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HIGHLIGHTS GRAPHICAL ABSTRACT

¢ A safe and just hydrogen economy
can enable sustainability and eq-
uity for all.

e Combination of doughnut eco-
nomics and PESTLE analysis
created a novel approach.

e The DPHM presents a safe and just
space for a thriving hydrogen
economy for all.

e Avoiding exacerbating planetary
boundaries key when adopting
hydrogen technologies.

e Hydrogen supply chain develop-
ment in Africa requires the right
PESTLE conditions.
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Furthermore, the combination of a Doughnut and PESTLE analysis created a novel
approach to assessing the adoption of hydrogen technologies while evaluating the impact
of the hydrogen economy. For instance, the estimated ammonia demand in 2050 and
subsequent anthropogenic nitrogen extraction rate will be about two and a half times more
than the 2009 extraction rate.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The sustainable energy transition in developed and advanced
economies is mainly centered on environmental impacts,
energy security and fossil fuel costs, and exhaustion of finite
fossil fuels [1]. It is for this reason that all the countries have
greenhouse gas emission reduction targets through their Paris
Agreement Nationally Determined Contributions [2]. The goal
to curb greenhouse gas emissions and maintain global
warming below 2 °C to prevent climate change after the Paris
agreement [3] led to increased interest in sustainable energy
sources such as renewable energy and carbon-negative tech-
nologies because they are perceived as critical solutions in
avoiding catastrophic climate failure.

However, the benefits of adopting sustainable energy tech-
nologies should go beyond reducing greenhouse gas emissions
because they have the potential to improve the socio-economic
statuses of households and communities [4]. While the energy
transition in developed countries is focused on the transition
from fossil fuels to sustainable energy, the transition in devel-
oping countries is dynamic because of the complex energy
landscape that encapsulates issues such as low access to
electricity, low access to clean water, need of industrialization
and economic growth [5]. Even so, advanced economies such as
the United Kingdom are currently facing social injustices pri-
marily energy poverty due to increasing gas prices, one of the
core elements that is raising inflation [6,7]. Additionally, global
oil prices have surged over 7% due to disruptions from Russia's
invasion of Ukraine [8]. These issues are a reminder of the
significance and urgency of a secure and global sustainable
energy transition.

This debate is relevant to the production and utilization of
hydrogen in advanced economies as part of the net zero solu-
tions. Hydrogen is widely seen as a key energy carrier because it
is readily available in water covering around 71% of the Earth's
surface and produces only water when oxidized in fuel cells
[9,10]. Furthermore, it expeditiously dilutes to low flammability
limits in surrounding air due to being the lightest molecule on
earth [11,12]. The versatility of hydrogen enables it to play a key
role in decarbonizing the domestic, industrial, and transport
sectors. Itis also expected to curb the intermittency of solar and
wind energy by offering grid flexibility [13] and reducing the
volatility of oil and gas prices [1]. These issues are valid as well
in developing countries towards a sustainable energy transi-
tion, but hydrogen adoption in these countries should go
beyond this by emphasizing the opportunities offered by pro-
moting access to clean energy (including clean cooking), gender

equality and inclusion, job creation, socio-techno-econo-
political development, industrialisation, and improving the
resilience of developing countries.

As in developed countries, sustainable hydrogen production
in developing countries to transition to a hydrogen economy
requires the right conditions that will enable hydrogen pro-
duced sustainably to be utilized in different sectors locally and
internationally. Long-distance transportation of renewable
energy from developed and developing regions such as
Australia, Canada and Africa with abundant resources will play
a critical role in the global transition from fossil fuels [1,14—18].
Africa is considered a case study to build on the preceding
study on the renewable hydrogen outlook in Africa [18]. There
are commercialized ways in which sustainable hydrogen can
be produced, for example, with renewable electricity using
electrolysis, steam methane reforming with high-rate carbon
capture, or biomass gasification [1,19—-21]. These processes are
understood; however, the processes do not only need the right
technology, but they also need the availability and develop-
ment of safe and just political, economic, social, technological,
legal, and environmental (PESTLE) conditions to bring about the
transformation of carbonized energy practices.

There are several studies on technology adoption and
these are summarised in Table 1. From the studies reviewed,
no study that comprehensively evaluated the complex and
dynamic African landscape when assessing the adoption of
hydrogen technologies on the continent. Furthermore, the
studies on the adoption of hydrogen technologies [22—27] are
mainly review studies and did not carry out comprehensive
PESTLE analysis as shown in Table 1. The previous studies
focused on qualitative PESTLE analyses while the quantitative
studies relied on expert opinions and views, and techno-
economic analyses to shape their discussion. However, this
study has taken a novel approach and uses robust and globally
accepted data from The World Bank [28] and The Global
Economy [29] to evaluate and comparatively analyze the
PESTLE aspects.

Unlike previous PESTLE studies, it also drew inspiration
from Raworth's doughnut model [30] which combines the social
foundation with the environmental ceiling creating a
doughnut-shaped area between social and environmental
boundaries that depicts a safe and just space for humanity.
Furthermore, a combination of a PESTLE and doughnut eco-
nomic model analysis creates a novel approach (Doughnut-
PESTLE hydrogen model, DPHM) in assessing the adoption of
hydrogen technologies while evaluating the impact of the
hydrogen economy. The objectives of this paper were: (a) assess
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Table 1 — Technology adoption analysis studies (PESTLE-political, economic, social, technological, legal, and environmental factors, AHP-analytical hierarchical process,

SWOT-strength, weakness, opportunities, and threats, MCDA-multicriteria decision analysis).

Ref. Technology/Application Method Location Key Results

[31] Biofuel PESTLE Europe The technological developments in industry significantly affect the competitiveness between different
production characteristics concerning economic sustainability.

[32] Fossil Fuel PESTLE Indonesia The importance of strategical alignment of stakeholders' policies to the needs of other relevant
stakeholders.

[33] Tidal PESTLE United Kingdom Stakeholders present benefits to the tidal developers through funding, incentives, and knowledge
sharing whilst presenting risks to the future of projects.

[34] Parabolic dish and micro PESTL-Index of Selected countries in Several factors such as irradiance influence the adoption of solar power technologies.

turbine engines market potential South and North
America, Europe,
Africa, Asia, and
Australia

[35] Renewable energy PESTLE-Expert views Ghana The consulted experts ranked economic factors as the most critical challenge. Renewable energy
resources and geographical location were ranked highest in terms of opportunities.

[36] Solar home systems PESTLE-Surveys Rwanda The solar home projects should be informed by the needs and priorities of end-users whilst being
aligned with national policies

[37] Solar water heating PESTLE Africa An entrepreneur can still make a profit if a solar heating product retails at 52% of the equivalent
competition prices.

[38] Renewable energy SWOT- AHP Morocco and Egypt Indicated that Morocco may be more efficient than Egypt in promoting European energy cooperation as
a host country

[39] Renewable energy PESTLE Malawi Suggested a paradigm shift that has the potential to provide long-term supportive mechanisms for
Malawi's renewable energy development.

[22] Hydrogen PEST-Expert views European countries Stakeholders, experts, academics, and industrialists have a key role to explain to decision-makers, and
local and national governments on hydrogen

[40] Wave and tidal energy PESTLE- Levelised United Kingdom, Two separate case studies are required to accurately assess the needs of the ocean energy sector.

Cost of Energy France, Canada, These are the suitability of different geographic locations and the progress of the technology in the
Spain, Chile research and development cycle.
[41] Desalination PESTLE-Life Cycle- Saudi Arabia Reverse Osmosis combined with renewable energy performed better in terms of human health,
MCDA ecosystem quality, and resources, as well as greenhouse gas emission reduction.
[42] Carbon capture and storage PESTLE-Life cycle- = Applying process improvement and renewable energy sources such as biogas for absorbent
MCDA regeneration result in reduced environmental and social impacts.

[25] Hydrogen Review Mexico Commercial, ecological, human, economic, and technological challenges may counter international
agreements by discouraging the hydrogen market and curbing expected decarbonization.

[43] Geothermal PESTLE-Expert views United States of Geothermal innovations that increase the footprint of the geothermal industry might provide an

America avenue for the oil and gas industry to enter the geothermal domain.

[24] Hydrogen Review Asia-Pacific Countries with active hydrogen policies and high research and development capacity could lead the
strategy, whilst countries with high primary energy supply capacity and economic advantage can
benefit the region in catering the energy and commercial resources.

[44] Waste to Energy PESTLE China For the private sector, policy changes, extensive application of public-private partnerships and the
complex characteristics of municipal solid waste are the critical factors to be accounted for.

[45] Electric vehicles PESTLE-Facebook United States of Political, economic, and legal posts had dense clusters around the technology policy of electric

posts America vehicles.

[46] Renewable energy PEST Poland Indicated that the renewable energy sector can continue to grow with economic and macro-

environmental being the most favorable factors.

(continued on next page)
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The barriers to the hydrogen economy are not technical but the mindset, regulatory, and political

Turkey
interferences.

Review

Hydrogen

%
o

The government must involve stakeholders including automobile manufacturers, hydrogen
producers, and research institutions coupled with funding to address the bottlenecks.

Online India

Hydrogen-fuel cell vehicles

[26]

questionnaire

Identified three auspicious pathways i.e., hydrogen station to fuel cell vehicles, government-led fuel

cell vehicle adoption, and government subsidy-led fuel cell vehicle adoption.

South Korea

Fuzzy-set quality

comparative
analysis

Hydrogen-fuel cell vehicles

[27]

the environmental impact of adopting hydrogen technologies,
(b) assess the social impact of adopting hydrogen technologies,
and (c) evaluate the political, economic, social, legal, and
environmental conditions that can be instrumental in adopting
hydrogen technologies in Africa in the most effective way by
encapsulating aspects relevant to key stakeholders from
hydrogen technology developers through to end-users.

The next sections of this paper are arranged as follows:
section Materials and Methods presents the methodology
used in assessing the complex and dynamic landscape.
Section Doughnut-PESTLE Hydrogen Model (DPHM) dis-
cusses aspects of the DPHM, section DPHM Implications and
Recommendations discusses the DPHM implications and
recommendations before concluding in section Conclusions.

Materials and Methods

A PESTLE analysis employed in this study can be described as a
mechanism for assessing the ramifications of current and
future external factors on a system or technology while
assessing the effect of the system or technology in the context
of where it is implemented [47]. It is handy when evaluating
qualitative factors and for assessing problems comprehen-
sively [36]. The quantitative aspect of this study involved the
selection, collection, and ArcGIS Pro mapping of publicly
available political, economic, social, technological, legal, and
environmental indicators from The World Bank [28] and The
Global Economy [29] relevant in analyzing the complex African
landscape towards the adoption of hydrogen technologies. The
PESTLE criterion in this study is focused on indicators relevant
to key stakeholders from hydrogen technology developers
through to the end-users. These indicators comprise of:

(a) Political - fragile state index, political stability index,
government effective index, and control of corruption
index.

(b) Economic - the cost of starting a business, ease of doing
business, investment in energy with private partner-
ship, and lending interest rate.

(c) Social — human development index, unemployment
rate, and literacy rate - total adult and female.

(d) Technological - R&D expenditure, patent applications,
high technology exports, and technical cooperation
grants.

(e) Legal - rule of law index, regulatory quality index,
strength of legal rights index, and property rights index.

(f) Environmental - access to electricity, electricity power
consumption, CO, emissions, and total greenhouse gas
emissions.

Doughnut-PESTLE Hydrogen Model (DPHM)
Planetary and Social Boundaries of the Hydrogen Economy
The hydrogen economy has a consensually projected

potential of playing a key role in contributing to
the net zero energy transition. However, its unsustainable
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Fig. 1 — Doughnut-PESTLE Hydrogen Model (DPHM): A safe and just space for a thriving hydrogen economy.

production may come with unwanted consequences that
may exacerbate planetary and social boundaries. The plan-
etary boundary concept imparts a strong starting point
aimed at understanding the natural resources and processes
upon which humanity's sustainable development is depen-
dent [30,48]. The nine planetary boundaries were developed
in 2009 at the Stockholm Resilience Centre by 29 leading
Earth-System scientists [48]. Planetary boundaries are
defined as the safe and operating space for humans con-
cerning the systems on Earth and are linked with Earth's
diverse biophysical subsystems [48]. Surpassing either of the
subsystem limits can lead to catastrophic effects such as
extreme and disastrous weather events being experienced
globally.

Human activities have been the primary cause of global
environmental change since the industrial revolution and the
hydrogen economy is no exception from worsening the cur-
rent global environmental change if its implementation will
not be sustainable. Fossil fuels which are the primary source
of emissions enabled unprecedented economic growth since
the beginning of the industrial revolution as society moved

away from biomass as the primary source of energy. Hydrogen
is no exception and could have disastrous effects too if not
implemented sustainably. These interlinked Earth systems
are discussed in the context of the hydrogen economy and
how it may worsen these boundaries.

The Doughnut Economic Model is a tool that combines
societal boundaries with planetary boundaries creating a
doughnut-shaped area within which the human/earth sys-
tems can operate sustainably [30]. Exceeding the model
boundaries will have negative consequences for the environ-
ment and economy. In this study, a Doughnut-PESTLE
Hydrogen Model (DPHM) has been developed which is an
adaptation of the Doughnut Economic Model. The DPHM
places all the social boundaries within the social aspects of
interlinked PESTLE analysis. A PESTLE analysis, combined
with the planetary boundaries gives a broader perspective of
hydrogen technology adoption and can be adapted for any
system. Fig. 1 shows the DPHM highlighting the safe and just
space for a thriving hydrogen economy. The main planetary
boundaries and PESTLE conditions of the hydrogen economy
are now discussed in the following sections.
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Climate change

Hydrogen production processes such as fossil fuel-based
hydrogen production without adequate carbon capture can
increase the atmospheric carbon dioxide concentration lead-
ing to further global warming. For example, blue hydrogen
(hydrogen produced from natural gas with carbon capture,
utilization, and storage) is seen as a transition energy carrier
while scaling green hydrogen production, however, utilization
and subsequent release of this carbon dioxide into the atmo-
sphere question the sustainability of such hydrogen. Knowing
the carbon footprint and sustainability impact of hydrogen is
necessary if the hydrogen economy were to play a key role in
mitigating the impacts of climate change [1]. Hydrogen certi-
fication can foster reliability standards, transparency, and
independent auditing and this can be attained through “gua-
rantees of origin” because there are currently no global stan-
dards [1,49]. Furthermore, the currently proposed schemes
differ significantly in the definition of sustainability and
accountability of the emissions in the hydrogen supply chain
[50]. International cooperation will be crucial in ensuring
consistent terminologies and data to enable transparency and
consistency in conversion between certification schemes [1].

Freshwater use

Excessive electrolysis can be described as the consumption of
water for hydrogen production beyond the capacity of a
country's renewable freshwater resources. Renewable fresh-
water is, without doubt, the most important element sus-
taining all the systems of the Earth thus its depletion,
conversion, or uneven distribution across the Earth will have
detrimental effects such as affecting the water cycle which
sustains rainfed agriculture and life on earth in its entirety.
Moreover, the sustainability and greenness of renewable
hydrogen from regions with acute water shortages, and vast
populations living without and below the UN daily limit of
access to clean and safe drinking water [18,51] will be highly
questionable.

The IRENA report [1] indicated that the forecasted green
hydrogen production in 2050 (409 million tonnes) would
require around 7-9 billion cubic meters of water which is less
than 0.25% [52] of current freshwater. While this is true, it does
not paint the true picture of acute water scarcity issues and
millions of people who currently do not have access to clean
and safe drinking water. For example, countries such as
Namibia, South Africa, and North African countries are
developing hydrogen strategies and planning implementation
without first addressing the acute water issues in these
countries. To put this into context, North African countries,
Sudan, South Africa, Namibia, Zimbabwe, and Somalia have
an overall forecasted water deficit of around 190 billion cubic
meters in a sustainable 2050 water availability scenario [18].

An option for countries with fossil fuel reserves [53] can be
to consider blue hydrogen while implementing long-term
green hydrogen capacities. However, this pathway should be
carefully assessed because the assets could suffer from pre-
mature write-downs due to green hydrogen cost reduction,
tight global environmental policies [1], and lack of funding for
new oil and gas projects [54]. Moreover, natural gas dominates
blue hydrogen production costs, whilst the capital expendi-
ture of carbon capture and storage additionally plays a key

role [55]. Regions with high natural gas costs and not close to
carbon storage sites would be characterized by high hydrogen
production costs [55].

Nitrogen and phosphorous cycles

Large-scale nitrogen and phosphorous environmental impact
have been primarily due to agricultural activities ranging from
fertilizer production to utilization [56]. The incremental
quantities of nitrogen and phosphorus activated anthropo-
genically are substantially large and massively disturb the
global cycles of nitrogen and phosphorus [57,58]. The nitrogen
and phosphorus cycles are expected to undergo more severe
stress and perturbation because ammonia will now be pro-
duced for use as a hydrogen carrier in addition to fertilizer
production for food production. Moreover, fertilizer produc-
tion is poised to increase significantly to meet the needs of the
fast-growing global population. Annual ammonia production
is projected to reach 355 Mt in 2050 from the current 185 Mt
[59]. This will be equivalent to extracting and converting about
292 Mt of nitrogen from the atmosphere annually into reactive
forms. To put this into perspective, the anthropogenic annual
proposed nitrogen cycle boundary is 35 Mt, and the nitrogen
extraction rate was 121 Mt in 2009, which is about 2 and a half
times less than the projected amount in 2050.

Biodiversity loss

Renewable energy technologies have been primarily respon-
sible for large-scale land conversions resulting in biodiversity
loss, and this is expected to worsen with renewable hydrogen
production. For example, the Western Green Energy Hub in
Australia for green hydrogen and ammonia production will
cover an area of 15,000 km?, approximately the size of Lesotho
[1]. One of the highly commendable examples is how the
Australian government rejected the world's biggest green-
energy export project-Asian Renewable Energy Hub on envi-
ronmental grounds [60]. Hydrogen production technologies
such as nuclear hydrogen can prevent biodiversity loss due to
the low land requirements [61]. But, nuclear hydrogen is
currently improbable in developing countries due to low nu-
clear technology adoption levels and high capital re-
quirements [62—66]. African countries should use their
competitive vast land areas sustainably within the safe and
just space of the hydrogen economy and human existence. A
collaborative and collective approach by African countries to
developing a sustainable hydrogen economy will further in-
crease this competitive advantage.

Land use change

Mining activities and subsequent deforestation have the most
effect and lasting impact on land and ecosystems, and the
green hydrogen revolution will exacerbate the effects of
mining activities. Exploration and expansion of mining ac-
tivities linked minerals critical in the hydrogen economy uti-
lized in electrolyzers and fuel cells such as nickel, zirconium,
lanthanum, yttrium, including rare minerals such as platinum
[67], and already key minerals in the net zero transition such
as copper will increase land conversion activities. This is also
challenging the conversion of protected areas for mining ac-
tivities in some regions and countries. For example, the Lower
Zambezi, in Zambia, home to some of the world's most exotic
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and diverse wildlife is currently under significant threat of
being converted into a copper mine [68,69].

Chemical pollution and ocean acidification

The Stockholm Resilience Centre defined ocean acidification
as the global mean saturation state of aragonite in surface
seawater [48]. Aragonite provides essential materials for most
sea life while maintaining ocean water pH around its natural
levels [70]. The criticality of oceans towards global and marine
life cannot be overemphasized because half of the world's
oxygen is produced in oceans [71,72]. Technologies such as
seawater desalination pose serious chemical and ocean acid-
ification. The elevated salinity of seawater reverse osmosis
brine is about twice that of seawater and the chemicals uti-
lized in pretreatment and cleaning processes pose environ-
mental risks to organisms when discharged into marine
ecosystems [73,74]. Brine, a byproduct of seawater desalina-
tion [75] has the potential of altering the thermal balance thus
affecting the growth rate of marine species [76].

Atmospheric aerosol loading and ozone depletion

Whereas hydrogen has the potential of transitioning
households in low latitude developing countries from using
traditional biomass for cooking and heating, it also has the
potential of increasing atmospheric aerosol loading. Atmo-
spheric aerosol loading is described as the overall particu-
late concentration in the atmosphere on a regional basis
[48]. Hydrogen production technologies such as biomass

and coal gasification have the potential of producing and
releasing particulate matter into the atmosphere which
poses substantial health threats and environmental issues
[77-79).

With regards to ozone depletion (responsible for increased
cancer risks, blindness, and poor sight in humans coupled
with harmful effects on the global ecosystem), nitrogen oxide
became the most significant ozone-depleting substance
released through anthropogenic activities [10,80]. With the
onset of high-temperature hydrogen oxidation, ammonia
production, combustion, and fertilizer production, nitrogen
oxide emissions are projected to increase proportionally thus
posing a severe threat to the ozone layer. Nitrogen oxide
remission or avoidance technologies such as solid oxide fuels
[81—84] or nitrogen oxide reduction solutions [85—93] can be
instrumental in shaping a sustainable hydrogen economy.
Furthermore, ammonia production technologies such as nitric
oxide reduction reaction (NORR) can facilitate the capture of
nitrogen oxides from intensive sources in the form of nitrates
and nitrites and subsequent conversion into ammonia
[94—99]. NORR is seen as a feasible ammonia production due
to the available and growing nitrogen oxide emissions, mature
capture technologies such as wet scrubbing, and attractive
ammonia production yields [96,99—-110].

The next section discusses the role of the various highly
interlinked PESTLE aspects in the context of a hydrogen
economy, within the complex and dynamic African
landscape.

Fragile State Index
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Fig. 2 — Political indicators (data mapped from Ref. [29]).
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PESTLE Analysis

Political

Fig. 2 shows some of the political indicators that can exert an
impact on hydrogen technology adoption in Africa. The gov-
ernment effectiveness index [29] represents perceptions of the
quality of public services, quality of civil service, and the de-
gree of independence from political interference. It also in-
dicates the quality of policy formulation and implementation,
and the credibility of a government in formulated policies.
African countries with an index between 0.5 and —0.5 such as
Namibia, South Africa, and Morocco are leading the planning
of hydrogen economies through strategic cooperation and
selection of hydrogen technology developers. While most
countries fall below an index of —0.5, there are very few
countries that are actively engaged with hydrogen technology
developers such as Mauritius and Egypt. This index is also an
important indicator especially due to the fragility of the
hydrogen economy i.e., it has the potential to worsen the
planetary and social boundaries as discussed in section
Planetary and Social Boundaries of the Hydrogen Economy.
The country-level environmental commitments in this regard
can be accessed in Ref. [18].

The fragile state index [29] signifies the vulnerability of
countries in pre-conflict, active conflict, and post-conflict en-
vironments. Implementation of hydrogen technologies bears
significant risks due to the high capital intensity of hydrogen

trade value chains, thus, reducing risks associated with tech-
nology development is cardinal for developers [1,111]. One of
the ways of reducing these risks is by investing in countries
with low fragile state indexes such as Botswana and Tunisia.
However, investments still occur even in countries with high-
risk profiles such as Mauritania and Nigeria. For example, an
Australian developer signed a USD 40 billion memorandum of
understanding with the government of Mauritania to construct
one of the largest green hydrogen projects [1].

The political stability index [29] represents the perceptions
of a likelihood that the government will be overthrown or
destabilized by unconstitutional or violet means, including
politically motivated violence and terrorism. However, the
extent to which hydrogen developers can bear risks is limited
by political stability to a great extent. For instance, some
countries in central, west, north and east Africa may fail to
unleash their hydrogen potential due to political instability
and fragility [1] despite having huge renewable hydrogen po-
tential [18].

The control of corruption index [29] represents the per-
ceptions of the extent to which public power is utilized for
personal gain, including both petty and grand forms of cor-
ruption, as well as capture of the state by elites and personal
interests. Countries with low corruption indexes will attract
developers due to the several benefits arising from corrupt
free practices such as transparency, efficient procedures, and
enabling a safe and just hydrogen economy for all.
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Fig. 3 — Economic indicators (data mapped from Refs. [28,29]).
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Economical Investment in energy in private partnership [28] represents

Fig. 3 shows some of the economic indicators that can be
impactful on hydrogen technology adoption in Africa. The
ease of doing business indicator [28] does not only measure
the economic health of a country in macroeconomic terms
but also by other factors that shape daily economic activ-
ities such as laws, regulations, and institutional arrange-
ments. Business environment efficiency, accessibility, and
implementation of rules and regulations will be key for
hydrogen developers. For example, Morocco has the lowest
indicator in Africa which can explain its development of
renewable energy technologies in the past decade and its
leading role in hydrogen development in Africa. Similarly,
countries with a low cost of starting a business will be
attractive to investors, though risks and revenues play a
bigger role.

The economic globalization index accounts for the real
economic flows and restrictions to trade and capital which
include data on trade, foreign direct investment, portfolio in-
vestment, hidden import barriers, mean tariff rates, taxes on
international trade, and an index of capital controls
[29,112,113]. The importance of this indicator cannot be
overemphasized due to Africa's potential of exporting
renewable energy through hydrogen, and southern African
countries are leaders in this aspect of trade attractiveness. A
comprehensive analysis of hydrogen production potential and
water availability, utilization, and distribution in Africa is
available in our study [18].

the commitments to infrastructure projects in energy i.e.,
electricity and natural gas: generation, transmission and dis-
tribution, that reach financial closure and serve the public
directly or indirectly. Investment in infrastructure projects
with private participation is a crucial factor in reducing
financial bottlenecks, efficiency improvement of infrastruc-
ture services, and the development of hydrogen technologies.
Countries with a track record of successful investment in
energy with private partnerships boost investor confidence
consequentially tapping more of their hydrogen potential. For
instance, countries such as Morocco, South Africa, Namibia,
and Egypt are planning hydrogen projects with investors.

In the context of the hydrogen economy, developers will be
keen on monitoring the strength of financial systems
depending on the size and mobility of international capital
flows because robust financial systems can spur economic
activity, while unreliable systems can disrupt financial activ-
ities and lead to higher costs in a hydrogen economy [29].
Regional cost expectations of hydrogen production are also an
important consideration, and this was mapped in the IEA
report [114]. The mapping showed that the cost of hydrogen
production in most southern, northern, and eastern African
countries will be around 1.5 $/kg in 2030. However, the techno-
economic assumptions in the report were not provided.

Social
Fig. 4 shows some of the social indicators that can be im-
pactful on hydrogen technology adoption in Africa. The
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Fig. 5 — Technological indicators (data mapped from Ref. [28]).

human development index measures three basic dimensions
of human development; long and healthy life, knowledge, and
descent standard of living [29]. In the quest to develop a
hydrogen economy that is safe and just for everyone, de-
velopers may use this index to see where the development of
hydrogen technologies will have more impact while also
benefiting from established dimensions such as the knowl-
edgeability of a country.

While unemployment alone may not give a sufficient
overview of a country's socio-economic status because low
unemployment rates can signal considerably low socio-
economic activity whereas high unemployment rates can
signal high economic activity, interchangeably [28]. High un-
employment rates are not desired because it translates into
low progress in promoting sustainable and inclusive socio-
economic growth. However, hydrogen technology developers
can leverage high unemployment rates as a signal of a readily
available labor force. But again, the availability of this labor
force depends on other factors such as literacy levels and
population distribution. And most importantly, the readily
available workforce should not be exploited by developers due
to a lack of opportunities elsewhere.

The literacy rates assist in predicting the quality of future
labor [28] and can be used by hydrogen technology developers
in predicting the labor force available for essential skill
training. A high literacy rate in women implies a continued
and sustained education system in the foreseeable future
because literate women actively seek and utilize the infor-
mation for the improvement of education, and the health and

well-being of their households [28]. Hydrogen developers with
gender equality objectives may benefit and want to penetrate
markets with high rates of female literacy rates.

Technological
Fig. 5 shows some of the technical indicators that can have a
substantial impact on adopting hydrogen technologies in Af-
rica. The gross domestic expenditures on research and
development (R&D) including both capital and current ex-
penditures in business enterprise, government, higher edu-
cation and private not-for-profit [28] will ultimately separate
the big players from the passive and small players in the
hydrogen economy. This R&D expenditure encapsulates basic
research, applied research, and experimental development.
Because expenditure on R&D is a critical indicator of govern-
ment and private sector deliberate attempts to acquire
competitive advantages in science and technology [28],
hydrogen developers will be looking for countries that have an
impressive record of investing heavily in R&D. One of the key
areas R&D will play a key role is in technology performance
due to Africa's current technological passive user status. Most
of the current research on hydrogen technologies is based on
European and Asian environmental and climatic conditions.
Thus, it'll be essential to understand how these technologies
will perform in different environments i.e., hotter, and dustier
environments in comparison with conditions of technology
origin.

Patent data is a substantial asset when studying the tech-
nical change in a country or region and provides a detailed
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source of information on inventions and several dimensions of
the inventive process such as geographical location, technical
and institutional origin, individuals, and networks [28], thus, it
will be of uttermost importance to hydrogen technology de-
velopers. In the context of hydrogen technology adoption,
patent data will create a consistent basis for comparative
analysis between countries covering varying topics related to
technical change and strategies by organizations, internation-
alization of research, and values of patents [1,28]. Patent-based
statistics reflect the inventiveness of countries, regions and
firms, including cooperation during innovation or technological
paths [28], and this is seen in African leaders in hydrogen
adoption such as South Africa which leads the entire continent
by a huge margin, followed by Morocco and Egypt. Key players
such as Germany and Japan will be looking to form strategic
technological partnerships in Africa despite being net im-
porters because it will be beneficial to establish technological
partnerships with hydrogen exporting countries.

High technology exports [28] can be described as products
with high R&D intensity such as aerospace, computers,
pharmaceuticals, scientific instruments, and electrical ma-
chinery. While high technology exports signify the relevance
of expenditures on R&D concerning the gross output and
value addition of various types of industries that produce
goods for export [28], they also signify the capabilities of
countries to establish competitive trade markets in the
hydrogen market due to developing regulatory standards in
the hydrogen economy.

Technical cooperation grants are intended to finance and
facilitate the transfer of technical and managerial skills or
technological skills towards developing capacity without
reference to any specific investment projects, and
investment-related technical cooperation grants that
strengthen capacity in executing specific investment projects
[28]. Countries with high technical cooperation grants such as
Egypt and Ethiopia will be attractive to hydrogen developers
and importing countries due to their capability of developing
capacity, in this case, hydrogen production capacity. The
establishment of hydrogen trade relations can spur coopera-
tion towards accessibility of technology, skilled workforce,
information, and investment because different countries have
different abilities in developing large-scale green hydrogen
potentials. For instance, memorandums of understanding can
be signed by governments and investors enabling the transfer
of skilled workers between countries in the hydrogen service
industry i.e., installation, commission, and maintenance of
electrolyzers and fuel cells. This will not only be socially
beneficial between countries due to the creation of employ-
ment and training of the local workforce, but it will also be
highly beneficial to the investors due to reduction of initial
workforce training thus facilitating quick hydrogen economy
growth.

Legal
Fig. 6 shows some of the legal indicators that can have a
considerable impact on hydrogen technology adoption in
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Africa. The rule of law index [29], in the context of the
hydrogen economy, can represent perceptions to which de-
velopers have confidence in and abide by the rules of society,
particularly, the quality of contract enforcement, the police,
and the courts. As previously, the rule of law index is one
example of how the PESTLE factors are interlinked. For
instance, countries with all-round favorable PESTLE condi-
tions such as South Africa and Morocco are spearheading the
hydrogen economy in Africa while struggling to achieve social
equity.

The regulatory quality index [29] represents perceptions
of a government's ability to develop and implement sound
policies and regulations that permit and promote private
sector development. The key role of the private sector
involvement in developing hydrogen technologies cannot be
overemphasized not only due to investments and knowl-
edge transfer but also due to regulatory standards. Coun-
tries that have strong regulatory indexes such as the
Republic of Congo will be in a better position to shape rules
and standards that suit the international hydrogen trade
market. Successful implementation of the hydrogen econ-
omy is bent on systematic and transparent rules and stan-
dards aimed at facilitating the implementation of hydrogen
technologies within countries, regions, and continents [1].
Whereas the aim of hydrogen standards should be to
enhance the quality, safety, and integration of technologies,
varying standards have the potential of slowing the pro-
gression of the hydrogen economy thus leading to market

disintegration, fierce regulation-based competition, and
stimulation of trade obstacles [1].

The strength of legal rights [28] which measures the extent
to which collateral and bankruptcy laws protect the rights of
borrowers and lenders thus facilitating lending will also be
critical for hydrogen technology developers. Robust laws
enable expansion and accessibility to credit thus countries
such as Kenya, Zambia, and Rwanda are attractive in this re-
gard. However, countries such as Morocco and South Africa
are leading technology development because the respective
governments are effective, and have strong political stability
and corruption indexes. The availability and accessibility to
finance can increase opportunities for all with higher levels of
access and use of banking services linked with lower financial
obstacles for people and businesses [28] in the hydrogen
space. Thriving local business environments and hydrogen
trade markets will also be essential in the implementation of
hydrogen technologies.

While the property rights index [29] which measures the
extent to which private property rights are protected by a
country's laws and the extent to which a government enforces
such laws will influence developers, other factors such as a
country's susceptibility to extreme climatic disasters will in-
fluence investors due to associated risks. Countries with high
property indexes, among other factors, such as Namibia and
South Africa have signed memorandums of understanding
and are undertaking green hydrogen and ammonia export
hub feasibility assessments [1,115].
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Fig. 7 — Environmental indicators (data mapped from Ref. [28]).
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Environmental

Fig. 7 indicates some of the environmental indicators that can
have a considerable impact on hydrogen technology adoption
in Africa. For instance, electrification of the population without
access to electricity in developing countries should be a pri-
ority before producing hydrogen using renewable energy
sources for local consumption or export [18]. Hydrogen tech-
nology developers may choose countries such as South Africa,
Ghana, Egypt, Tunisia, Morocco, and Algeria, that have sub-
stantial electricity access to maintain the sustainability and
greenness of the hydrogen produced. Countries such as
Namibia, South Africa, and Mauritania have hydrogen projects
in the pipeline despite their low access to electricity. However,
sustainable hydrogen technology developers have an oppor-
tunity not only to produce renewable hydrogen but also to tap
into this potent market by providing clean electricity.

The energy security offered by hydrogen should extend
beyond availability and affordability to enable sustainability
and equity for all. Importing hydrogen from countries with
low percentages of electricity access or a mainly carbonized
electricity grid can hardly be seen as sustainable [1,18]. How-
ever, there is an interesting potential here for the hydrogen
economy embedded in the lack of clean energy access because
hydrogen developers have the unique opportunity to meet the
energy needs of this available local market such as hydrogen
for clean cooking, health services, industrial needs, or
ammonia for fertilizer production. The hydrogen economy is
usually perceived as an egg and chicken problem; thus, this
existing market can be one way of initiating hydrogen de-
mand. Countries with a lack of clean energy access may well
be in a better position to attract hydrogen technology de-
velopers due to this synergy.

The electricity power consumption in Africa is yet another
stern reminder and a grim picture of clean energy accessibility
in Africa and the role hydrogen can play in this complex en-
ergy landscape. Besides South Africa, Botswana, Namibia,
Egypt, and Libya, the other African countries are well below
the ideal electricity power consumption necessary for eco-
nomic growth. Contrastingly, countries such as Algeria,
Tunisia, Morocco, and Ghana are well below ideal electricity
power consumption despite having high access to electricity,
and this shows that individual assessment of factors may not
provide a comprehensive overview of a landscape. The elec-
tricity power consumption can also be an important indicator
of clean energy poverty and subsequent harmful environ-
mental activities such as deforestation due to a need of un-
clean woody fuels and charcoal.

Similarly, air pollution is a reminder of clean energy access
in developing countries. Many households depend on char-
coal, wood, dung, crop waste, or fossil fuels to meet daily
energy requirements [28,116]. Though the air pollution in
micrograms per cubic meter shows that African countries
have different exposure levels, all the African countries have
levels exceeding the World Health Organisation guidance
levels [28]. It thus becomes imperative for hydrogen technol-
ogy developers to seriously consider avoiding hydrogen
technologies that have the potential of exacerbating the air
pollution in developing countries.

The effect of greenhouse gas emissions and subsequent
climate change is significant in low-latitude developing coun-
tries due to their extremely low resilience toward climatic di-
sasters. Countries such as Malawi, Mozambique, and
Madagascar continue to experience intense climatic disasters
such as Storm Ana which leveled villages, killed dozens, and
destroyed infrastructure [117]. In contrast, the total greenhouse
gas emissions in these countries are very low compared to
other countriesin Africa. The resilience [118] of developing
countries needs to be improved especially if developers are
going to install hydrogen technologies in these regions.
Furthermore, hydrogen production may compete with food
production in activities such as the conversion of hydrogen to
ammonia for export purposes without meeting the local
ammonia and fertilizer needs. However, high greenhouse gas
emissions can also highlight an industrialized economy, and
subsequently potential hydrogen demand opportunities. The
next section discusses the implications of the DPHM.

DPHM Implications and Recommendations

The previous section and Fig. 1 have shown how hydrogen
technology adoption may interfere with the interlinked Earth
systems and worsen the planetary boundaries. The
Doughnut-PESTLE hydrogen model (DPHM) approach to
analyzing the hydrogen economy has raised more research
questions than answers regarding the planetary boundaries
especially because some planetary boundaries were already
exceeded. Some of the questions are (a) how much more
should hydrogen contribute to climate change since the
boundary was already exceeded? (b) how much more biodi-
versity should be lost since the boundary was already excee-
ded? (c) how much nitrogen should be removed from the
atmosphere for ammonia production? What will be the global
or country-level sustainable nitrogen extraction rate since the
boundary was already exceeded? (d) how much more
seawater should be desalinated beyond unsustainable levels?
(e) how much more land should be converted for hydrogen
economy activities? and (f) what will be the accepted envi-
ronmental pollution from the hydrogen economy? Further
research and the lessons learned from the utilization of fossil
fuels will be key in answering these questions to ensure that
we do not repeat the same mistakes.

Furthermore, what will be the country-level planetary
boundaries? Answering this question will enable a just and safe
hydrogen economy for everyone due to maximum country-
level accountability. Open-ended and global boundaries such as
the Paris Agreement 1.5 °C goal are prone to individualistic ef-
forts. For instance, a case could be made for developing coun-
tries with fossil fuel reserves to produce hydrogen
unsustainably since the greenhouse gas emissions of most
developing countries are well below those of developed coun-
tries. However, continuing a path of destruction in the name of
playing ‘economical catch up’ will only lead to more cata-
strophic effects of surpassing planetary boundaries. Moreover,
green hydrogen production offers developing countries a
unique opportunity to catch up economically and industrially.
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However, seizing the opportunities ingrained in the
hydrogen economy is an individual country's responsibility as
much as it is a global responsibility. Effective countries will be
equal to the task of implementing a safe and just hydrogen
economy while also attracting hydrogen technology de-
velopers. Fig. 8 and Fig. 9 show the overlayed PESTLE in-
dicators and country ranking used in this study to give a better
country overall picture of each country's position in devel-
oping a hydrogen economy. The characterization was applied
without weighting but based on all parameters analyzed.
Weighting could be an extension of this research with perhaps
expert input to identify if certain factors are more important
than others. However, The World Bank and The Global Econ-
omy data used in this study are robust and globally accepted.

Moreover, the PESTLE analysis was validated by comparing
the results with south Asia, east Asia, and the Pacific region in
the supplementary material. This region was selected because
it has a perfect mix of advanced and developing countries,
coupled with global leaders in the hydrogen economy. Fig. 8
clearly demonstrates that political, economic, social, techno-
logical, legal, and environmental conditions give a better
overall picture when analyzed wholly unlike individually. For
instance, some countries such as Kenya and Malawi have
strong political and legal conditions but perform poorly in
other aspects. Interestingly, the top 5 countries which include
South Africa, Morocco, Nigeria, Egypt, and Ghana have all-
round stronger conditions in comparison with other coun-
tries, while countries in the bottom 10 have all-round poorer

conditions. The analysis agreed very well with the results in
south and east Asia, and the Pacific where the top 5 countries
are presently world leaders in hydrogen and include Japan,
China, South Korea, and Australia. Therefore, this analysis
provides the much-needed crucial landing platform for
hydrogen investors interested in Africa. It also signifies the
importance of improving the attractiveness of poorly per-
forming countries to hydrogen technology developers and
spearheading the hydrogen economy.

Africa presents a unique opportunity for investors to
leverage the propitious conditions such as low access to
electricity and low unemployment rates. Even though low
access to electricity may entail higher investment capital, it is
a win-win situation for all due to the readily available market.
Therefore, the onus is on the respective country, regional and
African association(s) leaders to be unequivocally intentional
about spearheading favorable hydrogen-based policies for the
hydrogen economy to have a meaningful impact on the
continent and the global energy landscape as a whole. These
include:

(i) Enabling transparent, and effective

governments,

(ii) Creating robust democratic systems,

(iii) Creating business-friendly environments,

(iv) Establishing upskilling programs especially targeted at
women because where women lead, economies thrive,

independent
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(v) Spearheading research and development programs
targeted at the entire hydrogen supply chain which will
ultimately increase the technological attractiveness,

(vi) Developing transparent regulatory, legal, and property
frameworks in line with international standards, and

(vii) Implement measurable policies aimed at improving
access to electricity, and water, protecting the envi-
ronment, and public awareness campaigns.

Conclusions

This study assessed the social and environmental impact of
adopting hydrogen technologies. It also evaluated the politi-
cal, economic, social, legal, and environmental (PESTLE) con-
ditions that can be instrumental in adopting hydrogen
technologies in Africa in the most effective way by encapsu-
lating aspects relevant to key stakeholders from hydrogen
technology developers through to end-users.

The hydrogen economy will play a key role in transitioning
to a net zero energy economy. However, its unsustainable
production may come with unwanted consequences that may
exacerbate planetary and social boundaries. The excessive

anthropogenic activities in the context of hydrogen technol-
ogy adoption include activities such as fossil fuel-based
hydrogen production without carbon capture and storage,
excessive electrolysis, unsustainable ammonia production,
excessive seawater desalination, and unsustainable biomass/
coal gasification, unclean ammonia combustion, and unsus-
tainable mining and deforestation.

The PESTLE analysis has shown that African countries with
a government effectiveness index between 0.5 and —0.5 such
as Namibia, South Africa, and Morocco are leading the plan-
ning of hydrogen economies through strategic cooperation
with hydrogen technology developers. Meanwhile, there are
very few countries that are actively engaged with hydrogen
technology developers such as Mauritius and Egypt below an
index of -0.5 where most countries fall. Furthermore,
hydrogen technology development has significant risks and
one of the ways of reducing these risks is by investing in
countries with low fragile state indexes such as Botswana and
Tunisia. Even so, investments still occur even in countries
with high-risk profiles such as Mauritania. However, the
extent to which hydrogen developers can bear risks is limited
by political stability to a great extent.
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The business environment efficiency, accessibility, and
implementation of rules and regulations will be key for
hydrogen developers. For instance, Morocco has the lowest
indicator in Africa which can explain its development of
renewable energy technologies in the past decade and its
leading role in hydrogen development in Africa. In addition,
countries with a track record of successful investment in en-
ergy with private partnerships boost investor confidence
consequentially tapping more of their hydrogen potential as
observed in Morocco and South Africa.

While hydrogen technology developers can leverage high
unemployment rates as a signal of a readily available labor
force, the availability of this labor force depends on other
factors such as literacy levels. Hydrogen developers with
gender equality objectives may benefit and want to penetrate
markets with high rates of female literacy rates because high
literacy rates in women imply a continued and sustained ed-
ucation system in the foreseeable future.

Because expenditure on R&D is a critical indicator of gov-
ernment and private sector deliberate attempts to acquire
competitive advantages in science and technology, hydrogen
developers will be keen on partnering with countries that
have an impressive record of investing heavily in R&D. One of
the key areas R&D will play a key role is in technology per-
formance due to Africa's current technological passive user
status. Thus, itll be essential to understand how these tech-
nologies will perform in different environments i.e., hotter,
and dustier environments in comparison with conditions of
technology origin. Key players such as Germany and Japan
will be looking to form strategic technological partnerships in
Africa despite being net importers because it will be beneficial
to establish technological partnerships with hydrogen
exporting countries.

Furthermore, the key role of the private sector involvement
in developing hydrogen technologies cannot be over-
emphasized not only due to investments and knowledge
transfer but also due to regulatory standards. Countries that
have strong regulatory indexes will be in a better position to
shape rules and standards that suit the international hydrogen
trade market. Additionally, countries with high property in-
dexes such as Namibia and South Africa are attractive to
hydrogen developers and have signed memorandums of un-
derstanding and undertaking feasibility assessments.

Lastly, but equally important, the energy security offered
by hydrogen should extend beyond availability and afford-
ability to enable sustainability and equity for all. Importing
hydrogen from countries with high percentages of electricity
access or a mainly carbonized electricity grid can hardly be
seen as sustainable. However, there is an interesting potential
here for the hydrogen economy embedded in the lack of clean
energy access because hydrogen developers have the unique
opportunity to meet the energy needs of this available local
market such as hydrogen for clean cooking, health services,
industrial needs, or ammonia for fertilizer production.
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