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Abstract

Hydrogen has attracted growing interest across the Association of Southeast Asian Nations
(ASEAN) region in recent years, driven by net-zero commitments and national decarboni-
sation strategies. This study explores the evolving role of hydrogen in the ASEAN energy
landscape and its potential to support a just and inclusive transition towards sustainable
energy systems. Employing an exploratory research approach, this study integrates two
complementary transition management frameworks—Multi-Level Perspective (MLP) and
Strategic Niche Management (SNM)—to analyse the dynamics of energy transitions across
niche, regime, and landscape levels. The integration of these frameworks supports our
understanding of how transitions unfold within complex socio-technical systems. The anal-
ysis draws on government documents, the academic literature, and the grey literature on
evolving hydrogen development projects across ASEAN. The findings indicate that climate
commitments and global hydrogen narratives are placing increasing pressure on fossil-
fuel-dominated energy regimes across ASEAN. While hydrogen development remains
uneven across the region, several countries have made measurable progress through policy
development, pilot projects, and international partnerships. This research contributes to the
literature by combining MLP and SNM to provide a multi-level understanding of hydrogen
transitions in ASEAN and highlights the importance of nurturing niche innovations to
enable long-term systemic transformation.

Keywords: hydrogen; energy transition; multi-level perspective; strategic niche management;
sustainability transitions; ASEAN

1. Introduction
Achieving net-zero emissions has become a defining global goal, requiring deep

changes in technology systems, institutions, and sociopolitical context. It will require struc-
tural changes in energy systems and governance frameworks [1]. Fundamental to this goal
is the need for action towards the decarbonisation of hard-to-abate sectors, including heavy
industries, aviation, and shipping, at a considerable economic and technological cost [1]. As
the world adapts its energy systems, there have been increasingly clearer calls for improved
coordination across governance levels and new approaches to energy transitions.

The Association of Southeast Asian Nations (ASEAN) comprises eleven countries
(Brunei Darussalam, Cambodia, Indonesia, Lao PDR, Malaysia, Myanmar, Philippines,
Singapore, Thailand, Timor Leste, and Vietnam). ASEAN functions as an intergovernmental
organisation defined by a strong commitment to national sovereignty and non-interference.
According to ASEAN (2010) [2], member states maintain full autonomy over domestic
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policies, and regional cooperation is governed by consensus and equality rather than
supranational authority.

The energy sector plays a central role in achieving ASEAN’s long-term development
vision. In line with this, the ASEAN Plan of Action for Energy Cooperation (APAEC) 2026–
2030 focuses on strengthening energy security through deeper regional integration and
diversification of energy supply while simultaneously accelerating the energy transition,
including scaling up the deployment of renewable energies, improving energy efficiencies,
and enhancing green innovation [3]]. As a result, regional frameworks such as APAEC
serve primarily as coordinating mechanisms rather than legally binding instruments [3].
Although ASEAN expresses shared commitments and collective aspirations, the realisation
of these objectives depends largely on national priorities and capacities, leading to differing
levels of progress among member states. This situation illustrates that ASEAN integration is
a voluntary and evolving process in which regional identity and cooperation are gradually
strengthened [4].

Hydrogen, which can function as a fuel, energy carrier, and storage medium, has been
described as a “game changer” for decarbonising energy systems [5,6]. The International
Energy Agency [7] anticipates hydrogen adoption in ASEAN to start by around 2030 and
increase five-fold by 2040 and ten-fold by 2050. Hydrogen is categorised by production
method, commonly referred to by colour: grey hydrogen is produced from fossil fuels
(such as natural gas via steam methane reforming or coal via gasification) without carbon
capture; blue hydrogen uses the same processes, but captures the resulting CO2 emissions;
and green hydrogen is produced using electrolysis powered by renewable energy, making
it the lowest-carbon option [6].

In a regional context, most ASEAN member nations have made steps towards de-
velopment of the hydrogen value chain, although at different rates and trajectories. In
2020, Brunei Darussalam launched the region’s first international hydrogen supply chain.
Singapore kicked off its national hydrogen strategy in 2022, with Malaysia and Indone-
sia releasing their roadmaps in 2023, Vietnam in 2024, and Lao PDR in 2025. The other
member states are developing similar strategies that reflect the growing regional interest in
hydrogen’s contribution to the energy transition.

To understand how this momentum translates into a broader hydrogen transition,
this study adopts a systems-based analytical framework drawn from the sustainability
transitions literature. Specifically, the article applies a Multi-Level Perspective (MLP) to
interpret structural dynamics and regime resistance within existing fossil-based energy
systems and Strategic Niche Management (SNM) to examine the incubation and stabili-
sation of hydrogen as a niche innovation. Whereas MLP provides a macroscopic view by
distinguishing between landscape pressures, dominant regimes, and emerging niches, SNM
provides a micro-level perspective on how support for hydrogen technologies encompasses
experimentation, learning and network-building (see Section 2.2.2. for details). As a whole,
these framings can be applied as an analytical lens through which to view the growth of
hydrogen within ASEAN as not just a series of technologies, but also a transformative
process that is engendered in institutional, political, and market structures.

Current studies on hydrogen in ASEAN have predominantly addressed techno-
economic assessments [8], demand–supply [9], environmental and economic competi-
tiveness [10,11], export potential [12], hydrogen for net-zero and decarbonisation [13–15],
and political economy (interaction between government policies, power dynamics, and
economic systems) [16]. Within the ASEAN context, limited attention has been given to the
interaction between emerging hydrogen innovations, established fossil-fuel-based energy
regimes, and regional governance structures. This research gap is important in ASEAN,
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where energy transitions are influenced by a distinctive institutional context and diverse
national development trajectories.

This article examines the positioning of hydrogen within ASEAN’s broader energy
transition using a regional comparative approach. It contributes to the literature by elu-
cidating how interactions among regime structures, niche innovations, and governance
conditions influence hydrogen development across ASEAN member states. Employing
MLP and SNM frameworks, this study addresses the following questions:

1. How far have ASEAN countries progressed in developing hydrogen energy systems?
2. How does hydrogen interact with existing energy systems?
3. How do current strategies influence hydrogen’s future role in the region’s energy

transition?
The remainder of this paper is structured as follows: Section 2 reviews the existing lit-

erature on the theoretical frameworks and regional energy transition. Section 3 explains the
research design and methodology used. Section 4 applies the MLP and SNM frameworks
to assess how hydrogen fits within ASEAN’s energy transition progress. Section 5 dis-
cusses the implications of hydrogen development in ASEAN. Finally, Section 6 concludes
the paper.

2. Background and Theoretical Framework
2.1. ASEAN Energy Transition and Hydrogen Development

The energy transition in Southeast Asia is unfolding amid robust economic growth,
industrialisation, and population expansion. ASEAN has accounted for approximately 11%
of global energy demand growth since 2010 and is projected to contribute over one-quarter
of global demand growth by 2035 [17]. In 2023, fossil fuels accounted for approximately
86% of ASEAN’s total energy mix [18], with much of it derived from coal, which accounts
for nearly half the electricity produced in ASEAN and roughly four-fifths of power-sector
emissions [17,19]. Additionally, for the past decade, 70% of the increase in electricity gener-
ation in ASEAN was from coal-fired power [20]. Installed renewable energy capacity in the
region tripled in size from 33 gigawatts (GW) in 2010 to 102 GW by 2022, with over 80% of
this increase was accounted for by hydropower and solar energy [20,21]. At the sectoral
level, industrial energy consumption has grown significantly, increasing from 156.2 Mtoe
in 2019 to 185.7 Mtoe in 2022, with its share in total final energy consumption (TFEC)
rising from 38.4% to 43% [19] as illustrated in Figure 1. Transport energy demand also
remains substantial, reaching approximately 145 Mtoe in 2022, although its share declined
slightly compared to pre-pandemic levels [19]. These trends highlight the dominant role of
industry and transport in shaping ASEAN’s energy demand. In this context, the continued
reliance on fossil fuels alongside rising demand underscores the urgency of diversifying
the energy system. Low-carbon solutions such as renewable energy, carbon capture and
storage (CCS), and emerging low-carbon fuels, especially hydrogen (H2), have become
increasingly urgent.

The shift from fossil fuels has become pivotal to national decarbonisation initiatives.
This transition involves transforming energy systems to low-carbon and renewable sources
while ensuring the security, reliability, access, and affordability of energy [22]. While all
countries seek the same end result, they find themselves on different paths as a result of
available resources and institutional capacity, technological readiness, and social context.
Such identification requires a detailed assessment of the current energy mix and demand
trends, resource potential, and structural challenges in each region [22].
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Figure 1. ASEAN total final energy consumption by sector, 2005–2022. Source: ASEAN Energy
Outlook AEO8 [19].

ASEAN countries have tightened their decarbonisation targets and policies. A total
of eight member states has set net-zero targets: Brunei Darussalam, Cambodia, Lao PDR,
Malaysia, Singapore, and Vietnam (targeting 2050), Indonesia (2060), and Thailand (2065).
The ASEAN member states have also committed to increasing the share of renewables in
the primary energy mix to 23% by 2025, a target that would require approximately USD
27 billion in annual renewable energy investments [23].

The energy transition in ASEAN continues to be characterised by persistent structural
tensions between decarbonisation ambitions and continued fossil fuel dependence [24].
Governments are committing to deploying renewables and establishing clean energy in-
dustries that attract foreign direct investment and enhance industrial competitiveness [25].
At the same time, fossil fuel expansion is continuing through coal due to lingering con-
cern surrounding affordability, reliability, and domestic resource availability [23]. These
dynamics highlight the “energy trilemma” confronting ASEAN: the need to balance en-
ergy security, equity, and environmental sustainability amid rapid economic growth and
increasing demand [26]. Modelling indicates that achieving net-zero pathways will require
sustained technological innovation and significant reductions in fossil energy consumption,
estimated at an average decline of 21.8% every five years in ASEAN [27].

Hydrogen is now seen as an important part of ASEAN’s energy transition. Worldwide,
hydrogen demand reached almost 100 million tons in 2024, up about 2% from the previous
year, mostly for traditional uses like refining and chemicals. New uses made up less than
1% of total demand [28]. Hydrogen also remains dominantly produced from fossil fuels.
Although low-emissions hydrogen production grew by 10% in 2024, it retains only <1% of
the global supply [28]. This shows that there are still significant challenges, including high
costs, uncertain demand, regulatory risks, and slow infrastructure development [29]. Still,
there has been progress, with over 200 low-emissions hydrogen projects receiving final
investment approval since 2020 and fast innovation across the industry [28].

Within ASEAN, hydrogen already has an important role in industrial systems. Re-
gional demand reached approximately 4 Mt in 2024—around 4% of global demand—with
Indonesia accounting for over one-third, followed by Malaysia (22%), Vietnam (15%), and
Singapore (12%) [28]. Nearly half of regional hydrogen consumption is used for ammonia
production, with two-thirds concentrated in Indonesia alone, while refining accounts for
roughly one-third of demand (about 40% in Singapore) and methanol accounts for the re-
maining share, largely in Malaysia [28]. Hydrogen production represents approximately 8%
of the region’s gas supply and about 1% of regional CO2 emissions, while ASEAN currently
exports ammonia and imports methanol, reflecting evolving regional trade dynamics [28].
Previous estimates show that hydrogen demand across industrial sectors steadily grew
from about 3.27 million ton per annum (MTPA) in 2015 to an estimated 3.75 MTPA in 2021,
underlying the product’s embeddedness within regional industrial value chains [9].

Beyond these traditional sectors, hydrogen is a flexible energy carrier that could be
used in the future to decarbonise sectors like hard-to-abate heavy industry, long-haul
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transport, and electricity production. In the near-term, hydrogen in ASEAN looks set to
remain focused on hard-to-electrify industries; however, over the longer term, it could
be deployed more extensively for power and transport [9]. By 2060, co-firing with hydro-
gen and ammonia and hydrogen-based power systems could supply more than 26% of
population demand in ASEAN [9]. But major economic and institutional barriers remain.
Green hydrogen generated from renewables in ASEAN costs about USD 8–13 per kilogram,
which is much more than fossil-based options [9]. This highlights the need for improved
policies, better infrastructure investment, and continuous technological innovations to
speed up adoption.

2.2. Sustainability Transition Perspective

Energy transitions have long been recognised as socio-technical transformations rather
than straightforward technological substitutions. Energy transition theory, which has
been significantly developed by Geels et al. (2017) [30], describes these types of transi-
tions as structural transformations—particularly in recent decades, as transitions from
fossil-fuel-based systems to low-carbon energy systems. These adaptations are driven by
technology innovation, policy, institutional arrangements, market structures, and social
practices [30,31]. This, in turn, widens the scope to include adjustments of energy demand
and user patterns across cultures and politics, as well as techno-economic changes in the
supply chain. While techno-economic approaches focus on cost and efficiency in energy
flows and distribution, socio-technical perspectives highlight innovation, diffusion, and
institutional change, drawing from science and technology studies and the sociology of
innovation [32]. This has led many observers to see low-carbon transitions as disruptive,
contested, and non-linear processes that are influenced by a range of competing interests,
policy uncertainties, and cycles of acceleration and slowdown [33].

Against this backdrop of socio-technical transitions, institutional lock-in and path
dependency are central to shaping energy transition trajectories. Existing energy regimes
rely on entrenched infrastructures, regulatory frameworks, market arrangements, and
vested industrial interests, which reinforce fossil fuel dependence and hinder the adoption
of alternative technologies [33]. These dynamics are particularly pronounced in regions
such as ASEAN, which are realising rapid energy demand growth as they deal with
entrenched fossil fuel systems and diverse institutional maturity. Structural factors such
as these generate inertia and friction between incumbent actors and emerging low-carbon
technologies. As a result, transitions rarely follow linear paths, but instead progress through
contested negotiations, institutional adjustments, and incremental technological learning,
influenced by both global pressures and domestic political economies [30,31].

To address these complexities, sustainability transition research increasingly uses
integrative frameworks that capture multi-level interactions and dynamic socio-technical
processes. Transition management approaches aim to improve our understanding and
guidance of long-term systemic change by examining the co-evolution of societal actors,
institutions, and technologies across different governance and innovation levels [34]. Build-
ing on this, the literature has introduced frameworks such as MLP and SNM to help explain
how emerging technologies evolve, spread, and interact with established regimes [35].

This article examines hydrogen development in ASEAN through a sustainability
transitions perspective. A transition management approach is adopted to analyse the
complex and evolving nature of socio-technical change, including shifts in institutional
arrangements, technological systems, and policy pathways toward sustainability [34].
Within this framework, the multi-level perspective (MLP) (described in detail in the next
section) is used to capture interactions across the landscape, regime, and niche levels
shaping energy transitions [36]. However, while the MLP provides a strong structural lens,
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it has been criticised for limited explanatory depth regarding early-stage technological
emergence and diffusion [37,38]. To address this limitation, this study integrates strategic
niche management (SNM), which focuses on bottom-up innovations, including learning
processes, actor networks, and institutional support mechanisms enabling new technologies
to scale [39,40]. Both MLP and SNM are foundational frameworks within sustainability
transitions research [35], and their combined application enables a more comprehensive
analysis of hydrogen transitions in ASEAN by linking regime-level structures with niche-
level innovation processes.

2.2.1. Multi-Level Perspective (MLP)

The MLP has been extensively applied to analyse transitions in socio-technical systems
across various sectors, with particular emphasis on energy studies [41,42]. This framework
conceptualises transitions as dynamic interactions among three analytical levels: the socio-
technical landscape (macro-level), socio-technical regimes (meso-level), and technological
niches (micro-level) [39]. The socio-technical regime represents the dominant and stable
configuration of technologies, institutions, and practices to act as a selection environment
that reinforces existing systems (such as entrenched infrastructures, sunk investments,
established user practices, and regulatory frameworks that favour incumbent technolo-
gies) [43,44]. The technological niche describes early-stage settings on the periphery of
established systems where new technologies are created by up-and-coming players [44].
These areas allow for learning and testing in situations that are mostly shielded from
competition from the mainstream market (e.g., renewable energy technologies such as solar
and wind, hydrogen vehicles, and pilot-scale demonstration projects) [43,44].

The socio-technical landscape refers to external forces (such as climate commitments
and macroeconomic trends) that exert pressure on regimes and may enable niche innova-
tions to scale [43]. Collectively, these levels explain how radical technological innovations
emerge and reshape socio-technical configurations by gradually transforming established
practices, infrastructures, and institutional arrangements [38]. Landscape developments
such as macroeconomic trends, climate governance pressures, and geopolitical shifts can
exert external pressures on incumbent regimes, destabilising existing systems and creating
opportunities for niche innovations to develop and scale [36]. Thus, the MLP serves as
a systemic analytical model that illustrates how interactions across multiple levels shape
transition pathways over time [45].

The socio-technical landscape includes large-scale external factors that shape how
systems operate and set the stage for the development of new technologies [46]. These
broad changes put pressure on existing systems [47]. Global climate ambitions, for instance,
have increased the prominence of hydrogen in international energy strategies. In 2025, the
COP30 Presidency materialised hydrogen ambition, including work on a clean hydrogen
program and increasing low-emission hydrogen uptake [48]. The concept of the “hydrogen
economy,” originally articulated by Bockris (1972), envisioned hydrogen as a universal
energy carrier produced from low-carbon sources and used across power, transport, and
industry [49]. Contemporary scholarship highlights how this narrative continues to influ-
ence energy transition discourse by promoting hydrogen as an abundant, versatile, and
zero-emissions solution capable of supporting deep decarbonisation pathways [50]. The
socio-technical regime changes from a system that is based around carbon-based fuels and
electricity to a hydrogen (and electric) energy regime that would be expected to be driven by
pressures from the landscape level and the emergence of niches for hydrogen application.

In this study, the MLP framework helps examine hydrogen transitions in ASEAN
by looking at how landscape pressures, like decarbonisation goals and growing energy
demand, interact with fossil-fuel-based systems and new hydrogen projects in different
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countries. This approach helps us to identify how established systems, different institutions,
and conditions shape the ways hydrogen develops in the region.

2.2.2. Strategic Niche Management (SNM)

SNM has been described as “more than a useful addition to a spectrum of policy
instruments” because it focuses on facilitating the development and diffusion of emerg-
ing technologies through protected experimentation environments [51] (p. 185). SNM
is a concept that arose in the late 1990s. It explains how emerging technologies develop
through processes of expectation formation, network building, and learning within pro-
tected spaces [51–53]. Central to SNM is the creation of protected spaces that support actors
seeking to introduce new technologies into the market by shielding them from dominant
regime selection pressures during early development stages [51]. SNM theory distinguishes
between active protected spaces, which are deliberately designed to foster innovation, and
passive spaces, which arise from existing selection environments that inadvertently pro-
vide protection [54,55]. Within these environments, SNM aims to (1) identify necessary
technological and institutional changes, (2) assess technical and economic feasibility, and
(3) evaluate social desirability to support technology development [51].

Niche development typically follows a non-linear trajectory shaped by the stability
of governing rules and the level of protection afforded to emerging technologies [56]. As
niches evolve from early breakthroughs toward technological and market niches, they
encounter increasing exposure to selection pressures; however, these pressures can be
mitigated as learning processes, institutional alignment, and actor coordination strengthen
niche viability [54]. The SNM literature highlights the three core indicators shaping niche
evolution: network formation among diverse stakeholders, learning processes (including
both first-order technical learning and second-order reflexive learning) and the articula-
tion and alignment of expectations regarding technological futures [57]. In the empirical
chapters of this study, these SNM indicators will be operationalised through qualitative
case-study analysis. This approach will help us to identify how network formation, learning
processes, and expectation alignment emerge in practice, and will provide a systematic lens
for comparing hydrogen innovation trajectories across the region.

In this study, SNM provides a complementary analytical lens to examine hydrogen
development in ASEAN by focusing on bottom-up innovation dynamics such as pilot
projects, policy experimentation, and evolving stakeholder networks supporting hydrogen
deployment. This perspective is particularly relevant for analysing early-stage hydrogen
adoption and sequencing pathways, where niche-level learning, institutional support,
and protected experimentation spaces play critical roles in shaping long-term transition
trajectories across the region.

3. Research Design and Methods
This study adopts a qualitative and exploratory research design to examine hydrogen

development dynamics in ASEAN. It focuses on analysing empirical developments in
hydrogen policies, projects, and institutional arrangements across the region. To support
this analysis, the MLP and SNM frameworks are used to enable a multi-level interpretation
of hydrogen transitions across landscape, regime, and niche dimension. Consistent with
the analytical framework outlined in Section 2, the research follows a structured multi-stage
approach (see Figure 2).
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Figure 2. Research structure.

3.1. Data Collection and Sources

The document collection process followed three main steps. First, the academic
literature was identified using Google Scholar as an academic search platform. Search
queries were constructed using structured keyword sets and organised into thematic
categories, as described in Section 3.2 and provided in full in the Supplementary Materials.
Google Scholar was selected due to its coverage of the interdisciplinary literature, including
the grey literature and papers found in domestic non-SCOPUS-indexed journals, which
are prominent across the region. This facilitated the identification of recent developments
in the evolving hydrogen discussion in the region. The academic literature was used
primarily to provide conceptual grounding and comparative insights, supporting the
interpretation of empirical hydrogen developments identified in government documents
and the grey literature.

Second, official government documents were collected from official ministry websites.
These included hydrogen strategies, roadmaps, policy documents, and official announce-
ments. Such documents were treated as primary data sources for analysing country-level
policy developments and the institutional positioning of hydrogen.

Third, grey literature sources such as industry reports, project announcements, and
news articles were compiled to capture recent developments not yet reflected in academic
publications [58]. The inclusion of the grey literature is particularly important given the
emerging and rapidly evolving nature of hydrogen development in ASEAN.

3.2. Selection Criteria

Given the broad range of search results, explicit criteria were applied to ensure an-
alytical consistency and relevance. Rather than a systematic review protocol, this study
follows the purposive theory-guided document selection established in qualitative case-
study applications of the MLP and SNM frameworks [57,59] in which sources are selected
and appraised for their relevance to the analytical framework rather than exhaustively
enumerated. This approach is appropriate for an emergent empirical field such as hydrogen
development in ASEAN, where the primary evidence base consists of recently issued policy
documents and the grey literature, which are not systematically indexed [58], and where
the analytical objective is conceptual mapping onto landscape, regime, and niche dynamics
rather than the statistical synthesis of a defined population of studies.

Inclusion criteria:

• Sources directly addressing hydrogen policies, strategies, and roadmaps.
• Evidence of hydrogen-related projects, investments, and infrastructure development.
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• Academic studies on hydrogen for energy transitions and decarbonisation, hydrogen
in ASEAN case studies, and hydrogen in sustainability transitions, particularly those
using MLP and SNM.

• Sources (including newsletter, company news, institutional insights) related to hydro-
gen in ASEAN countries.

Exclusion criteria:

• Search results referring to general discussions of hydrogen without country-specific
and policy-content.

• Highly technical and laboratory-scale studies focusing on materials, components, and
process optimisation without implications for energy systems and policy analysis.

• Secondary interpretations of national hydrogen strategies where official government
documents were available and used as primary sources.

• Opinion pieces, short commentaries, and news articles without verifiable sources and
substantive analytical content.

• Duplicate search results and publications that repeated information already captured
from primary sources.

For country-level hydrogen strategies, priority was given to official government publi-
cations (e.g., national hydrogen strategies and roadmaps) as primary sources. Academic
and secondary references discussing these strategies were not systematically included
unless they provided additional analytical insights beyond the original policy documents.
Priority was given to publications from the last five years (since 2021), reflecting the recent
development of hydrogen technologies and policies. Earlier foundational studies were
retained where necessary to support theoretical framing.

Search queries were organised into five thematic categories, each corresponding to a
distinct analytical aim: (i) climate and decarbonisation narratives to identify landscape-level
drivers; (ii) official country-specific hydrogen documents to identify national strategies
and roadmaps as primary sources; (iii) hydrogen projects per member state to capture
niche-level experimentation; (iv) hydrogen and energy transition in ASEAN to identify
the academic literature on regional transition dynamics; and (v) the theoretical framework
literature applying MLP and SNM. The full keyword matrix, including search strings
for all ten ASEAN member states, is provided in the Supplementary Materials. Each
retrieved document was assessed against the inclusion and exclusion criteria and, for
news-based sources, subjected to a source-credibility check prior to inclusion. The resulting
analytical corpus is fully documented in the Supplementary Materials, comprising (5)
national hydrogen strategies analysed in depth, hydrogen-related policy positions for the
remaining member states, (25+) MOUs on hydrogen cooperation, (28) documented pilot
and investment projects (2019–2025), (7) institutional and intergovernmental reports, and
(8) official government announcements, each recorded with the source, URL, and access
date. This corpus was iteratively mapped onto the landscape, regime, and niche levels
and onto the SNM processes of expectation building, network formation, and learning, as
illustrated in Figure 2.

3.3. Analytical Approach

The collected data was analysed using a structured qualitative approach combin-
ing inductive categorisation and theory-informed interpretation. First, hydrogen-related
developments were organised into empirical categories, including investment activities,
international cooperation, pilot projects, policy developments, and research and develop-
ment, as compiled in a structured database (see Supplementary Materials). Second, these
empirical findings were interpreted using the MLP and SNM frameworks. Rather than
directly coding documents into predefined theoretical categories, the analysis mapped
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observed patterns onto MLP levels (landscape, regime, and niche) to understand how ex-
ternal pressures, existing system structures, and emerging innovations interact. In parallel,
the data were examined using SNM to identify processes related to expectation-building,
network formation, and learning. This interpretive approach enabled the identification of
recurring patterns and cross-country differences, thus provides a comprehensive under-
standing of hydrogen development dynamics across ASEAN. The operationalisation of
MLP and SNM concepts into empirical analytical categories used in this study is presented
in Appendix A.

As an example of the coding process, the corpus was first coded using the structured
database by assigning each document to one or more empirical categories (investment
activities, international cooperation, pilot projects, policy developments, research and
development), which were then mapped onto the theoretical constructs in Table A1. For
example, the announcement of Sarawak’s H2biscus project was coded at the empirical level
as an international cooperation and investment activity; analytically, its consortium struc-
ture (SEDC Energy with Korean partners) was mapped to network formation, its export
capacity targets to dynamic expectations, and its ongoing front-end engineering design to
learning processes. A single document might therefore educate numerous constructions,
and assignments were cross-checked against the conceptual definitions in Table A1 to verify
consistency. Table A1 presents exemplary empirical evidence for each construct, connecting
the analytical approach directly to the recorded corpus in the Supplementary Materials.

4. Results and Analysis
Building on the analytical framework of MLP and SNM, the following sections ex-

amine hydrogen development dynamics across ASEAN by analysing landscape pressures
(Section 4.1), regime characteristics (Section 4.2), emerging niches (Section 4.3), and niche
processes through an SNM lens (Section 4.4).

IRENA (2024) [60] differentiates between the definitions of ‘national hydrogen strategy’
and ‘national hydrogen roadmap’. A national hydrogen strategy delineates the “priorities,
goals, barriers, opportunities, and stages” (p. 13) of the hydrogen sector, while a national
hydrogen roadmap is characterised by a deficiency of defined targets and serves mostly as
a platform for discussion [60]. The hydrogen strategies of Singapore, Malaysia, Indonesia,
Vietnam, and Lao PDR are summarised in Table 1. Hydrogen strategies across ASEAN
reflect both shared regional priorities and country-specific approaches to energy transition
planning. Across countries with a hydrogen strategy, hydrogen is primarily positioned
as a tool for industrial decarbonisation, energy diversification, and long-term system
flexibility. While all countries identify multiple end-use sectors, including power generation,
industry, and transport, their strategic focus varies according to national energy systems,
resource endowments, and development priorities. Current national strategies suggest that
hydrogen will initially develop in targeted sectors such as industry and transport before
expanding across energy systems. Most ASEAN countries prioritise domestic hydrogen
production to strengthen energy security and support industrial applications, although
some also seek roles in emerging regional export markets. Singapore prioritises hydrogen
imports due to its limited renewable resources, whereas Malaysia and Lao PDR focus
on export-oriented strategies. Indonesia and Vietnam have implemented approaches
that balance domestic decarbonisation objectives with long-term export opportunities.
Regardless of these variations, all national strategies indicate a gradual shift from grey
hydrogen to low-carbon pathways consistent with regional decarbonisation goals.
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Table 1. Summary of hydrogen strategies and roadmaps in ASEAN countries.

Country Strategy/
Roadmap

Issuing
Ministry

(Year)

Key End-Use
Sectors

Market
Orientation Hydrogen Targets Strategic Focus Reference

Singapore

Singapore
National
Hydrogen
Strategy

Ministry of
Trade and
Industry (2022)

Power
generation;
maritime,
aviation, and
land transport

Domestic and
import

Hydrogen could
supply 50% of
electricity demand by
2050

Securing
hydrogen supply
chains, scaling
infrastructure,
international
collaboration,
R&D
development

Energy
Market
Authority
(EMA)
(2022) [61]

Malaysia

Hydrogen
Economy and
Technology
Roadmap
(HETR)

Ministry of
Science,
Technology
and Innovation
(2023)

Industry;
transport;
heating

Domestic and
export
(APAC)

• 7000 t/yr green
hydrogen (local use)
• 600,000 t/yr blue
ammonia
• 630,000 t/yr green
ammonia
• 460,000 t/yr green
methanol

Develop
Malaysia as a
regional
hydrogen hub,
promote pilot
projects,
investment
attraction, and
public–private
partnerships

Ministry of
Science,
Technology
and
Innovation
(MOSTI)
(2023) [62]

Indonesia

(1) National
Hydrogen
Strategy
(2) Hydrogen
and
Ammonia
Roadmap

Ministry of
Energy and
Mineral
Resources
(2023 & 2025)

Industry;
transport;
power; gas
blending

Domestic
self-reliance
and export
(long-term)

Hydrogen demand
projected to increase:
39,460–1.23 million
t/yr (2025–2034);
1.23–3.38 million t/yr
(2035–2045);
3.38–11.77 million t/yr
(2046–2060)

Hydrogen
production from
renewables,
industrial
decarbonization,
transport fuel,
regulatory
development,
export potential

Ministry of
Energy and
Mineral
Resources
(MEMR)
(2025) [63]

Vietnam

Vietnam
Hydrogen
Energy
Development
Strategy
(Decision
165/QÐ-TTg)

Ministry of
Industry and
Trade (2024)

Industry;
transport;
power

Domestic and
export

• 100,000–500,000 t/yr
(2030)
• 10–20 million t/yr
(2050)

Diversify energy
mix, develop
hydrogen
infrastructure,
technology
transfer,
integration into
industry

Prime
Minister of
the
Government
(2024) [64]

Lao PDR

National
Green
Hydrogen
and
Ammonia
Roadmap

Ministry of
Energy and
Mines (2025)

Industry;
fertiliser;
cement

Export-
oriented

Hydrogen production
targets:
• Pilot (2025–2027):
700 kg/day
• Phase 1 (2025–2030):
20,000 t/yr
• Phase 2 (2031–2040):
280,000 t/yr
• Phase 3 (2040–2050):
1.4 million t/yr

Utilise
hydropower
potential,
develop export
markets, scale
electrolyser
capacity,
promote
ammonia value
chains

Ministry of
Energy and
Mines
(2025) [65]

Source: authors’ compilation based on countries’ hydrogen strategy/roadmap [61–65], APAC = Asia Pacific,
t/yr = ton per year. Note: green hydrogen (produce using renewable energy); blue hydrogen (produce using
natural gas with carbon capture).

In addition to countries with hydrogen strategies, other ASEAN member states (Philip-
pines, Thailand, Brunei Darussalam, Cambodia, and Myanmar) are also attempting to
initiate hydrogen expansion through policy and institutional development, pilot projects,
and international cooperation, as seen in Table 2. Across ASEAN, hydrogen development
is increasingly reflected in a growing portfolio of pilot projects and announced investments.
Drawing on the IEA Hydrogen Projects Database (2025) [28], as seen in Table 3, ongoing
initiatives across the region reveal diverse ongoing project initiatives and varying tech-
nological scales of deployment. Table 3 indicates that electrolysis dominates hydrogen
project development across ASEAN, with renewable-based pathways emerging alongside
CCUS-linked approaches in selected countries. Project distribution also reveals significant
regional variation, with Malaysia and Indonesia hosting the largest clusters, while Singa-
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pore and the Philippines remain focused on smaller-scale innovation pilots. These trends
highlight the early-stage and uneven nature of hydrogen niche formation across ASEAN.

Table 2. Hydrogen development progress in ASEAN countries without national hydrogen strategies.

Country Policy/Institutional Development Key Projects and Actors
Involved

Hydrogen Applications and
Export Potential Reference

Philippines

Hydrogen recognised in the
Philippine Energy Plan 2022–2040

and Energy Plan 2023–2050. In 2024
the Department of Energy issued

Department Circular No. DC
2024-01-0001, establishing a
regulatory framework and

mandating the development of a
national hydrogen roadmap.

Department of Energy (DOE);
Hydrogen Energy Industry

Committee (HEIC);
cooperation with Hydrogène
de France (HDF Energy) for

feasibility studies
in Mindanao.

Hydrogen is considered for
renewable energy storage, power

generation, and transport
applications, including sustainable

aviation fuel (SAF). Export
potential remains uncertain at

this stage.

Philippines
Department of

Energy (2024) [66],
APERC Hydrogen
Report (2024) [67]

Thailand

Hydrogen integrated into the Draft
National Energy Plan (2024) aiming

for carbon neutrality by 2050 and
net-zero by 2065. The plan proposes
5% hydrogen blending in natural gas

power generation by 2030.

EGAT, PTT, EGCO; pilot
projects and MoUs with

Mitsubishi Heavy Industries
and other partners for

hydrogen co-firing and
logistics applications.

Hydrogen is expected to be used
primarily in power generation and

transport sectors. Modelling
results indicate 373 MMT

exportable green hydrogen
potential by 2050, representing one

of the largest export capacities
in ASEAN.

Ministry of
Energy Thailand

(2024), [68]
Kim et al.

(2025) [12]

Brunei
Darussalam

Hydrogen development explored
following the AHEAD project in

2020, which demonstrated the
feasibility of exporting hydrogen
using methylcyclohexane (MCH).

Government of Brunei and
Japanese partners

collaborating on hydrogen
transport demonstration

projects.

Hydrogen mainly considered for
export supply chains, particularly

maritime transport to Japan.
However, modelling suggests
limited export potential due to

constrained renewable
energy resources.

APERC Hydrogen
Report (2024) [67]

Cambodia
Hydrogen development remains at
an exploratory stage supported by

international cooperation initiatives.

Memorandum of
Understanding between the

Ministry of Mines and Energy
and HDF Energy to explore

hydrogen infrastructure
development.

Hydrogen is expected to support
renewable energy integration and
power generation. Studies indicate

substantial export potential of
approximately 121 MMT by 2050

due to renewable resource
availability.

Kim et al.
(2025) [12]

Myanmar

No formal hydrogen strategy yet,
although the country possesses

significant renewable energy
resources, particularly hydropower.

Early-stage development with
limited hydrogen-specific

projects.

Potential future green hydrogen
production based on renewable
electricity resources. Modelling
suggests 310 MMT exportable

hydrogen potential and the lowest
LCOH (3.8 USD/kg H2) among

ASEAN countries.

Kim et al.
(2025) [12]

Source: authors’ compilation based on APERC Hydrogen Report (2024) [67], national policy documents [66,68],
and Kim et al. (2025) [12]; MMT = million metric tons.

Table 3. Identified ongoing hydrogen projects in ASEAN.

Country Number of
Projects Project/Location Technology Product Announced Size Status/Expected Online

Indonesia 24 PT Panca Amara
Utama, Luwuk NG + CCUS Ammonia

(NH3) 660 kt NH3/y Feasibility (n.a)

Ulubelu geothermal
plant

Electrolysis
(RES-based) H2

100 kg H2/d
(0.5 MW) FID/Construction (2025)

Renewstable Sumba Electrolysis (solar PV) H2 300 t H2/y Feasibility (n.a)

Bintan cluster
(phases 1–3) Electrolysis (solar PV) H2 30–115 t H2/d Concept (n.a)

Arun SEZ, Aceh Electrolysis
(RES-based) H2

35 kt H2/y
(300 MW) Feasibility (n.a)

Batam hydrogen
project

ALK electrolysis
(solar PV) H2 600 MW Feasibility (2028)
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Table 3. Cont.

Country Number of
Projects Project/Location Technology Product Announced Size Status/Expected Online

Malaysia 18 Sarawak Hydrogen
Hub

Electrolysis
(hydropower) H2 90 kt H2/y Feasibility (2030)

H2biscus (Bintulu)
phase 1–3

Electrolysis
(hydropower)

H2/NH3/
MeOH

up to 850 kt/y
(MeOH eq.)

Feasibility/Concept (2028
Phase 1–2)

Kerteh (Petronas site) Electrolysis LOHC 50 kt H2/y Concept (2027)

Sabah large-scale
project

Electrolysis
(RES-based) H2 10 GW Concept (n.a)

Perak solar hydrogen
project Electrolysis (solar PV) H2 60 MW FID/Construction (2026)

Singapore 7 Jurong Island ALK electrolysis H2 9 MW Operational (2024)

Semakau microgrid
(Engie) Electrolysis H2 50 kW Operational (2019)

E-methanol plant Electrolysis MeOH 50 kt/y Feasibility (2026)

IHI–ISCE2 SAF pilot Electrolysis Synfuels small-scale Demo (2025)

Thailand 4 Lam Takhong wind
hybrid (EGAT) PEM electrolysis H2 1 MW Operational (2018)

PTT–EGAT–ACWA
ammonia project Electrolysis NH3 1.2 Mt NH3/y Concept (n.a)

IBCLNG hydrogen
plant Electrolysis H2 25 MW Concept (n.a)

Vietnam 6 Tra Vinh (Ben Tre)
phase 1 ALK electrolysis NH3

240 MW
(183 kt/y) FID/Construction (2027)

Tra Vinh phase 2 Electrolysis NH3 375 kt/y Concept (n.a)

Quang Tri project ALK + PEM
electrolysis H2 60 kt H2/y Concept (n.a)

Ninh Thuan
hydrogen cluster

Hybrid electrolysis +
CCUS H2 up to 500 kt/y Concept (n.a)

Philippines 2 Olutanga Electrolysis (solar PV) H2 607 t H2/y Feasibility (n.a)

Marinduque Electrolysis (solar PV) H2 835 t H2/y Concept (n.a)

Note: No major announced projects were identified in the IEA database for Lao PDR, Cambodia, Myanmar, and
Brunei Darussalam as of 2025; n.a = not available; t H2/y = ton hydrogen per year; SEZ = special economic zones;
PV = photovoltaic. Source: extended from IEA Hydrogen Projects Database (2025) [28].

4.1. Landscape Pressures Shaping Hydrogen Development

At the landscape level, hydrogen development in ASEAN is shaped by increasing
global pressure to decarbonise energy systems. International climate commitments and
net-zero targets have elevated hydrogen as a strategic component of long-term energy
planning [69,70]. These landscape pressures are supported by a growing body of global
and regional policy commitments, as summarised in Appendix B.

Changes in the region’s energy systems are also increasing interest in hydrogen across
ASEAN. Fast economic growth, rising electricity use, and ongoing reliance on fossil fuels
have raised concerns about long-term energy security and system stability. Recent global
events, such as volatile fuel prices and supply issues following the energy crisis, have
prompted policymakers to discuss transitioning to low-carbon fuels [71]. At the same time,
international partnerships and geopolitical relations with Japan, South Korea, China, and
European countries have helped ASEAN become part of new hydrogen supply chains
through technology sharing, investments, and pilot projects in several member states [16].

Simultaneously, increased climate funding and international cooperation are shaping
how hydrogen development is unfolding in the region. Initiatives such as Just Energy
Transition Partnerships (JETPs) in Indonesia and Vietnam [72], multilateral development
bank projects, and country-to-country partner agreements are integrating hydrogen into
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plans for decarbonisation and industrial change. These moves align with the global per-
spective of hydrogen as being crucial for future energy systems, particularly for reducing
emissions in industry, storing energy, and facilitating long-haul transport. The landscape
pressures collectively influence the policy choices, investments, and new technology trials
that shape hydrogen’s development in the ASEAN region. As financial flows shift toward
low-carbon solutions, the trajectory of energy transition finance and policy cooperation
will likely redefine how capital is allocated and how investors assess long-term value in an
evolving hydrogen landscape. Overall, landscape-level dynamics create external pressures
to the regimes and niches shaping policy priorities, investment decisions, and technological
experimentation related to hydrogen development across ASEAN. Figure 3 represents the
MLP for hydrogen development in ASEAN.

Figure 3. Multi-level perspective of ASEAN hydrogen pathways. Source: authors’ image, modified
based on Geels (2002) [39].

4.2. Regime Characteristics of ASEAN Energy Systems

At the regime level, hydrogen development in ASEAN is shaped by both domestic
and regional socio-technical structures that influence technology adoption pathways. The
socio-technical regime refers to a relatively stable configuration of rules, infrastructures,
actors, and practices that guide system development [39,46]. It encompasses multiple
dimensions—including socio-technical systems, actor networks, formal, cognitive, and
normative rules—that together coordinate technological change [73]. In ASEAN, regime
dynamics operate across two interconnected levels: domestic energy systems shaped by
national institutional arrangements and regional coordination mechanisms developed
through ASEAN-wide energy cooperation frameworks.

As seen in Figure 3, at the domestic level, fossil fuel lock-in continues to define ASEAN
energy systems. The region’s abundant coal, oil, and gas resources, combined with a long-
standing reliance on fossil fuels, have resulted in deeply entrenched infrastructures and
industrial systems. In 2022, renewable energy made up only 15.6% of ASEAN’s total
primary energy supply, and fossil fuels made up around 66% of installed power capacity.
Under baseline projections, fossil fuels would still supply around 76% of primary energy
in 2050 [19]. Coal-fired power generation remains prevalent in countries such as Indone-
sia and Vietnam, while oil refining, petrochemical industries, and port infrastructure are
well established in Malaysia, Indonesia, Thailand, and Singapore. Extensive natural gas
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systems, including LNG terminals, pipelines, and processing facilities, are also prominent
in Indonesia, Malaysia, and Thailand. These systems are supported by influential indus-
trial networks, including state-owned enterprises (SOEs), national oil and gas companies,
multinational corporations, and financial institutions, which collectively shape investment
decisions and technological trajectories within domestic energy systems. This entrenchment
extends to hydrogen itself. The region already consumes some 4 Mt of hydrogen per year,
led by Indonesia (around 35%) and followed by Malaysia, Vietnam and Singapore, of which
nearly 80% is produced from unabated natural gas for ammonia, refining, and methanol
applications [28].

Infrastructure and industrial development are closely connected to market structures
and consumption patterns throughout ASEAN [74]. Fossil fuel subsidies continue to
significantly shape market dynamics and consumer preferences, historically maintaining
low energy prices to support economic growth. Explicit fossil fuel subsidies in the East
Asia and Pacific region, including ASEAN countries, remain substantial and increased
markedly after 2020 [75]. Consequently, affordable energy remains a dominant social and
political concern throughout ASEAN, which complicates the shift to low-carbon options
and reinforces consumption habits that support the need for fossil fuels [76].

Political and institutional interests also shape regime dynamics across ASEAN coun-
tries. National energy policies are highly differentiated, reflecting variations in resource
endowments, institutional capacities, and development priorities. Several countries have
introduced policies supporting emerging technologies such as carbon capture, utilisation,
and storage (CCUS) and electrification [77], while hydrogen governance frameworks re-
main in the early stages, with only a subset of ASEAN countries adopting formal hydrogen
strategies. At the regional level, ASEAN cooperation mechanisms influence regime devel-
opment. Initiatives such as the ASEAN Plan of Action for Energy Cooperation (APAEC),
the ASEAN Power Grid (APG), and the Trans-ASEAN Gas Pipeline (TAGP) represent
efforts to strengthen regional energy integration, enhance energy security, and improve
system efficiency among member states [3].

Techno-scientific developments continue to influence regime evolution across ASEAN.
Renewable energy deployment has expanded substantially over the past two decades,
not only shaped by domestic policy efforts, but also by global engagement. International
technology spillovers and trade networks have contributed to indirect cost reductions
associated with renewable energy expansion across countries [78]. Although renewables in-
creasingly contribute to decarbonisation, their intermittency presents persistent challenges
for system reliability [79]. In this context, hydrogen is increasingly positioned in domestic
and regional energy planning as a potential complement to renewable energy systems,
particularly for storage, system balancing, and industrial decarbonisation. Collectively,
these domestic and regional regime characteristics determine the structural conditions
under which hydrogen technologies are introduced across ASEAN.

4.3. Emerging Hydrogen Niches and Interactions in MLP

Geels (2004, p. 912) describes niches as “incubation rooms for radical novelties,”
where technologies develop under uncertain conditions and where design principles,
user preferences, behaviours, and policy frameworks are still changing [80]. Hydrogen is
becoming more visible in ASEAN through new policies, pilot projects, technology trials,
international partnerships, and changing governance structures. Five member states have
adopted national hydrogen strategies or roadmaps with quantified targets, ranging from
Singapore’s ambition for hydrogen to supply up to half of electricity demand by 2050 to
Vietnam’s production target of 10–20 Mt/yr by 2050 and Lao PDR’s phased export-oriented
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targets reaching 1.4 Mt/yr (See Table 1), indicating growing institutional support for these
new areas [61,64,65].

Pilot and demonstration projects, often backed by public–private partnerships and
international cooperation, are spreading across the region and testing different technologies,
such as renewable-based electrolysis, carbon capture and storage (CCUS), and fuel cells
applications. The documented corpus enumerates 28 pilot and investment projects in the
region from 2019 to 2025 (See Supplementary Material), encompassing operational facili-
ties (PLN’s 21 green hydrogen plants (191 t/yr) and the Kamojang geothermal-hydrogen
facility), as well as pilots under construction, such as Ulubelu (100 kg/day, USD 3 million),
and planned plants like TGS Green Hydrogen in Vietnam (24 kt/yr, USD 848 million),
in addition to 25 hydrogen cooperation MOUs signed since 2020. These efforts are also
supported by growing international involvement, with multinational companies and de-
velopment partners contributing to project design, funding, and knowledge sharing. At
the same time, new governance measures, such as discussions of hydrogen standards,
certification, and regulatory alignment, represent early steps toward making these niches
more established. As mentioned in Section 4.2, these niches also help us to build social
networks, such as supply chains, knowledge-sharing platforms, and relationships between
users and producers, which support innovation [39]. Section 4.4 will examine these niches
in more detail from a strategic management perspective.

Interactions Among MLP Levels

The way the landscape, regime, and niche levels interact shows how hydrogen devel-
opment is changing across ASEAN (see Figure 3). The MLP framework highlights that the
paths of new technologies depend on both what happens inside niches and on changes in
dominant systems and the social and technical environment [39]. Pressures at the land-
scape level, like climate goals, decarbonisation targets, and geopolitics, have led to policy
focus and institutional backing for hydrogen in ASEAN countries. These global pressures
have translated into concrete policy instruments at the ASEAN level, such as national
hydrogen roadmaps aligned with the Paris Agreement, the introduction of clean hydrogen
pilot procurement schemes, and the development of regional certification standards for
low-carbon hydrogen. These policy tools not only reflect landscape influences, but also
act as actionable entry points for integrating hydrogen into existing energy and industrial
regimes into supporting coordinated scale-up across member states.

These changes are connecting more with regime-level trends, especially as estab-
lished companies get involved in the development of hydrogen niches. Across ASEAN,
state-owned enterprises, utilities, and large industrial firms are adding hydrogen to their
decarbonisation plans through pilot projects, partnerships, and infrastructure planning.
For example, Malaysia’s Gentari, part of PETRONAS, is working on renewable energy and
hydrogen projects, and Indonesia’s Pertamina and PLN have included several short-term
hydrogen projects in their business plan. The motivations for these incumbents go beyond
regulatory compliance. It includes hydrogen support allows them to diversify portfolios,
protect market positions as global energy demand shifts, and unlock access to new revenue
streams and government incentives. For Gentari and Pertamina, backing hydrogen projects
also helps them to manage long-term transition risks by keeping them relevant in low-
carbon supply chains and positioning them as key partners for future investments. These
companies weigh potential costs and uncertainties against strategic benefits, which can
make them cautious and encourages a staged approach to adopting hydrogen. In ASEAN,
hydrogen is largely developing through interaction with existing fossil-based systems
rather than through direct substitution. As a result, the speed of transition tends to align
with both their internal risk calculations and climate investment. This pattern suggests
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that niche hydrogen operations are mostly being absorbed into established structures and
infrastructure, resulting in incremental adaptation rather than a fundamental break from
fossil-fuel-based systems.

At the same time, niches still act as safe spaces for testing and learning, which helps
us to develop new ways of thinking that could shape larger changes in the system over
time [34,37,81]. But the way the MLP levels interact is not always straightforward. Pres-
sures from the environment, such as changes in global energy prices and geopolitics, can
potentially speed up hydrogen use in some places, but make it harder in others. For exam-
ple, rising geopolitical tensions and trade disputes could disrupt cross-border hydrogen
infrastructure projects, undermine investment confidence, and cause countries to shift
focus to more domestically controlled energy options. Conversely, regional cooperation
and shared climate targets may represent a distinct ASEAN strength, potentially encour-
aging the rapid scaling up of hydrogen pilots and infrastructure and accelerating a shift
away from fossil fuels. These divergent futures—one in which geopolitical instability
fragments hydrogen innovation, and another where collaboration and policy alignment
accelerate change—highlight the fragility and conditional nature of hydrogen’s progress
in ASEAN. In the same way, established players often fit niche innovations into current
systems, such as by producing blue hydrogen, which uses natural gas infrastructure and
leads to slow changes rather than sudden shifts. This shows the main difference in the MLP
framework: niches and regimes are shaped by their people, institutions, and technologies,
while the landscape mainly affects how the system changes [46]. All these interactions
show that hydrogen transitions in ASEAN are changing and context-dependent. Overall,
ASEAN countries remain in the early-to-intermediate stages of hydrogen development,
with progress concentrated in pilot deployment, policy formation, and early infrastructure
planning rather than large-scale commercialisation. The announced low-emissions produc-
tion capacity would reach around 480 kt/yr by 2030 [28], equivalent to roughly one-tenth
of the region’s existing grey hydrogen demand.

The comparison of the uneven tempo of niche growth across the ten member states is
not random, but rather reflects significant variances in four circumstances. First, resource
endowment for firm renewable power. The most advanced production initiatives are in
member states that are endowed with dispatchable low-carbon resources such as Malaysia’s
hydropower and Indonesia’s geothermal, which mitigate the electrolyser utilisation con-
straint identified in Section 4.5. States dependent on variable solar face structurally weaker
production economics. Second, the structure of the incumbent regime: countries with large,
state-backed energy enterprises (Pertamina and PLN in Indonesia; Petronas and Sarawak’s
SEDC Energy in Malaysia) have balance sheets and policy mandates that can support pre-
commercial experimentation, an option largely absent where such incumbents do not exist
or are not engaged as potential supporters of hydrogen. Third, external demand networks
(the most advanced projects are based on Japanese, Korean, and Singaporean offtake inter-
ests, including the Brunei–Japan supply chain demonstration, Sarawak’s H2ornbill, and
H2biscus consortia) indicating that early niche momentum in ASEAN is mostly externally
financed and demand-pulled. Fourth, institutional capacity. Singapore’s approach provides
a case study of how regulation and reliable long-term policy signals can enable experimen-
tation even without indigenous renewable resources. However, members that lack these
conditions (small industrial bases for hydrogen, no significant energy SOE, weak links
with Northeast Asian demand, and insufficient state capacity) have not progressed beyond
exploratory assessments, as in the case of Cambodia and Myanmar. Hence, the diversity in
hydrogen development across countries is not just a matter of policy aspiration, but also
the result of the interplay between niche opportunities and existing regime structures.
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4.4. Strategic Niche Management: Hydrogen Innovations Across the Region

In ASEAN, hydrogen remains an emerging niche within the energy transition land-
scape. Across the region, niche formation is shaped by evolving expectations around
hydrogen’s role in decarbonisation, expanding actor networks spanning domestic and
international stakeholders, and ongoing learning through pilot projects and demonstration
initiatives. The following sections examine these three SNM processes across ASEAN. The
SNM framework identifies three essential elements that are crucial for the effective growth
of a niche: dynamic expectations, social network formation, and learning processes [82]. As
illustrated in Figure 4, these processes interact to shape the development of hydrogen niches
across ASEAN, even though these processes are advancing at different rates, reflecting the
uneven maturity of hydrogen niche development across the region.

Figure 4. Strategic Niche management of ASEAN hydrogen pathways. Source: Author’s synthesis,
adapted from Weber et al. (1999) [53].

4.4.1. Dynamic Expectations

Expectations are pivotal in niche development, as they inform investment decisions,
attract stakeholder participation, and legitimise sustained policy support [82]. For ex-
pectations to facilitate successful niche establishment, they must be shared among actors,
sufficiently detailed enough to guide technological direction, and reinforced by ongoing
projects that enhance their credibility [82]. In ASEAN, expectations for hydrogen are
increasingly influenced by decarbonisation objectives, concerns about industrial competi-
tiveness, and energy security priorities. Governments are actively promoting hydrogen
across various sectors, including transport, industry, and power generation, while policy
incentives such as subsidies, tax measures, and pilot programmes are increasingly fostering
niche experimentation [11]. These expectations are reflected in the development of na-
tional hydrogen roadmaps, policy incentives, and sector-specific decarbonisation strategies,
which signal government commitment to scaling hydrogen deployment. In particular,
ASEAN countries increasingly expect that targeted incentives, pilot support, and binding
policy to reduce production costs, stimulate demand, and improve the commercial viability
of hydrogen technologies over time [29].

4.4.2. Network Formation

Network formation is essential for mobilising resources, coordinating stakeholders,
and supporting technological diffusion within niches [82]. Across ASEAN, hydrogen
networks are emerging through collaborations among governments, SOEs, private firms,
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and international partners. For example, the Brunei–Japan hydrogen shipment in 2020
involved a consortium of Japanese companies and demonstrated early export-oriented
collaboration [83]. In Malaysia, hydrogen mobility initiatives (including fuel cell buses and
the Kuching hydrogen tram) have been supported by state-linked actors such as Petroleum
Sarawak Bhd. (Petros) and the Sarawak Economic Development Corporation [84]. In In-
donesia, the Ministry of Energy and Mineral Resources and state-owned enterprise pushing
the green hydrogen pilot initiatives and supporting infrastructure development. Addition-
ally, regional and international cooperation platforms also support network formation. The
Asia Zero Emission Community (AZEC), comprising nine ASEAN countries, Japan, and
Australia, has strengthened collaboration on hydrogen and ammonia development [85].
Development partners from German, France, Japan, South Korea, and the UK also play
an important role by supporting feasibility studies, knowledge exchange, and policy and
standardisation development. Despite this progress, insufficient actor coordination, fund-
ing constraints, and inadequate supporting infrastructure continue to restrict network
formation throughout ASEAN. These challenges make it more difficult for networks to
unite into stable investment ecosystems, which limits their capacity to accelerate large-scale
hydrogen deployment.

4.4.3. Learning Processes

Learning processes within SNM encompass technical, institutional, and market di-
mensions and play a key role in shaping niche development pathways [82,86]. Across
ASEAN, pilot and demonstration projects support technical learning related to hydrogen
production, storage, transport, and end-use applications. For example, hydrogen mobility
trials—including buses in Malaysia and passenger vehicles in Indonesia—provide oppor-
tunities to test technical performance and operational feasibility under local conditions.
Learning also extends to institutional and infrastructural dimensions. Regional collab-
oration enables knowledge exchange on regulatory frameworks, safety standards, and
infrastructure deployment strategies. For instance, Indonesia has drawn on lessons from
Japan’s experience with hydrogen deployment through demonstration initiatives involving
fuel cell vehicles and refuelling infrastructure. In addition, feasibility studies and pilot pro-
grammes contribute to our understanding of economic viability and potential deployment
pathways, while also informing policy design and investment decisions. However, learning
processes in ASEAN remain constrained by the limited scale of pilot projects, regulatory
uncertainty, and the slow translation of lessons into commercial deployment. As a result,
while knowledge generation is progressing, its impact on accelerating large-scale hydrogen
adoption across the region remains gradual.

These three processes are advancing at uneven speeds across ASEAN. As illustrated in
Figure 4, dynamic expectations are the furthest along, anchored in active decarbonisation
targets, industrial policy, and cost-reduction goals. Network formation sits at an intermedi-
ate stage, with SOEs, public–private partnerships, and international cooperation actively
engaged, although coordination and financing gaps continue to constrain their consolida-
tion into stable investment ecosystems. Learning processes are still the least developed,
and technological testing and demonstration initiatives are still small-scale and take a while
to become commercially viable. These markers reflect each process’s current position rather
than a fixed sequence; the three operate concurrently and are mutually reinforcing, but
their uneven progress suggests that ASEAN hydrogen niches have moved beyond simple
vision-setting into active piloting without yet reaching the system-expansion stage required
for large-scale deployment. Table 4 summarises the drivers, evidence, and challenges
underpinning each process.
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Table 4. SNM processes in ASEAN hydrogen development.

SNM Component Key Drivers ASEAN Evidence Main Challenges

Dynamic
expectations

Decarbonisation targets,
industrial policy, cost
reduction

H2 roadmaps; government
incentives; pilot deployment
plans; sectoral decarbonisation
strategies

Cost competitiveness;
demand uncertainty;
fragmented and
non-binding policy
frameworks

Network formation
SOEs, PPPs, international
cooperation, development
partners support

SOEs pilot projects, PPPs, and
international cooperation, MOU’s
and partnerships; Brunei–Japan
shipment; hydrogen mobility
initiatives

Weak coordination across
actors, Financing
constraints; lack of
supporting infrastructure

Learning processes
Demonstration projects,
regional cooperation,
technology testing

Demonstration projects; refuelling
pilots; renewable-based hydrogen
pilots; regional knowledge
exchange; feasibility studies

Limited scale of pilot
projects; regulatory
uncertainty; slow
translation of learning into
commercial deployment

Source: Adapted from Schot & Geels (2008) [82]; authors’ synthesis based on multiple sources (see Appendix).
MOU = memorandum of understanding; PPPs: public–private partnerships; SOEs: state-owned enterprises.

4.5. Transition Pathways to a Hydrogen Economy in ASEAN

The type of interactions in Table 5 illustrates the evolving relationship between hydrogen
niches and existing energy regimes in ASEAN. In several cases, niche anchoring occurs when
hydrogen technologies align with existing systems and support incremental change rather
than full substitution [87]. However, the feasibility of these pathways cannot be assessed on
institutional evidence alone and ultimately hinges on whether hydrogen can be economically
competitive with incumbent technologies. Cost competitiveness in the MLP operates as
a regime-level selection pressure. Niche technologies suffer structural diffusion obstacles
regardless of policy intent, while fossil-based hydrogen is still lower cost [55].

Table 5. Transition pathways of hydrogen development in ASEAN.

Transition
Pathway

Dominant
Actors ASEAN Evidence Commercial Maturity and

Economic Conditions System Implication

Transformation
Regime actors
(SOEs, utilities,
ministries)

Pertamina Geothermal Energy’s Ulubelu
pilot (Lampung): 80–100 kg/day, USD
3 million investment, targeted operational
Q4 2026 as a non-commercial trial with
prospective offtake by Toyota Indonesia;
PLN’s 21 green hydrogen plants integrated
within existing power plants (inaugurated
Nov 2023), producing 199 t/year, of which
124 t/year is tradeable; PLN Kamojang, the
first geothermal-based green hydrogen
facility in Southeast Asia (2024).

Demonstration phase.
Projects are explicitly
non-commercial experiments
funded from SOE balance sheets.
Volumes (<200 t/yr) are low
compared with Indonesia’s
1.4 Mt/yr grey demand. Scaling
depends on concessional finance
and offtake guarantees.

Gradual adaptation of
fossil-based regimes
through hydrogen
integration.

Technological
substitution

New entrants,
global firms

HDF Energy’s Renewstable project on
Sumba Island (Indonesia): combining solar
PV, battery storage, hydrogen storage, and
fuel cells to deliver more than 10 MW of
firm power, targeting at least 80%
renewable penetration of the island grid
under the Sumba Iconic Island programme;
project preparation financed through
blended development finance (GIZ, ADB,
UNDP; letters of intent from US DFC and
commercial banks; Green Climate Fund
funding sought). HDF Energy and other
international developers are entering
ASEAN hydrogen markets.

Pre-commercial.
Entry is confined to island grids
below 1 GW with high
generation costs, where the
incumbent benchmark is
imported diesel rather than
cheap grey hydrogen or gas;
viability depends on long-term
PPAs with capacity payments
and blended development
finance rather than open-market
competition. No substitution of
incumbent technologies has yet
occurred at system scale.

Emerging competition
with incumbent actors,
still limited in scale.
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Table 5. Cont.

Transition
Pathway

Dominant
Actors ASEAN Evidence Commercial Maturity and

Economic Conditions System Implication

Reconfiguration Regime actors
and suppliers

Keppel Sakra 600 MW hydrogen-ready
CCGT, Singapore ($750 million; operational
May 2026), running on natural gas with
capacity for 30% hydrogen co-firing and
designed for eventual 100% hydrogen
operation; Pertamina’s Daan Mogot
integrated refuelling station (Jakarta, 2024);
Sarawak’s hydrogen-fuelled ART transit
system and Rembus depot production
plant (1900 t/yr planned).
Hydrogen blending in gas systems;
co-development of refuelling infrastructure
alongside EV.

Closest to commercial viability.
As it builds on sunk
infrastructure and two-fuel
options, hydrogen-ready assets
run profitably on gas today,
hedging future fuel switching.
Actual hydrogen amounts still
marginal; blending economics
are not established at scale.

Hybrid energy systems
where hydrogen
complements existing
technologies.

De-alignment
and
re-alignment

Multiple niche
actors

Sarawak Hydrogen Hub (USD 4.2 billion
planned): H2biscus (SEDC Energy with
Samsung Engineering, Lotte Chemical,
KNOC; 150,000 t/yr hydrogen plus
850,000 t/yr green ammonia for export to
South Korea) and H2ornbill (with ENEOS
and Sumitomo, for export to Japan);
combined target 240,000 t/yr, originally
targeting commercial production by 2028,
currently in FEED phase with FID pending.
Early experimentation across sectors
(mobility, industry, power), with no
dominant pathway yet.

Policy vision/pre-FID.
Only ASEAN cases are close to
export-scale re-alignment, which
rests on hydropower cost
advantage, Japanese/Korean
offtake, and no FID taken yet.
Elsewhere, exploration is still
scattered, with no
predominant design.

Long-term potential
under stronger climate
policy pressure.

Source: Adapted from Geels & Schot (2007) [56], Cheng (2023) [86], the grey literature, and the company website
(detailed references in the Supplementary Material); authors’ synthesis.

In 2024, hydrogen demand in Southeast Asia reached 4 Mt/year, led by Indonesia
(35%), followed by Malaysia, Vietnam, and Singapore, and concentrated in provision for
ammonia, refining, and methanol, with close to 80% supplied from unabated natural
gas [28]. Thus, the incumbent regime does not represent a complete absence of hydrogen,
but rather the entrenchment of grey hydrogen at USD 1–3/kg vs. USD 2.8–3.5/kg for
blue and USD 8–13/kg for renewable-based green hydrogen in ASEAN [9,28]—a cost
differential of three to five times that constrains all four pathways.

Three structural factors underpin this gap. First, electrolyser systems manufactured
and installed outside China cost USD 2000–2600/kW in 2024 versus USD 600–1200/kW
within China [28]. Second, ASEAN’s solar-dominated renewable expansion yields low elec-
trolyser capacity factors that inflate the levelised cost of hydrogen; non-variable renewables
such as geothermal and biomass (average capacity factor 80%) offer better production eco-
nomics, explaining why early Indonesian pilots are anchored on geothermal resources [12].
Third, demand-side conditions remain weak. Long-term offtake agreements are scarce,
Singapore’s carbon tax is the region’s only substantive pricing signal [60], and prospective
demand relies heavily on external anchor markets in Japan, South Korea, and Singa-
pore [29]. Fourth, financing and infrastructure conditions compound these constraints.
The cost of capital in emerging Asian markets is substantially higher than in advanced
economies, disproportionately penalising capital-intensive electrolytic hydrogen relative
to fuel-cost-dominated incumbent production [28]. Simultaneously, dedicated hydrogen
infrastructure (large-scale storage, transmission pipelines, and port conversion facilities) is
largely non-existent beyond current industrial zones, meaning that early adopters must
bear infrastructure costs that established fossil fuel systems have depreciated over decades.

The result is a gap between announcements and committed capacity: it was announced
that low-emissions production could reach 480 kt/year by 2030, concentrated in Indonesia
and Malaysia [28]—roughly one-tenth of current regional grey demand and in striking con-
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trast with the more than 25 hydrogen MOUs signed since 2020 (Section 4.4). Hydrogen must
also compete with alternative decarbonisation routes. Direct electrification in transport and
low-temperature heat, renewables with storage in power, and carbon capture and biofuels
in industry [28] confine its medium-term advantage to hard-to-abate applications where
few substitutes exist. In the longer term, regional LCOH could fall to 3.8–3.9 USD/kg by
2050 under sustained technology learning [12], but this trajectory presupposes the demand
certainty, financing, and infrastructure that current pathways have yet to secure.

Assessed against these conditions, the four transition pathways in Table 5 display
distinct degrees of commercial maturity. Transformation remains at the demonstration
stage, financed from SOE balance sheets rather than commercial returns. Technological
substitution is pre-commercial and confined to protected niches such as remote and island
power markets, where the incumbent fuel is costly diesel rather than cheap grey hydrogen.
Re-configuration comes closest to economic viability because it leverages sunk infrastruc-
ture, although actual hydrogen volumes remain marginal. De-alignment and re-alignment
remain a policy vision: the region’s only export-scale initiative has yet to reach a final invest-
ment decision. For example, through reconfiguration pathways, hydrogen is increasingly
being integrated into transportation and industrial systems without completely replacing
incumbent technologies such as internal combustion engine (ICE) vehicles [56,87].

5. Discussion
Hydrogen development across ASEAN remains at an early and uneven stage, pri-

marily influenced by regime-level dynamics and political commitment. Within the MLP
framework, the regime level is particularly significant due to entrenched practices, infras-
tructures, and institutional arrangements that often impede innovation. Overcoming these
barriers requires robust political will to facilitate the adoption of hydrogen technologies. As
Post et al. [88] emphasised, political will is essential for catalysing action at both local and
national scales and for building coalitions capable of driving change. Political commitment
to climate agendas shapes progress across all MLP levels, with the regime level demanding
systemic transformation, market development, and regulatory reform. Jewell and Cherp
(2019) [89] further contend that the feasibility of limiting global warming to below 1.5 ◦C
depends more on political factors than on technical considerations.

ASEAN countries are moving at different paces and the four conditions indicated
in Section 4.3 (firm renewable endowment, incumbent SOE capacity, external demand
coupling and institutional capacity) explain this difference more effectively than policy
ambition alone. Malaysia and Indonesia lead, with all four prerequisites largely align-
ing. Dispatchable renewables, powerful state-owned incumbents prepared to conduct
demonstrations, consortia anchored by Northeast Asian offtakers, and institutionalised
hydrogen policy are increasingly present. Singapore’s comparative advantage is on a
different foundation (institutional capability and its role as a projected demand and trading
hub) substituting resource endowment with regulatory credibility. Vietnam and Thailand
are in an intermediate stage, with legislative frameworks ahead of committed efforts. But
the remaining member states are mostly without the regime-level vehicles via which niche
experimentation is presently financed in the region. This pattern has a theoretical implica-
tion where, in ASEAN, hydrogen niches are not developing in opposition to the established
regimes, but rather via them, utilising state-owned enterprise financial sheets, existing
industrial infrastructure, and government-facilitated overseas alliances. These findings
align with recent research indicating that the expansion of niche players and incumbents,
particularly state-owned enterprises and energy utilities, is significantly associated with
the integration of hydrogen in decarbonisation initiatives.
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An international comparison shows the magnitude of the conditions needed for com-
mercially integrated hydrogen value chains. The Songyuan Green Hydrogen-Ammonia-
Methanol Integrated Project in Jilin Province, China, involves a total investment of ap-
proximately RMB 29.6 billion (USD 4.15 billion) to build 3 GW of dedicated wind and
solar capacity to produce 800,000 tonnes of green ammonia and methanol per year at full
build-out [90]. The first phase includes 800 MW of renewable generation (750 MW wind
and 50 MW solar) and will produce 45,000 tonnes of green hydrogen and 200,000 tonnes
of ammonia and methanol per year [90,91], with a phase investment of around USD 1 bil-
lion [92]. The realisation of the project depended on a combination of enabling conditions
that few other locations have simultaneously, including abundant co-located wind, solar,
and water resources, established chemical parks and transport infrastructure, state-backed
industrial coordination via China Energy Engineering Corporation, national demonstration-
programme support, purpose-developed load-flexible synthesis technology to couple vari-
able renewable generation with continuous chemical production, and secured downstream
offtake including the first contract for green ammonia as an ocean-shipping fuel [91,92].
This gap with ASEAN is instructive in light of these conditions. The most advanced
similar initiative in the region is Sarawak’s H2biscus and H2ornbill projects (targeting
240,000 tonnes of green hydrogen per year combined), which are still in the front-end
engineering design stage with no final investment decision, and most member states are
at the stage of policy planning, feasibility studies, or sub-tonne-per-day demonstrations
(Table 5). The comparison suggests that the binding constraints for ASEAN are not techno-
logical, but systemic, requiring the simultaneous mobilisation of capital at the billion-dollar
scale, industrial coordination capacity, infrastructure readiness, and demand certainty that
integrated hydrogen value chains require.

Although Songyuan offers the circumstances for success, the latest world record shows
how often those conditions do not occur. In 2025, about 60 large clean hydrogen projects
were cancelled globally, representing over 4.9 Mt of annual production capacity, although
only around 1 Mt per year completed final investment decision or construction during the
same period [93]. Projects that were announced or advanced in 2023 include BP’s 1.5 GW
Duqm green hydrogen project in Oman (150,000 t/yr) and its H2Teesside blue hydrogen
project in the UK, ArcelorMittal’s hydrogen-based direct-reduced-iron plant in Germany,
which was scrapped despite EUR 1.3 billion in promised subsidies [93], and RWE’s aban-
donment of its 300,000 t/yr green ammonia offtake agreement with the USD 10 billion
Hyphen project in Namibia, citing slower-than-expected European demand [94]. But these
failures were not due to technical infeasibility. Odenweller and Ueckerdt tracked 190 green
hydrogen projects for three years and found that only 7% of the announced capacity world-
wide was delivered on time. They explain this implementation gap through high costs, low
willingness to pay on the demand side, and uncertainty over subsidies and regulation [95].
The IEA also notes that high prices, uncertain demand, immature regulatory regimes,
and sluggish infrastructure development are constraining deployment, with new offtake
agreements dropping from 2.4 Mt in 2023 to 1.7 Mt in 2024 [28]. The IEA’s 2025 evaluation
indicates that projected production for 2030, based on declared projects, has decreased for
the first time from 49 to 37 Mt/yr [28]. Electrolysis projects are responsible for over 80%
of this decline, with more than half of the announced electrolyser capacity now expected
to exceed its intended operational timelines [28]. However, the same evaluation indicates
evident signs of sectoral maturation, with more than 200 production projects achieving a
final investment decision since 2020, FID-stage capacity rising by nearly 20% annually, and
the committed projects anticipated to yield a fivefold increase in low-emissions production
by 2030, albeit from under 1% to approximately 4% of global hydrogen supply [28]. Overall,
the situation reflects consolidation rather than disintegration. Speculative declarations
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are being abandoned while a more focused group of dedicated projects progresses. The
emerging pattern is predominantly commercial rather than technological. Initiatives were
tailored to policy objectives instead of validating customer demand—an unsolved cost
disparity that hinders long-term commitments—and business models reliant on subsidies
and demand failed to materialise promptly.

This ‘ambition–implementation gap’ [95] is in line with the hype-disappointment
cycles typical of emerging technological niches from an SNM perspective. In these cycles,
inflated expectations mobilise resources, but collapse when learning fails to bridge the
gap between promise and performance [82]. These dynamics will probably be more
prominent in ASEAN, where the cost of capital is higher, carbon pricing is mostly absent,
domestic offtake is sparse, and projected demand relies significantly on external anchor
markets like Japan, Korea, and Singapore. This highlights an important implication of the
pathway analysis in Section 4.5: institutional momentum (roadmaps, MOUs, and pilot
projects) is a necessary but not sufficient condition for deployment, and unless demand side
certainty and financing conditions improve, ASEAN’s transition pathways will continue to
be vulnerable to the same commercial attrition as observed globally. Hydrogen in ASEAN’s
development future will depend on the interplay between national strategies and existing
regime structures. Hydrogen roadmaps in Singapore, Malaysia, Indonesia, Vietnam, and
Lao PDR suggest increasing alignment on institutional dynamics, especially for hard-to-
decarbonise sectors like industry and transport. However, hydrogen will need substantial
investments in infrastructure at scale, including production facilities, pipelines and storage,
and refuelling stations. These regional hydrogen initiatives have also received technical
knowledge and financial assistance in international partnerships with countries, including
Japan, France, and Germany. The key challenges are persistent high production costs,
uncertain demand, fragmented regulatory environments, and limited access to long-term
financing. Overcoming these barriers is vital for ASEAN to enhance its role in the global
hydrogen economy.

For ASEAN’s energy transition, hydrogen should not be seen as a panacea. Hydrogen
is likely to function as a supplementary energy carrier that fills in certain system gaps rather
than taking the place of renewable energy sources like solar and wind. It has the greatest
immediate potential in industries that are hard to electrify, such as energy storage, heavy
industry, and long-distance transportation, where there are not many other options for
decarbonization. Hydrogen presents opportunities to diversify energy portfolios, improve
energy security, and lessen exposure to fluctuations in global fuel prices for ASEAN, which
is still largely dependent on fossil fuels. Nonetheless, expectations for hydrogen must be
based on realistic evaluations of technological maturity, infrastructure requirements, and
alternative transition pathways.

In summary, ASEAN’s hydrogen transition will likely proceed through gradual trans-
formation and reconfiguration rather than rapid substitution. This result is a reflection
of both the intentional incorporation of hydrogen into more comprehensive decarbonisa-
tion strategies and structural constraints within existing energy systems. To guarantee
that hydrogen plays a significant part in ASEAN’s long-term energy transition, improved
regional coordination, clearly defined policy frameworks, and continuous investment in
infrastructure and innovation will be necessary.

These findings have implications for ASEAN policymakers that are particular to the
transition processes mentioned above. Because hydrogen niches in the region emerge
mostly via incumbent regimes rather than against them, and because the binding restric-
tions are commercial rather than technological, policy objectives should be directed at
translating institutional momentum into bankable deployment. Six measurements are as
follows: First, a regional hydrogen certification and guarantee of origin scheme, developed
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through existing regional energy cooperation frameworks and aligned with emerging
international schemes, would lower transaction costs for the export-oriented projects on
which early niche momentum depends; mutual recognition among member states and
with the key offtake markets (e.g., Japan) is more important than the stringency of any one
national scheme. Second, cross-border infrastructure should be integrated into regional
energy connectivity beginning with technical studies on pipeline repurposing, and the
designation of joint port and bunkering hubs, for which Singapore’s maritime position
could provide as an anchor. Third, targeted financial incentives are needed to overcome the
cost-of-capital barrier identified in Section 4.5. Blended-finance and de-risking instruments
inspired by existing financing partnership structures and production support contracts
anchored to creditworthy external offtakers will do more to close the viability gap than
technology subsidies alone. On the demand side, the bankability of domestic offtake is
equally critical. In the region’s single-buyer power markets, the state utility is often the
only offtaker available, and the absence of standardised long-term power purchase agree-
ment (PPA) frameworks for firm renewable and hydrogen-based power, including capacity
payments that remunerate guaranteed availability, remains a binding constraint on project
finance; developing standardised, bankable PPA templates would lower transaction costs
for developers seeking to replicate projects across multiple member states. Fourth, the
harmonisation of regulations governing safety codes, permission procedures, and blending
requirements across member states would cut the costs of entry for the multinational
consortia that coordinate most existing projects. Fifth, public–private partnership mech-
anisms should capitalise on the region’s state-owned enterprises with balance sheets to
undertake pre-commercial experimentation. However, the selection process of projects
should adhere to competitive and transparent award procedures to avoid the governance
risks of state-led deployment. Sixth, coordinated market development should sequence
demand creation around the region’s existing hydrogen consumption. Public procurement
quotas and purchase commitments for low-emissions hydrogen in fertiliser production,
refining, and future maritime fuels would create protected early markets in hard-to-abate
applications where hydrogen has a comparative advantage. In SNM language, these mea-
sures act on the three niche processes identified in Section 4.4: expectations of certification
and harmonisation structures, cross-border planning, and PPP mechanisms drive actor
networks, and protected early markets support the learning processes that eventual regime
change depends on.

6. Conclusions
Five years ago, hydrogen was still a minor concept in ASEAN’s energy plans, with

few real-world applications and limited ambition. The region is now going beyond tenta-
tive trials toward building the actor networks and technical capacity needed to advance
hydrogen development, identifying what works and where the problems lie. ASEAN has
made significant advances in hydrogen in the last five years. However, development has
been uneven: countries such as Indonesia, Malaysia, and Singapore have established early
models with policies, pilot projects, and planning. Current efforts seem promising, but will
require greater coordination, more funding, and longer-term initiatives to render hydrogen
viable. In the long-term sense, hydrogen will help support ASEAN’s transition towards a
cleaner and more diverse energy system rather than replace existing technologies.

ASEAN has already come a long way, with several member states having developed
national hydrogen strategies as they increasingly understand the potential hydrogen can
play in decarbonising key sectors. Beyond policy commitments, however, regional mo-
mentum is evidenced through the growth of international partnerships and the signing
of MOUs with global stakeholders focused on accelerating demonstrations and building
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out infrastructure. Since 2020, ASEAN nations, for instance, have forged more than 25
cross-border MOUs regarding hydrogen cooperation, technology transfer, research, and fea-
sibility studies. These initiatives are particularly aligned with ASEAN’s climate objectives,
which aim to cut greenhouse gas emissions while ensuring energy security and sustaining
economic growth.

Despite this progress, significant challenges persist. As discussed throughout this
study, the pace of hydrogen development is still affected by high production costs, infras-
tructure limitations, fragmented regulatory frameworks, and limited regional standardisa-
tion. Nevertheless, hydrogen, as a niche innovation, exhibits clear transformative potential,
particularly as incumbent actors such as oil and gas companies integrate it into their long-
term transition strategies. Such trends suggest incremental yet consistent divergence in the
direction of integrating hydrogen into mainstream energy systems in ASEAN.

This study examines three central questions. First, hydrogen development in ASEAN is
at an early yet advancing stage, exhibiting significant variation among countries. A small
group of leading nations is driving initial progress, while others remain in exploratory phases.
Second, hydrogen development is shaped by existing socio-technical regimes, including fossil
fuel dependence, infrastructure lock-in, and the influence of state-owned enterprises. These
factors both constrain and enable potential transition pathways. Third, current strategies
suggest that hydrogen will likely play a complementary role in ASEAN’s energy transition,
particularly within hard-to-abate sectors. Realising this potential will be contingent upon
specific enabling measures, as delineated in Section 5, rather than on additional declarations
of intent. These measures include a regional certification and guarantee-of-origin framework,
cross-border infrastructure planning, de-risked financing that addresses the cost-of-capital
barrier in the region, regulatory harmonisation, disciplined public–private partnerships
leveraging state-owned enterprises, and coordinated demand creation in the industrial
applications where hydrogen has a comparative advantage.

Future research and policy efforts should also pay closer attention to the social and
justice dimensions of hydrogen development within the ASEAN context. There remains
a notable gap in research that examines public acceptance, distributional impacts, and
the societal implications of hydrogen transitions, particularly considering the unique
characteristics of the regions. As ASEAN encompasses a vast range of socio-economic
developmental stages, equitable access to hydrogen technologies and their benefits will be
critical to ensure that the marginalised do not get left behind. ASEAN can thus enhance
the region’s role in the emerging global hydrogen economy by tackling these interlinked
challenges and opportunities for a more inclusive and sustainable energy transition.
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Abbreviations
The following abbreviations are used in this manuscript:

AHEAD Advanced Hydrogen Energy chain Association for technology Development
ALK Alkaline (electrolysis)
APAEC ASEAN Plan of Action for Energy Cooperation
APAC Asia Pacific
APERC Asia Pacific Energy Research Centre
APG ASEAN Power Grid
ART Autonomous Rapid Transit
ASEAN Association of Southeast Asian Nations
AZEC Asia Zero Emission Community
BRIN Badan Riset dan Inovasi Nasional (National Research and Innovation Agency, Indonesia)
CCS Carbon Capture and Storage
CCUS Carbon Capture, Utilisation and Storage
COP30 Conference of the Parties 30
DOE Department of Energy (Philippines)
EBTKE Direktorat Jenderal Energi Baru Terbarukan dan Konservasi Energi (Indonesia)
EGAT Electricity Generating Authority of Thailand
EGCO Electricity Generating Company (Thailand)
EV Electric Vehicle
FID Final Investment Decision
GEDSI Gender Equality, Disability and Social Inclusion
GW Gigawatt
H2 Hydrogen
HEIC Hydrogen Energy Industry Committee
HETR Hydrogen Economy and Technology Roadmap
ICE Internal Combustion Engine
IEA International Energy Agency
IRENA International Renewable Energy Agency
JETP Just Energy Transition Partnership
kg Kilogram
kt Kiloton
kW Kilowatt
LCOH Levelised Cost of Hydrogen
LNG Liquefied Natural Gas
LOHC Liquid Organic Hydrogen Carrier
MCH Methylcyclohexane
MEMR Ministry of Energy and Mineral Resources (Indonesia)
MeOH Methanol
MLP Multi-Level Perspective
MMT Million Metric Tons
MOE Ministry of Energy
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MOUs Memorandum of Understandings
Mt Million Ton
MTPA Million Ton Per Annum
Mtoe Million Ton of Oil Equivalent
MW Megawatt
NH3 Ammonia
PEM Proton Exchange Membrane (electrolysis)
PPA Power Purchase Agreement
PPP Public–Private Partnership
PTT PTT Public Company Limited (Thailand)
PV Photovoltaic
R&D Research and Development
SAF Sustainable Aviation Fuel
SEDC Sarawak Economic Development Corporation
SEZ Special Economic Zone
SNM Strategic Niche Management
SOE State-Owned Enterprise
TAGP Trans-ASEAN Gas Pipeline
TFEC Total Final Energy Consumption
t/yr Ton Per Year
t H2/y Ton of Hydrogen Per Year
USD United States Dollar

Appendix A

Table A1. Operationalisation of MLP and SNM framework.

Analytical
Level Conceptual Definition Operationalisation in ASEAN

Hydrogen Context Illustrative Empirical Evidence

Landscape
(MLP)

“Sociotechnical landscape forms an
exogenous environment beyond the
direct influence of niche and regime
actors (macro-economics, deep
cultural patterns, macro-political
developments). Changes at the
landscape level usually take place
slowly (decades)” (Geels & Schot,
2007, p. 400) [56]

- Net-zero targets and global
decarbonisation commitments
- Rising energy demand and energy
security concerns
- Geopolitical influences (e.g., Japan,
Korea, EU hydrogen initiatives)
- International climate finance and
partnerships (e.g., JETP)

Indonesia’s JETP commitment
(USD 20 billion, 2022); net-zero
pledges of all ten AMS; foreign
import strategies creating external
demand pull (government
announcements; institutional
reports).

Regime
(MLP)

“Green niche-innovations face uphill
struggles against existing
unsustainable systems and the
associated rules and institutions
(which are called ‘regimes’), which
form the second level. These systems
and regimes are difficult to change
because they are entrenched and
stabilised by various lock-in
mechanisms” (Geels, 2024, p. 2) [44]

- Fossil fuel–based energy systems
(coal, gas, oil dominance)
- Role of state-owned enterprises (e.g.,
Pertamina, Petronas, PLN)
- Established industrial hydrogen
demand (ammonia, refining,
methanol)
- Existing infrastructure (LNG,
refineries)
- Policy frameworks (hydrogen
roadmaps, energy policies)
- Cultural preference for low-cost
energy

80% of regional hydrogen
demand supplied from unabated
natural gas; PLN’s 21 green
hydrogen plants integrated
within existing fossil power
plants; Pertamina/Petronas
incumbent-led pilots (IEA GHR;
government web announcements;
Supplementary Material).
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Table A1. Cont.

Analytical
Level Conceptual Definition Operationalisation in ASEAN

Hydrogen Context Illustrative Empirical Evidence

Niche
(MLP)

“Technological niches form the
micro-level where radical novelties
emerge. These novelties are initially
unstable sociotechnical
configurations with low performance.
Hence, niches act as ‘incubation
rooms’ protecting novelties against
mainstream market selection” (Schot,
1998; Kemp et al., 1998 in Geels &
Schot, 2007, p. 400). [56]

- Hydrogen pilot and demonstration
projects
- Emerging hydrogen supply chains
and industrial applications
- Early-stage establishment of
certification, standards systems
- Public–private partnerships and
experimental deployment

Ulubelu geothermal-hydrogen
pilot (100 kg/day,
non-commercial trial); Sarawak
ART (Autonomous Rapid Transit)
hydrogen transit; refuelling
station pilots (pilots and
investments database, 28 documented
projects, 2019–2025).

Dynamic
Expecta-
tions
(SNM)

“Expectations are considered crucial
for niche development because they
provide direction to learning
processes, attract attention, and
legitimate (continuing) protection
and nurturing.” (Schot & Geels, 2008,
p. 540) [82]

- Hydrogen positioned as
decarbonisation tool and future
energy carrier
- National hydrogen strategies and
long-term targets
- Government incentives (subsidies,
pilot programmes)
- Export-oriented hydrogen narratives

Five national hydrogen strategies
with quantified long-term targets
(Singapore, Malaysia, Indonesia,
Vietnam, Lao PDR);
export-oriented framing in
Sarawak and Brunei (hydrogen
strategies matrix, Supplementary
Material).

Network
Formation
(SNM)

“This process is important to create a
constituency behind the new
technology, facilitate interactions
between relevant stakeholders, and
provide the necessary resources
(money, people, expertise).” (Schot &
Geels, 2008, p. 540) [82]

- Collaboration between
governments, SOEs, private firms
- International partnerships (Japan,
EU, development banks)
- Regional initiatives (AZEC, ASEAN
cooperation)
- Public–private partnerships and
MOUs

25+ cross-border hydrogen MOUs
since 2020 involving SOEs,
foreign firms, and development
partners; AZEC; Brunei–Japan
supply chain consortium (MOU
database, Supplementary Material).

Learning
Processes
(SNM)

Processes of knowledge generation
“at multiple dimensions: (a) technical
aspects and design specifications; (b)
market and user preferences; (c)
cultural and symbolic meaning; (d)
infrastructure and maintenance
networks; (e) industry and
production networks; (f) regulations
and government policy; (g) societal
and environmental effects” (Schot &
Geels, 2008, p. 540) [82]

- Pilot projects and feasibility studies
- Technology testing (electrolysis,
refuelling stations, fuel cells)
- Regulatory learning (standards,
safety frameworks)
- Knowledge transfer from
international partners

Feasibility studies preceding FID
(H2biscus/H2ornbill FEED);
technology testing at Kamojang;
emerging certification and
standards work (pilots database;
institutional reports).

Appendix B

Table A2. Global targets and landscape-level drivers of hydrogen development.

Category Source Document Focus/Title Key Insights Implications for Hydrogen
Development

Net-zero
targets

World Economic Forum
(2021) [96]

Role of green hydrogen in
achieving net-zero

Hydrogen identified as a key
enabler for decarbonisation

Positions hydrogen as a strategic
solution within global climate
agenda.

IEA (2023) Net-Zero
Roadmap [97]

Global pathways to limit
warming to 1.5 ◦C

Hydrogen and CCUS
contribute around 20% of
emission reductions
(2030–2050)

Strong quantitative justification for
hydrogen deployment.

UK Parliament
(2022) [98]

Role of hydrogen in national
net-zero strategies

Countries (e.g., Japan,
Germany) actively
developing hydrogen
strategies

Demonstrates increasing policy
commitment.
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Table A2. Cont.

Category Source Document Focus/Title Key Insights Implications for Hydrogen
Development

Deloitte (2023) [99] Global hydrogen market outlook
Hydrogen becomes
cost-competitive across
sectors (2035–2050)

Signals future economic feasibility.

Kounchaki-Penchah
et al. (2024) [100]

The role of hydrogen in a
net-zero emission economy
under alternative policy
scenarios

Hydrogen is critical for
hard-to-abate sectors and
reduces reliance on direct air
capture

Reinforces sectoral necessity.

Carbon
neutrality

ASEAN Secretariat
(2023) [101]

ASEAN Strategy for Carbon
Neutrality

Hydrogen included as part
of regional strategy

Indicates regional alignment and
policy integration.

Evro et al. (2024) [102] Carbon neutrality and hydrogen
energy systems

Hydrogen enables
zero-emission systems and
“hydrogen cities”

Suggests systemic transformation
potential.

Decarbo-
nisation
pathways

Lau (2022) [15] Decarbonisation roadmaps for
ASEAN and their implications

Hydrogen (especially blue
with CCS) relevant for
industry and transport

Highlights transitional role of
hydrogen.

Paris
Agreement IRENA (2023) [103]

Meeting Paris Agreement
Targets: 94% of Hydrogen
Production from Renewables

94% of all hydrogen would
need to come from
renewable energy if the
sector meets the
commitment to the Paris
Agreement

Indicates scale and urgency of
transition.

Bataille (2023) [104]
Paris Agreement-Compliant
Hydrogen and Electricity
Production

Hydrogen complements
electrification Shows system integration role.

UNFCCC (2023) [105] Responsible hydrogen
deployment

Governance frameworks
emerging globally Signals institutional development.

UN (2021) [106] Green Hydrogen Compact Hydrogen critical for global
energy transition

Reinforces global consensus.
Hydrogen produced with
renewable energy, “green”
hydrogen—can play a
key role in this transformation as a
sustainable, carbon-neutral fuel.

Green Hydrogen
Organisation
(2025) [107]

Reflecting on 10 years since the
Paris Agreement, and Europe’s
efforts to keep up on green
hydrogen

Europe strengthening
hydrogen frameworks

Europe continues to finesse its
regulatory framework and put in
place the conditions for green
hydrogen to thrive.
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