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Abstract

To meet decarbonization targets, demand for low-emission hydrogen is increasing. A considerable share of supply will come
from latecomer countries. We study how latecomer countries and firms participate in the emerging global low-emission
hydrogen economy and how industrial policies can help maximize societal benefits. This requires a specific conceptualiza-
tion of industrial policy: First, the latecomer condition calls for specific policy mixes, as latecomers typically cannot build
on established innovation systems and network externalities, and rather need to combine FDI attraction with measures
strengthening absorptive capacity and ensuring knowledge transfer from FDI to domestic firms; second, low-emission
hydrogen is a policy-induced alternative that requires creating entirely new firm ecosystems while competing with lower-cost
emission-intensive incumbent technologies. Hence, industrial policies need to account for enhanced coordination failure and
internalization of environmental costs. We analyze the published national hydrogen strategies of 20 latecomer economies
and derive a novel typology differentiating four hydrogen-specific industrial development pathways. For each pathway, we
assess entry barriers and risks, identify the policies suggested in the country strategies, and discuss how likely those are to
be successful. The novel pathway typology and comparison of associated policy mixes may help policymakers maximize
the gains of hydrogen investments.

Keywords Low-emission hydrogen - Industrial policy - Latecomer economy - National hydrogen strategies - Industrial
upgrading

Introduction

Low-emission hydrogen (LEH) has the potential to play
an important role in the decarbonization of sectors where
emissions are hard to abate. This is particularly the case
for iron and steel, chemicals, cement, and long-haul trans-
port, including aviation and maritime shipping (IEA, 2023).
More than 140 countries, including the biggest greenhouse
gas emitters, have committed to a net-zero target,1 as have
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many of the hard-to-abate industries (World Economic
Forum, 2023). Global demand for low-emission hydrogen
is therefore set to increase ten-fold by 2030 to 6 million tons
per year with the current policy incentives, although this is
only a tiny fraction of the 65 million tons needed annually
by 2030 in a net-zero scenario (IEA, 2024a, p. 23). In fact,
the number of announced investment projects has been con-
tinuously increasing, covering an annual LEH production
of 49 million tons in 2030 if all projects were realized. Yet,
only 7% of those projects already have a Final Investment
Decision (IEA, 2024a, p. 61), highlighting the uncertainty
inherent in the emerging LEH economy, and several major
hydrogen projects have recently been canceled as offtakers
shy away from long-term agreements as long as LEH prices
are still high (Cuéuk, 2024).

The shift to LEH has the potential to trigger profound
changes in global value chains [GVCs] (Eicke & De Bla-
sio, 2022; IRENA, 2024; Stamm et al., 2023) and in the
way firms organize their operations (Baglieri, 2024).

! https://www.un.org/en/climatechange/net-zero-coalition.
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Hydrogen-based ecosystems would replace fossil fuel-based
ecosystems with a very different set of technologies and
firms aimed at exploiting solar and wind energy, capturing
and storing carbon emissions and changing transport and
transmission infrastructures. Moreover, its use in a variety
of downstream industries requires deep changes in the pro-
duction processes of heavy industries and technological and
infrastructural adaptations in long-haul and heavy-weight
transport (IEA, 2023).

These changes imply spatial reconfigurations of GVCs.
Demand is concentrated in heavily industrialized regions.
Some of those (including the USA and China) are expected
to be able to produce sufficient LEH at home, whereas others
will strongly rely on imports; the latter include Germany,
Belgium, the Netherlands, Japan and South Korea (Hydro-
gen Council, & McKinsey & Company, 2023). Supply will
come from countries with excellent energy endowments,
many of those being latecomer economies in the MENA
region, Southern Africa, South America and South Asia
(IRENA, 2023). By 2050, the larger portion of LEH, i.e.,
200 out of 375 MTPA required for net-zero, could be trans-
ported over long distances (Hydrogen Council & McKin-
sey& Company, 2023).

The enormous anticipated demand for LEH therefore pro-
vides new opportunities for latecomer firms and countries
tapping into, and potentially upgrading in, GVCs. Very little
has been published thus far, given the nascent stage of the
LEH market. Research gaps exist both with regard to how
value chain configurations and technological requirements
change; and the mix of policies that public authorities can
design to shape cross-border business transactions and allow
for economic upgrading in the related industries.

Addressing these gaps promises new insights for the
GVC, the international business and the industrial policy
literature, as LEH displays two important characteristics that
set it aside from most other GVCs. First, as an energy carrier
that can be used as both a fuel and feedstock, LEH is versa-
tile, with ramifications for many industries and therefore a
plethora of options for specialization and economic upgrad-
ing (Stamm et al., 2023; UNIDO et al., 2023). Second, the
global hydrogen market is essentially policy-induced and
dependent on socio-political preferences and settlements.
Market ramp-up strongly depends on import countries’
political priorities — e.g., how ambitious their decarboni-
zation plans are, how much they regulate and incentivize
domestic industrial transformation, and how they structure
their trade policies to confront carbon leakage. This pol-
icy-induced characteristic significantly affects latecomer’s
upgrading opportunities, setting LEH aside from most pre-
vious industrial transformations that have essentially been
driven by technological innovations (Schmitz et al., 2015).
Policy-induced industrial transformations are subject to
political contestation and potentially unstable national and

@ Springer

international socio-political settlements. Latecomers have to
deal with the resulting uncertainty in aligning their policy
frameworks internationally and searching for upgrading
opportunities under different scenarios.

Against this background, this paper addresses two
research questions: How can latecomer countries and firms
tap into, and upgrade in, the emerging global low-emission
hydrogen economy? And: How can industrial policies con-
tribute to shaping these pathways and exploiting the poten-
tial development benefits they offer?

Based on a content analysis of 20 national hydrogen
strategies and backed by several in-depth country stud-
ies, we propose a typology of four industrial development
pathways for latecomers in the emerging global hydrogen
economy. These pathways vary by purpose and initial coun-
try conditions and entail very different industrial activities
and upgrading opportunities. At the same time, each path-
way requires a very specific set of industrial policies. The
challenges associated with each pathway and the policy
responses provided in latecomer strategies are subsequently
summarized and discussed.

The remainder of this paper consists of six sections. The
first section develops a “Conceptual framework” section
develops a conceptual framework that helps to structure our
empirical sections. It distinguishes two specific characteris-
tics with profound implications for the design of industrial
policies: the specific challenges of latecomer development;
and the policy-induced character of green industries, such as
LEH. The “Methodology and research design” section pro-
vides an overview of how the emerging hydrogen economy
affects a wide variety of industries and induces consider-
able change in upstream and downstream activities. This
excursus is indispensable to understand the multiplicity of
(potential) GVC configurations and serves as the ground-
work for our subsequent typology of industrial development
pathways. The “Building the LEH ecosystem: main sector
components” section presents the methodology employed
for the following two empirical chapters. In the “Industrial
development pathways of latecomers: exploiting opportuni-
ties in LEH value chains” section, we analyze 20 national
hydrogen strategies of latecomer countries and the emerg-
ing body of literature on LEH to develop a typology of four
industrial development pathways, characterize each of them
and compare them in terms of upgrading opportunities.
The “Pathway-specific industrial policies compared” section
then analyses the industrial policy content of these national
strategies, assigning policy packages to the four pathways.
Moreover, we draw on insights from the industrial policy lit-
erature to address trade-offs and implementation challenges
associated with these policy packages. The final section con-
cludes and identifies promising research avenues for scholars
of international business policy.
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Conceptual framework

Countries pursue industrial policies to reinforce or counter-
act the allocative effects of markets with the aim of restruc-
turing economies towards better outcomes (Rodrik, 2004).
Hence, they address market failures, for example, due to
incomplete information, insufficient appropriability of the
benefits of R&D investments, the market’s inability to ensure
optimal investment coordination, or because purely market-
based allocation may forego dynamic knowledge spillovers
(Chang, 1994).

Some authors hold that the market failure rationale is
insufficient or even misleading (Bleda & del Rio, 2013), as
it is based on unrealistic welfare theorems of neoclassical
theory, overestimating the allocative functions of markets
and underestimating the pervasiveness of non-market institu-
tions (Cimoli et al., 2009). This led to the notion of systems
failure which accounts for a range of economic and non-
economic factors preventing entire systems form transition-
ing to a new stage (Klein Woolthuis et al., 2005).

In any case, industrial policies are employed when there
is a gap between private and social returns to investments.
This justifies a wide range of interventions that are in fact
widely used across countries and sectors and which we here
call generic industrial policies. These include support for
R&D, coordination of actors, norm and standard-setting,
subsidies and investment guarantees and other instruments
in a wide variety of forms (Altenburg & Liitkenhorst, 2015;
Rodrik, 2009).

We argue that the specific subject of this paper — the
upgrading opportunities and policies of latecomers in the
LEH economy — requires a specific conceptualization of
industrial policy. Countries here face additional challenges
that call for tailored upgrading strategies and industrial
policies beyond the generic set of policies. First, chal-
lenges stemming from the latecomer context; and second,
challenges related to the specificities of “green’ industrial
transformation.

Latecomer industrial development, GVC upgrading
and the required industrial policies

The term “latecomer” is used here for firms and countries
that integrated in global markets later than their competi-
tors (Mathews, 2006). Early industrializers are in an advan-
tageous position. They have accumulated knowledge and
invested in production at scale and network externalities with
business partners and customers over decades, or even cen-
turies. New Trade Theory (Krugman, 1987) underlines the
centrality of increasing returns to scale and network effects
for self-reinforcing competitive advantage. When latecomers
start their development journey, they do so without similar

scales and network externalities, with lower levels of eco-
nomic complexity, lower R&D shares in GDP, fewer com-
petitive firms and weaker institutions than their international
competitors. Their main comparative advantage lies in clas-
sical natural resource endowments and/or low labor costs.
In exploiting those, however, they can benefit from what
Gerschenkron (1962) called the “advantage of backward-
ness”’: Business models can be copied, foreign technolo-
gies licensed, and globally leading firms can be attracted to
undertake investments in the latecomer economy. From this
perspective, trade liberalization, open-door policies for for-
eign direct investment (FDI) and participation in GVCs can
help latecomers increase their productivity without having
to repeat all the trial-and-error processes that early movers
had to undergo (Lin, 2016).

Empirical evidence confirms both latecomer advantages
and disadvantages. A number of studies show that liberaliz-
ing trade, using FDI and participating in GVCs can increase
output, productivity, value added, and employment through
a variety of channels (Gereffi, 2019; Taglioni & Winkler,
2016). Yet, research also consistently shows that not all
countries gain from attracting FDI (Gorg & Greenaway,
2004) and participating in GVCs (Kiimmritz et al., 2017).
For developing countries in particular, Pipkin and Fuentes
(2017) state a wide range of variation in benefits from GVC
participation.

Gains from trade and GVCs are not automatic because
the relevant knowledge does not disseminate in an easy and
frictionless way (Saviotti, 1998), given limited codifiability,
lack of absorptive capacity and deliberate strategies of for-
eign investors to prevent leakage of competitive advantage
(Berry, 2017; Contractor, 2019; Rao et al., 2024). Moreover,
borrowing technology and inviting firms with superior per-
formance may hamper domestic competition.

These observations triggered a substantial amount of
research focusing on the determinants of economic upgrad-
ing in GVCs (Gereffi, 2005; Gibbon & Ponte, 2005). GVC
upgrading is understood as “the process by which economic
actors (...) move from low-value to relatively high-value
activities in GVCs” (Gereffi, 2005). Humphrey and Schmitz
(2002) identified four types of upgrading that firms or groups
of firms can achieve in GVCs, differentiating between prod-
uct, process, functional and chain upgrading. Kaplinsky
and Morris (2001) emphasized the relevance of asymmetric
power relations between lead firms and suppliers and how
those impact on the distribution of rents across value chains.
Gereffi et al. (2005) took this one step further, introducing
a typology of power relations in GVCs that helps to under-
stand which types are more conducive to upgrading.

Another important strand of research points to the role
of technological discontinuities: The more an industry
builds on increasing returns and network effects, the more
difficult it is for latecomers to catch up. Technological
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discontinuities, in contrast, may erode the value of specific
investments and established network externalities (Anderson
& Tushman, 1990), thereby creating space for catching up or
even leapfrogging ahead (Lee & Malerba, 2017). In practice,
however, changes are rarely so radical that they devalue all
existing assets and capabilities; some of those built for the
previous industrial paradigm help to transition to the next
one (Schmitz & Altenburg, 2016). Understanding the relat-
edness of old and new capabilities (Boschma et al., 2017;
Hidalgo, 2021) is therefore crucial for assessing upgrading
and leapfrogging opportunities.

Studies consistently highlight the importance of industrial
policy for economic upgrading within GVCs (De Marchi &
Alford, 2022; Gereffi & Sturgeon, 2013; Kaplinsky & Mor-
ris, 2016; Morris & Staritz, 2019). What is often overlooked
is that early industrialized countries and latecomers require
different sets of industrial policies (Kaplinsky, 2014). Early
movers mainly aim to push the technological frontier to
stay ahead of competitors. Hence, they invest e.g., in R&D,
pilot applications, venture capital, and university—industry
cooperation. At the same time, their industrial policies erect
barriers to prevent leakage of their know-how, e.g., via intel-
lectual property rights, standards, and trade policies. Late-
comer industrial policy, in contrast, revolves around three
sets of policies (Altenburg, 2000): First, those to attract FDI
through improving the general investment climate, negoti-
ating trade agreements and strategically targeting the most
attractive investors in terms of domestics spillover; sec-
ond, those aimed at improving the absorptive capacities of
domestic firms and institutions (Bell & Pavitt, 1993; Chen
& Sun, 2023); third, policies aimed to break into the pro-
prietary knowledge assets of foreign investors and acceler-
ate technology transfer. The latter may entail using local
content requirements, joint ventures, technology-sharing
agreements and supplier development programs. All these
actions are ideally packaged to gradually shift beyond the
original comparative advantages into higher-value activities
(Gerefti, 2019).

When it comes to strategy, it is important to distinguish
between latecomer “countries” and latecomer “firms”
(Sinkovics & Sinkovics, 2019). Subsidiaries of Multi-
National Enterprises (MNEs) may play an important role
in latecomer countries’ firm ecosystems, thus it matters to
understand MNE strategies (Buckley & Ghauri, 2004) and
headquarter-subsidiary relations (Kostova et al., 2016). Also,
the level of competitiveness of firms within a country, and
their upgrading opportunities and strategies, may diverge
considerably. Firms may design very specific upgrading
strategies, e.g., using firm alliances, mergers and acqui-
sitions (Lema & Lema, 2012). A considerable strand of
research therefore explores upgrading strategies at the firm
level (Awate et al., 2015; Hobday, 1995; Mathews, 2002).
Country governments, however, need to adopt a broader
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perspective on promoting structural change and consider
societal objectives.

The specificities of “green” industrial policy

The structural transformation towards “greener” industries
involves additional challenges that call for a rethinking of
industrial policy. This applies to industrial policies in the
pursuit of decarbonization (Meckling, 2021). “Green” indus-
trial policies differ considerably from industrial policies in a
business-as-usual setting (Altenburg & Rodrik, 2017). Most
importantly, the push for greener industries is not induced
by the superiority of green solutions in commercial terms,
but by a societal objective to align production with planetary
boundaries. National governments and international institu-
tions are pushing this transformation against unsustainable
dominant designs (Andersen & Tushman, 1990) that remain
more competitive as long as environmental externalities are
not accounted for. “Directionality” (Mazzucato, 2016; Yap
& Truffer, 2019) is thus a key feature of green industrial
policy, as governments make an ex-ante distinction between
“good” and “bad” technologies and not only push new indus-
tries, but in parallel proactively incentivize the phasing-out
of undesirable technologies and business models (Altenburg
& Rodrik, 2017). A range of instruments is applied to steer
investments towards sustainable alternatives, from envi-
ronmental taxes and cap-and-trade systems for emissions
to subsidies, penalties, and regulatory requirements. Often,
long-term support is required to create the scales of pro-
duction and learning effects needed to bring costs of green
alternatives below those of unsustainable dominant designs
(Gambhir et al., 2014).

Moreover, the green transformation sometimes requires
the establishment of complex not-yet-existing production
systems. In our case, hydrogen-using technologies often
require major process changes, several hydrogen produc-
tion technologies are still in their infancy, pipeline, trans-
mission grids and specialized tank ships need to be built,
and technical standards agreed to ensure interoperability. On
the supply side, green and blue hydrogen can only become
cost-competitive once economies of scale and technologi-
cal progress kick-in, yet initial investments are held back as
offtakers are unwilling to accept the initial high initial prices.
Ramping-up the hydrogen market thus requires multiple
coordinated interventions, requiring “strategic investments
and public policies that aim to create and shape markets,
rather than just ‘fixing’” them (Mazzucato, 2016, p. 140).

What these policy-induced markets should look like,
however, is politically contested (Marquardt et al., 2022),
especially when measures increase costs for industries and
consumers and phase out commercially successful indus-
tries. Internationally, jurisdictions diverge in terms of
environmental ambition, and different interpretations exist,
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for example regarding what to classify as “low-emission”,
which technological risks (e.g., nuclear, carbon storage)
are acceptable, and whether emissions embedded in traded
goods should be accounted for by producing or consum-
ing countries (Steininger et al., 2018). Lack of agreed
standards then leads to fragmented and distorted markets
(Agora Industry, 2024). Ambitious national decarboniza-
tion risks carbon leakage (Jakob, 2021), which govern-
ments try to contain by an additional layer of industrial
policies, either imposing standards and penalising imports
from jurisdictions with lower standards; or compensating
national industries with project-based carbon contracts-
for-difference (Richstein & Neuhoff, 2022) or other sub-
sidies. Recent years have witnessed an increasing sub-
sidy race between China, the US, and Europe to attract
or retain green investments (Gehrke, 2022; Tagliapietra
et al., 2023), to the detriment of those countries that can-
not afford similar subsidies.

This entire set of transformational policies needs to be
designed in ways that enhance, or do not harm, traditional
industrial development and welfare objectives, such as
competitiveness and employment creation (Altenburg &
Rodrik, 2017). All in all, steering a green transformation
requires a very proactive government approach.

In sum, latecomer countries trying to tap into emerging
green markets thus need to design industrial policy pack-
age that combine

e Generic industrial policies with

Fig. 1 Research design Source:
Own elaboration

GvVC
literature

e Specific policies aimed at overcoming the latecomer con-
dition and account for the
e Specific challenges of green industrial transformations.

In the “Pathway-specific industrial policies compared”
section, we incorporate this distinction into our analytical
framework.

Methodology and research design

Against the conceptual background provided in the previous
section, the remainder of this paper explores the potential
and envisioned industrial development pathways for selected
latecomer countries in the context of LEH. “ Below, we
develop” a typology of these pathways, based on the sys-
tematic review of 20 national hydrogen strategies and road-
maps (NHS). Although these documents vary considerably
in detail, ranging from eight to approximately 150 pages,
they generally follow a similar structure, first stating com-
parative advantages, followed by specific objectives (with or
without timelines) and then outlining the envisaged policies
to realize them. For two of them (Egypt and Indonesia), we
relied on secondary sources, in particular media articles and
official presentations, as the hydrogen strategies were not
accessible. To derive a typology of industrial development
pathways, we used an inductive approach, also drawing on
insights from theoretical and empirical GVC and LEH litera-
ture. Figure 1 presents our mixed-method research design.

1. Integration of literature insights
analysis of GVC and LEH literature

PW4 2. Specification of pathways

inductive analysis of key
characteristics

3. Assessment of countries' pathway
configurations

deductive analysis of their relevance and
combination
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4. Derivation of industrial policies

deductive-inductive analysis of
pathway-specific policies
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We used World Energy Council-Germany (2024) data to
identify all NHS available in January 2024. From that data-
base, we selected all latecomer economies for our sample,
drawing on the economic complexity index for 2019 (Simoes
et al., 2025). The index is based on commodity trade data
and is seen as a proxy for a country’s production capabilities,
as it measures the diversity and sophistication of a coun-
try’s exports. We classified economies with a complexity
score below 0.6 as latecomers. This resulted in a sample of
20 countries considered for the empirical analysis.> Within
this group of latecomers, we established threshold levels
to distinguish between “very low”, “low”, “modest”, and
“moderate” complexity (see Table A.1). The respective tre-
shold levels were defined to produce balanced subgroups of
comparable size, while aligning with conventional practices
in ECI classification. To build our typology, two researchers
independently collected, iteratively reduced and clustered
the key characteristics into specific industrial development
pathways, broadly following Mayring (2008) and Steininger
et al. (2021). Atlas.ti was used to code and analyze the data.
Insights from the literature on GVCs and latecomer coun-
tries (see “Conceptual framework™) and selected social sci-
ence studies on LEH supported the analysis. Subsequently,
we assessed each country’s orientation regarding the differ-
ent pathways, applying a coding scheme (again using Atlas.
ti) constructed from the inductively derived and theoretically
informed characteristics. We categorized the four pathways
for each country into three classes: highly relevant, relevant,
not relevant/not mentioned.

Whether the strategies assign a high relevance to a path-
way was mainly inferred through explicit or implicit (for
example: envisaged quantities of production or shares in
global trade) statements on their importance and broadly
cross-checked against the density of related characteristics in
the NHS (i.e., the frequency of their mentions). Ranking the
importance of pathways for a given country, however, proved
impossible, as there is no uniform measure that would allow
to compare e.g., a quantitative export target with a qualita-
tive technology development target.

The results were corroborated using nine country studies
conducted during field research from 2022 to 2025, featur-
ing over 100 expert interviews in total.> Additionally, the

2 We used January 31, 2024 as the cut-off date for the publication
of the national hydrogen strategy, considering all cases reported by
the World Energy Council - Germany (2024) up to that point. To our
knowledge, this should encompass all strategies by latecomers pub-
lished by then. Note that while Indonesia’s NHS was published in
December 2023, it has not been accessible. Egypt’s hydrogen strat-
egy, one the other hand, had been under preparation since 2022, but
was officially launched only in August 2024. Nevertheless, due to suf-
ficient media coverage and official policy presentations, we included
both countries in our analysis.

@ Springer

findings were collaboratively discussed among the authors
and further refined by consulting colleagues involved in
those country studies. Our analysis also informed the indus-
trial policy discussion in the “Pathway-specific industrial
policies compared” section. We extracted information from
the selected NHS regarding industrial policies that have been
enacted or are envisaged and assigned the respective state-
ments to five categories: generic hydrogen-related industrial
policies; and those that could be associated with the pri-
orities and industrial activities of any of the four industrial
development pathways. We triangulated the information
from the strategies and roadmaps again with insights from
expert interviews and secondary documents.

Building the LEH ecosystem: main sector
components

Developing an ecosystem for LEH creates a formidable
coordination challenge, as it requires a fundamental change
in systems of production and consumption in terms of actors,
technologies, infrastructures and institutions. It is therefore
essential to examine the “sectoral configuration” (Bakhuis
et al., 2024), i.e., the sectors linked to the value chain. In
large technical systems such as LEH, involving a multitude
of different technologies, these value chains necessarily
become coupled as well (see, e.g., Meynard et al., 2017).
This section briefly thus describes the main elements of the
LEH ecosystem on the sector level, outlining the industry
groups involved in orchestrating hydrogen supply, demand,
and infrastructure.

LEH is usually understood to encompass green and blue
hydrogen. Green hydrogen is generated through electroly-
sis, using renewable energy to split water into oxygen and
hydrogen. Blue hydrogen is mainly produced from natural
gas via steam methane reforming, where most of the car-
bon emissions are then absorbed and stored or reused using
carbon capture, storage and use technologies (CCUS). Blue
hydrogen involves higher emissions, but is currently less
expensive and therefore seen as a bridge technology. Of the
announced projects* for 2030, 55% are based on electroly-
sis and the rest on natural gas with CCUS, with investors
increasingly refocusing their attention to blue hydrogen,
driven by the recent drop in natural gas prices (IEA, 2024a,
2024b). Most of these projects, however, are still in their

3 See Stamm et al. (2023) for South Africa, Altenburg and Kan-
tel (2024) for Namibia; Aboushady and Jaroudi (2024) for Algeria,
Stamm et al. (2024) for Costa Rica; Oyan (2024) for Tiirkiye, Oyan
and Kantel (2025) for Kenya, as well as Strohmaier et al. (2024) for
Argentina and Uruguay, and Strohmaier et al. (2025) for Brazil.

4 This means either with a final investment decision or are under con-
struction.
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Fig.2 Value chain of low-emis-
sion hydrogen Source: Own
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B.

C.

the production of green hydrogen, large solar and wind
installations are needed (unless the national electricity
grid is already fully decarbonized). Other renewable
energy sources such as geothermal plants play a minor
role. As many of the latecomer countries with favorable
renewable energy endowments are water-constrained,
green hydrogen projects often require seawater desalina-
tion. Projects tend to be capital-intensive and large-scale
and require upstream supply, such as solar PV cells and
modules, wind turbines, blades and towers as well as
parts for electrolyzer and seawater desalination plants.
Blue hydrogen production and backward linkages. Blue
hydrogen production requires investment in gas extrac-
tion and CCUS. Gas is extracted by drilling in pure
natural gas fields or as a by-product of oil exploitation.
The technologies, including drilling, steam and water
shift reactors, pipes and compressors, are mature and
well established in many latecomer countries, consider-
ing that long-term gas production enabled the formation
of big national corporations. Industrial-scale CO, stor-
age has been proven viable at numerous sites (Pettersen
et al., 2022) but still lacks the experience of long-term
performance and security.

Derivatives. In gaseous form, hydrogen has a low volu-
metric energy density. Liquefying or converting it to

3 Note that, for the sake of simplicity, this paper does not address the
use of hydrogen in the energy sector, such as for electricity generation
or heating buildings. Although this is mentioned in several hydrogen
strategies of latecomer countries, our discussion is confined to end
uses in industry and transport.
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derivatives like ammonia and methanol makes it easier
to store and transport. This will be especially relevant for
export countries in Latin America and Southern Africa
that are beyond pipeline distance (about 3000 km) from
major import hubs in Europe and Asia. Low-emission
hydrogen can be further used to produce synthetic fuels,
such as e-gasoline or sustainable aviation fuel (SAF).

D. Infrastructure. The infrastructure required for both

E.

F.

domestic transport (such as pipelines and tanks) and
export (pipelines, ports, and vessels) creates further
industrial linkages from LEH production: natural gas
pipelines need to be repurposed, new hydrogen pipelines
built, ports need to be equipped with hydrogen tanks
and synthesis plants, while specially equipped vessels
are necessary to ship ammonia, methanol and liquid
hydrogen (IRENA, 2024). Each aspect comes with its
own challenges, such as limited blending potential in
natural gas pipelines and embrittlement (UNIDO et al.,
2023). Furthermore, cryogenic liquid, high-pressure
and geological storage solutions are necessary for long-
term distribution of hydrogen and balancing supply and
demand (Kayikci et al., 2025).

LEH use in hard-to-abate industry. Today, conventional
hydrogen — produced with fossil energy — is mainly
used as a feedstock for ammonia synthesis (55% of H2
demand, primarily for fertilizer production), in refiner-
ies (25%), and for methanol production (10%) (Riemer
et al., 2022). LEH enables not only the decarbonization
of these emission-intensive activities but also opens up
new application opportunities, e.g., for generating high-
temperature heat in the steel, aluminium and cement
industry, or as a reactant in new production processes,
such as the direct reduction of iron ore (Griffiths et al.,
2021).

LEH use in transport. While electrification will become
the dominant design in the decarbonization of the car
industry, LEH technology is more efficient for long-
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Fig. 3 Industrial development
pathways in the low emission
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distance rail and for heavy freight. Hydrogen-powered
internal combustion engines and fuel cells establish for-
ward linkages to the automotive industry. While fuel
cells also hold potential in the maritime and aviation
sectors, synthetic fuels are currently considered the pre-
ferred option for long-distance transport. In maritime
shipping, ammonia competes with methanol as a viable
alternative fuel (Weichenhain, 2021).

Industrial development pathways
of latecomers: exploiting opportunities
in LEH value chains

Due to its complexity, combining different sectors and value
chains, the LEH ecosystem also offers multiple upgrading
opportunities for latecomer countries with abundant clean
energy endowments. Drawing from the analysis of 20
national hydrogen strategies, four industrial development
pathways are in the following identified along the entire
hydrogen value chain: Each pathway not only emphasizes
different purposes and initial conditions but also involves
different industrial activities (or sector components), ulti-
mately leading to different value chain configurations.®
These are presented below in the first four sub-sections,
“Export”, the targeted industrial activities are illustrated in
Fig. 3 and their main characteristics summarized in Table 1.
As shown in the subsequent “How pathways are combined
and sequenced” sub-section, the pathways are often com-
bined in practice, and most country strategies integrate

6 Another typology has been proposed by Weichenhain et al. (2021),
distinguishing between three “Hydrogen Valley Archetypes”. These
are derived from an analysis of geographically confined hydrogen
investment projects in industrialized countries. The “Archetypes” cor-
respond roughly with our export-revenue and domestic decarboniza-
tion pathways, but do not capture the other two pathways.
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several of them, albeit with different priorities and time-
lines (Table A.1 in the Annex). In the final sub-section, we
provide a comparative assessment of the pathways, in terms
of upgrading opportunities, the role of firms, and GVC entry
barriers.

Export-revenue pathway

Furthermore, most countries want to combine LEH produc-
tion with (5) targets to increase local content in the required
energy technologies. Only a few countries specify the part
of the value chain (such as Namibia, aiming to produce wind
towers and blades locally).

Strategy

This route focuses on supporting large-scale projects aimed
at exporting hydrogen, either in molecular form or as deriva-
tives such as ammonia, methanol, and synthetic fuels, thus
encompassing industrial activities related to A—C in Fig. 3.

Purpose

Countries state different purposes for embarking on this
pathway: (1) access to new international markets (e.g., Uru-
guay and Namibia); (2) replacing fossil fuel export revenues
(especially coal) with sustainable energy (e.g., Colombia,
South Africa); and (3) bridging the initial lack of domestic
demand (Ecuador), or (4) capitalizing on excess production
of low-carbon hydrogen mainly dedicated to the national
market (e.g., Egypt, Indonesia).

Favorable initial conditions
Countries often highlight their competitive endowments

with natural resources: renewable energy and/or natural gas
for producing LEH as well as availability of land for energy
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Table 1 Industrial development pathways along the LEH value chain

Export-revenue pathway

Hydrogen pull pathway

Domestic decarbonization
pathway

Niche technology pathway

Strategy Leverage energy resource
endowments to increase
export revenues attracting

FDI in LEH & derivatives
Hydrogen production (incl.
derivatives, upstream &
infrastructure activities)

Focused sec-
tor compo-
nents

Access to new international
markets, replacement of
fossil fuel export revenues,
local content mfr. tion

Main purpose

Favorable ini-

Leverage regional differences
in the marginal cost of LEH
to attract energy-intensive
downstream industries

Hydrogen production and
downstream industry

Economic diversification,
reducing import dependency,
broader green industrializa-

Resource availability, location, Low energy costs, market

Decarbonize existing hard-
toabate industry and/or
transport sectors

Design & develop LEH-
related technologies

Hydrogen production and
downstream industry

Any stage of LEH value
chains

Retain competitiveness, meet
national mitigation and
decarbonization targets

Targeted at local use in
LEH supply chains or new
competitive exports

Decarbonization incentives, Good national RDI system,

tial condi- attractive business ecosystem  access, attractive business large market, export-ori- skilled workforce
tions ecosystem ented star firms
Focal firms Foreign companies/MNEs, Foreign companies/MNEs, Domestic star firms/SOEs and Domestic star firms/ SOEs
project developers. local project developers, local locally invested MNE sub- and tech companies
firms as suppliers firms as suppliers sidiaries
Source: Own elaboration
generation, electricity grids, pipelines, and ports. Several Hydrogen pull pathway
countries also state water availability as a comparative
advantage (e.g., Brazil, Uruguay). Some countries mention  Strategy

geostrategic advantages (e.g., proximity to shipping corri-
dors), special capabilities (e.g., Fischer-Tropsch skills for
the production of synthetic fuels in South Africa), exist-
ing transport infrastructure (e.g., ports, pipelines and stor-
age, as mentioned by Algeria, Egypt, and the United Arab
Emirates), and decarbonized electricity grids (Brazil, Costa
Rica). Furthermore, while some strategies highlight the role
of national energy companies (e.g., the United Arab Emir-
ates) for the export-revenue pathway, most of them explicitly
target FDI. For this, a business-friendly investment climate
matters. Several countries emphasize in this regard their
political and macroeconomic stability and solid regulatory
frameworks (Costa Rica and Uruguay), as well as experience
in developing energy projects (e.g., Algeria, Uruguay and
the United Arab Emirates).

7 The name of this pathway was chosen to align with the “renewa-
bles pull” concept introduced by Samadi et al. (2023), who define it
“as the pull factor for industrial production triggered by exceptional
renewable energy conditions in certain regions of the world” (p. 1).
However, our analysis encompasses not only hydrogen produced from
renewable energy sources but also hydrogen derived from fossil fuels
in combination with CCUS. Therefore, we introduce the term “hydro-
gen pull” to capture the broader industrial production and relocation
incentive associated with access to low-emission hydrogen, irrespec-
tive of the specific production pathway.

This pathway’ leverages regional differences in the mar-
ginal cost of LEH to attract energy-intensive downstream
industries (segment E in Fig. 3), mainly via relocation from
abroad. Costa Rica, for example, highlights the potential of
green hydrogen to attract the development of industries such
as fertilizers and ammonia, iron and steel, and glass.

Purpose

By focusing on the downstream integration of LEH pro-
duction, three objectives are stated in national strategies:
(1) increasing economic diversification, (2) reducing import
dependency, especially regarding fertilizers; (3) stimulating
job creation, and (3) broader green industrialization. South
Africa also emphasizes the role of inward investment for
improving the balance of payments.

Favorable initial conditions

The main competitive advantage for hydrogen pull lies in
low hydrogen costs, supplemented by land availability, geo-
graphic proximity, and preferential access to green lead mar-
kets. As the pathway is mainly FDI-driven, a stable business
ecosystem, good governance, and sound environmental and
social safeguards are relevant as well.
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Domestic decarbonization pathway
Strategy

This pathway prioritizes hydrogen production for domestic
decarbonization. It thus raises industrial development oppor-
tunities in all the basic hydrogen industries (value chain seg-
ments A—C in Fig. 3) as well as in local offtake industries
(D and E in Fig. 3).

Purpose

The main motivation behind this pathway includes (1)
meeting national mitigation and decarbonization targets, (2)
reducing local air pollution, as well as (3) enabling domestic
carbon-intensive industries to compete in green lead markets
and export without facing carbon-border taxes.

In the transport sector, the decarbonization pathway
focuses on heavy-freight and public bus transport (e.g.,
Costa Rica, Colombia) and logistics at ports (e.g., Sri Lanka
and Panama) or in mining (Chile, South Africa). A special
case of domestic decarbonization refers to fuels offered for
maritime shipping along major shipping routes (Panama,
Egypt) or air traffic hubs (United Arab Emirates).

Favorable starting conditions

Forging this pathway requires green fiscal policy: clear
national decarbonization targets, backed up by sector-spe-
cific regulations such as fuel blending requirements, subsi-
dies for national champions to retrofit plants (see, e.g., South
Africa, United Arab Emirates), and carbon pricing (see, e.g.,
Brazil). Especially in internationally traded hard-to-abate
industries, such as steel and fertilizers, big manufacturers in
latecomer countries anticipate stricter international carbon
standards and carbon border taxes, and therefore undertake
substantive investments in LEH and derivatives.®

Technological niche upgrading pathway
Strategy

The main objective here is to accumulate capabilities in
specific new hydrogen-related technologies or services. The
innovation can thereby contribute to any of the value chain
segments (A—F).

8 For example, between 2023 and 2027, Morocco’s phosphate giant
OCP plans to invest $13 billion in five GW of renewable energy and
a green ammonia plant for one million tonnes annual capacity, to
substitute fossil fuel-based “grey” ammonia imports for its fertilizer
manufacturing operations, see https://ammoniaenergy.org/organizati
on/ocp/.
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Purpose

Technological niche upgrading can either aim at new local

uses in hydrogen supply chains or, more ambitiously, at
developing new competitive export products. Some are
related to LEH production, such as the design of small-scale
electrolyzers (Argentina), membrane design (South Africa),
CCUS technologies such as direct air capture, blockchain
(the United Arab Emirates), and new hydrogen storage solu-
tions (Tiirkiye); others are pursued in LEH applications,
mostly in mobility solutions, such as hydrogen-enriched
CNG buses (India) and fuel cell-powered mine-haul trucks
(South Africa, Chile).

Among the countries with ambitious technology export
targets, Tiirkiye and India aim to become global suppliers
of electrolyzer and fuel cell technologies through indi-
genizing large parts of the supply chain. In this regard,
India highlights the advantage of the fuel cell supply chain,
which — unlike battery-electric vehicles — does not rely on
critical minerals, thereby reducing import dependency.

Favorable initial conditions

Favorable starting conditions mentioned in the NHS include
the strength of the research system (e.g., Argentina, Tiirkiye,
India); existing technological capabilities (with the United
Arab Emirates mentioning their experience with CCUS
technology in oil recovery and Brazil ethanol-powered
fuel cells); institutional knowledge of how to create indus-
tries from the scratch (e.g., Costa Rica), and complemen-
tary natural resources (like platinum metals in the case of
membrane development in South Africa or Tiirkiye’s boron
endowments for hydrogen storage).

How pathways are combined and sequenced

The NHS analysis demonstrates that all latecomer countries
pursue combinations of these four industrial development
pathways (see Table A.1). In particular, all 20 countries
state export revenues and domestic decarbonization (either
for industry or transport or both) as relevant strategies. Two-
thirds of the sample assign some relevance to developing
LEH-related niche technologies. Here again, the highest ambi-
tions are associated with relatively high economic complex-
ity. Hydrogen pull is only envisaged in three country strate-
gies (and not as a priority), suggesting that this pathway is
regarded a distant option rather than a short-term opportunity.

Pursuing several pathways in parallel or in sequence
may create synergies. For instance, any additional hydro-
gen investment, regardless of the pathway, helps to get the
market started and contribute to lower unit costs. Major
export-oriented projects (Pathway 1) may help to test and
showcase new business models. This, in turn, may encourage
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local emission-intensive industries to also use hydrogen and
derivatives (Pathway 3) or incentivize foreign companies to
relocate (Pathway 2). Yet, trade-offs between pathways may
also arise, as investments may compete for scarce production
factors such as land and skilled labor.

Several country strategies suggest country-specific
sequences of pathways and hydrogen activities, either start-
ing with domestic decarbonization and entering export
markets later, or using exports to ramp up the market and
complement this with domestic uses and niche technologies
once costs have come down.

Comparing pathways: upgrading opportunities
and entry barriers

The following section assesses the potential of latecomer
countries to tap into, and upgrade in, the global LEH econ-
omy. For each industrial development pathway, we describe
the industrial activities involved and the specific upgrading
opportunities. Drawing on the relevant industrial policy lit-
erature, the main entry barriers are examined through the
lens of three policy challenges addressed in the “Concep-
tual framework” section: (1) generic market failures, (2) the
latecomer status of firms and countries, (3) and the specific
barriers and demands of transitioning to a green economy.

Export-revenue

The export-revenue pathway involves large-scale deploy-
ment of solar, wind, or geothermal plants and electrolyz-
ers for green hydrogen, and natural gas exploitation, steam
methane reforming and CCUS for blue hydrogen (Griffiths
et al., 2021). Upstream operations include clean technology
manufacturing and project-related services; with some activ-
ities benefiting from proximity to the market (Stamm et al.,
2023). The conversion to derivatives such as ammonia and
methanol, along with domestic transport (such as pipelines
and tanks) and export (pipelines, ports, and vessels) infra-
structure offers further upgrading opportunities in construc-
tion and equipment production (Altenburg & Kantel, 2024).
Entry barriers are substantial. On the generic level,
the hydrogen export sector is highly capital-intensive and
dependent on economies of scale, particularly in electrolysis,
a costly and nascent technology. Integrating multiple tech-
nologies — some mature, some emerging — further increases
operational and financial complexity (Griffiths et al., 2021;
Sharma et al., 2023). Inconsistent regulations and high tech-
nical standards in importing countries create a fragmented
market and compliance risks (Valentini, 2021), while the
lack of long-term offtake agreements and global competi-
tion increase market uncertainty (Odenweller et al., 2022).
Latecomer-specific barriers further limit upgrading pros-
pects. While capital intensity and high upfront costs are a

generic feature of many LEH-related technologies, coun-
try-risk premiums significantly increase financing costs in
latecomer economies (IEA, 2022b). Many latecomers lack
the technological and institutional capabilities to drive the
hydrogen sector independently. Private project developers,
often MNEs, from advanced economies therefore shape
the clean energy investments in most latecomer economies
(Patala et al., 2021; Steffen et al., 2018), reducing the policy
space for domestic indigenization efforts. The manufactur-
ing of key technologies (solar PV, wind turbines) is domi-
nated by MNEs holding patents and know-how (IEA, 2022a;
Nahm, 2017). Even diversified emerging economies and
legacy energy exporters struggle to produce critical com-
ponents in wind, solar, and hydrogen (Bazilian et al., 2020;
Miiller & Eichhammer, 2023). Localization of activities
tends to be limited to simple standardized products (solar
panel frames), bulky commodities requiring proximity to
the market (wind towers: Larsen & Hansen, 2022); and high
value- services like siting for solar and wind farms (Davy
et al., 2024; Hansen et al., 2022).

In addition, there are significant green-specific barriers
imposed by export markets in the Global North through
strict and fragmented environmental standards, certification
schemes, and supply chain monitoring requirements, posing
high compliance costs and regulatory risks (see Strohmaier
et al., 2024; Kayikci et al., 2025).

Hydrogen pull

In contrast to the export-revenue pathway, hydrogen pull
is not yet mentioned in many strategies as a primary driver
of GVC upgrading, it is expected to gain importance as
decarbonization pressure intensifies and LEH costs decline
(see Egerer et al., 2024; Samadi et al., 2023; Verpoort
et al., 2024). This dynamic could promote new value-chain
partnerships between industrialized and latecomer coun-
tries, especially in the trade of intermediate inputs such as
directly-reduced iron, urea, and ethylene (Agora Industry &
Wuppertal Institute, 2023; Verpoort et al., 2024). Lead firms
may retain high-value downstream activities while offshor-
ing energy-intensive stages, offering local firms opportuni-
ties through supplier linkages, spillovers and agglomeration
effects (Qiang et al., 2021). Hydrogen pull may also catalyse
secondary development in downstream industries, particu-
larly the automotive sector.’

However, entry barriers remain. On the generic level,
such industries often rely on local inter- firm relations to
exploit industrial symbiosis and build a sector-specific
skill base, making switching supplier networks costly (Ado

° For example, Morocco’s automotive cluster stands to benefit from
access to renewable electricity and green steel (Amachraa, 2023).
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et al., 2025). The relocation of production in industries like
steel — central to national and economic security — faces
political resistance in the established steel-making countries,
hence policymakers tend to retain them through subsidies
and import tariffs.

For latecomers, lack of competitive local firms and short-
age of skilled labor constrain the possibility to replicate the
network effects enjoyed by energy-intensive industries in
advanced economies. Also, industries relocating “South” for
the purpose of decarbonization have stringent requirements
in terms of environmental standards, e.g., lifecycle emis-
sions monitoring. The corresponding costs of compliance
(Ponte, 2020) create additional green entry barriers limiting
participation in new hydrogen-based value chains, especially
where regulatory and technical capacities are weak.

Domestic decarbonization

Under the domestic decarbonization pathway, opportunities

arise across all “hydrogen basic industries” as well as in
offtake industries. Avenues for domestic value creation, not
only through environmental upgrading via climate-friendly
processes such as DRI in steel production; but also func-
tional upgrading through downstream fabrication (e.g., hot-
briquetted iron) and inter-sectoral upgrading, as illustrated
by India’s move from battery-electric to fuel-cell electric
vehicles. It may also enable countries to leapfrog, as they
may become competitive in the latest green technologies
(e.g., green fertilizer manufacturing) without having a record
in the fossil-fuel-based predecessor industry (Oyan, 2024).
In transport, the use of hydrogen requires a whole new infra-
structure, e.g., refueling stations and storage tanks, creat-
ing spillovers into the machinery and construction sectors
(Stamm et al., 2024).

Generic entry barriers remain high due to capital and
scale-intensity of most hydrogen applications. Retrofitting
plants and infrastructures demands substantial investment
that increases the cost of final products (Muslemani et al.,
2021). In latecomer contexts, the key actors for this path-
way are large incumbent industries, often state-owned enter-
prises, parastatals or locally embedded MNE subsidiaries,
in export-oriented natural resource-based industries. Those
industries typically face decarbonization pressure from their
international customers (Benito & Meyer, 2024), whereas
their domestic customers may not be willing to pay for the
increased cost of decarbonized production. Hence, trans-
formation also hinges upon home country governments’
willingness to support the transformation of production

10 Examples of companies engaged in major hydrogen-related R&D
programs include YPF (Argentina), ADNOC (the United Arab Emir-
ates), Electrobras (Brazil) and OCP (Morocco).
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processes and adopt incentives to decarbonize production
for the domestic market as well (Altenburg & Rodrik, 2017).

Technology niche upgrading

This pathway focuses on building capabilities and/or devel-
oping new competitive advantages across the entire LEH
value chain. Promising areas include upstream hydrogen
production and downstream hydrogen-use technologies, for
example developing membranes for elecrolyzers, building
small-scale fuel cells (Stamm et al., 2023) or retrofitting
diesel engines (Stamm et al., 2024). As technological niche
upgrading fosters innovational capabilities in domestically
owned firms, it can spur technological spillovers with other
domestic firms (Matusik et al., 2018).

As with local content manufacturing, key entry barriers
stem again from the design-intensive nature of clean tech,
requiring substantive learning-by-doing effects (Global CCS
Institute, 2021), and robust innovation systems (Schmidt &
Huenteler, 2016). The clean energy technology market is
dominated by a few MNEs and frontrunner countries (IEA,
2022b; Nahm, 2017; Steffen et al., 2018), particularly China
(GWEC, 2022; IEA, 2022a), with strong patent protection.
Weak innovation capacities and strong international market
concentration pose significant challenges for latecomers to
enter the GVC. Large competitive firms are best positioned
to invest in such technology developments. They can hedge
the risk involved in R&D against a broad product portfo-
lio. In many latecomer countries, state oil & gas enterprises
develop and manufacture technologies for the local market. '
However, without clear environmental regulations or mar-
ket signals, firms may delay investment in green technology
upgrading.

In summary, across all four pathways, the potential for
domestic firms in latecomer economies to upgrade within
the LEH value chain remains limited without strong state
intervention and strategic foreign investor engagement.
Especially in the export-revenue pathway, hydrogen invest-
ments risk evolving into FDI-led technological enclaves,
where domestic participation is confined to low-value ser-
vices or temporary construction work. National benefits are
then limited to rent capture — via export taxes, land leases,
and joint venture shares (Aboushady & Jaroudi, 2024; Alten-
burg & Kantel, 2024). Efforts to localize value creation can
make host countries less attractive to investors, while pub-
lic de-risking measures (e.g., export credit guarantees) may
expose governments to disproportionate risk, particularly
due to the transnational character of the LEH ecosystem
in the context of information asymmetry and weak institu-
tional capacity. Close collaboration with legacy high-carbon
industries is often necessary but also entails risks of politi-
cal capture, regulatory leniency, and the reinforcement of
oligopolistic structures (Stamm et al., 2023). Ultimately,
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whether latecomer firms can use the LEH transition for GVC
upgrading depends on how effectively states manage the ten-
sions between foreign investor interests and domestic value
appropriation — balancing competitiveness, industrial policy,
and green transformation.

Pathway-specific industrial policies
compared

Reaping the benefits of the emerging LEH economy is not
straightforward given the multitude of potential industrial
linkages and pathways and the cumulative market (or sys-
tems) failures of an immature, policy-induced, and politically
contested industry. A we have seen in “Industrial develop-
ment pathways of latecomers: exploiting opportunities in LEH
value chains”, countries chose different combinations of these
stylized pathways based on their natural endowments, pre-
existing industrial structure and technological competencies.

In this section, we proceed to our second research ques-
tion: How can industrial policies contribute to shaping
these pathways and exploiting the potential development
benefits they offer? We do so by identifying the industrial
policies mentioned in the 20 NHS and assigning them to
five categories: generic (6.1), and specific to the four path-
ways (6.2-6.5). These sections are mainly descriptive,
essentially summarising the information contained in the
20 national strategies. In 6.6, we compare and assess the
respective policy mixes against their upgrading ambitions,
drawing on our conceptual framework, the identification of
pathway specificities and entry barriers in “Comparing path-
ways: upgrading opportunities and entry barriers” section
as well as additional industrial policy literature and country
case studies. While the typology of industrial development
pathways in “Industrial development pathways of latecom-
ers: exploiting opportunities in LEH value chains” section
identifies pathway characteristics, our following discussion
of industrial policies adds a normative perspective: How
development gains can be maximized. Hence, we discuss
upgrading opportunities, distributional effects and how risks
of enclave formation and political capture can be minimized.

Industrial policies employed across all pathways

Some industrial policies are “basics” required to prepare for
the emerging hydrogen economy, regardless of the choice
of pathways. For example, the national strategies mention
provision of incentives and services that are not pathway-
specific, such as general subsidy and soft loan schemes, de-
risking of investments, infrastructure investments (e.g., to
redesign and expand the electricity grid and pipeline net-
works) and the development of hydrogen-related skills. All

these measures are classified among the basics as long as
they are not specified in path-way-specific ways.

Several countries invest in market and technology fore-
sight to gain a better understanding of the involving LEH-
related opportunities. This may include analyzing relative
costs of competing energy carriers and how those change
over time; how international carbon pricing and trade poli-
cies affect hydrogen markets; and where technological bot-
tlenecks may decelerate the market ramp-up. Moreover, the
national hydrogen strategies mention the creation of coordi-
nating and deliberation agencies, often a national hydrogen
council, ensuring interagency cooperation and stakeholder
involvement (e.g., Ecuador, Kenya). All countries address
regulatory issues, as these are indispensable for interoper-
ability, safety, and to meet international standards regarding
CO, emissions. Many countries also invest in mapping of
national resources, such as a national atlas of solar irradia-
tion (Colombia), or surveys for identifying national geologi-
cal structures for carbon storage (the United Arab Emirates).

It should be noted that many of the barriers for an unfold-
ing hydrogen economy originate on the demand side. Politi-
cal contestation of carbon pricing, decarbonization subsi-
dies and sector-specific decarbonization roadmaps in import
countries increases uncertainty for LEH investments and
translates into project delays and cancellations (IEA, 2024a).
Latecomers interested in tapping into these markets have
only very limited influence on the demand side. However,
many countries proactively seek to establish bilateral hydro-
gen partnerships and to sign long-term agreements with
importing countries (IRENA, 2022). Chile and Namibia,
for example, specifically address the need for a hydrogen
diplomacy in their national strategies.

Industrial policies for the export-revenue pathway

The main objective here is to attract hydrogen-exporting FDI
as a new source of revenue. This requires an investment cli-
mate that leaves the investor freedom to repatriate revenues
and infrastructure, does not tax investments too heavily and
streamlines procedures — e.g., one-stop-shop for investors are
mentioned in Kenya and Namibia. Chile, in addition, created
a task force to accompany developers through all the require-
ments to get project permissions and establish permitting and
piloting processes. A wide range of financial instruments are
considered in the strategies to compete for foreign invest-
ments, including exemption from payment of customs duties
and VAT, accelerated depreciation, income tax deduction, soft
loans and direct public financing for demonstration projects
(e.g., Ecuador). Several countries, including Morocco and
South Africa, created special economic zones offering exemp-
tions from business and trade laws in the rest of the country.
Such zones also help to avoid disputes over land rights.
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Given the above-average financing costs in latecomer
countries, public de-risking instruments are particularly
important. Both policy de-risking (such as a feed-in-tariff
for the roll-out of renewables) and financial de-risking of
specific investments are widely addressed, the latter includ-
ing loan and export credit guarantees as well as insurance
against political risks (Namibia).

Various countries, including Argentina, Ecuador, Pan-
ama, and the United Arab Emirates, are supporting dem-
onstration projects as a means to attract additional FDI.
Established projects help to better calculate the real costs of
low-emissions hydrogen production with different technolo-
gies and at different locations and may signal commercial
viability to potential investors.

Another frequently mentioned element are investments
in dedicated export infrastructure, such as ports, pipelines
and storage tanks. Also, a range of export-specific regula-
tions are mentioned, such as a hydrogen certification scheme
guaranteeing emission standards and the origin of hydrogen
(e.g., Colombia).

Some countries have specific local content targets for
LEH-related technologies. For example, Namibia wants
to localize solar and wind energy parts; Tiirkiye aims to
manufacture the necessary components for the production of
pipes suitable for the transmission and distribution of hydro-
gen as well as sub-components such as valves, sensors, and
detectors.

Finally, some governments stipulate measures to ensure
reasonable national revenues from exports and to share
development gains more widely. Oman specifies public
incomes from land lease, royalties, corporate taxes and
public equity stakes to secure decent public incomes. Some
countries specify how such export revenues shall be used,
e.g., to fund regional development initiatives. The United
Arab Emirates has developed Social Impact Contracting
guidelines to ensure increasing social and economic out-
comes for a variety of net-zero industry investments. Ecua-
dor plans to use export royalties compensate carbon pricing
for the consumption of fossil fuels. In Namibia, the govern-
ment included mandatory oversizing of desalination plants
in its project tender, to ensure desalination serves not only
export-oriented electrolyzers but also local communities.

Industrial policies for the hydrogen pull pathway

Industrial policies for this pathway are similar to the ones
aimed at export revenues. The emphasis is on attracting foreign
investors, yet with a different rationale and a focus on different
industries. While the export-revenue pathway aims at renewable
energy, electrolyses, and transportable derivatives, hydrogen-
pull aims at energy- and emissions-intensive industries down-
stream industries, e.g., in the chemical and auto parts indus-
tries. As those industries tend to involve complex cross-border
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trade relations, frictionless trade matters, calling for deep trade
agreements with partner countries as well as harmonization
of specific green industry regulations. Also, compared to the
production of hydrogen and derivatives, such industries may
depend more on local inter-firm relations to exploit industrial
symbiosis or build sector-specific pools of skilled labor. This
calls for policies supporting industrial clusters.

As this pathway is mainly considered as a medium- to
long-term opportunity once sufficient supply of renewables
and low-emission hydrogen has been developed, the national
strategies place less emphasis on specifying the respective
policies. Yet, Morocco’s industrial policy clearly combines
these elements: Morocco has a range of free trade agree-
ments to provide good access to Europe and position the
country as a link between Europe and Africa; and clusters
and industrial ecosystems feature prominently in its hydro-
gen strategy, in combination with a particularly proactive
and targeted investment promotion (Hahn & Vidican-Auktor,
2017). Similarly, the United Arab Emirates envisages the
formation of “hydrogen oases” to co-locate production and
end-use applications in clean energy clusters.

Industrial policies for the domestic decarbonization
pathway

Domestic decarbonization is a particularly prominent stated
objective in national strategies, especially in countries with a
considerable stock of fossil fuel-based industries (the United
Arab Emirates, South Africa, and India), including mining
(Chile, South Africa, Indonesia) and/or traffic-related urban
air pollution (India, Egypt, Indonesia). Here, two industrial
policy elements are particularly relevant: to tilt incentive
systems from pro-polluting to pro-green alternatives; and
support for specific decarbonization projects with big emis-
sion-intensive industries, including pilot implementations.
With regard to the first, many countries in the sample are
developing carbon pricing systems, either a cap-and-trade
system (the United Arab Emirates) or carbon taxes, or a
combination of both (Colombia). Phasing out fossil fuel sub-
sidies is a widely used complement. Several countries also
mandate progressive emission reduction requirements for
industry, transport, and buildings (Brazil) or plan to create
hydrogen demand through mandatory use quotas (Ecuador).
Demand can also be induced via issuance of green bonds
(Argentina, Colombia) by national companies or via public
procurement of hydrogen-based products, including by state-
owned enterprises, as shown by the United Arab Emirates’
national oil company ADNOC. The United Arab Emirates
also considers hydrogen purchase agreements between green
hydrogen producers and end users, specifying the sale price
for an amount of hydrogen used over an agreed timeframe.
With regard to directly supporting specific decarboni-
zation projects, the South Africa Hydrogen Valley project
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supporting a range of pilot applications has been co-designed
by industry and government (Engie Impact, 2021). In several
countries, subsidies for individual firms using low-emission
hydrogen are mentioned, including soft loans and carbon
contracts for difference (Ecuador), helping firms to cope
with costly process adjustments and bridging the cost gap
between low-carbon hydrogen and high-emission fuels.

Industrial policies for the technological niche
upgrading pathway

Two main types of policies can be distinguished for techno-
logical niche upgrading. When the aim is to build domes-
tic capabilities in mature technologies, policies focus on
improving absorptive capacities, e.g., via skills develop-
ment. Where countries aspire for own innovations in new
technologies, research and development and a range of inno-
vation policies move to the forefront.

Many strategy papers announce localization objectives
without specifying the underlying industrial policies. Some
countries, especially those with higher levels of economic
complexity, pursue typical innovation policies such as

Table 2 Industrial policies employed for LEH pathways

dedicated R&D programs, university-enterprise linkages and
support for technology start-ups. Several countries mention
pilot facilities, e.g., Tiirkiye plans those for new fuel cell and
module designs including the promotion of prototypes and
setup of testing infrastructure. Argentina creates regulatory
sandboxes where innovative technologies can be tried in real-
world conditions to improve their performance and to develop
the appropriate regulatory environment in parallel. The United
Arab Emirates bets on its established network of technology
incubators for the development of new hydrogen technologies
but also considers the acquisition of foreign firms.

LEH industrial policies: a comparative assessment

The previous sections have shown how latecomer countries
pursue different hydrogen industrial development strategies
and that those translate into very specific industrial policy
mixes. Finalizing, we compare and assess these policy mixes
with a view to (a) understanding the relevance of generic,
latecomer-specific and green-specific industrial policies in
the pursuit of specific pathways; and (b) assessing how likely
it is that the sets of industrial policies extracted from the

Type of industrial policy Export-revenue pathway

Hydrogen pull pathway

Domestic decarbonization
pathway

Technological niche
upgrading pathway

Generic

FDI attraction: Tax conces-
sions, SEZ, one-stop-
shops; demonstration
projects; local content FDI
requirements hydrogen
diplomacy to ensure long-
term cooperation with
importing countries

Latecomer-specific

Greening-specific Using export royalties to
compensate for carbon

pricing

Carbon taxes as a means
to avoid carbon bor-
der adjustments being
imposed by importers

Soft loans, de-risking of investments and subsidies; technology foresight; mapping of resources; promotion of
generic infrastructure; regulatory compliance

R&D, pilot projects and
university—industry
cooperation, support for
technology start-ups,
regulatory sandboxes

FDI attraction; deep trade
agreements; support for
industrial clusters around

Carbon pricing via cap-and-
trade or taxes; fossil fuel
subsidy reform; industry-
specific emission reduc-
tion requirements; manda-
tory hydrogen use quotas,
auctions, soft loans, and
carbon contracts for dif-
ference for decarboniza-
tion investments; support
of pilot applications of
low-carbon technologies

Source: Own elaboration
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national strategies enable countries to achieve the upgrading
objectives related to each pathway and where the limitations
are, linking back to the analysis of barriers in the “Com-
paring pathways: upgrading opportunities and entry bar-
riers” section. We also draw from literature on industrial
policy effectiveness and country case studies on hydrogen
upgrading.

Table 2 shows how the policies employed for our four
pathways reflect generic, latecomer-specific and green-
specific industrial policies in different ways. The export-
revenue and hydrogen-pull pathways display many of the
characteristics described in our “Conceptual framework” as
latecomer-specific industrial policies (to attract FDI in com-
bination with some incentives for technology transfer). Both
also make use of some green industrial policies. The domes-
tic—decarbonization pathway emphasizes green industrial
policies, such as policies to internalize environmental costs,
green bonds and subsidies for the transformation of indus-
trial processes. Finally, the technological niche upgrading
pathway is characterized by policies that correspond with
the industrial policies of advanced economies, where new
frontier technologies are targeted, supporting R&D, pilot
projects and university—industry cooperation.

As all the strategies have been released only after October
2020, they cannot yet be subjected to an impact evaluation.
Following, we highlight some critical policy challenges that
may hamper industrial upgrading, drawing on gaps between
what the industrial policy literature suggests as success fac-
tors and the priorities set in the strategies.

With regard to the export-revenue (and the few cases of
hydrogen pull) industrial policies, strategies reveal a bias
towards open-door policies for FDI with only limited empha-
sis on efforts for technological learning and embedding FDI
in domestic enterprise networks. Where they are highlighted,
they are not (yet) underpinned by concrete incentives and
operational specificity, rendering them more aspirational than
actionable. Namibia’s strategy aims to indigenize production of
wind tower and blade as well as solar cell and module manu-
facturing, projecting up to US$11 billion in direct GDP impact
by 203540 (MME, 2022, p. 32). It is not clear how such an
industry can emerge in a country with very small market size
and without a competitive industrial base, and given the com-
petition from scale-intensive producers like China, especially
as even larger economies such as South Africa, India, Brazil
have struggled in this domain (Altenburg & Kantel, 2024;
Bazilian et al., 2020). Similarly, Tiirkiye’s goal of building a
competitive electrolyser industry faces headwinds from Chi-
na’s global dominance and EU subsidies (IEA, 2024b). Other
than local content requirements, national strategies mention
few mechanisms to forge technology transfer from FDI to
domestic businesses. Neither joint venture requirements nor
proactive supplier development programs feature prominently
in the strategies. As literature on knowledge spillovers from
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FDI suggests (“Conceptual framework” section), the one-sided
FDI approach neglecting transfer and linkages may lead to
the formation of foreign-owned technological enclaves, at best
with some follow-sourcing (Butollo et al., 2024) from abroad.

Notably, some countries recognized the downsides of
enclave formation and implemented distributive policies to
spread development gains more widely in their societies via
Social Impact Contracting guidelines, cross-subsidization of
regional development funds and other measures.

Even if hydrogen investment leads to enclave formation,
it may still contribute to generating foreign exchange and tax
revenues. However, public expenditure and tax concessions
must be taken into account when assessing the size of such
benefits. The strategy documents suggest the use of a wide
range of subsidies and tax exemptions. In several pathways,
state guarantees are used to de-risk private investments. Like-
wise, when big hydrogen investment projects are supported
with state investments in project-related public infrastructure
(roads, ports, grids), investment risks are shifted to the public
sector, whereas profits are captured by private investors with
generous tax exemptions. While de-risking may be necessary
to get investment off the ground, it may structurally weaken
(the state’s) ability to discipline private capital (Gabor &
Sylla, 2023, pp. 1169), especially in the presence of informa-
tion asymmetries between transnational investors and local
administrations. Political capture is also a major risk in the
domestic decarbonization pathway, where the beneficiaries
of state support are either large state-owned enterprises, para-
statals, or subsidiaries of MNEs. Capture can take the form
of oversizing subsidies, granting unnecessary tax exemptions
and further strengthening oligopolistic power.

While it is too early for any cost-benefit analysis of hydro-
gen industrial policies, governments may consider giving
more weight to precautionary measures to avoid such risks,
especially

e Greater emphasis on incentives for technology transfer
and strengthening of domestic absorptive capacity to
avoid enclave formation;

e Strengthening transparency and accountability, such as
as public disclosure of investment deals and state-private
revenue flows,

e Revenue-sharing policies such as mandatory community
shares, public ownership or transferring export revenues
directly to citizens.

Conclusions and research outlook

The emerging global LEH market is set to grow significantly
and offer manifold new opportunities for international busi-
ness. Investors have announced projects for annual produc-
tion of 49 Mt LEH by 2030 (IEA, 2024a). Tapping into,
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and upgrading within, newly emerging LEH value chains is
now a strategic priority for firms and governments in many
latecomer economies.

Our paper addresses a dual knowledge gap related to the
potential societal benefits of the emerging LEH economy
for latecomers. Based on an analysis of all available national
hydrogen strategies in this country group, we first, identify
four different pathways along which these countries can try
to upgrade in hydrogen GVCs as well as the entry barriers
that may hamper such efforts, focusing on internal barriers
that those governments can influence. Second, we explore,
classify, and assess their industrial policies in support of the
envisaged upgrading pathways.

We find that country strategies focus on different upgrading
pathways, combining elements of the four stylized pathways in
different ways, reflecting differences in their initial conditions.
These different constellations are reflected in different policy
mixes, employing specific combinations of generic, latecomer-
specific and greening-specific industrial policies. Finally, we
offer a preliminary assessment of whether the upgrading
objectives are realistic and the chosen policy-mixes suitable
for achieving them, highlighting some critical policy risks.

Our work raises three major questions for future research
by scholars of international business, GVCs and industrial
policy. First, more research is needed to fully understand
the contours of emerging LEH value chain configurations.
While some studies explore socio-economic effects of LEH
ecosystems (e.g., Kayikci et al., 2025; Sharma et al., 2023),
many of the related industrial development opportunities are
severely under-investigated, especially with respect to tech-
nology choice, entry barriers, upgrading, and leapfrogging
opportunities. This applies, among others, to electrolyser
manufacturing; sustainable shipping and aviation fuels; fuel
cells technologies; and new developments related to CCUS.

Second, the effectiveness of the policy mixes included
in the national strategies has not yet been evaluated. At the
same time, our preliminary assessments points to potential

risks related to enclave formation, political capture and ris-
ing inequality. More research is needed to test the relevance
of these risks and explore how this can be counteracted.

Third, our analysis has highlighted that the transition to
hydrogen is essentially policy-driven and politically con-
tested, as national interests do not easily align with the
requirements of global decarbonization. This results in frag-
mented markets and high uncertainty for investors, affecting
the formation of GVCs and the scope for firm upgrading
within them. This paper has explored country-level indus-
trial policy responses to cope with the specific challenges
of the policy-induced hydrogen market ramp-up. More
research is needed to understand firm-level strategies. As
we have shown, most LEH-related investments are large-
scale, involving MNEs and their subsidiaries in latecomer
economies as well as big national, often state-owned cor-
porations. These firms tend to be lead firms in hydrogen
GVC, gatekeepers to international markets and main drivers
of technological innovation. At the same time, they often
operate in oligopolistic markets settings and may therefore
distort markets and capture policy rents, especially given the
policy-induced character of green industry transformation.
The role of MNEs and their headquarter-subsidiary relations
as well, as the role of national star firms and SOEs (Meiss-
ner et al. 2019) have long been at the center of international
business research. Future research may explore their specific
role in policy-induced green industries, and how policy can
shape cross-border business transactions in a way that navi-
gates the conflicting global (decarbonization) and national
(competitiveness) interests.

Appendix

See Table 3.
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Table 3 Industrial development Economic |[Country H2 Export- Domestic Technological| Renewable
pathways selected and complexity production [revenue | decarbonisation niche energy &
prioritized in national hydrogen (ECI trade route upgrading [hydrogen pull
strategies 2019)3
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[ green (incl. biomass and geothermal ), [ : blue (incl. coal+CCUS), [ : other (e.g., nuclear,

natural, pyrolysis)

@: highly relevant, o: relevant, —: not relevant/not mentioned

*National hydrogen strategy launched, but document not publically available

! Assessment based on national hydrogen program (not strategy)

National hydrogen strategy no longer pursued under the current government

3: The following thresholds apply for the ECI: moderate: > 0.45, modest: > 0, low: > — 0.5, very

low: < - 0.5
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