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ABSTRACT

To fulfil climate change commitments and transition towards net zero carbon economies, there is a need for
Nordic nations to explore the development and deployment of alternative fuels. In this context, this inquiry
presents the first comparative analysis of drivers for and barriers to implementing green hydrogen and hydrogen-
based fuels (hydrogen, methanol, ammonia) within potential hydrogen hubs in Nordic ports. To support the
development of hydrogen hubs to meet ambitious decarbonization targets for maritime shipping and relevant
industry, this study focuses on five case studies from Sweden and Iceland. 64 semi-structured interviews with
diverse stakeholders are used to examine the potential for ports to become hydrogen hubs. This is done by
exploring the relative strength of drivers and barriers related to different phases of hydrogen hub development
and the influential context-specific and necessary enabling factors. Key findings illustrate market opportunities,
consumer demand, and environmental commitments as shared drivers for each case, while high costs, insuffi-
cient policy instruments, and limited energy resources and grid capacity emerge as shared barriers. The
frequently dualistic nature of these factors underscores the need for policy frameworks to bridge the gap between
current limitations and future potential. The main policy implications include a need for provision of funding for
more Nordic pilot projects, increasing renewable electricity capacity, and implementing sufficient economic
incentives to support hydrogen-based fuel upscaling and ensure cost-competitiveness in comparison with existing
fossil fuel-based alternatives. This can help to encourage strategic investments in infrastructure and coordinated
policy measures to unlock the potential of hydrogen hubs.

1. Introduction

highest level yet in 2024, increasing by 2.3% from 2023 levels [2]. To
close the emissions gap, i.e., the difference between current Nationally

According to the Intergovernmental Panel on Climate Change Determined Contribution (NDC) pledges and the fulfillment of the Paris
(IPCCQ), global carbon neutrality needs to be reached by 2050 to fulfil the Agreement's 1.5 degrees Celsius goal, immediate reductions in GHG
aims of the 2015 Paris Agreement [1]. Progress towards that goal has emissions across all sectors is needed [3].
been slow to date. Global greenhouse gas emissions (GHG) reached their International marine shipping was responsible for around 1.4% of
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global GHG emissions in 2024 [4]. In July 2023, the International
Maritime Organization (IMO) revised its GHG emissions strategy for
ships, which aims to reduce GHG emissions from international shipping
by 20% by 2030 compared to 2008 levels (striving for 30%) and by 70%
(striving for 80%) in 2040 [5]. Net-zero emissions should be achieved by
close to 2050. Additionally, the European Union (EU) aims to reduce
GHG emissions from transportation by 90% by 2050, including marine
transport [6]. Such ambitions are pushing decarbonization in the
maritime industry [7,8].

Green hydrogen, which is hydrogen produced from renewable elec-
tricity sources and water [9], and green hydrogen-based energy carriers
(including carbon or nitrogen) are often identified as key future tech-
nologies for sustainable energy and transport systems in hard-to-abate
sectors such as industrial- and heavy-duty transport systems including
shipping [7,10,11]. The EU, for example, foresees green hydrogen as a
key element in reaching carbon neutrality by 2050 [12]. The Nordic
countries have expressed similar interest and have developed national
roadmaps and strategies related to hydrogen or similar initiatives
[13-17]. However, the current global supply and uptake of green
hydrogen and derived fuels (in this paper jointly called hydrogen-based
fuels) is limited [18,19]. This has been described by IRENA as the “green
hydrogen deadlock” [20 pg. 84]. The overall barriers for the production
and uptake of green hydrogen include high production cost and lack of
technological maturity, lack of competitiveness with fossil fuels or fossil
hydrogen, lack of regulatory frameworks and economic incentives, lack
of infrastructure, uncertain demand, and lack of take-off agreements
[8,20,21]. In particular, [8] includes a thorough literature review of
drivers and barriers identified by different studies for hydrogen-based
fuel development and deployment.

Ports can play a key role in influencing increased supply and demand
of green hydrogen-based energy carriers, such as hydrogen, ammonia, or
e-methanol through sector coupling or energy system integration
[9,22,23]. Ports can shape the energy value chain through their multiple
functions (such as regulator or operator) and their role as nodes in
transportation networks; consequently, innovations implemented in
ports can diffuse to both sea and hinterland transport [22,24]. They can
further advance the energy transition by functioning as hydrogen hubs
[22]. A hydrogen hub is a geographically clustered network that is
involved in the integrated production and offtake of hydrogen and
hydrogen-based fuels [9,25]. A hydrogen hub located within a port may
produce hydrogen-based fuels for maritime offtakers, as well as indus-
trial uses [9,25,26]. Furthermore, some hydrogen-based fuels require
carbon dioxide (CO2) as an input, meaning hydrogen hubs can reduce
emissions upstream through sector coupling [26].

Hydrogen hubs are situated within specific local geographic regions,
yet exert broad influence on regional, national and international scales
[24,25]. The development of hydrogen hubs entails unique technolog-
ical, social, economic, and political challenges at multiple levels (local,
regional, national, international) and stages. Therefore, its drivers and
barriers can be considered within a socio-technical perspective [23].
Much of the existing research reviews the factors influencing the energy
transition within ports [22-24,27-34], however there is less focus on
hydrogen hubs [8,9], and a gap analyzing the drivers for and barriers to
establishing hydrogen hubs at different developmental stages. This
paper will use the five development stages outlined in Fig. S1 in the
Appendix, including conceptual hub, planned hub, initiated hub, early
hub, and established hub in its assessment. It should be noted that due to
the green hydrogen deadlock, many hubs have struggled to advance
from the conceptual and planned development phases [8,20,35]. In this
vein, there is thus also a need for studies assessing context-specific op-
portunities and challenges faced by ports linked to the transition to
hydrogen-based fuels [24,30,31] to understand the potential role of
ports and port areas as hydrogen hub, research which could help
transform descriptive visions and conceptual hubs (i.e., ports could be
hubs) into a predictive, actionable roadmaps for their real-world tran-
sition into planned and initiated phases.
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The Nordic nations are an ideal lens through which such an analysis
can be conducted, given they have some of the highest ambitions for
decarbonization, considerable availability of low-carbon electricity, and
relatively low electricity prices [36], as well as currently possessing the
largest number of maritime technology demonstrations of alternatives
fuels in the world and a widespread interest in the development of
hydrogen hubs [19,37]. Chen et al. [32] conclude that the readiness of
ports for hydrogen-based fuels globally is still at an early stage, and the
formation of hydrogen supply chains needs to be accelerated. Norway is
the only Nordic country discussed in that study, although other Nordic
countries are interesting from a hydrogen perspective. For example, in
Sweden, many of the hydrogen initiatives for cluster/valleys are linked
to or include port areas [37,38] and in Iceland, where marine applica-
tions, such as shipping and fishing, are responsible for around one-third
of fossil fuel use, the focus inevitably is on port areas [16].

Although there has been much talk of potential promise and a variety
of studies on technological, infrastructure, bunkering, land availability,
and regulatory constraints worldwide [33,39-41], limited research ex-
ists that directly compares the hydrogen development conditions linked
to different ports in the Nordic countries a gap that will be explored in
this paper. Furthermore, combined focus on hydrogen hubs and their
development stages constitutes a contribution of this paper and begins to
address a previously underexplored gap in the literature. The aim of this
study is thus to examine the relative strength of drivers and barriers
relating to the implementation of hydrogen hubs (focusing on the fuels
hydrogen, methanol, and ammonia) in five ports in Iceland and Sweden,
and to discuss the contextual factors of hub development and enabling
conditions. To address these aims, this paper will answer these three
research questions.

1. What is the relative strength of the drivers and barriers for hydrogen
hubs across different cases?

2. What context-specific factors influence the drivers and barriers for
each case?

3. What are the enabling factors for hydrogen hubs and how do they
compare for each case?

Understanding the relative strength of the drivers behind the ini-
tiatives in the included cases and the relative strength of the barriers
hindering their realization may have important implications for the
successful development of hydrogen hubs in port areas across the Nordic
countries and elsewhere, potentially unlocking the green hydrogen
deadlock [8]. This paper makes a novel contribution by providing a
comparative assessment of the relative strength of drivers and barriers to
hydrogen hub development using empirical data from five cases across
two Nordic countries with varying contextual factors, while also
focusing specifically on hydrogen hubs rather than ports in general.
Thus, the paper, represents the first comparative stakeholder-centric
study on hydrogen hubs in the Nordic region. Insights from such
context-specific comparisons can potentially support the implementa-
tion of hydrogen-based fuels in other hydrogen hubs and port areas as
well as more tailored and effective policymaking. In so doing, this in-
quiry can support the realization of hydrogen hubs in the Nordics in the
short-term to meet the long-term GHG emissions reduction targets for
shipping set by the IMO, EU, and national governments as well as similar
decarbonization targets for relevant industry.

In comparison to the Icelandic study of the similar cases [8], besides
adding empirical data from two more hydrogen hub cases in another
Nordic country the empirical insights from the ranking sessions are
novel from and used exclusively in this assessment.

The paper is structured as follows. Section 2 describes the five case
studies and the interview and workshop-based methodology. The results
are presented in Section 3. Section 4 discusses the context-specific fac-
tors for the drivers and barriers of each case, including necessary
enabling conditions for hydrogen hubs to overcome the identified green
hydrogen deadlock and policy implications. Conclusions are outlined in
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Section 5.
2. Methods

This work attends a local-regional context, first comparing research
from different cases, then synthesizing commonalities for learning
within the Nordic region, contributing to climate and energy research as
outlined by [42]. The study centers around five potential hubs for
hydrogen-based fuels linked to ports in the Nordic countries, two in
Sweden and three in Iceland. The cases differ in terms of context-specific
factors e.g., location, port activities, ship traffic, nearby industries,
resource availability, and initiatives for hydrogen-based fuels (including
fuel type). Drivers and barriers for the implementation of hydrogen-
based fuels in each of the assessed cases were identified via the frame-
work of Corcoran et al. [8] that is based on a literature review and
interview results, applied to semi-structured interviews with stake-
holders, which were followed by a ranking exercise to determine the
perceived strength of specific barriers and drivers. For the Icelandic
cases the same semi-structured interviews as in. [8] were used as base
but extended with ranking workshops and the contextual perspective.
The following subsections outline the approach, including case de-
scriptions, stakeholder mapping and interviewee identification, design
of interviews and ranking exercises, and data analysis.

2.1. Case descriptions

The three hubs in Iceland include Isafjérdur, Hisavik and Grundar-
tangi, while the two Swedish hubs are the ports of Luled and Gothenburg
(Fig. 1). The town of fsafjéréur is situated in the north-west of Iceland.
The port is the country's third largest port for cruise ship arrivals [43]. In
addition to tourism, maritime-related economic activities include
aquaculture, fishing, fish processing, and shipping [43,44]. A potential
green ammonia plant, powered by renewable electricity, is being
considered for fsafjéréur, located close to its harborside [8]. The
Isafjordur hub is categorized in the conceptual stage, according to
Fig. S1 in the Appendix.

The town of Hisavik is on the northeast coast of Iceland with a
fishing and shipping port that also caters to tourism [45], with activities
by primarily whale watching ships and some cruise vessels [45]. Po-
tential production of e-methanol, fueled by renewable electricity, has
been under consideration for Bakki, an industrial district located just
outside the town. This collaboration may involve Landsvirkjun, the

Isafibraur l
port P
A
Grundartanai
port
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National Power Company of Iceland, and the heavy industrial firm PCC
Bakki Silicon, a ferrosilicon metal producer capable of supplying a
carbon dioxide (CO2) feedstock [46]. The partnership is expected to be
located within the Arbakki Eco-Industrial Park, which is designed to
foster industrial symbioses that minimizes GHG emissions between op-
erations on the premises [47]. While Hisavik is further in development
than Isafjordur, this hub location is immature and remains in the con-
ceptual stage of hub development as outlined by Fig. S1 in the Appendix.

Grundartangi is an industrial district located in a fjord, Hvalfjordur,
close to Iceland's capital city of Reykjavik and operated by Faxafl6i Ports
[48]. The hydrogen hub of Grundartangi is classed in the planned hub
stage according to Fig. S1 in the Appendix. Grundartangi hosts the
aluminum smelting company, Nordural, and Elkem, which produces
silicon metal and steel products [49]. The industries aim to contribute to
circular economy practices through industrial symbiosis. Land in
Grundartangi has been secured by QAIR who has plans to develop
hydrogen and ammonia, powered by renewable electricity [50]. QAIR
intends to bring 280 MW of green hydrogen and green ammonia pro-
duction online in 2028, with the total planned capacity of the Grun-
dartangi hub being 840 MW after completion of its third intended phase
[51].

The hubs in Sweden include Gothenburg, on the west-coast, and
Luled, which is in the north of Sweden. The Port of Gothenburg, the
largest port in Scandinavia, handling 20% of all Swedish foreign trade, is
in the middle of the city of Gothenburg, the second largest Swedish city
[52]. The port covers several industrial activities, including the re-
fineries by Preem and Stl currently using fossil-based hydrogen, and
constitutes the largest container port in the Nordic countries [53].
However, the ship traffic by roll-on/roll-off (RoRo) vessels, roll-on/roll-
off with passengers (RoPax), product and oil tankers represent the larger
shares in fuel terms [54]. The Gothenburg region represents a key
bunkering area for ships (covering besides conventional fossil fuels and
LNG also fossil-based methanol and biomass-based methane — LBG), and
there is considerable fuel storage. There are several initiatives linked to
green hydrogen-based energy carriers in the port, except for the
hydrogen handling linked to the refineries, planned to be green in the
future. This is exemplified by the hydrogen refueling station in the port
area offering green hydrogen for heavy traffic [55] and the plan for a 4
MW and two ton per day hydrogen production facility in the port area
initiated by the Energy company Statkraft but now run by the Norwe-
gian hydrogen producer Hydrogen Solutions AS (HYDS), with public
support approved via the Swedish national support system

Port of
Luled

Port of At

Gothenburg

Fig. 1. Three hubs in Iceland and two hubs in Sweden are investigated in this paper.
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“Klimatklivet” (off-taker not specified). The port of Gothenburg is also
involved in the forming of several green shipping corridors, which are
shipping routes running from one port to another on low carbon fuels
[56]. The current focus is on ammonia and LBG, but hydrogen and e-
methanol for selected ships have also been explored [57]. The hydrogen-
based fuel hub in port of Gothenburg is defined to be in the initiated
stage, according to Fig. S1 in the Appendix, as several hydrogen initia-
tives have passed the planning stage.

Lulea is located at the northern tip of the Gulf of Bothnia, which is the
northernmost arm of the Baltic Sea. The port of Luled is one of Sweden's
largest and most important ports, especially for industrial purposes,
supporting mining, steel production, and other heavy industries. The
port of Luled, is emerging as a strategic node in the country's green in-
dustrial transformation [58]. This development is driven by large-scale
initiatives such as HYBRIT and Stegra, which aim to de-fossilize steel
production using fossil-free hydrogen produced via electrolysis powered
by renewable electricity [59] and biocarbon. These projects generate
increasing demand for hydrogen-based fuel infrastructure, not only at
the production sites but also in the surrounding logistics systems,
including seaports. Other projects aimed at filling this demand are
therefore under development, e.g. the Bothnia Link H2 aimed at pro-
ducing e-methanol in the port of Luled [60], and LKAB's plan for a cir-
cular industrial park where by-products from iron ore mining, such as
phosphorus and rare-earth metals, will be extracted via circular and
fossil-free processes. Green hydrogen and ammonia will be used to
produce both mineral fertilizers and nitrate [61]. The port is currently
expanding its capacity from about 8 Mton to 30 Mton of cargo to meet
the demands of these green industrial initiatives. Due to its geographic
proximity to industrial clusters, access to renewable electricity from
hydropower and wind, and its role in bulk transport, the port of Luled is
well positioned to become an established hub for hydrogen use and
distribution. The hydrogen hub in port of Luled is defined to be in the

Table 1
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initiated stage, according to Fig. S1 in the Appendix, mainly as a pilot-
plant producing green hydrogen with electrolyzers already established.

Table 1 provides a summary of the core characteristics that underpin
the potential for the five case studies to become hydrogen-based fuel
hubs, and as such, constitute relevant ports for analysis in this inquiry.
One central aspect not included in Table 1 is national and regional
hydrogen ambitions and plans. Iceland aims to achieve climate
neutrality by 2040 and to increase the share of renewable energy re-
sources in the maritime industry to 10% by 2030. Iceland's Hydrogen
and E-Fuels Roadmap [16] suggests potential economic instruments,
including cash-flow subsidies or guarantees, income tax rebates, or
CAPEX guarantees for green investments and outlines the need to create
hydrogen hubs. The Swedish goal is zero net GHG gas emissions by 2045
at the latest and a reduction of GHG emissions from domestic transport
including shipping by 70% by 2030 compared to 2010 [62]. There is no
officially adopted hydrogen strategy in Sweden, but the Swedish Energy
Agency proposed a national hydrogen strategy in 2021 [15]. However,
there is a regional action plan for large-scale, green hydrogen produc-
tion in Vastra Gotaland covering Gothenburg [63].

Another key aspect is the availability of renewable electricity. The
Icelandic electricity grid is powered 99.9% from renewable energy [64]
and in Sweden the renewable energy share is 69% and the fossil-free
share 98% [65]. However, the potential additional supply of large-
scale renewable electricity in both the Swedish and Icelandic cases
depend on e.g., the regional availability due to transmission issues and
realization of future electricity production. For example, in Gothenburg
there are plans to increase local renewable electricity production,
however, the electricity is currently more costly and limited than in the
Lulea case.

Summary of case-specific port and hydrogen-based fuel hub characteristics. Green shipping corridors refer to specific shipping routes run with renewable marine fuels.

Isafjérdur, Iceland Husavik, Iceland

Grundartangi, Iceland

Luled, Sweden Gothenburg, Sweden

Size of nearby 2800 2400 8500
populations
(municipality)

Development stage ~ Established port, Established port, Conceptual
(port and hub) Conceptual hub hub

Main surrounding Tourism and fish Nearby Bakki is an industrial
activities processing district with potential CO2

feedstock. Tourism and
whale watching in the town
of Hisavik

Shipping, fishing,

Ship traffic Cruise ships, fishing,

Established port, Planned hub

Aluminum smelting and a ferro
silicon plant

Industrial and cargo ships

80,000 613,000

Established port, Initiated hub Established port, Initiated
hub

Refineries, energy port,
terminals for containers,
cars, and other rolling
(RoRo) cargo. Bunkering
for ships and fuel storage.
Several ship segments
incl. RoRo, RoPax vessels,
product and oil tankers,
container vessels and
cruise ships.

Green steel production and other
industrial activities

General cargo and bulk vessels

characteristics and shipping vessels. ~ whalewatching, some cruise
ships
Main fuels in focus ~ Ammonia Methanol

for the case
Necessary resource
availability

Main port specific
hydrogen-
related
initiatives/plans

Constrained land and
electricity access

Potential production
of ammonia to serve
maritime industries

operating in the port.

Some access to renewable
electricity and CO2

Potential production of e-
methanol to serve maritime
industries operating in the
port.

Hydrogen, ammonia

Some access to renewable
electricity

QAIR aims to produce 280 MW
green hydrogen and ammonia in
2028. Total planned capacity of
Grundartangi hub: 840 MW of
green hydrogen and ammonia

Hydrogen, methanol, ammonia

Substantial access to affordable
renewable electricity and bio-
CO2. Limited power grid
capacity to the port.

A pilot plant for fossil-free
sponge-iron using green
hydrogen (HYBRIT). SSAB
invests in a new electric steel
mill. Uniper plan to produce e-
methanol for transport (Bothnia
Link H2). LKAB plan for an
industrial park for mineral
fertilizers, using green hydrogen
and ammonia.

Hydrogen, methanol,
ammonia

Certain access to
renewable electricity and
several bio-CO2 sources.

Hydrogen refueling
station for heavy-trucks
available.

Plan for 4 MW green
hydrogen production.
Methanol for ships
available and ammonia
bunkering is explored.
Green shipping corridors
initiatives.

Refineries to increase
share of renewable
hydrogen-based fuels.
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2.2. Design of semi-structured interview framework and ranking session

The research is based on 64 interviews across the five potential hub
sites, which followed the same semi-structured interview format. This
consisted of 10 core open-ended questions with additional sub-questions
to help guide the interview as outlined by [8]. The interviews were
performed in 2024; during February to September in the Icelandic cases,
and this research was used in [8]. Interviews in the Gothenburg case
were conducted September to December, and the Luleé case October to
December. Semi-structured interviews were chosen as the main research
method in this inquiry, as they are particularly useful for eliciting
stakeholder perceptions and general attitudes about a particular prob-
lem [66].

A stakeholder mapping exercise was employed by the authors to
identify the main stakeholders representing the different parts of the
hydrogen value chain and supporting actors in the respective case
studies. Thereafter, the study employed purposive sampling [67] to
identify stakeholders representing the main categories identified during
the mapping exercise: Public Governance, Energy Sector, Maritime In-
dustry, Other Industry Actors, or the Research Sector. Stakeholders
could be classified according to more than one category depending on
their activity, and thus the total number of these exceeded the number of
interviews. The stakeholders included in each case are listed in
Tables S1-S3 in Appendix.

The number of interviews, interviewees, and participants in the
ranking sessions, and the respective coverage across stakeholder cate-
gories is shown in Fig. 2. For the three Icelandic and the Luled case, the
identification of drivers, and barriers was conducted in the aftermath of
the interviews, whereas for Gothenburg, it was done as part of the in-
terviews. For the Icelandic cases, three separate ranking sessions with 23
participants were conducted after the 32 interviews to determine the
strength of the identified drivers and barriers. The ranking sessions are
novel from [8] and used exclusively in this research. All five case studies
used the same scoring system of 1-3 points, with 1 corresponding to a
factor not constituting any obstacle or being very minor/insignificant, 2
implying that the factor is important (i.e., considered a significant bar-
rier/driver), and 3 corresponding to the factor being considered as a
very challenging barrier or very important driver. The ranking exercise
utilized the categorization of 27 drivers and 31 barriers identified by
Corcoran et al. [8], initially for the cases in Iceland, building on the work

Ic d
isafjérdur, Hisavik and Grundartangi
v

Interviews

Sweden
Gothenburg and Luled

Interviews & ranking

Ranking sessions E -
€ sessions combi ned

# of interviews (32)
# of interviewees (37)

# of interviews (28)
# of interviewees (31)

# of sessions (3)
# of participants (23)

LS. G - =~
Public governance Public gaverna nce Public governance
(12) 8)
- b 4
= ~ ) N
g E Energy sector Energy sector Energy sector
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Fig. 2. Numbers of Interviewees, workshop participants, and stakeholder types.
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on drivers and barriers by Latapi el al. [60] for hydrogen fuel cells the
Nordic region. The drivers and barriers are described in Tables S4 and S5
in Appendix.

The semi-structured interview framework can be found in the sup-
plementary material of Corcoran et al. [8] and was applied to all five
cases. The interviews conducted for Iceland were used in another paper
[8], but the ranking sessions are novel to this study. The main aim of the
interviews was to map drivers and barriers in each case. The themes
included in the interview framework spanned the interest in projects and
initiatives for hydrogen-based fuels, as well as the drivers, barriers, and
enabling factors. While the theme identification was conducted through
analysis of interviews, the results of the ranking sessions were provided
by stakeholders from different hubs and are used to facilitate compari-
son across cases. The analysis in this paper is based primarily on the
results of the ranking sessions, with comparatively less emphasis on the
content of the interviews.

2.3. Extraction of information and data analysis

Interview information was organized by categories and sub-
categories of drivers and barriers, which are defined in Tables S4 and S5
in the Appendix. These codes originated from frameworks by Corcoran
et al. [8] and Latapi et al. [68], with driver categories of ‘Economic’,
‘Market’, Infrastructure, Resources, ‘Society’, ‘Organization’, and
Policies, and barrier categories of ‘Economic’, ‘Technology’, ‘Infra-
structure’, ‘Resources’, ‘Society’, ‘Organization’, and Policies. This
categorization framework includes subcategories (Tables S4 and S5 in
Appendix) and is concordant with other analyses on the drivers and
barriers of decarbonization technologies [8,68,69]. Iterative meetings
were held by the authors to ensure cohesion of data across the five case
studies. The numerical ratings on the strength of the drivers and barriers
were placed into a shared file to ensure ease of comparison with the
other cases. The ratings were calculated as mean values in Excel based
on all the individual scores provided by the stakeholders in each case.
The context-specific factors and enabling factors were derived by inte-
grating evidence from the interviews, ranking sessions, and existing
literature on ports and hydrogen hubs. The categorization of hub
development stages in Fig. S1 were inductively derived from the inter-
view and ranking session results and informed by a synthesis of port and
hub literature; these stages were then used to structure the analysis and
discussion of context-specific and enabling factors.

3. Results

This chapter systematically describes and quantifies the relative
strength of the categories of drivers (section 3.1) and barriers (3.2)
described in the methods section. The numbers provided in the tables in
Sections 3.1 and 3.2 are the mean ratings provided by the stakeholders
in the five case studies. The enabling factors linked to overcoming the
barriers and amplifying the drivers are then explored in the discussion
Section 4.3. The meanings of each driver and barrier are described in
Tables S4 and S5 in Appendix).

3.1. Drivers

Table 2 outlines the strength of the main economic and market-based
drivers identified by stakeholders across the five cases. The tables
include the mean rankings for the total stakeholder group in each case,
and the highest ranked driver in each category is marked in yellow in the
table. The number 3 corresponds to the factor being considered as a very
important driver, 2 an important driver and 1 means the factor does not
constitute a driver or is considered very minor.

The rankings in Table 2 indicate that the primary Economic drivers
for both the Swedish and Icelandic cases are Cost reductions’and ‘Access
to new financial opportunities.” In the Icelandic cases, Cost reductions’
relates mainly to the deployment of hydrogen-based fuels, as
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Table 2
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Strength of economic and market-based drivers in the case studies (mean stakeholder rankings
indicated) on a scale 1-3. The highest ranked driver in each category is marked in yellow.

Grundartangi  isafjorour Husavik Luled Gothenburg Sum

Economic
Cost reductions 2.50 2.62 2.50 2.62 2.00 12.2
Access to new
financial
opportunities 221 2.17 2.00 1.85 1.83 10.1
Job creation 1.63 1.67 1.75 1.62 1.00 7.7
Increased exports 1.63 1.95 2.00 1.69 1.00 8.3
Market
Market
opportunities 2.50 2.56 2.50 2.15 2.75 12.5
Consumer
demands 2.63 2.22 2.00 2.46 2.75 12.1
Brand & reputation

2.13 2.17 1.50 1.15 1.67 8.6
First mover 1.46 2.22 1.50 1.62 1.92 8.7
Collaboration 2.17 2.28 2.50 231 2.00 11.3
Industry Standards

1.96 2.67 2.25 1.31 na* 8.2
Future-proofing 2.09 2.39 2.25 2.23 2.75 11.7

*n/a means not listed specifically by the stakeholders in this case.

stakeholders expected these to impact fuel users rather than reduce costs
for fuel producers. For instance, in Iceland, stakeholders in the fishing
industry are anticipating higher prices and increased taxes for tradi-
tional fossil fuel use, and hydrogen-based fuels are expected to alleviate
these burdens. Also, in the Swedish cases, the ‘Cost reduction’ driver is
considered from a future perspective, as it is assumed that fossil fuels
will become more expensive in the future due to the expected increased
taxes on fossil fuels to reach climate targets. In the Swedish cases, this
pertains both to development and deployment, mainly as green
hydrogen and hydrogen-based energy carriers are an integrated part of
industrial processes through sector coupling, particularly in the Lulea
case. Also in the Gothenburg case, the stakeholders highlight that the
costs of fossil alternatives will increase for users in the future making
hydrogen-based fuels more attractive, but cost reductions are perceived
as a somewhat less important driver compared to the other cases.

The most important market drivers, as per the stakeholder ratings,
varied between the cases. For the stakeholders of Grundartangi, ‘Con-
sumer demands’ for decarbonizing energy-intensive industrial processes
was the most important driver. This was rated the most important for the
Luled case as well, which has a similar focus from the industrial district.
The Husavik case valued drivers from ‘Market opportunities’ the most.

Table 3

Stakeholders from Gothenburg equally ranked three drivers, including
the two aforementioned drivers and ‘Future-proofing’, where many
stakeholders perceived the need to adapt their business's maritime ac-
tivities to comply with more stringent GHG emission regulations.

Table 3 outlines the strength of the main infrastructure and resource-
related drivers identified by stakeholders across the five cases.

‘Location’ was rated as the most important driver in the ‘Infra-
structure’ category for the three Icelandic cases and Luled. The Grun-
dartangi and Husavik locations are situated in larger ports and
connected to industries such as aluminum smelting and ferrosilicon
production, while Isafjordur's port caters mainly to cruise ships and does
not have heavy industry nearby. The importance of location in the Lulea
case mainly relates to this port being viewed as a center for the transition
to green steel production and other green industrial activities using
hydrogen-based fuels. In the Gothenburg case, the stakeholders
mentioned that the location of the port, its size, and the related cluster is
often taken for granted and that it is expected to continue to develop as it
has during previous years. This could perhaps explain why ‘Location’ is
not considered to be as important driver for Gothenburg, as for the other
cases.

In the Resources category ‘Energy resources’ was rated highly for all

Strength of Infrastructure and resource-related drivers in the case studies (mean stakeholder
rankings indicated) on a scale 1-3. The highest ranked driver in each category is marked in yellow.

Grundartangi  isafjérour Husavik Luled Gothenburg Sum
Infrastructure
Location 2.46 2.67 2.25 2.54 1.75 11.7
Grid capacity 2.13 2.61 2.25 2.15 1.00 10.1
Energy security 2.13 2.39 2.00 1.15 1.90 9.6
Resources
Energy resources 2.33 2.67 2.75 2.69 1.00 11.4
Raw material 2.04 2.17 3.00 1.85 1.00 10.1
People 1.96 2.06 2.50 1.00 1.67 9.2
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three Icelandic cases as the energy landscape incorporates extensive
hydropower and geothermal energy generation, resulting in an almost
fossil fuel-free electricity grid. Also, Swedish electricity production is
mostly fossil-free, and electricity prices are relatively low in comparison
to EU averages, as is also the case in Iceland. However, energy resources
are considered a more important driver by stakeholders in the Lulea case
than in Gothenburg. This is likely due to to the fact that Luled is located
closer to large hydro power plants and the electricity price zone in the
North of Sweden has historically had lower prices. Gothenburg, on the
other hand, is in a region with a more limited electricity supply and
relatively large competition for most resources. Stakeholders linked to
the Husavik site also noted the potential raw material availability
(including also input goods) for producing hydrogen-based fuels. This is
largely due to the availability of CO2 emissions from the nearby Bakki
plant, which could be an input for future e-methanol production.
Table 4 outlines the strength of the societal, organizational, and
policy-related drivers identified by stakeholders across the five cases.
Within the Organization category, stakeholders of the Hiisavik, Lule&
and Gothenburg cases rate ‘Environmental commitments’ more highly
than the other two case studies. Swedish stakeholders stressed that there
are internal factors that motivate their organization to reduce their
environmental impact and therefore commit to the production and use
of hydrogen-based fuels. In their view, this is linked to the ambitious
climate policies of Sweden. Gothenburg stakeholders were particularly
motivated by ‘Business strategy’ and ‘Business case’. The reason is that
the current operations of many actors connected to the Port of Goth-
enburg are based on fossil fuels and these actors are working to include
renewable fuels, such as hydrogen-based ones, in their business models/
strategies, as this will be required to be competitive in the future. The
Grundartangi case in Iceland rated ‘Proactive leadership and influence
from owners’ most strongly out of these sets of drivers, likely due to the
widely publicized proposals to produce ammonia in the coming years.
‘Local, regional, national, and global commitments and targets’ were
considered the most important (the Luled and fsafjéréur cases) or
equally important (the Hisavik and Gothenburg cases) policy-related
driver as ‘Policy instruments’ (such as carbon taxes and/or subsidies
for green hydrogen and hydrogen-based energy carriers) in all cases
except for Grundartangi. In the Luled case, which had a stronger influ-
ence from ‘Local, regional, national, and global commitments and tar-
gets” many stakeholders stressed the climate targets set by the EU as a

Table 4
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stronger driver for the development of hydrogen-based fuels than Swe-
den's national policy instruments.

3.2. Barriers

Table 5 outlines the strength of the economic barriers identified by
stakeholders across the five case studies, and the highest ranked barrier
in each category is marked in yellow in the Table 3 corresponds to the
barrier being considered as a very important barrier, 2 an important
barrier and 1 the factor does not constitute a barrier or is considered
very minor.

On average, the Economic barriers were ranked as the strongest by
stakeholders in all case studies. The main Economic barrier in all five
case studies is the increased costs that can arise from various aspects of
the green hydrogen fuel production or utilization process, including raw
materials, production, storage, and research and development. Thus, in
all cases, the stakeholders discussed that these increased costs (in
comparison to fossil options) are a major barrier for the transition to
hydrogen-based fuels in Nordic ports. Demand uncertainties and the
competitiveness of green hydrogen-based fuels in comparison to fossil
fuels were also stressed as major barriers in the Grundartangi and
Gothenburg cases. The stakeholders in the Grundartangi case were
hesitant about hydrogen-based fuel production due to unknown demand
in Iceland's maritime sector, which constitutes the classic ‘chicken and
egg’ dilemma, and they also reiterated the expectation that fossil fuels
will remain abundant and cheaper than alternatives for some time. The
stakeholders in the Gothenburg case also stressed how the uncertain
demand from the maritime sector is highly important, i.e., when exactly
in time there will be a demand, for what fuel types and to what extent.
This demand uncertainty is linked to the lack of certainty when
hydrogen-based fuels will be cost-competitive in comparison to fossil
fuels. ‘Competitiveness’ of hydrogen-based fuels was jointly ranked with
costs as the most important economic barrier in the Gothenburg case.

Table 6 outlines the strength of the technological, infrastructure, and
resource-related barriers identified by stakeholders across the five case
studies.

The barriers related to technology, infrastructure, and resources
reveal some differences between the case studies. For example, in
Sweden, ‘Maturity‘issues related to scalability, improved efficiency, and
cost reductions from economies of scale are stressed as important

Strength of Societal, organizational, and policy-related drivers in the case studies (mean stakeholder
rankings indicated) on a scale 1-3. The highest ranked driver in each category is marked in yellow.

Grundartangi isafjordur Husavik = Luled

Gothenburg Sum

Society

Stakeholder expectations 2.30 2.06 2.50 1.62 1.92 104
Social license to operate 2.25 2.33 2.75 1.15 1.92 10.4
Social engagement 1.96 2.17 2.50 1.08 1.00 8.7
Organization

Environmental

commitments 2.13 2.06 3.00 2.46 242 12.1
Business strategy 2.30 2.11 2.50 1.92 2.75 11.6
Business case 2.13 2.06 2.50 1.92 2.73 11.3
Technological availability 2.50 2.50 2.50 131 1.00 9.8
Proactive leadership and

influence from owners 2.59 2.17 2.50 1.62 2.10 11.0
Policies

Policy instruments 2.55 2.17 2.50 2.38 2.10 11.7
Local, regional, national

and global commitments

and targets 2.33 2.45 2.50 2.77 2.10 12.2
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Table 5
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Strength of economic barriers in the five case studies based on ranking (mean stakeholder rankings
indicated) on a scale 1-3. The highest ranked barrier in each category is marked in yellow.

Grundartangi  isafjérour Husavik Luled Gothenburg Sum
Economic
Costs 2.67 2.67 2.75 2.62 2.79 13.5
Demand
uncertainties 2.58 2.22 2.25 2.23 2.59 11.9
Financing 2.13 2.16 2.00 1.62 2.08 10.0
Competitiveness 2.46 2.33 2.50 2.15 2.79 12.2
Path dependency
and technological
lock-in 2.30 2.11 2.00 2.08 1.62 10.1
Table 6

Strength of technological, infrastructure, and resource-related barriers in the five case studies (mean
stakeholder rankings indicated). The highest ranked barrier in each category is marked in yellow.

Grundartangi Isafiordur ~Hasavik =~ Luled Gothenburg  Sum
Technology
Maturity 2.21 2.16 2.50 2.38 1.62 10.9
Security 1.92 2.06 2.25 1.15 1.00 8.4
Safety 2.09 1.95 2.25 1.92 1.79 10.0
Infrastructure
Location 1.71 2.06 2.00 1.46 1.67 8.9
Infrastructure development 2.00 2.28 2.00 2.23 2.00 10.5
Grid capacity 2.00 2.56 2.00 2.54 2.62 11.7
Resources
Energy resources 2.50 2.67 2.25 2.23 2.23 11.9
Raw material 1.82 1.61 2.75 1.00 1.82 9.0
People 2.00 1.89 2.50 1.23 1.15 8.8

barriers in the Luled case, but not in the port of Gothenburg. This is production.

explained by the contextual differences between these ports, and espe-
cially the stronger focus on mainly industrial development in the Lule&
case. It is further noted that safety is seen as a slightly stronger barrier in
the Icelandic cases, compared to those in Sweden. Two of the Icelandic
cases, Husavik and fsafj(’iréur, are located fairly near residential areas, so
it is especially important to ensure safe fuel production and storage fa-
cilities, while the third Icelandic case, Grundartangi, is located on the
site of two industries who stressed that the potentially volatile produc-
tion of ammonia necessitates special attention to safety measures, not
least so as to not affect the other industries operating in the port. Safety
issues in the use phase are primarily linked to ammonia.

It is evident that ‘Grid capacity’ is seen as the main Infrastructure
barrier in all five case studies. The need for transmitting electricity to
produce hydrogen-based fuels is thus one of the largest barriers pre-
venting development from taking place. In Luled, Gothenburg, Grun-
dartangi, and Isafjordur, it was noted that some of the planned projects
will not be realized unless more grid capacity is put in place. The issues
related to the need for additional electricity were also revealed in the
resources category, as ‘Energy resources’ are seen as the most important
barrier in four of the five cases. Stakeholders in the Husavik case rated
barriers to ‘Raw materials’ and ‘People’ higher than the other cases. The
‘Raw materials’ category is considered difficult as stakeholders per-
taining to the Husavik site were unsure if the effluent CO2 emissions
from the Bakki plant would be of sufficient purity to satisfy EU regula-
tions. Moreover, relating to ‘People’, Huasavik, has a limited skilled
workforce and would likely have to import labor to work in e-methanol

Table 7 outlines the strength of the societal, organizational, and
policy-related barriers identified by stakeholders across the five case
studies.

Barriers related to societal aspects differed substantially, especially
for the two Swedish cases. In Luled, the ‘Lack of system perspective’ is
seen as one of the main barriers to the development of hydrogen-based
fuels. The fragmented approach to addressing the transition to a low-
carbon economy by the Swedish government was stressed by the
stakeholders. In their opinion, this includes siloed decision-making,
limited coordination, and a short-term focus. This is not as evident in
the Gothenburg case, which can be explained by it being a larger port
that already has multiple maritime demands, fuels, and types of storage,
as well as refineries currently using hydrogen, suggesting a sense of
infrastructural readiness. In contrast, at Grundartangi in Iceland, the
‘Lack of system perspective’ was ranked highest out of all the societal
barriers, with stakeholders raising concerns about the scarce coordina-
tion between the government and maritime sector to switch fuels.
Although not scored quite as highly in the other Icelandic cases of
Husavik and fsafjérdur, these same concerns were equally voiced by
stakeholders.

Regarding barriers related to organizational aspects, some differ-
ences were apparent between the case studies. In Gothenburg, the ‘Lack
of operational space’ was seen as a clear hindrance of development,
which can be explained by the limited possibilities to expand the port
area. Also, in the Isafjérdur case, lack of space for production and
storage was communicated by stakeholders, while in the Lulea case, the
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Table 7

Strength of societal, organizational, and policy-related barriers in the five case studies (mean

stakeholder rankings indicated). The highest ranked barrier in each category is marked in yellow.

Grundartangi isafjordur Husavik Luled Gothenburg Sum
Society
Public opinion 2.04 1.78 2.50 1.69 1.54 9.6
Lack of system perspective 2.30 2.06 1.75 2.69 1.15 10.0
Protecting nature 1.75 1.78 2.00 1.15 1.00 7.7
Lack of external
stakeholders 1.88 1.89 1.75 231 1.00 8.8
External stakeholders with
opposite interests 2.04 2.11 2.00 1.38 1.00 8.5
Lack of knowledge 2.13 2.11 2.50 2.31 1.15 10.2
Organizational
Lack of operational space 1.38 2.33 1.00 1.38 2.59 8.7
Resistance to change 2.08 2.17 1.75 1.92 1.54 9.5
Business case 1.92 2.00 1.75 2.08 2.08 9.8
Long timelines 2.33 2.34 2.00 2.31 1.54 10.5
Lack of stakeholders 1.92 1.78 1.50 1.00 1.00 7.2
Stakeholders with opposite
interests 1.92 2.06 1.50 1.31 1.00 7.8
Policies
Policy instruments 1.91 1.84 2.50 2.00 1.00 9.3
Lack of policy instruments 2.64 2.33 2.50 2.69 2.33 12.5
Permitting 1.82 2.11 2.50 1.77 1.62 9.8
Certifications 1.78 2.00 2.50 1.00 n/a* 7.3
Lack of targets 2.18 1.33 2.25 n/a* n/a* 5.8

*n/a means not lifted specifically by the stakeholders in this case.

area linked to the port has already been prepared for new industrial
activities. In all the Icelandic cases and the Luleé case, ‘Long timelines’
were the most highly rated organizational barrier. In this context,
stakeholders discussed problems with making long-term decisions,
which are needed to invest in new technology and infrastructure when
there are many uncertainties involved.

Finally, in all five cases, ‘Lack of policy instruments’ was seen as a
major barrier in the policy category. In all cases, stakeholders discussed
a lack of support for switching to green hydrogen and hydrogen-based
energy carriers, with insufficient policy instruments, especially eco-
nomic, to guide and incentivize developments. In the Icelandic case also
the governmental focus on technology neutrality hinders the

development. Even though some of the barriers are important in all
cases, there is variation between the drivers and their intensity for each
case study, reflecting the differences and multidimensional character-
istics of the ports.

4. Discussion and policy implications

This study has systematically explored and compared the relative
strength of drivers and barriers pertaining to the development of green
hydrogen and hydrogen-based hubs in five selected ports in Iceland and
Sweden. The discussion summarizes the context-specific drivers and
barriers for each hub and development level. Then, it introduces the

Enabling Factors Policy Actions

High costs
Low competitiveness

Reduce the costs cap
(near-term)

Demand uncertainty
(“chicken and egg”)

Clear demand signals

Limited grid capacity
and energy availability supply

Insufficient policy Strengthened policy

instruments instruments
Lack of system Stable and long-term
perspective policy targets

Secure renewable electricity

Offer cost and risk sharing for early movers
Fund pilot projects (Iceland) and upscaling

National and Nordic hydrogen-fuel strategies
and complementary policies, with timelines

Increased national coordination
of energy resources

Strengthened context-specific policy frameworks
Clear signals and engaged political leadership

Targets turned into action
Policies for the entire value chain

Fig. 3. Overview of key barriers, key enabling factors, and main policy actions for breaking the green hydrogen deadlock in Nordic ports. Cost gap refers to the cost
difference between green hydrogen-based fuels and fossil fuels and fossil fuel-based options. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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enabling factors necessary to overcome key barriers that are common
across the Nordic cases. An overview of key barriers and enabling fac-
tors, and the main policy implications are depicted in Fig. 3.

4.1. Context-specific drivers for hydrogen-hubs in the Nordics

In the multi-purpose port of Gothenburg, market and organizational
aspects (e.g., business case and strategy) are more prominent due to the
port's established industrial cluster and focus on adapting existing fossil-
based operations [34]. Stakeholders here emphasized their readiness for
emerging demand, interconnected with the future proofing that is
necessary to maintain competitiveness. Conversely, in Luled and the
three Icelandic cases, resource (energy and raw materials) and policy
drivers are relatively more prominent, reflecting proximity to renewable
sources and industrial synergies. The availability of energy resources is
reliant on policies on the national and local level. This underscores the
importance of establishing policies to increase energy resources at hub
sites in the conceptual and planned development stages of hubs, as
hydrogen-based fuels cannot be developed without appropriate avail-
able energy resources. Societal drivers, such as local acceptance and
collaboration, appear more influential in the Icelandic cases, potentially
due to smaller-scale communities and tourism dependencies, yet they
interconnect with all others by fostering the stakeholder coordination
deemed essential for hydrogen hub development [9,22]. The relative
importance of societal drivers can possibly also be explained by the
Icelandic cases being in more early hub development stages, either
conceptual or planned, compared to the Swedish cases that are in the
initiated hub stage. Table S6 in the appendix illustrates the interplay
between drivers, hub development stages and contextual factors ac-
cording to the text in this section.

Several types of drivers are perceived as important across all five
assessed cases, spanning market, economic, resource, organizational,
and policy-related dimensions, in accordance with the findings of Buo-
nomano et al. [29]. From an overall perspective, new market opportu-
nities and expected cost reductions, which are closely intertwined with
anticipated future consumer demands, emerge as some of the most
important drivers, especially for the Swedish cases which have hubs in
the initiated development phase. These are reinforced by environmental
targets and commitments at multiple scales (global, regional, national,
local, and company levels), which stakeholders from all cases frequently
cited as strong motivating forces. The interconnectedness of these
drivers is a critical insight from the stakeholder's perceptions. Market
opportunities do not exist in isolation; they are amplified by consumer
demands, which in turn are driven by escalating regulatory pressures
and environmental commitments [8,19]. Expected cost reductions
further link these elements, as stakeholders anticipate that rising fossil
fuel taxes and carbon pricing, stemming from policy instruments such as
the EU Emission trading system (ETS) and carbon taxes, will enhance the
competitiveness of green hydrogen-based fuels over time [70,71]. This
creates a virtuous cycle that needs to be unlocked, where international
and Nordic national policy-driven commitments (e.g., Nordic national
roadmaps or similar; [13-17] stimulate market demand, which can then
unlock economic opportunities and justify investment in resource-
intensive production and move the hydrogen hub cases further than
the planned and initiated development phases.

4.2. Context-specific barriers for hubs in the Nordics

Stakeholders across all five cases identified similarities in the pri-
mary barriers to hydrogen-based fuel development and deployment that
supersede context-specific factors and could be features of hub devel-
opmental stages. Economic factors, particularly increased costs
compared to fossil fuels, rated as the most significant overall (followed
by demand uncertainties and competitiveness). These costs span raw
materials, production, storage, distribution, and research and develop-
ment, rendering hydrogen-based fuels currently uncompetitive with

10
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abundant, low-cost fossil alternatives [8,20,21]. This finding is appli-
cable regardless of which development phase the hydrogen hub is in.
Closely intertwined are insufficient or non-existent policy instruments,
including e.g., economic incentives, which were highlighted in every
case as critical impediments to guiding and funding the transition.
However, to overcome such barriers, context-specific policies, for
example, supporting relevant pilot projects in the conceptual and
planned phases for Icelandic cases or funding support possibilities with
built-in-flexibility, allowing for several different measures relevant for
the initiated phase of the Swedish cases to be covered, are important for
further hub development. The concept of context-specific policy
frameworks means that the policies need to reflect context-specific
factors covering local to national characteristics, as well as support
several different aspects of a hydrogen hub depending on what is needed
for its stage and specific context. The earlier mentioned Swedish support
system “Klimatklivet” represents one example of the latter. Infrastruc-
ture and resource constraints, especially limited electricity grid capacity
and energy availability, further compound these challenges, forming a
tightly interconnected web of contextual obstacles that perpetuates the
green hydrogen deadlock [8,20,72,73].

The interconnectedness of several of these barriers is central to un-
derstanding the stalled progress and what hinders further hydrogen hub
development and establishment. High costs do not operate in isolation;
they are amplified by demand uncertainties — the classic ‘chicken-and-
egg’ dilemma — where producers hesitate without assured maritime
uptake, and shipowners delay adoption in the absence of cost-
competitive, readily available fuels and lack of appropriate port infra-
structure [19,74,75]. This uncertainty is deeply linked to inadequate
policy support, as without robust subsidies, carbon pricing, or take-off
agreements, fossil fuels will retain their economic edge for some time
despite IMO and EU decarbonization mandates [5,6,71,76]. As identi-
fied in this inquiry, electricity grid constraints exacerbate this cycle.
There is the possibility that rapid electricity demand growth from
‘greening’ industries risks outpacing supply, potentially constraining
production. This is especially relevant for northern Sweden, which
currently exports electricity but may become a net importer by 2035, as
electricity demand is projected to double, driven mainly by planned
green industrial initiatives [77].

Alamoush [27] highlights key determinants for port decarbonization
beyond technological challenges. The determinants of interorganiza-
tional relationships, capacities and economic conditions, complexity,
and size impact the different cases capacities to develop hydrogen hubs.
The context-specific differences between the cases reveal how these
interconnections vary locally. Table S7 in the appendix provides an
illustration of the interplay between context-specific and developmental
factors for the barriers. In Gothenburg, operational space constraints
and uncertain maritime demand intensify cost and policy barriers within
a mature, space-limited port [34]. In Luled and the three Icelandic cases,
energy and electricity grid bottlenecks are more acute, partly due to
infrastructure issues but also due to ambitious industrial scaling in the
case of 840 MW ammonia production facility planned at Grundartangi
[51] and several industrial plans in the Luled region. Safety concerns,
which were rated higher in Iceland, particularly for ammonia were also
confirmed in the Gothenburg case. They link to factors ranging from
technical immaturity to societal and regulatory barriers, especially near
residential or tourism areas. Across all sites, the lack of a systemic
perspective in governance hinders coordination, allowing the siloed
decision-making described by Corcoran et al. [8] to perpetuate mis-
aligned incentives and infrastructure development delays.

4.3. Enabling factors and policy implications

The dualistic nature of drivers and barriers — where the same cate-
gories (costs, policies, energy resources) emerge as both drivers and
barriers — reflects perspective-dependent tensions and systemic un-
certainties [78]. For example, stakeholders anticipate future cost
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reductions via policy-driven carbon taxes and scale-up, yet market-
related barriers such as current low carbon pricing, legacy fossil infra-
structure, lobbying from the fossil fuel industry and limited production
volumes sustain high costs as a dominant barrier [8,70]. Similarly,
renewable energy abundance is a perceived driver in Iceland and
northern Sweden, but insufficient grid expansion and competing secto-
ral demands (e.g., steel de-fossilization in Luled via HYBRIT; [59])
transform it into a binding constraint. Long permitting timelines and
fragmented governance further entrench these interconnections,
delaying infrastructure developments and reinforcing investor caution
[58].

The empirical evidence from these case studies reveals a clear policy
imperative: costs, competitiveness, demand uncertainty, grid capacity
and the linked access to renewable electricity, and insufficient policy
instruments (independent of development stage) form the main barriers
that must be dismantled in tandem to unlock hydrogen hubs and move
them forward in the development stages. Notably, these barriers are
present in all cases, regardless of context-specific factors, which suggests
they are shared challenges that could be experienced when developing
hydrogen hubs in the Nordics or worldwide. These barriers are not
isolated hurdles but deeply interdependent since high costs will persist
without demand certainty, grid bottlenecks constrain scale-up, and
weak policy fails to bridge either gap. Addressing one in isolation risks
perpetuating the “green hydrogen deadlock” [20]. Breaking it requires
addressing root causes holistically. Without coordinated context-specific
policy frameworks that simultaneously tackle cost competitiveness,
secure energy supply, and stimulate demand, incremental progress risks
stalling. As an example, several stakeholders linked to the Port of
Gothenburg emphasize that the transition in this region is slowed down
by the uncertain demand and cost for green hydrogen-based fuels which
are connected to the lack of sufficient policies [76]. In this case, policies
for supporting the upscaling of hydrogen-based fuels and for securing
demand are called for. The transition of Nordic ports to become
hydrogen hubs demands integrated strategies that align economic,
technical, and regulatory levers, which, based on the inquiry's five case
studies, is precisely where the current barriers remain most entangled.

Thus, the overall identified enabling factors for the case studies,
interconnected in many ways, include reduced cost and clearer demand
for hydrogen-based fuels (or higher cost for fossil fuels) also in the near
term, a secure supply of renewable electricity for hydrogen-based fuel
projects, and policy instruments that can support these pursuits and
support the transition to hydrogen-based fuels in the Nordic countries in
the short-term (illustrated in Fig. 3). These enabling factors are in line
with the enabling factors developed for comparing the national pre-
requisites for development and delivery of low-emission hydrogen
production projects in a global context presented by IEA [11]. As
hydrogen-fuel related and context-specific policy frameworks might
influence other enabling factors, they are vital for both development and
deployment of such fuels, as also indicated by IEA [11] where policies
had the highest relative importance among the enabling factors.

In terms of policy needs, recommendations (summarized in Fig. 3)
are specified to support the development of hydrogen hubs linked to
Nordic ports based on the case study outcomes. It is important that
policies reflect context-specific factors covering local to national char-
acteristics as well as the development stage of the hydrogen hub. For
example, the Icelandic cases that are in the conceptual and planned
development phases are more in need of advancement policies such as
the financing of pilot plants in the hubs. The Swedish cases, that are in
the initiated development phases, are more in need of policies that are
aimed at upscaling and securing demand, key aspects in moving towards
ultimate establishment. The current policy framework also needs to be
strengthened in general and include policies that support the entire
value chain of hydrogen-based fuels, development phases of hydrogen
hubs, as well as different types of fuels (as indicated by the perceived
importance of the lack of policies in all case studies). It is key to secure
demand for hydrogen-based fuels in the short-term, i.e., there is a need
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to complement the EU policies with national or Nordic policies that
focus on promoting national and regional demand in the coming years
and support early movers. This has also been argued for by DNV et al.
[19], and is further confirmed by Statkraft's decision, earlier leading the
planned hydrogen production plant in the Port of Gothenburg, to stop
their activities in the hydrogen area partly due to difficulties in finding
off-takers prepared to absorb the cost for their product in the near-term
[79]. Also, Flodén et al. [76] confirm that there is insufficient support
for retrofitting or changing ship fleets in the short to mid-term. How-
ever, ambitious science-based targets on a company level might support
investments, which may also be undertaken in the short-term, given that
the companies strive to fulfil their targets in the short-term - the Swedish
truck manufacturer Scania investing in the Stegra green steel project
being one such example).

In Iceland and Sweden there is a need for clearer signals and political
leadership in the hydrogen-based fuel area, as overall goals and targets
must be translated into actions for development and deployment to be
realized. This was indicated partly by the ‘Lack of system perspective’
barrier, and overcoming this is especially important given the currently
uncertain global situation, exemplified by indications at the EU level
that the hydrogen targets will not be met [80] and the decision in
October 2025 to postpone by one year the decision on a global IMO
policy for maritime fuels (the so-called Net-Zero Framework) [81]. In
Iceland, there are ambitious targets for hydrogen-based fuels and policy
proposals, but there is a lack of coherence in planning, which means that
policy suggestions have not been implemented in practice [8,16]. On the
other hand, in Sweden, the national targets lack a quantitative level,
mainly highlighting hydrogen as a driver for the transition to a fossil-
free energy system [62].

The interest and initiatives for different types of hydrogen-based
fuels also need to be aligned with expected demand. This can be
exemplified by the Icelandic situation, where there is an interest in
producing ammonia while the Icelandic maritime industries are
currently more interested in methanol [8,16]. In Sweden, there are
several parallel tracks with hydrogen for industrial applications and e-
fuels for shipping and aviation including methanol and ammonia [15],
but a lack of clear governmental guidance.

The cost gap between hydrogen-based fuels and fossil fuels needs to
be reduced [19]. Besides promoting demand, there also needs to be
additional funding support for relevant pilot projects in Iceland (as
mentioned earlier), whereas in Sweden the support should be directed
towards upscaling of hydrogen-based fuel-related projects. The market
will not be able to solve the required upscaling on its own nor make sure
that the demand is aligned with the supply. The related cost and other
risks for early movers must be shared with society.

In addition, increased national or regional coordination on energy
resources and electricity availability, including grid capacity, is called
for in the Nordic countries to reduce the risk of electricity shortages
[82]. Linked to this, it is important to gain an increased understanding of
how industries, ports, and society can become better connected to
reduce costs and investment risks [23]. Linked to several of the assessed
case studies, there are considerable opportunities for innovative sector
couplings and energy system integration, which, if realized, would
reduce the cost of hydrogen-based fuels. However, policies must more
clearly support and unlock this potential for industrial symbiosis. There
is also the possibility of linking the development of hydrogen hubs more
clearly to the energy security issue, which has the potential to become a
more important driver in the Nordic countries in the future. This is
acknowledged by the Swedish Government which recognizes the
importance of efficient integration of hydrogen with electricity and
heating systems to enhance the security of supply [83]. Policy support
should also be available across the hydrogen value chain. Support for
production must come hand in hand with demand stimulations and
support for infrastructure investments, e.g., in ports.

Hydrogen-based fuels are often linked to complex processes, and in
general, more knowledge is needed among regulators and investors on
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hydrogen-based fuels and their complex nature. This is also true for
potential early movers, represented by established energy companies
that are based on another core business, for projects to be realized and
successful. For the Nordic countries to become global frontrunners, a
stronger policy framework needs to be put in place soon as the devel-
opment of hydrogen-based fuels in countries such as China is acceler-
ating [33,84].

Without more context-specific efforts from the government, barriers
to hydrogen-based fuels can create a complex system characterized by
fragmented efforts and information gaps among stakeholders [8,20].
This lack of coordination can perpetuate the “green hydrogen deadlock”
[20], where progress is hindered by the inability of stakeholders, each
focused on specific sub-sets of issues, to effectively collaborate and share
knowledge [8,20]. As shown in the case studies, frontrunners in the
hydrogen-based fuel area are crucial for the implementation and further
development of hydrogen-based hubs, but the political and market
conditions must also be in place for realization.

4.4. Limitations and future work

Achieving comparable qualitative datasets and synthesizing results
with potential causal explanations is challenging [42]. To mitigate this,
participants were presented with definitions of the drivers and barriers
as shown in Tables S4 and S5 in the Appendix. The quantitative ratings
of the drivers and barriers from the 64 interviews relied on stakeholder
perceptions rather than any hard data, for example, on grid congestion
and techno-economic feasibility. While the ranking sessions demon-
strate stakeholder perceptions of the relative strengths of drivers and
barriers for hydrogen-based fuel hubs in the Nordic region, the extent of
the rankings should be interpreted with appropriate caution. Due to
scheduling conflicts, some stakeholders in Iceland could not attend both
the interviews and rankings sessions. The omission of their perspectives
potentially impacts the results. The reference to mean ratings can,
however, mask outliers and this study was not a longitudinal one, and
thus it was not possible to assess how perceptions may have shifted in
recent years, for instance, due to the emergence of new policies, but this
could be an interesting avenue for future research. The methods could
have included an established assessment structure, such as a Delphi
survey [85]. However, the Delphi method was rejected as it is better-
suited when seeking a consensus, rather than eliciting multiple per-
spectives, which was the aim of this study [86].

More specific studies on relevant policy instruments and policy mixes
for the Nordic countries according to hydrogen hub development stages
are needed. Linked to this, the impact in the Nordic countries of policies
introduced to promote hydrogen on an EU and national level should be
assessed, such as the competitive auctions for hydrogen production
supported by the EU Innovation Fund via the European Hydrogen Bank.
Further research should explore the drivers and barriers linked to
development phases of hydrogen hubs. Also, the importance of national
and EU strategies for hydrogen (or lack of them) should be evaluated.
The role of various stakeholders and successful initiatives for realizing
hydrogen-based fuel hubs in the Nordic countries, as well as green
shipping corridors, also warrants further investigation. It is also
important to set the development in the Nordic countries in relation to
the development of hydrogen-based fuels in the rest of the world.

5. Conclusions

This comparative study investigated how stakeholders perceive the
relative strength of drivers and barriers, shaping the development of
hydrogen-based fuel hubs within five Nordic ports. The analysis iden-
tifies both similarities and differences across the ports, noting context-
specific factors and clarifying the pathway from hub conceptualization
to implementation. For instance, stakeholders for the port of Gothen-
burg perceived market and organizational drivers as being stronger than
Luleé and the Icelandic cases. All cases rated environmental targets and

12

Energy Research & Social Science 138 (2026) 104848

commitments at multiple scales as strong drivers for pursuing green
hydrogen-based fuels.

The differences in the strength of barriers reflect specific contextual
factors, such as Iceland's limited grid capacity and Sweden's already
established industrial synergies and sector coupling. Each case study is
part of a complex energy system in different port settings, involving
features such as industrial production, district heating, and various de-
mands, which require considerations and coordination when realizing
the implementation of green hydrogen and hydrogen-based energy
carriers. Energy system integration and sector coupling are enablers in
port decarbonization and thus crucial for realizing the hydrogen hub
concept in Nordic ports.

Despite the differences between ports and hub development stages,
several similarities dominated the barriers: High costs, low competi-
tiveness, limited grid capacity, and insufficient policy instruments
emerged as highly rated barriers in all five Nordic ports. These are not
isolated hurdles, but interconnected barriers that both exacerbate the
green hydrogen deadlock and underscore its magnitude within the
Nordic region. Stakeholders stressed a lack of support for switching to
hydrogen-based fuels, with no case study exhibiting adequate economic
incentives to enable the cost gap with fossil fuels to be bridged.

Critically, several of the same categories emerged as dualistic drivers
and barriers in this study. Energy resources drive the general perception
of feasibility in Iceland and Luled, yet become barriers when demand
outpaces supply; various policy commitments from the IMO, EU, and
individual nations motivate action but falter without sufficient eco-
nomic support; market opportunities and customer demand are top-
rated drivers yet remain static amid cost and regulatory uncertainty. It
is evident that although the market and its stakeholders are critical to
the potential establishment of hydrogen hubs, it is insufficient to resolve
the green hydrogen deadlock. It is necessary for national governments,
in the Nordic region and elsewhere, to act decisively in providing the
necessary economic support and leadership. Breaking the deadlock can
include policy measures tailored to the development stage of a hub, such
as the funding of pilot projects and research and development programs
for conceptual hubs to reach the initiated hub stage. For initiated hubs,
support for up-scaling and demand stimulations are needed, which
could involve consumer guarantees for hydrogen-based fuel projects,
levying ever increasing carbon taxes on fossil fuels, and creating
comprehensive holistic roadmaps for the establishment of hydrogen
hubs. The latter should be according to prescribed timescales and
aligned with EU, IMO, and national policy imperatives for the decar-
bonization of the maritime and industrial sector.
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