green hydrogen is particularly promising due to its
minimal carbon footprint. While it is considered a clean and sustainable alternative to conventional
hydrogen production methods, there are several social, environmental, and financial risks that
need to be addressed. As it is still an emerging and particularly young technology, its development
and market potentials remain uncertain and so do its socio-economic impacts.

Several studies (see list of reviewed literature in the Appendix) have touched upon the risks
associated with the green hydrogen economy in local and regional contexts (Alkhalidi et al. 2024;
Ajanovic et al. 2024; Akhtar et al. 2023). Additionally, other studies address the relationship
between green hydrogen and socio-economic developments, thereby implicitly and explicitly
touching upon its impact on employment creation and fostering industrialisation (Beasy et al. 2023;
Gronau et al. 2023; Harichandan et al. 2023). This includes the impact on sustainability and the
Sustainable Development Goals (Falcone et al. 2021; Cremonese et al. 2023). Finally, other studies
also address the risk of explosion and the effects of Substances of Very High Concern (SVHC) on
humans and the environment (RIVM 2024b, 2024a). Several mitigation strategies can be
implemented to partly abate these risks and trade-offs that include technical, economic, or social
components.

a1 Water stress and water scarcity

Energy and water systems are very much intertwined. These resources have been vital components
of human activity and play a significant role in socio-economic development. The energy sector
requires water at various stages of the value chain and accounts for nearly 10% of total global
freshwater consumption (Bredariol et al. 2024). Simultaneously, energy is crucial to extract water
from various sources, treat it, and deliver it to end users.

In a green hydrogen economy, water is required as input for water purification, electrolysis, and
process cooling. As such, the availability and quality of water resources are paramount for the
efficient and sustainable production of green hydrogen. Water is, moreover, a vital resource for
numerous sectors, including agriculture, industry, and households. Balancing these competing
demands is crucial to avoid exacerbating existing water scarcity issues. Regions that are ideal for
renewable energy production (high wind and solar resources) may not necessarily have abundant
water resources. This geographic misalignment can pose challenges for green hydrogen production
in areas where water scarcity is already a concern.

Water scarcity occurs when the demand for water surpasses the available supply, hence reaching or
exceeding sustainable thresholds of water resources. Mekonnen and Hoekstra (2016) show that
over four billion people experience severe water scarcity at least for parts of the year, while half a
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billion people face severe water scarcity all year round. For example, numerous countries in Africa
face several water-related issues, including limited access to safe drinking water, inadequate
sanitation infrastructure, and unsustainable water management practices. Figure 2 shows the
economic and physical water scarcity challenges in Africa. Physical scarcity is when there is not
enough water available to meet demand due to various reasons including droughts, climate
change, variations in weather patterns, and contamination. Economic scarcity, on the other hand, is
when water is there but the water infrastructure cannot meet demand due to institutional failings
like poor infrastructure, lack of investment, and improper planning (Genesis Water Tech 2023).
While water scarcity is a challenge in the continent as a whole, North African countries are facing
severe physical water scarcity. Sub-Saharan African countries are suffering more from economic
water scarcity. Water scarcity concerns, in Africa and in other parts of the world, are exacerbated by
rapid population growth, urbanisation, climate change, and growing demands from the agriculture,
industry, and energy sectors.

The water stress concept in general, on the other hand, goes beyond water scarcity, and includes
water quality, environmental flows, and the accessibility of water (Alkhalidi et al. 2024). For
instance, the water stress ratio in most Middle East and North African (MENA) countries is higher
than one, meaning that there is more fresh water being withdrawn than can be renewed (Alkhalidi
et al. 2024).The additional water requirements of the hydrogen economy could further aggravate
the stress imposed as demand grows driven by increasing population and economic growth.

Figure 2: Economic and physical water scarcity in Africa (Genesis Water Tech 2023)

[ Economic Water Scarcity
I Physical Water Scarcity
Bl Approaching Physical Water Scarcity
[ No Data

Disclaimer: the map above does not imply the expression of any opinion of PBL or the authors concerning the legal
status of any country, territory, city, or area or of its authorities, or concerning the delineation of its frontiers or
boundaries.

In theory, 9 kg of water is needed to produce 1 kg of hydrogen excluding water needs for heating,
cooling, and general services, but there is still uncertainty due to the nascency of the technology.
For example, the water requirements of hydrogen production in Australia vary by the source of
electricity. They range from 20 kg water per kg hydrogen when using electricity from wind, to 130 kg
of water per kg of hydrogen for electricity from the central grid (Alkhalidi et al. 2024). As reported
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by Alkhalidi et al. (2024), depending on the choice of technology, green hydrogen could deteriorate
the water stress problem in the MENA region as well.

A green hydrogen economy requires a lot of water, but in the context of the current overall global
water demand, the increase due to a hydrogen economy is minimal (see Figure 3 below). According
to the IRENA (2022b) estimate, the global annual demand for hydrogen under 1.5 °C scenario that
describes an energy transition pathway aligned with the ambition to limit global average
temperature increase by the end of the century to 1.5°C, relative to pre-industrial level, both for
energy and non-energy related purposes (for example as feedstock for the production of fertilisers,
iron and steel, chemicals, plastics, and synthetic fuels), reaches 614 Mt by 2050. Under this scenario,
two thirds of the global hydrogen supply is green, given its role in climate change mitigation. The
production requires 8 — 55 billion kg (0.008 km3 - 0.055 km3) of water. To put itinto context, this is
a fraction of the current global water use of 4600 trillion kg (4600 km3) a year (Boretti and Rosa
2019).

Although the water demand for a green hydrogen economy does not significantly add to the global
water demand, there is the need to explore ways to reduce the pressure on local freshwater
availability. One opportunity lies in research and development in electrolysis technologies that aim
to improve efficiency and reduce water consumption. Advanced electrolysis techniques, such as
high-temperature electrolysis or membrane technologies, may help mitigate the water scarcity risk
associated with green hydrogen production. Green hydrogen can also contribute to the
improvement of the supply of water for local communities and businesses, as discussed in more
detail in section 5.4.
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Figure 3: projected hydrogen water consumption in 2050 relative to current consumption in other
demand sectors (IRENA 2022a)
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Source: Blanco (2021).

Motes: Figure considers only water consumption, not water withdrawals. Withdrawals cover water that is directly returned
to the body of water from which it was taken. Consumption covers any water that is converted into another farm or is not
returned to the original body. Alkthough most water can be recovered when hydrogen is combusted or used in a fuel cell, it is
not generally returned to the onginal body of water and will be considered to be consumed (Beswick, Oliveira and Yan, 2021).

Note: the water requirement for green hydrogen is based on the projected demand under IRENA's 1.5 °C pathway of 409
million tonnes a year (two thirds of the projected total hydrogen production of 614 Mt). Current hydrogen production is
dominated by brown and grey hydrogen that withdraw 2.2 billion m? of freshwater a year (IRENA and Bluerisk 2023).

There are also technologies to harvest water from the atmosphere as well as purify seawater,
industrial wastewater, and municipal wastewater to the required purity level for hydrogen
production (Santana et al. 2023). Cattani et al. (2023) proposed an integrated air-to-water
generation (AWG) system that could harvest water from the atmosphere for use in electrolysis. The
AWG would simply extract potable water from the surrounding air and deliver it to the electrolyser
plant. There are various techniques to harvest water from the atmosphere that are at several stages
of maturity and development. While integrated AWG systems can vary in scale and complexity,
they involve air capture, condensation, collection, and filtration of the condensed water, which is
stored or supplied to the electrolyser. AWG offers a sustainable and decentralised approach to
water supply for green hydrogen production with only a marginal increase in cost. Moreover, it
adds less than 10% to the energy consumption of the electrolyser (Cattani et al. 2023). While the
production rates are highly dependent upon the air temperature and the amount of water vapour
in the air, the system can harvest water continuously depending on the energy source. The excess
water can then be stored or supplied for other uses. While the system requires a considerable
amount of energy, recent technological improvements have substantially improved the energy to
water ratio of the system, making it a viable option.
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Seawater desalination is another way to reduce the pressure on the fresh water supply by utilising
abundant saltwater. Desalination is the method of removing salt and other impurities from
seawater or brackish water, and so making it suitable for hydrogen production. Varras and Chalaris
(2024) present an analysis of a way to address local water scarcity challenges in relation to
desalination. Their research addresses the synergies and challenges of three desalination
technologies: reverse osmosis, thermal desalination, and membrane desalination. The integration
of desalination and green hydrogen production would allow for synergies in energy usage. Excess
renewable energy, especially during peak production times, can be utilised for both desalination
and hydrogen generation, contributing to the overall efficiency and sustainability of the system.
The desalination process, however, requires extra energy input and space. A recent study by Khan
et al. (2021) shows that the cost increase due to the extra electricity demand for desalination is 0.1
US dollars per kg H., which is a fraction of current green hydrogen production cost of 1.8 - 6.5 US
dollars per kg H, (Dagnachew et al. 2023). Although, if not coupled with brine treatment facilities,
discharging brine water from the desalination plant increases the salinity of the seawater, which
can have potential negative effects on the marine ecology (IRENA 2022a).

Itis also possible to directly use seawater in electrolysers, but there remain obstacles. The physical
and chemical properties of seawater are affected by geographic location and seasonal variations
(Gao et al. 2022). Some of the impurity could lead to corrosion, side reactions, and the formation of
precipitates on the electrode surface of the electrolyser, thereby limiting its durability
(Mohammed-Ibrahim and Moussab 2020).

There are some examples of using wastewater for hydrogen production in arid regions, though
mostly still at a pilot phase. The global wastewater production is estimated to be over 380 billion kg
(0.38 km3) and it is projected to increase to 574 billion kg (0.574 km3) driven by the growing
population, improved living standards, and economic growth (Qadir et al. 2020). That is seven
times the projected green hydrogen water demand under IRENA’s 1.5 °C scenario. Jing et al. (2023)
present an innovative hydrogen production process that integrates a water treatment and recovery
system that uses wastewater as feedstock. The wastewater mainly comes from residential and
industrial sources and could contain organics with high energy potential, precious minerals, acids,
bases, and salts (Aydin et al. 2021). Establishing a hydrogen hub adjacent to a wastewater
treatment plant improves the energy-water nexus by integrating oxygen and water streams, hence,
reduces the environmental impact of the water system in general. The water purification in
distilleries and wastewater treatment plants to meet the high purity level required for use in
electrolysers does incur additional water, energy, and investment requirements. Direct sea water
use, wastewater use, and water harvesting are still at an experimental stage, however, so cost
comparison with other established technologies such as desalination is challenging.

Governments and regulatory bodies play a vital role in managing water resources and ensuring
sustainable practices in various industries, including green hydrogen production. Well-designed
policies can encourage the adoption of water-efficient technologies and responsible water
management practices. Sustainable and responsible water management practices are crucial for
the long-term viability of green hydrogen as a clean energy solution.
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Text box 4.1: The case of Namibia

Namibia is characterised by its arid and semi-arid climates. Water stress and scarcity are particularly
prevalentissues as Namibia, with its low and highly irregular rainfall patterns, counts as the driest
African country south of the Equator. 65% of the water supply comes from boreholes, while only
35% can be generated from surface water (Mapani et al. 2023). This further strains its water
resources. The precipitation patterns and persistent droughts are likely to intensify in the coming
decades, as rainfalls are projected to decrease by up to 65% during dry seasons (The World Bank
Group 2021), further exacerbating the vulnerability of local communities dependent on agriculture
and livestock farming.

Liu and Zhou (2021) have assessed the annual drought patterns in Namibia as of 2010 and have
confirmed an increase in their intensity, extent, and duration in 2013, 2015/16, and 2019. Their
mapping of the Standard Precipitation Index (SPI), which has been used as an indicator in
meteorological drought monitoring, shows a prevalent spreading of drought from north-eastern
areas in 2013 towards eastern areas, leading up to the map of 2019 with drought covering nearly the
whole country. This further correlates with rapid downward trends in vegetation covers that supply
crucial agro-economic and ecological benefits to Namibia.

Despite these challenges, Namibia holds immense potential for green hydrogen production given
its abundant land and renewable resources which could provide a significant boost to the country's
development ambitions. The current green hydrogen development programme is concentrated in
the southwestern part of the country near the coastal city of Liideritz. There are also other, smaller
projects in the north-east or central valley of Namibia that are at a more advanced project stage,
such as the Daures Green Hydrogen Village.” Namibia's abundant solar and wind resources as well
as vast desert landscapes provide ideal conditions for the deployment of renewable energy
infrastructure. While the water requirements of hydrogen production are seen as moderate, any
scalable production approach would need to follow a sustainable water management strategy. To
understand the impact of the green hydrogen economy on water scarcity, however, a more
comprehensive analysis of the long-term imbalances between water availability and water demand
at local level is required. Moreover, the production of green hydrogen can have a significant impact
on the environment in terms of water and air pollution due to its high flammability, as well
emissions of hazardous chemicals when impure water is used that generates chlorine gas (Ruppel
and Katoole 2023; Perelli and Genna 2022).

To maximise the benefits of establishing a green hydrogen economy while simultaneously
addressing water scarcity challenges, a holistic approach to water and energy management is
useful. In that respect, Namibia’s potential for green hydrogen production, given its land and
renewable energy capacities, needs to be carefully balanced against the lack of water availability
and the water demands for decent living and economic development. These different requirements
are meant to be regulated by the Namibia Water Corporation Act (NWCA), which aims for
sustainable utilisation and protection of water resources. Recent legal analyses of green hydrogen
production in Namibia argue that the current water regulations may need to be revised and

' https://daures.green/
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amended to include new water-related activities for hydrogen, such as extraction, storage, and
disposal (Ruppel and Katoole 2023).

Addressing these challenges calls for a collaboration between the government, the private sector,
and international partners to promote water conservation measures, invest in water recycling and
desalination technologies, and ensure equitable access to water resources for all sectors of society.
A major chance to overcome the present water shortage and generate resource-protective green
hydrogen is to rely on seawater desalination for water electrolysis. As one of the first green
hydrogen projects in Namibia, the HYPHEN project® will rely fully on water desalination for its
electrolyser and cooling. This project also aims to provide a potable water supply to the towns of
Lideritz and Aus.

Consequently, while seawater desalination seems by far the most viable option for green hydrogen
production given the resource constraints, Ruppel and Katoole (2023) discusses the lack of a
regulatory framework for seawater extraction in Namibia. Initially this falls under the Water
Resources Management Act (WRMA), which allows seawater extraction permits. This has, however,
been inactive for several years. Moreover, neither of these two water acts defines how to handle
water discharge (brine) from reverse osmosis desalination plants back into the sea. A more positive
outlook is given by Namibia’s current Green Hydrogen and Derivatives Strategy (Ministry of Mines
and Energy Namibia 2022). This strategy outlines an action plan in which enabling legislation for
the hydrogen project should be anchored in line with international health, safety, and
environmental standards by 2025.

The case of Namibia shows that sustainable water management goes beyond technological fixes
and requires legal frameworks to ensure sustainable resource use. Adopting sustainable water
management practices and ensuring sustainable practices in industries are key to unlocking the
potential of green hydrogen to address the growing energy needs, promote economic growth, and
mitigate climate change in Namibia.

4.2 Land use challenges

Large-scale renewable energy projects, such as solar and wind farms, are essential for powering
electrolysers to produce green hydrogen. The production of renewable energy and associated
infrastructure often requires large amounts of land (Hassan et al. 2023; Lloret et al. 2022). Land is
also acquired for the construction of infrastructure, such as pipelines and transportation networks
for hydrogen distribution. The land requirements of the green hydrogen economy vary based on
the energy generation technology employed. Tonelli et al. (2023) has projected the land
requirement necessary to meet an estimated 646 Mt per year of green hydrogen demand in 2050
(5% more than the amount projected under IRENA’s 1.5 °C scenario). According to their projections,
the land required to meet the demand amounts to 0.6 million km? (equivalent to the total size of
Ukraine) for solar panel-based production and 13.5 million km? (about five times the land area of
Argentina), if the electricity is produced with wind turbines. This is the global average land

2 https://hyphenafrica.com/
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requirement. The local land requirement depends on actual climate characteristics, the geology of
the location, and technical specifications of the system. The remaining land between turbines and
the land area under solar panels can also be used for other functions.

Several countries have allocated large areas of land for green hydrogen production. Morocco, for
example, has earmarked one million hectares (10,000 km?) of land for their green hydrogen project,
while Oman has designated five million hectares (50,000 km?) in the central and southern region of
the country for green hydrogen production. Similarly, Namibia, is developing various projects in the
26,000 km? area allocated by the government for hydrogen development.

Pressures around land use are becoming increasingly prominent environmental challenges. With
the growing demand for land for farming, bioenergy production at scale, and other essential uses,
competition for land and its resources and services is set to intensify over the coming decades (King
et al. 2023). Though land is abundant in Africa, there is increasing competition for access to arable
land and pastures. Conflicts over the rights to land and territories are also becoming more common
across the continent (Ugwueze et al. 2022). UNECA (2020) lists climate change, inequitable access to
and control of land resources, and the extractive industry as some of the reasons for land-related
conflicts in many parts of Africa.

Large projects, such as green hydrogen, could lead to the conversion of natural habitats or
agricultural land, which could have negative impacts on biodiversity and food security. Previous
renewable energy programmes have shown land seizures without regard for social justice and
biodiversity (Swennenhuis et al. 2022), unfair relocations and compensation processes, as well as
interference with local landscapes, cultures, and social activities (Cremonese et al. 2023). The
resulting deforestation, the use of heavy machinery, and high-density infrastructure during the
construction of wind and solar farms could, moreover, lead to enhanced erosion and ecological
imbalances (Cremonese et al. 2023; Chigbu and Nweke-Eze 2023). Green hydrogen projects might
encroach upon environmentally sensitive or protected areas. Striking a balance between
conservation efforts and renewable energy deployment is therefore essential to avoid irreversible
environmental damage. It is essential to note that, like water scarcity, these risks are local in nature;
thus, while green hydrogen-producing regions are affected, importing countries largely avoid these
risks.

Indigenous communities, ethnic minorities, and low-income communities can be
disproportionately affected as, for example, dryland areas that offer the best conditions for solar
and wind power plants are often used by pastoralists. Implementing large-scale projects can
interfere with livestock migration routes and access to pasture, lead to the displacement of
communities, disrupt the pastoral land-use system (Whitmee et al. 2024), and it threatens
ecologically damaging land use changes by fragmenting desert habitat and using water in arid
environments (Turley et al. 2022). This risk is amplified in large parts of Africa where there is a
serious lack of formally recognised and secure land tenure (Chigbu and Nweke-Eze 2023) and poor
human rights situations.

Conflicts can also emerge when such facilities are proposed in areas designated for urban
development or areas with competing land-use priorities, such as residential or commercial zones
(Chigbu and Nweke-Eze 2023). Urban peripheries are usually ideal locations for large-scale green
energy developments due to their proximity to urban centres and industrial zones. However,
urbanisation often involves the expansion of cities, construction of residential and commercial
buildings, infrastructure development, and transportation networks, all of which require land.
Hence, competing interests may arise between allocating land for renewable energy generation for
green hydrogen production and land required for residential and commercial sectors.
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To counter these land use risks, it is important to consider the social implications and engage in
inclusive planning processes to address the concerns of local communities and avoid negative
social impacts. Addressing conflicting land uses in a green hydrogen economy requires careful
planning, effective land-use policies, and collaboration between stakeholders, including
governments, industries, and local communities. There are examples of multiple land use that
combine renewable energy with other land use, especially land which provides economic benefits
to farmers and pastoralists (Torma and Aschemann-Witzel 2023; de Ruijter et al. 2023). Combining
solar panels with agriculture, for example, creates symbiotic relationships where the shades
improve yield and reduce water use. Simultaneously, plants contribute to the cooling of the panels,
increasing their efficiency. Adopting sustainable practices, conducting thorough impact
assessments, and incorporating community input can contribute to the successful integration of
green hydrogen projects while minimising negative consequences on land use. Hence,
governments could put in place a framework that allows local communities to both participate in
and benefit from large scale green-hydrogen projects.

Text box 4.2: The case of Morocco

In a bid to mitigate climate change and enhance energy security, the European Union has been
increasingly investing in renewable energy infrastructure in North Africa. Most of these
infrastructure investments are happening in rural areas primarily inhabited by indigenous people
(Haag 2022).

Morocco, a country where hydrocarbon imports account for 9o% of its energy needs, is striving to
become a global leader in renewable energy generation and the fight against climate change (Weko
et al. 2023). The National Energy Strategy shows the country’s ambition to increase the share of
renewable energy in electricity generation to 52% by 2030 (Cantoni and Rignall 2019). This has
taken shape in the form of heavy investment in solar and wind power and extended to green
hydrogen. Morocco is an ideal candidate for large-scale green hydrogen projects, as it has a proven
track record in large renewable energy projects, extensive energy and transport infrastructure, and
itis located with proximity of European demand centres (Weko et al. 2023).

The Moroccan government announced the Green Hydrogen Roadmap (GHR) in 2021.This sets the
ambition to export 10 TWh (equivalent to 0.25 Mt3) and 115 TWh (approximately 3 Mt) of green
hydrogen in 2030 and 2050, respectively (Caillard et al. 2023). This roadmap follows previous
examples of very rapid advancements in electricity access and renewable energy capacity
expansions in wind and solar (Lebrouhi et al. 2024). It expanded its range of hydrogen projects
extensively in the last years and just announced additional land resources of up to one million
hectares (10,000 km?) for future green hydrogen projects (Martin 2024), corresponding to 2% of the
total land area of the country. The Moroccan government has allocated large areas of land for
developers in the Western Sahara, areas which hold the best conditions for green hydrogen
production (Weko et al. 2023). Therefore projects in Morocco might be sensitive to land issues,
particularly in disputed territories of the Western Sahara (International Alert 2022).

31EJ hydrogen = 7.1 Mt = 277.78 TWh

PBL | 21




A comparison of North African countries based on their technical and socio-economic potentials for
green hydrogen production, reveals several existing land conflicts in Morocco (Heinemann et al.
2022). This is partially related to the unresolved occupation of Western Sahara territories by the
Moroccan state, which has led to claims of local resources without the consent of the residing
communities. Furthermore, the biggest solar project currently active in Morocco, NOOR 1in
Ouarzazate, faced complaints on water and land resources by local groups (Ryser 2019). The project
is said to have disrupted social and economic ties within the local community, leading to reports of
villagers losing their access to water and collective pastureland because of land appropriation for
the project (Weko et al. 2023).

4.3 Climaterisk of hydrogen leakage

Hydrogen is an inherently light and reactive gas. Its small molecular size allows it to escape from
containment systems more readily than other fuels during production, conversion, storage,
transport, or application. In addition to this unintentional leakage, hydrogen can also be
intentionally leaked through operational purging and venting. Figure g4 below gives an overview of
all potential leakage sources across the hydrogen value chain.

Although hydrogen is non-toxic and disperses rapidly in the atmosphere, its release into the
environment can have major climate implications (Warwick et al. 2023; Esquivel-Elizondo et al.
2023). While hydrogen molecules (H.) do not directly trap heat, they have an indirect global
warming effect by extending the lifetime of other GHGs, offsetting greenhouse gas emission
reduction gains by switching away from fossil fuels. Using a chemistry-climate model, Warwick et
al. (2023) estimate the 100-year indirect Global Warming Potential of hydrogen to be 12+6, which
means hydrogen has a warming potency of about 12 times that of CO, over 100 years.

Certain GHGs such as methane, ozone, and water vapour are gradually neutralised by reacting with
hydroxide radicals (OH) in the atmosphere. When H, reaches the atmosphere, however, the H,
molecule reacts with OH instead, depleting atmospheric OH levels and delaying the neutralisation
of the GHGs, which effectively increases the lifetime of these GHGs and continue contributing to
the increase of the Earth’s temperature in the near-term (Warwick et al. 2023; Esquivel-Elizondo et
al. 2023). It also produces tropospheric ozone and serves as a source of water vapour in the
stratosphere that increases the potential for global warming (Esquivel-Elizondo et al. 2023;
Lakshmanan and Bhati 2029).

The scale of the impact is dependent on the size of the hydrogen economy and the rate of leakage.
The overall value-chain leakage of hydrogen is estimated to range between 0.2% and 20%
depending on the production process, the transport method, and the end-use application. Given
the absence of direct measurements, the total amount of H, leakage is estimated based on
assumptions, proxies, laboratory experiments, and theory-based models (Esquivel-Elizondo et al.
2023). In general, 70 — 80% of the escaped hydrogen is removed by soils through diffusion and
bacteria, while the remaining hydrogen goes into the atmosphere (Lakshmanan and Bhati 2024). A
study by Sun et al. (2024) demonstrates that, even at high emission rates from leakage, venting,
and purging, green hydrogen is 79 — 88% better in the long-term for the climate than fossil fuel use.

The risk of leakage is not just for hydrogen but its derivatives like ammonia. Leakages in the
ammonia value chain could release reactive nitrogen, as attested to by the findings of Bertagni et
al. (2023). Reactive nitrogen has detrimental effects for air quality, human health, ecosystems, and
climate, and could eventually lead to stratospheric ozone depletion.
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Figure g: Potential sources of H, emissions throughout the value chain (Esquivel-Elizondo et al.
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To achieve maximum benefits and mitigate the climate risks associated with hydrogen leakage
from green hydrogen projects, several measures can be implemented. First and foremost, robust
containment and safety measures must be implemented throughout the hydrogen value chain,
from production to end-use applications. This includes the use of high-integrity storage and
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transportation systems, leak detection technologies, and emergency response protocols to
minimise the likelihood of hydrogen release and hence mitigate its consequences. Recent research
on reducing leakages in prior gas pipeline infrastructure points to the usage of hydrogen blends (up
to 20% volume) instead of pure hydrogen to reduce leakage potential (OECD 2023).

Secondly, comprehensive monitoring and reporting mechanisms are essential to accurately track
and quantify hydrogen leakage rates. By identifying and addressing sources of leakage promptly,
stakeholders can minimise environmental impacts and optimise the efficiency of green hydrogen
production systems. Finally, research and development efforts should focus on advancing
hydrogen storage and transportation technologies to enhance containment and minimise fugitive
emissions.

4.q Diverging investment from other climate
mitigation programmes

Effectively tackling climate change requires action across all sectors of the global economy. From
energy production and transportation to agriculture, industry, and infrastructure, every facet of
economic activity plays a role in contributing to and providing a solution for climate change. While
green hydrogen has the potential to play a major role in reducing emissions in hard-to-abate
sectors such as heavy industry and long-distance transportation, it should be complementary to
efforts that promote large-scale renewable energy deployment, energy efficiency improvements,
and sustainable land use practices.

As already indicated, the investment in hydrogen is not only an investment in technology, but a
complex investment in an entirely new energy sector. As such, the current investment risk profiles
are very insecure and remain subject to large variability, given changing demand projections,
technology developments, and geopolitical factors (IEA 2023b). It is likely, therefore, that hydrogen
will continue to play a rather limited role in the global energy transition while the focus will be on
efficiency and electrification efforts based on renewable energies (see Figure 5). Consequently, the
relative importance of hydrogen in overall climate change mitigation should be central to its
investment projections.

The rapid growth of green hydrogen projects also raises concerns about the possibility of diverging
investment away from other climate mitigation programmes. Establishing a hydrogen
infrastructure, including production, storage, transportation, and distribution facilities, requires
substantial upfront investment, while low- and middle-income countries also the high weighted
average cost of capital (WACC) (Becker et al. 2023). A sole focus on and disproportionate
investment allocation for the hydrogen economy could divert already scarce capital from other
essential climate mitigation programmes, such as renewable energy for direct electricity access,
energy efficiency measures, and nature-based solutions (Ocko and Hamburg 2022; Whitehead et al.
2023; Habib and Ouki 2021). For example, several scenarios that meet the Paris Agreement’s goal of
keeping global warming to around 1.5 °C above preindustrial temperatures show major energy
efficiency improvements and considerable increase in electrification across sectors primarily
sourced from renewables, which argues for an allocation of significant resources to programmes
other than hydrogen.
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Figure 5: Final energy mix, hydrogen has a limited role in decarbonising the energy system (IRENA
2023; IEA 2023¢; Dagnachew et al. 2023)
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The high upfront investment requirements of green hydrogen could crowd out funding for other
climate change mitigation initiatives and, hence, slow down the transition to a net zero economy
(Whitehead et al. 2023). North African countries, which are among the European focus areas for
green hydrogen production, have a large share of fossil fuels in their power system (Ajanovic et al.
2024). Achieving emission reduction targets in these countries requires primarily decarbonising the
electricity system. Producing green hydrogen for export may potentially divert investment from
other effective measures that might better serve local needs. Moreover, in addition to dealing with
poverty eradication and job creation, low-income countries must also bear the burden of
addressing the increased costs associated with combating climate change.

In other words, accepting green hydrogen as the silver-bullet for decarbonisation may overshadow
the importance of implementing holistic climate mitigation strategies that address multiple sources
of emissions across different sectors. To harness the full potential of green hydrogen while
avoiding unintended consequences, policymakers and investors must adopt a balanced and
integrated approach to climate action that prioritises a diverse portfolio of mitigation measures. By
ensuring coherence, transparency, and accountability in climate policy decision-making, we can
navigate the transition towards a sustainable and resilient low-carbon future. There are also
examples where this multi-faceted approach is demonstrated, such as the Dutch Green Hydrogen
proposition for South Africa (Becker et al. 2023) This set strict standards to ensure that green
hydrogen imports from partner countries to the EU are produced from additional renewable energy
sources.
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Text box 4.3: The case of South Africa

Recent economic developments in terms of GDP growth and investment volumes have been
stagnating or even following a downward trend in the Southern Africa region, especially in the
Republic of South Africa (Commission and OECD 2023). These conditions have been exacerbated
during the COVID-19 pandemic as net capital expenditure by both the public and private sectors in
the region decreased by 23%. However, investment flows into renewable energy have been
increasing between 2010 and 2020, with a predominant focus on South African projects. In 2020,
South Africa accounted for 57% of Africa’s installed solar generation capacity (IRENA and AfDB
2022). In stark contrast to this, South Africa’s coal-based energy system still largely dominates
energy supply and generates electricity blackouts with considerable socio-economic consequences.
It maintains long-term purchase agreements between coal companies and the power sector based
on traditional labour union and lobby groups. This path dependency on the coal sector is estimated
to last up until 2040 (Mirzania et al. 2023).

Given the current attempts to revive its investment climate, South Africa announced extensive
green hydrogen investment plans to push its renewable energy expansion. In 2022, a Green
Hydrogen Commercialisation Strategy (GHCS) was released, followed by nine investment initiatives
and a green hydrogen fund (Naudé 2023). The ‘SA-H2 Fund’ seeks to generate a total of 1 billion US
dollars through public-private partnerships. It also receives support from a Dutch investment
company (Development Bank of Southern Africa 2023). But while there is increasing attention on
the country’s hydrogen potential, investment risks into renewables remain high (Mirzania et al.
2023). Most renewable energy support schemes run through the only national provider, Eskom,
which does not generate sufficient competition and scaling opportunities. In addition, current grid
availability and stability are not sufficient for renewable energy generation, which is the result of
low maintenance of the overall infrastructure (Mirzania et al. 2023). This shows that for a
comprehensive renewable energy transition to be possible, including the production of green
hydrogen, a more stimulating investment climate in infrastructure and technologies is needed. A
sole focus on hydrogen investment as currently announced could potentially diverge investment
from other, more crucial energy system improvements.
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5 Co-benefits of a green hydrogen
economy

As the world faces the urgent challenge of mitigating climate change, the need for clean,
sustainable energy solutions, like green hydrogen, has never been greater. Despite the risks and
trade-offs associated with green hydrogen as discussed above, an important advantage of the
emerging industry is the potential for exploring a wide range of co-benefits that come with the
design and development of new infrastructure and entities. The role that green hydrogen can play
in achieving the Sustainable Development Goals (SDGs) is considerable; it offers opportunities to
harness synergies between goals and address multiple global challenges at the same time. Green
hydrogen provides the opportunity to decarbonise hard-to-abate sectors, support over a million
jobs, and add billions of dollars to gross domestic product (Lorentz et al. 2023). It also enables the
integration of renewable energy into the power system, reduces fuel import dependence, and
lowers the carbon footprint of the energy system (Lebrouhi et al. 2022). Figure 6 presents a
summary of several such co-benefits of the green hydrogen economy in low- and middle-income
countries.

Figure 6: Summary of the co-benefits of green hydrogen economy for SDGs
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5.1 Air pollution reduction

Ambient air pollution is contributing to premature deaths including pneumonia, heart disease,
stroke, diabetes, chronic lung disease, and lung cancer. It is responsible for over four million deaths
each year globally. Air pollution is a major threat to health, human capital, and economic
development in low- and middle-income countries (Fisher et al. 2021). Rentschler and Leonova
(2023) show the link between poverty and air pollution with over seven hundred million surviving
on less than 1.90 US dollars per day living in areas with unsafe levels of air pollution, most of them
in Sub-Saharan Africa. For example, acute lower respiratory infection is a major cause of death in
children under five in the region (Cai et al. 2021).

Reducing local emissions is crucial for improving local air quality and alleviating negative health
impacts. Fossil fuel generates several local pollutants such as nitrogen oxides, fine particulate
matter, and sulphur dioxide (Ruf et al. 2018). Green hydrogen can be used as a clean alternative to
fossil fuels in various applications, including transportation, industry, and heating. The transport
sector, in particular, represents a major source of air pollution that harms human health and the
environment, with heavy-duty vehicles responsible for more than 25% of global warming
emissions, 45% of NOy emissions, and nearly 60% of direct PM2.5 emissions from the
transportation sector (Union of Concerned Scientists 2022). Hence, the transition of road transport
to cleaner fuel technologies has important implications and could significantly improve air quality
in urban settlements.

By replacing combustion-based technologies with hydrogen-powered alternatives, green hydrogen
helps reduce local air pollution (SDG3, SDG11, SDG15). Hydrogen vehicles have no local emissions
while gasoline internal combustion engines emit CO,, CO, NO,, CH,, VOCs, and SOy. The impact is
even bigger when taking the entire life cycle of the vehicles (Walker et al. 2015). Similarly, mixing
gasoline with green hydrogen in internal combustion engine vehicles reduces carbon monoxide,
unburned hydrocarbons, and nitrogen oxides by 99%, 93%, and 67%, respectively, reducing the risk
to human health (Becerra-Ruiz et al. 2019).

India, for example, is home to nine of the ten most polluted cities based on an annual average of
PM2.5 concentration (IQAir 2023). Abhyankar et al. (2023) and Vardhan et al. (2022) discuss the role
of green hydrogen in reducing emissions in energy-intensive industries. Green hydrogen can
significantly contribute to reducing of air pollution, resulting in over 4 million avoided premature
deaths in India related to air pollution until 2047 (Abhyankar et al. 2023). With the rapid population
growth and urbanisation in Africa, addressing air pollution is a pressing issue. Green hydrogen in
(heavy) industry and long-haul and heavy transport could be one amongst a portfolio of solutions
that promote human wellbeing and quality of life in urban areas.

5.2 Contribution to improving fertiliser
production

A large share of the global hydrogen production is used to produce ammonia, the key ingredient in
the production of nitrogen-rich fertilisers alongside urea and ammonium nitrate (Rambhujun et al.
2020). Ammonia plays an important role in the global food system. However, traditional methods

of producing hydrogen for ammonia production often rely on natural gas reforming, a process that
generates greenhouse gas emissions. The extremely high temperature required in the process also
makes it highly energy intensive. By using green hydrogen as a clean and sustainable alternative
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feedstock instead of hydrogen derived from fossil fuels, fertiliser producers can considerably reduce
the carbon footprint of their operations and so contribute to climate change mitigation efforts.

The dependence on fossil fuels has led to a concentration of global ammonia production in a few
countries that have low-cost abundant natural gas or coal resources (Osorio-Tejada et al. 2022).
Given recent events, such as the COVID pandemic and the Ukraine war, which disrupted global
value chains, this has led to supply vulnerability and price volatility that has had a significant impact
on food prices in low- and middle-income countries. In this context, locally produced green
hydrogen increases the sustainable production of fertilisers and decouples the price of fertiliser
from fossil fuel prices.

In India, for example, about fifteen million tonnes of ammonia are used annually in the fertiliser
industry. Replacing a fraction of this with green hydrogen would save millions of m3 natural gas
imports and trillions of rupees in annual fertiliser subsidies (Harichandan et al. 2023). Sub-Saharan
African countries also import large amounts of fertiliser with high import prices and a vulnerable
supply chain. The price of fertilisers in Sub-Saharan Africa has tripled since 2020 and remain
volatile, disrupted by war, export taxes, bans, and licensing requirements (Malpass 2022). Yet
average fertiliser use in Sub-Saharan Africa is only 15% the global average, and the poorest farmers
have no access to mineral fertilisers at all. Improved access to mineral fertiliser could significantly
reduce food insecurity among farming households in the region (Falconnier et al. 2023) . Chile, a
country with an extraordinary renewable energy potential, is a netimporter of ammonia at a cost
of hundreds of millions of US dollars (World Bank 2023). According to the National Green Hydrogen
Strategy, Chile aims to be a major player in the production of green hydrogen and its derivatives
with a potential to produce low cost ammonia from solar and wind by 2030 (Ministry of Energy
2020).

Overall, green hydrogen offers large potential to improve fertiliser production by providing a clean
and sustainable source of hydrogen. By transitioning to green hydrogen as a feedstock, fertiliser
producers can reduce emissions (SDG13), improve energy efficiency (SDG7), and contribute to a
more sustainable and environmentally friendly fertiliser industry. If the green hydrogen is sourced
locally, it offers more stable and consistent fertiliser supply and prices and, hence, it could enhance
food security (SDG2).

5.3 Contribution to improving access to clean
energy

Access to reliable, clean, and modern energy is fundamental for sustainable development and
improving the quality of life for people around the world. However, achieving universal access to
modern energy remains a challenge, particularly in remote settlements in low-income countries.
Off-grid systems are crucial components of the energy access strategy to reach remote locations
that have too low levels of electricity consumption or are sparsely populated. Green hydrogen
presents a promising opportunity to address both the energy access and sustainability challenges.
The renewable energy sources required for green hydrogen production are abundant and can be
economically harnessed in large parts of Africa, including those regions with limited access to
energy infrastructure. The rapid growth of renewable energy power for green hydrogen production
and the lower levelised cost of electricity can enhance the availability of renewable energy solutions
for various end users (SDG7) (Climate Analytics 2022).
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Green hydrogen-related infrastructure investments, technology transfer, and local capacity building
programmes could already lower costs and reduce the complexity of subsequent deployments of
renewable energy-only systems (AGHA 2022). Green hydrogen is a dependable and secure energy
source, especially for fossil-fuel importing countries (Xiang et al. 2021). Fossil fuel prices can
fluctuate, and the supply chain can be interrupted. By reducing the reliance on imported fossil fuel,
mitigating price volatility, and hence improving the flexibility and resilience of the energy system,
green hydrogen contributes to improving overall energy security and resilience (IRENA 2022a).

Green hydrogen can also be used as a storage medium during periods of peak generation to
provide a reliable energy supply, especially for communities in distant locations (Widera 2020). It
offers the potential for long-term energy storage (Noussan et al. 2020), allowing excess renewable
energy generated during peak seasons to be stored and utilised during periods of low electricity
generation. This is particularly relevant and especially valuable for regions with seasonal variations
in renewable energy resources, as the share of renewable energy in electricity increases. Oliveira et
al. (2021) estimate the global seasonal storage requirement at 14 — 67 PWh annually, which is
equivalent to 1.2 Gt of hydrogen.

Significant revenue can be generated by exporting (surplus) green hydrogen and developing the
hydrogen value chain for countries with favourable conditions. According to the Hydrogen Council
(2022), by capturing just 15% of the projected globally traded hydrogen volume, African countries
could earn 15 billion US dollars in 2050. The earnings could be re-invested towards initiatives aimed
atimproving energy access in underserved communities and enable the faster deployment of
renewable power for domestic use at lower costs.

5.4 Contribution to iImproving water supply

As already discussed in section 4.1, the production of green hydrogen requires considerable
amounts of water. As a result, the green hydrogen economy faces challenges as the areas with
abundant renewable energy potential are also usually the areas that face water scarcity. The
pressure on these areas is further exacerbated by population growth, industrial development, and
climate change. The promotion of green hydrogen production can encourage integrated
management approaches to the energy-water nexus. By recognising the interdependencies
between energy and water systems, policymakers and stakeholders can develop strategies that
optimise resource use, minimise environmental impacts, and enhance overall sustainability. Green
hydrogen, then, offers an opportunity to align energy production with water conservation goals,
fostering synergies between the two sectors.

There are already technologies in concept or pilot phases with an integrated system where the
desalinated water is not only used as feedstock for hydrogen production, but also serves as an
alternative source of freshwater for other end-use, providing positive spill over benefits. Farhani et
al. (2024) describe a system in Tunisia where the water treatment module adopts a low-pressure
reverse osmosis approach to supply the electrolyser. The surplus water from the desalination plant
is then supplied for irrigation, creating a wider local benefit. The integrated seawater hub,
conceptual design described by M.S et al. (2024), consists of a desalination plant that provides
water for multiple end-use purposes, including for drinking water supply, for a hydrogen
production plant, and for seawater farming. The system uses seawater, brackish, and treated
wastewater as input. It proposes a closed loop system that includes the recycling of the waste heat
from the reverse osmosis for the desalination process and extraction of minerals (such as sodium
chloride, bromine, magnesium, potassium, and lithium) from the brine (SDG12, SDG14).
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Desalinated water requires a series of post-treatment steps that might include remineralisation,
disinfection, degasification, and corrosion control to make it suitable for drinking or irrigation
(Lesimple et al. 2020).

The electrolysis process that is used to produce green hydrogen is powered by renewable energy
sources and requires less water than other hydrogen production methods, as shown in Figure 7. By
promoting the use of renewable energy, green hydrogen production contributes to reducing the
reliance on water-intensive energy sources, such as fossil fuels or nuclear power, which often
require a lot of water for cooling and other processes.

Figure 7: Average water withdrawal and consumption across various hydrogen production
pathways (IRENA and Bluerisk 2023).
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The green hydrogen economy’s reliance on renewable energy sources and its potential to promote
sustainable energy-water nexus management can contribute to water conservation efforts and
support overall water sustainability objectives (SDG6). By integrating green hydrogen production
with broader strategies for renewable energy deployment and water management, societies can
work towards a more sustainable and resilient future.

5.5 Enabling green industrialisation

Historically, the pursuit of industrialisation often comes with significant energy consumption and
high levels of GHG emissions. One promising option for GHG emissions reduction in energy-
intensive industries is to switch to renewable electricity and green hydrogen. Given heterogeneity
of potentials and costs of renewable electricity across regions, this could lead to a relocation of
these industries and a shift in trade patterns (Verpoort et al. 2024). Investments in green hydrogen
infrastructure and technology can change the course of development and bring new opportunities
for domestic industries, including renewable energy production, electrolyser manufacturing, and
hydrogen-related R&D (SDGg). As demand for green hydrogen infrastructure and equipment
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increases, local suppliers and manufacturers can emerge, creating additional economic
opportunities and supporting local economies. Moreover, it could spur investmentin
complementary sectors, such as transportation, agriculture, and manufacturing. Energy-intensive
industries have so far largely relied on fossil fuels, account for a large share of the global GHG
emissions and are hard to abate through simple electrification. Green hydrogen is a clean
alternative to fossil fuels in various key industrial processes, such as in chemicals, refining, iron and
steel, and other industrial uses like glass manufacturing, food products, semiconductors, cooling
large stationary electrical generators, and propellant fuel for aerospace vehicles (Agaton et al.
2022).

The growth of green hydrogen industries creates opportunities for supply chain development and
diversification, benefiting a wide range of sectors (see Table 1). By replacing carbon-intensive
feedstocks and fuels with green hydrogen, industrial emissions can be considerably cut back and
dependence on fuel imports can be reduced significantly (Wang et al. 2018). It also offers the
opportunity to establish, expand, or relocate downstream industries. By positioning themselves as
leaders in the green hydrogen economy, low- and middle-income countries can enhance their
global competitiveness and access new markets, driving economic growth and trade expansion, as
well as improve their economies by moving from lower to higher value-added activities within the
green hydrogen value chain. In this context, pursuing green industrialisation could be particularly
important for these countries to foster economic development and create synergies with several
other development targets.

Table 1: Upstream, midstream and downstream hydrogen ecosystems (Consilis 2023)

Power Production Storage and Applications
generation & distribution
distribution
Wind power Electrolysis Storage tanks Iron & steel
Solar power Compression Caverns Petrochemical & chemical industries
Hydropower Conversion Pipelines Manufacturing
Electrical grid Ships Power & heat generation, long- and
mid-term storage, blending
Battery Trains Data centres
Trucks Mobility
Filling stations

Strategic industrial policies driving integration throughout the value chains could support the
relocation or establishment of energy-intensive industries closer to the production locations of
green hydrogen (Eicke and De Blasio 2022; IRENA 2022a). Products like ammonia and methanol
could be produced near hydrogen sites which would further cut shipping costs (Saygin and Gielen
2021). Similarly, by using a direct hydrogen reduction method, replacing natural gas with hydrogen
in steel production could reduce CO, emissions during production by up to 84% - 91%, though
challenges remain (Wang et al. 2021).
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Green hydrogen holds promise for driving green industrialisation. It can help decarbonise industrial
processes, spur technological innovation, and create new supply chain opportunities. By embracing
green hydrogen, low- and middle-income countries can transition towards more sustainable and
resilient industrial economies while limiting the impact on the climate. These countries could find it
challenging, however, to compete in value-added segments of the value chains (Eicke and De
Blasio 2022) and, hence, require bilateral and multilateral collaborations to avoid geopolitical and
market tensions and conflicts.

5.6 Ability to create decent jobs

Green hydrogen holds promise as a clean and versatile energy carrier that can be applied in
transportation, industry, and power generation, offering a holistic solution to decarbonise
economies. The emergence of green hydrogen as a key player in the global energy transition
presents an opportunity to foster economic growth and job creation in low- and medium-income
countries (SDG8, SDG10). As nations worldwide pivot towards renewable energy sources, the
synergies between the transition to clean energy technologies and decent job creation have
become increasingly evident. Given the role that hydrogen is projected to play in reaching climate
targets, Lorentz et al. (2023) estimate that the global demand for clean hydrogen will reach 600 Mt
by 2050 (2% less than projected under IRENA’s 1.5 °C scenario) and the hydrogen economy
supports 1.5 million jobs per year between 2030 and 2050 in developing and emerging economies.
The employment consists of job transfers from other sectors, but also additional jobs from new
economic activities that might also requires education and skills development.

The development of green hydrogen infrastructure and value chains creates employment
opportunities across various sectors, from renewable energy generation to manufacturing,
transportation, and research and development, thereby contributing to economic development. By
fostering innovation, entrepreneurship, and skills development, green hydrogen projects
contribute to economic growth and the creation of new opportunities in high-skilled occupations
and sustainable livelihoods.

The green hydrogen industry fosters GDP growth and promotes socio-economic and technological
developments. A study by Bisognin Garlet et al. (2024) shows that green hydrogen has a positive
prospect in creating high added value and specialised jobs in Brazil, for example. Integrating
various stages of the green hydrogen value chains provides various advantages, such as lower
distribution costs, increased control, and lower dependency, which reduces vulnerability. The
resulting relocation or expansion of carbon-intensive industries closer to the hydrogen production
location could increase the local added value and create several jobs in low- and middle-income
countries (Eicke and De Blasio 2022).

Forinstance, India already aims to capture the economic potentials of green hydrogen by creating
600,000 jobs in the sector by 2030 Harichandan et al. (2023). The Indian government has
announced investment plans for pilot projects in the green hydrogen industry that could create new
jobs in the manufacturing, automobiles, and construction sectors. Similarly, van Wijk and Wouters
(2021) argue that establishing a renewable-based energy system for local consumption and export
in North Africa, has the potential to creates jobs, welfare, and improve living conditions reducing
migration. This does require, however, tremendous political and societal will from North African
and European countries. Boudghene Stambouli et al. (2024) show that establishing a new green
hydrogen economy in Algeria, for example, could support efforts to promote economic
development and job creation. The HYPHEN project in Namibia could create some 15,000 jobs
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during construction that could last four to five years and nearly 3,000 people will be permanently
employed once the construction is completed. The ambition of the project is to employ locals for at
least 90% of these jobs (Cordonnier and Saygin 2022). What would improve accessibility to these
jobs are efforts to improve skills and education, such as by supporting local skill developments, as
argued by Agyekum (2024). Namibia’s HYPHEN project’s Socio-Economic Development (SED)
Framework (Hyphen Hydrogen Energy 2023), for example, is committed to education and training
to support youth employment opportunities in Namibia. Cremonese et al. (2023) show that the
employment opportunities for the NOOR 1 solar thermal power plant in Morocco and the solar
parks in Limpopo in South Africa were limited to short-term unskilled and semi-skilled jobs, mostly
due to lack of capacity and skill development. Therefore, additional training and study programmes
would allow the young population to contribute and benefit from a local hydrogen economy.

The development of green hydrogen infrastructure and value chains stimulates technological
innovation and can create employment opportunities across various sectors, including renewable
energy generation, hydrogen production, storage, transportation, and utilisation. This has direct
benefits to the Sustainable Development Goals that aim to eliminate poverty and hunger, create
decent work and economic growth, and stimulate industry, innovation, and infrastructure
development.

Text box 5.1: The case of Africa

The green hydrogen economy can provide several benefits for countries in Africa, provided that the
socio-economic and environmental risks are properly addressed. Large foreign investments coming
to those countries in the forefront of green hydrogen development could enable the expansion of
the energy grid, create jobs, reduce emissions, and foster green industrialisation. Average electricity
access rates in Namibia and Mauritania are just 55% and 48%, respectively. The expansion of
renewable electricity generation as part of the green hydrogen economy can increase domestic
electricity access, enabling these countries to achieve energy access targets. Similarly, fossil fuels
account for nearly 95% of Egypt’s total energy supply, more than 9o% of South Africa’s total energy
supply, almost 9o% of Algeria’s total final consumption (IEA 2023a). Green hydrogen can be a key
strategy to decarbonise these countries’ energy systems while fostering economic development.
Namibia also aims to decarbonise its mining sector with the help of green hydrogen for the heavy-
duty trucks involved in the sector. Morocco is importing over 9o% of its energy supply. By
integrating the green hydrogen plan with energy transition and climate targets could help not only
to decarbonise the energy system, but to also improve energy security in producing countries.

Average annual PM2.5 concentration in Algeria, Egypt, Mauritania, Morocco, Namibia, and South
Africa are ¢ — 10 times higher than the World Health Organisation recommended maximum of 5
g/m3 (World Health 2021). Expanding the green hydrogen economy could help these countries,
especially densely populated cities, cut PM emissions by cutting emissions from industry and heavy
transport and reducing health risks associated with poor air pollution. In Mauritania, the AMAN
(Atchison 2022) green hydrogen project aims to provide 6o hydrogen buses for public use, easing
the transport challenges and tackling air pollution at the same time.

Nineteen percent of the population in Namibia and South Africa are living under the global poverty
line. The overall unemployment rate in these two countries is amongst the highest, standing at 33%
and 32.1%, respectively. Green hydrogen could play a key role in creating additional employment and
accelerate economic development to help lift the population out of poverty. Unemployment rates is
Algeria, Egypt, Morocco, and Mauritania are far below 10%, and green hydrogen can still create
decent job opportunities, particularly for those displaced from the fossil fuel industry.
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Algeria’s economy is dependent on fossil fuel export, making it particularly vulnerable to
fluctuations in international markets and the global decarbonisation trends (Boukhatem 2022).
Fossil fuel exports and energy-intensive industries, such as the chemical industry and steel industry,
play an importantrole in Egypt’s economy. Namibia's economy is dominated by mineral export,
while manufacturing accounts for 15% of the GDP (Focus Economics 2024). Industry and agriculture
account for qo% of Morocco’s GDP and employ 60% of the work force (LLOYDS Bank 2024), and
the country is amongst the biggest exporters of fertiliser products (Hmadouch 2023). The share is
similar in Mauritania where industry and agriculture account for 60% of the GDP (Hmadouch 2023).
Manufacturing, transport and communication, natural resource extraction, and agriculture provide
a third of South Africa’s GDP (South African Market Insights 2015), but are struggling with unreliable
energy supply. The green hydrogen economy provides co-benefits by improving energy security,
fostering green industrialisation, and enabling economic diversification with integrated upstream and
downstream industries in the value chain.

Water management is a major challenge for most of the countries in Africa with the growing
demand for water from various sectors and the consistent spells of drought, both placing greater
stresses on the water supply. Investments in the green hydrogen economy could be leveraged to
support water supply to other end-uses, such as household use and irrigation, at a relatively small
increase in the cost of hydrogen production. The AMAN green hydrogen project in Mauritania aims
to build a desalination plant with a capacity of 150 million tonnes of water, a third of which is
earmarked to support the local water supply system (Atchison 2022). As mentioned in the previous
chapter, the HYPHEN project in Namibia will supply drinking water to the towns of Lideritz and
Aus.? Algeria already plans to cover 60% of its drinking water demand in 2030 with desalination
plants (Magoum 2023), which gives an opportunity to integrate part of this plan into the green
hydrogen programme. The desalination plants for the hydrogen economy could be planned not
only for the amount required to produce hydrogen but also for various local demands, including
drinking water and irrigation.

4 https://hyphenafrica.com/
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