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Abstract: The United Kingdom (UK) shipping industry is facing calls to set out more robust decar-
bonisation plans. In light of the economic challenges facing the country, including the cost-of-living
crisis and energy security considerations, the UK government has outlined plans to spearhead several
‘green’ developments. It is of paramount importance to understand how best to integrate the domestic
maritime sector into this process by promoting the adoption of low-carbon marine fuels such as
hydrogen and ammonia. However, there is a limited understanding of what are the most suitable
locations for the early adoption of such fuels in the UK. The sustainability transitions literature
offers interesting insights into how marine fuel transitions can unfold, by combining the study of
market factors with various non-market socio-technical forces. Previous academic work has shown
the importance of location and proximity in facilitating alternative marine fuel transitions. This
paper builds onto that work by applying a socio-technical transitions framework to develop a set of
indicators to ascertain the suitability of potential locations for the early adoption of hydrogen and
ammonia as marine fuels in the UK. This paper explores these dynamics by combining evidence
from documentary sources, a UK ship voyages database, and interviews with key stakeholders.
Furthermore, three specific case studies are analysed in detail to outline key drivers for the adoption
of hydrogen and ammonia. The findings show that there is a significant difference across the UK
in regional viability for the early adoption of hydrogen and ammonia, with some of the best suited
sites being in the north of Scotland (Orkney), south of England (the Solent-Isle of Wight), and east of
England (Felixstowe-Harwich).
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1. Introduction

The United Kingdom (UK) government’s ‘Industrial Strategy’ highlights that 40% of
UK energy use comes from transport [1], whilst research commissioned by the UK Depart-
ment for Transport identified hydrogen and ammonia amongst options for zero carbon
marine fuels [2]. Furthermore, the UK ‘Clean Maritime Plan’ has set an ambition to ‘drive
the transition to zero emission shipping’ with the aim that all vessels put into operation
from 2025 onwards are designed with a zero emission propulsion capacity [3]. Many of
these reports highlight the role of ‘clusters’ and emphasise the creation of ‘decarbonisation
pathways’. The UK ‘Industrial Decarbonisation Strategy’ also commits to a 2050 net zero
target and the creation of ‘at least four low-carbon clusters by 2030′ [4]. The new UK gov-
ernment is likely to continue along a similar path, as is evident in its desire to decarbonise
the electricity grid and deliver ‘clean power’ by 2030 [5]. These various commitments,
when combined with a sense of urgency created by the ongoing climate crisis, highlight the
importance of a detailed study into understanding low-carbon transition pathways for all
UK economic sectors, including shipping. When it comes to shipping, the role of suitable
locations for early low-carbon shipping niches can be paramount in creating successful
transition pathways for low-carbon marine fuels [6].
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This paper aims to explore what are the most suitable geographic locations for the
early adoption of green and blue hydrogen and ammonia as marine fuels which can be
scaled in the medium to long term (up to 2050) (for the purposes of this study, ‘green’
hydrogen and ammonia are defined as those produced by using renewable electricity to
create hydrogen through the electrolysis of water, ‘grey’ as those produced from the steam-
methane reformation of natural gas, and ‘blue’ as fuels produced via the ‘grey’ production
pathway but with carbon capture and storage). The study presents the initial findings from
establishing a set of key indicators that can be used to ascertain the suitability and success
of marine fuel transitions in UK ports. The indicators are created through insights from
the ‘sustainability transitions’ and ‘economic geography’ literature and are specifically
designed to identify sites for the early adoption of hydrogen and ammonia as marine fuels
in the UK. Hydrogen and ammonia are chosen since they have so far been discussed as
the two most promising options for shipping decarbonisation [2,7]. However, the hope is
that these indicators can be generalised and applied to other marine fuels and regions in
the future. The indicators are also used to inform the sites for three ‘case studies’, which
are then researched in more detail. These cases offer valuable insights regarding local
challenges and opportunities facing hydrogen and ammonia adoption in the UK.

2. Literature Review

Understanding regional factors and how they affect fuel adoption has been an area
of growing academic interest. The focus of this research study is to better understand
the following:

• How can regional factors impact the viability of the early adoption of hydrogen and
ammonia as marine fuels in the UK?

From a research topic perspective, the study can be broken down into two areas of
relevance when it comes to understanding the potential literature gaps:

1. The research gap relating to the development of regional indicators for the adoption
of alternative fuels and/or technologies.

2. The research gap relating to the understanding of hydrogen and ammonia adoption
dynamics, particularly in the UK.

Regarding the first research gap, multiple studies have been carried out to understand
regional factors affecting maritime decarbonisation, wider mobility sustainability transition
challenges, and the adoption of hydrogen-derived fuels. In terms of studies beyond trans-
port, economic geography has been used to understand diffusion dynamics for renewable
energy and hydrogen-derived fuels. Most studies focused on the social/market aspect
of diffusion, with some applying a household [8], community [9], or market lens [10].
However, these do not offer a deeper understanding of the socio-technical challenges and
system factors necessary to fully appreciate how the diffusion of a new fuel can go from the
first pilot to a functional niche market. Studies which offer a deeper market lens usually
focus on sustainable development or market performance [11,12].

In terms of indicators for low-carbon transitions which take a wider socio-technical lens,
several studies have also been undertaken [13,14]. Williams and Robinson [13] outlined a set of
such indicators anchored within the Science and Technology Studies (STS) literature. Other
studies have provided a more in-depth look into policy and longitudinal developments, but
mostly remained driven by market and policy indicators and have not been specific to the mar-
itime sector [15]. Similarly, Walz and Kohler [14] discuss using the Multilevel Perspective (MLP)
(A conceptual framework developed by Frank Geels and others within the socio-technical
transitions literature to provide a way of evaluating socio-technical transitions [16–19]. The
framework looks at transitions via three mutually interacting levels through which transitions
take place, these being the ‘niche’ where radical innovations can be shielded and nurtured, the
established ‘regime’ of routines and ways of working, and the exogenous ‘landscape’ which
exerts long-term changes on the regime) to provide interesting insights for the development of
market-led indicators to assess sustainability transitions and offer indicators for ‘actors’ and
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‘complementary sectors’. However, even though eco-innovations and alternative fuel adoption
are related, they are not equivalent processes. Consequently, care should be taken when adapt-
ing such approaches to hydrogen and ammonia, since a fuel transition has a more pronounced
focus in areas beyond innovation. Some such insights relating to actors and networks are
areas where frameworks such as work on the internal dynamics of ‘protective spaces’ [20] and
the geography of sustainability transitions [21] can complement the MLP. Other frameworks
such as the Maritime Sustainability Transitions Framework (MarSTF) (The MarSTF framework
is based on the idea that the MLP is a useful heuristic to study socio-technical transitions in
shipping, but in order to offer a deeper appreciation of how such transitions can unfold, the
framework is expanded with notions of spatial and non-spatial proximity [22] and insights
from the behaviour of niche actors [6]) [6,23] further highlight the deeper appreciation of the
role of geography and actors in a fuel transition.

Several studies have outlined the role of local conditions for the successful adoption of
radical innovations in transport [24–26]. These studies highlight the relevance of complex
sets of regional factors in mobility system innovation dynamics. Some of these studies
consider wider social norms and provide research frameworks which include qualitative
data-gathering through interviews [24,26], but none give the deeper socio-technical analysis
that is necessary to provide a better understanding of long-term diffusion processes. Within
the maritime sector, multiple studies have emphasised the role of spatial factors in terms of
their impact on radical technology diffusion [27–29], but no specific study has looked at
these issues in-depth through a comparison of factors which can make certain localities
favourable. This lack of analysis is also evident in empirical studies focusing on the UK.

Regarding the second research gap concerning the adoption of hydrogen and ammonia
as energy vectors in the UK, most studies undertaken apply a technical or economic
perspective to ascertain the suitability of ammonia [30–32] or hydrogen [33,34] in a certain
locality or under specific criteria. According to most research into economic and market
aspects, such a transition is in the form of reports [2,7,35,36], with significantly less in
the form of academic papers [37–40]. The main area of focus tends to be policy and
economic factors, with only a few studies exploring socio-technical factors relevant for a
hydrogen/ammonia transition [37,38,40]. With regards to the work on shipping, Lloyd’s
Register (LR) and UMAS [7] outlined possible transition pathways in shipping, including
some initial insights on hydrogen and ammonia, but the study does not offer UK-specific
insights. Similarly, the Royal Society [35] provides interesting insights on the development
of policy options and general conditions for ammonia adoption in the UK but does not
offer a detailed analysis of the maritime sector.

Hansson et al. [37] offer some more systems-based insights regarding hydrogen and
ammonia adoption as marine fuels, but do not focus on geography, or the UK, and provide
only limited insights on the role of actors. From the perspective of geography and identifying
the most suitable sites for ammonia and hydrogen adoption in the UK, E4tech and UMAS [2]
provide the most detailed analysis of ‘clusters’ for the adoption of such fuels in the maritime
sector. However, the study lacks granularity in analysing specific local factors (e.g., local
endowments) and has a principal focus on technical and market drivers. Consequently, it can be
concluded that there is a lack of insights into socio-technical factors that can be used to identify
the most suitable sites for the adoption of hydrogen and ammonia as marine fuels in the UK.

3. Methods

The indicators presented in this paper are informed by previous work on transition indi-
cators. To develop the indicators used for this study, several relevant academic sources within
the sustainability transitions academic tradition related to energy transitions were compiled
(Table 1). The compiled work was used as a starting point for the creation of a heuristic
conceptual framework based on the MLP [18]. Each of the outlined approaches was mapped
according to established MLP categories to identify potential guidelines for the creation of
relevant indicators. Care was taken to identify relevant empirical and theory-building MLP
work, with a focus on the specific areas of policy and actor/network interactions [41].
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Table 1. Comparison of relevant conceptual heuristics for indicator development.

Socio-Technical
System Levels

Studied Heuristics

Protective Spaces [20] MLP [41] Eco-Innovation [14] MarSTF (Application) [23]

Landscape

Socio-economic trends
Macro-economic trends

Macro-political developments
Deep cultural patterns

National sustainability
characteristics

Structural
changes/perceptions

Regime

Industry structure
Technologies/infrastructure

Knowledge base
User relations
Public policies

Cultural significance

Changing:
laws/regulations/norms

technologies
networks

Infrastructure (e.g.,
water/transport/supply)

Technology/supply
Finance
Policy

Demand (for fuels)
Civil society

(e.g., actors/networks)

Eco-efficiency
(e.g., energy/material use)

Niche
Shielding
Nurturing

Empowering

Learning processes
Powerful actors
Innovation use

Market/geographic niches

Niches (e.g., transport,
energy supply, energy

efficiency)

The development process was informed by work on eco-innovation indicators by Walz
and Kohler [14], as well as the broader understanding of the ‘geography of sustainability
transitions’ [21]. The ‘regime’ level dynamics were further explored at the ‘niche’ or
‘protective space’ level by applying insights from Smith and Raven [20] to understand
what possible local actor/network interactions might additionally facilitate successful
hydrogen/ammonia adoption. In addition, the MarSTF framework, a heuristic developed
from the MLP and previously empirically applied to the study of fuel transitions in shipping,
was used to gather empirical insights on marine indicator application [23].

The compiled approaches from Table 1 were compared, and through a process of
elimination and iteration with emphasis on the relevance of hydrogen/ammonia adoption,
the approaches were reduced to a heuristic conceptual framework outlined in Figure 1.
The developed MLP approach emphasises the role that actors, networks, and their relative
proximity to various resource endowments (e.g., renewable energy, innovation clusters,
energy producers, etc.) can play in the creation of viable niche markets for a novel fuel.
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Figure 1. Factors influencing adoption of hydrogen and ammonia in a MLP perspective.

The indicators are focused on a combination of national, regional, and international scales
to ascertain various relevant aspects for a certain area to be suitable for the early adoption
of hydrogen and ammonia as marine fuels. The developed framework was applied to the
top 50 key international and domestic ports in the UK based on their ranking in 2019, in
connection to combined sales of heavy fuel oil (HFO) and marine diesel oil (MDO) fuels (The
information on sales is gathered from AIS data and various databases). Fuel sale data were
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used to give a broad estimate of the key ports responsible for most UK energy demand. The
ranked ports were grouped into respective ‘clusters’ based on their relative proximity to each
other (i.e., if they are in a 50 km radius they are part of a single cluster (the 50 km radius is
applied as the measure of proximity with ports to consider them part of a single cluster. The
justification is that within such a distance (i.e., 50 km radius or 100 km diameter), it is possible
for actors to realistically interact in-person on a daily basis)).

The analysis resulted in 16 clusters (a list of all respective ports and clusters is available
in Table A2 of the Appendix A). For each port and cluster, a detailed analysis of various
drivers responsible for hydrogen/ammonia adoption on a local, regional, and national
levels was carried out to produce a set of detailed sub-indicators for respective clusters
based on the following broad guidelines:

1. Infrastructure—presence of hydrogen and ammonia bunkering infrastructure.
2. Policies—presence of policies to support the adoption of hydrogen and ammonia.
3. Actors/networks—presence of key actors and networks facilitating the adoption of

hydrogen and ammonia.
4. Local energy demand—existence of other energy demand sources for hydrogen/ammonia.
5. Shipping niches—existence of shipping niches for the adoption of hydrogen and ammonia.

For each of these indicator groups, detailed sub-groups of indicators were developed
to provide the necessary granularity for indicator values for each cluster (a detailed list
of all indicator values per cluster and per indicator type are available in Table A1 of the
Appendix A). The detailed outline of the different criteria used for each indicator are
available in Table A3. The data used to add the numbering values to the indicators are
based on a combined qualitative and quantitative analysis.

The quantitative analysis mostly concentrated on automatic identification system
(AIS) maritime traffic and port fuel sale data for UK ports and ships calling at a particular
port, which was then used to approximate the level of port activity. The data on port calls
are used to approximate domestic and international shipping traffic. The data are based
on the port calls by ships at UK ports in 2019, which are broken down by the number
of port calls, fuel demand, and the mapping of vessel types. The aim of this step in the
process is to identify the key UK port clusters by energy demand and to separate these
by the types of vessels calling at those ports (In addition, the data were used to rank the
UK ports by port HFO sales. The top 100 ports by HFO sales were identified and the
top 50 were grouped into specific ‘clusters’ as outlined in the results. Ports which were
within the top 100 but not top 50 were also added to already defined clusters). Further
quantification was undertaken later in the preparation of the indicators (Table A3). For
example, several indicators for ‘shipping niches’ are based on volumes of HFO sales within
that port cluster in order to ascertain the possible volume of local energy demand, which
could translate to hydrogen and ammonia demand in the future. In addition, multiple
sources of statistical data were used to develop sub-indicator groups outlined in Table A3
(e.g., Office for National Statistics, International Energy Agency (IEA), National Grid, etc.).

The qualitative data used in the analysis are based on a documentary analysis of existing
policy documents, annual reports, and news articles relating to the adoption of hydrogen and
ammonia as marine fuels in the UK and around broader relevant decarbonisation strategies.
These data were triangulated with semi-structured interviews with key actors who had first-
hand knowledge of developments pertaining to hydrogen and ammonia in the UK. The
interviews were used to collect qualitative data to explore in-depth the usefulness of indicators
in three case studies. The interview approach was based on insights from Creswell [42],
and the preliminary research was used to initiate a snowball sampling method [43,44]. This
approach is in line with a principal aim of process-tracing, which is to identify key actors
who had the most involvement in ‘processes of interest’ [44]. The results were scored on
the relevance of specific issues for the adoption of hydrogen and ammonia. Based on this
review, the indicators were modified to better reflect stakeholder concerns and were then used
by the authors to score the clusters. The scoring process included an internal review by the
authors. The scoring algorithms are given in the Appendix A (Table A3). This study can be
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considered a first step in the development of socio-technical indicators for marine alternative
fuel adoption. Further studies in this field could benefit from the application of the Delphi
method [45] or other similar approaches to increase analytical depth.

4. Results

The key findings from the indicators analysis are given in Figures 2 and 3. Figure 2
shows the geographic location of the 16 clusters as well as that of the combined top 50 ports.
As can be seen from Figure 2, the clusters and ports are relatively evenly distributed
through the UK, showing that all constituent nations and large regions of the UK have the
potential to be early adopters of hydrogen and ammonia as marine fuels, but some have a
higher potential based on scoring. It is interesting to note that most ports do form clusters,
with only a small number of (i.e., less than five) top ports falling outside of a cluster.
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Figure 3. Breakdown of key hydrogen/ammonia indicators by port cluster.

4.1. Narrative Results—Case Studies and Interviews
4.1.1. Case Choice

To study indicators in more depth and review the preliminary indicator findings, three
qualitative case studies were developed. The case studies apply documentary evidence in
combination with interview findings. The interview data are analysed through a process-
tracing approach [46,47]. The case studies were chosen based on the scores obtained in
the preliminary indicator analysis. In addition, special consideration was given to ensure
broad geographic distribution and diversity [6], whilst favouring cases which can provide
more ‘generalized inferences’ [48] and provide in-depth focus, which can represent the
broader cluster population [49]. The chosen cases can be considered ‘maximum variation
cases’ [48] due to their geographic diversity, type of port traffic, and local socio-economic
features. As can be seen from Table 2, the cases offer a significant level of variability based
on local characteristics across indicators, but also offer significant overlap to allow for more
generalized inferences.

Table 2. Comparison of 3 case studies—maturity of indicator group developments.

Case 1 (Orkney) Case 2 (Dover) Case 3 (Solent-Isle of Wight)

1. Infrastructure MEDIUM LOW MEDIUM

2. Policies and finance HIGH LOW HIGH

3. Actors/networks HIGH MEDIUM HIGH

4. Energy demand/local characteristics HIGH MEDIUM MEDIUM

5. Shipping niches and other MEDIUM MEDIUM MEDIUM

4.1.2. Case 1—Orkney Isles

Description: The case study is focused on the Orkney archipelago in the northeast
of Scotland. The case scored very highly in the initial rankings, especially with respect
to actors, networks, and energy. The geographic position in the northern end of Scotland
provides a unique example of where, under the right policy conditions, green hydrogen
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usage could become competitive [50]. In addition, evidence suggests that the relatively
remote and decentralised local regime has created unique local conditions for hydrogen
adoption [51].

Infrastructure: Several hydrogen projects have been planned on Orkney or are already
producing green hydrogen. The first of these was the Orkney 0.5 MW ‘Surf ‘n’ Turf’
project on Eday [52], with the first hydrogen from tidal energy and community wind
power produced in 2017 [53]. Since this initial demonstration project, at least six additional
projects have been under development or are already producing hydrogen (based on
cross-referencing information provided by the ‘Orkney Hydrogen Strategy’ [52], with
other sources). Orkney has no previous existing grey hydrogen or ammonia infrastructure,
and all current projects and project plans are for green hydrogen. In addition, several
types of storage facilities for hydrogen have been under development, with the first ones
becoming operational in 2017 [52]. The islands are well known for their perceived small-
scale domestic wind and tidal power [54] endowments. Furthermore, local perceptions
of solar power usage are also well established. However, the Orkney electricity grid has
limited potential for the export of tidal power to mainland Britain [54]. This limitation
has been linked to the desire for the exploration of possible local uses, in line with local
policy [52] and highlighted as ‘over production of energy’ [55]. Concerning ammonia, there
has been less traction; in 2021, a proposed ammonia plant was under the early stages of
planning/development [56].

Policies and finance: most relevant policies relate to national and devolved govern-
ment level policies. Local actors played an important role in informal developments
through facilitation [52]. In 2019, the Orkney Islands Council adopted the ‘Orkney Hydro-
gen Strategy’ [52], highlighting the promotion of the production and development of green
hydrogen usage on the islands [57]. On a devolved level, there are several relevant poli-
cies/guidelines such as the ‘Local energy policy statement’ and the related ‘The future of
energy in Scotland: Scottish Energy Strategy’ [58], including other UK and Scottish national
strategy and policies (Examples: ‘Clean Growth Strategy’ [59], ‘Industrial Strategy’ [1],
‘Clean Air Strategy’ [60], ‘25 Year Environmental Plan’ [61]). It is interesting to note that
future marine targets have also been highlighted by the Islands Council [52] and outlined
as possible market opportunities.

Actors/networks: The interviewees expressed the importance of local actors in the
transition. However, little distinction seems to have been made between actors and net-
works, with interviewees generally describing the two interchangeably. The Orkney Islands
Council (OIC) has supported several projects as a partner, including the ReFLEX project in
2019 [55], the Surf ‘n’ Turf project in 2017 [62], and others. The European Energy Marine
Centre (EMEC) played a vital role for Orkney in facilitating local developments related
to hydrogen infrastructure by identifying potential developmental opportunities, setting
developmental expectations, and facilitating pilot projects, with Surf ‘n’ Turf being the
primary example. Additionally, the local community in Orkney seems to be perceived as
significantly attentive to climate change and to the related utilisation of local renewable
energy resources. There is a local uptake of over 500 domestic scale wind turbines [63]. The
creation and vocal presence of organisations such as the Orkney Renewable Energy Forum
(OREF) [63] further supports this. In addition, from an energy perspective, companies such
as Orkney Hydrogen Trading (OHT) and the shareholder ITM Power, are also present in
Orkney [64].

Energy demand/local characteristics: It seems that most current demand for renew-
ables is met locally to power homes and local businesses. There is potential for Orkney to
use hydrogen for district heating [65]; this has been piloted on Shapinsay island through
the ‘Big Hit’ project [66]. Some potential suggestions concerning the usage of renewable
energy for powering farming equipment and fishing vessels have also been suggested.
However, the combination of a large potential for renewable energy production and a weak
grid connection to mainland Scotland seems to be a key driver in developing hydrogen as



J. Mar. Sci. Eng. 2024, 12, 1517 9 of 22

a means of energy storage and the consequent use of hydrogen locally. Hydrogen ferries
have also been considered as a solution for Orkney.

Shipping niches and other: The key niche is the regular ferry connections between
the Scottish mainland and the Orkney isles. This liner route, due to the relatively small
energy demand and regular service requirements, was outlined as a potential key example
of a possible hydrogen-fuelled ferry connection. However, it was never fully realised, due
to regulatory obstacles and functions through development in the ‘HySeas III’ project; it
is currently used as an electric ferry connection, where hydrogen is used for shore-side
electricity storage [67].

4.1.3. Case 2—Dover

Description: The case is centred on the Port of Dover and on traffic emanating from
the port. Unlike the other cases, the key element of this case is the heavy reliance on
international shipping, in particular the Dover–Calais ferry route. Additionally, the case is
in relatively close proximity to the Greater London conurbation and in theory could benefit
from hydrogen supply developments in the Greater London area.

Infrastructure: Infrastructure developments are least developed when compared to
the other two cases, with no significant development of hydrogen and ammonia within
the cluster. The most significant hydrogen developments are several pilot fuel cell buses
within Greater London [68]. In Dover, challenges were identified in relation to the limited
local availability of hydrogen for future maritime use.

Policies and finance: Within Dover, the existence of the Calais–Dover liner ferry route
is the key potential area for hydrogen and hydrogen-derived fuel usage. Policies which can
facilitate this development are currently not significantly established. Additionally, it has
been mentioned in interviews that investment for bunkering infrastructure and a supply
of hydrogen would be key to create such opportunities. Most of the policies in place are
at the national level and there exist concerns regarding differences between UK and EU
regulations, and regarding how this might affect future bunkering procedures.

Actors/networks: The council and county authorities in Dover do not seem to be
significantly involved in promoting hydrogen usage. However, the presence of some of
the largest ferry operators in Europe within the port creates interesting opportunities for
knowledge diffusion and the future adoption of alternatives such as hydrogen and ammonia.

Energy demand/local characteristics: The case study reveals that there is a sizeable
energy demand from significant population centres around Greater London and Kent,
and there are potential land-based synergies with public transport, heavy goods vehicles
(HGVs), and district heating. The Isle of Grain generates 1326 MW annually from natural
gas [69], supporting industry and domestic electricity demand. From 2019 to 2020, a
feasibility study for the usage of the facility to produce ‘decarbonised hydrogen’ for supply
to London and southeastern England was undertaken [70]. Additionally, a limitation on
the local electric grid in Dover could open other avenues for hydrogen uptake.

Shipping niches and other: The case study reveals that there is a significant energy
demand from liner ferry routes in Dover. The unique geographic position of Dover offers
opportunities to become a hydrogen and ammonia fuel-bunkering hub for various vessels
passing from the English Channel to the North Sea and vice versa, including containerships
and cruise ships. The main challenge for the route is the international nature of the
Dover–Calais route, which poses some regulatory challenges for a transition to hydrogen
and ammonia.

4.1.4. Case 3—Solent-Isle of Wight

Description: The case is in many ways the most developed in terms of maritime infras-
tructure and includes elements of the other two cases, as well as unique local conditions.
Similar to Orkney, the case includes the Isle of Wight with its local communities; here, there
is renewable energy potential through solar energy and liner shipping short sea routes
to mainland Britain. Like Dover, it includes liner shipping routes to France and Spain
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from Portsmouth. In addition, the Port of Southampton includes significant container and
chemical tanker traffic as well as significant local oil and gas refining due to the presence of
the Fawley Refinery [71,72].

Infrastructure: In many ways, this case area has the most developed infrastructure
out of all three case study areas, which includes the Fawley Hydrogen Plant [71,72], the
solar plant on the Isle of Wight [73], and high renewable energy endowments. These
developments are complemented with an existing refining capacity around Southampton
and large international ports in Southampton and Portsmouth. However, perceptions
persist amongst some that the local production of hydrogen might not meet the necessary
demand and that long-term supply remains uncertain.

Policies and finance: Locally, there have been moves within Portsmouth, Southampton,
and on the Isle of Wight to create climate policies and net-zero plans in all localities. In
this respect, the case study has been more progressive towards climate change issues
compared to the Dover case study, but it seems that these plans did not translate to the
same mobilisation of resources and actions towards hydrogen and ammonia, as was the
case for Orkney, apart from some utilisation of government grants such as the ‘Zebra Fund’
for electric buses [74]. Similarly, uncertainties remain surrounding financing the required
infrastructure and associated developments for hydrogen and ammonia.

Actors/networks: Compared to the other case studies, the Solent has the largest
concentration of various relevant actors due to the large shipping clusters in Southampton
and Portsmouth, in addition to the international shipping routes, and liner ferry shipping
routes to the Isle of Wight. Shipowners and small-scale operators have played a key role in
facilitating new technology uptake, whilst some promotion of hydrogen also came from
the Isle of Wight Council, with some perceptions showing MCA approval process issues as
contributing to the slow-down of hydrogen adoption, with some associations (i.e., EMEC)
and local universities supporting local research and development.

Energy demand/local characteristics: There is also a perception amongst some that the
electricity grid provisions on the Isle of Wight are limited and that such limited provisions
make the electrification of the local ferry industry difficult; this is further compounded by
the electrification issues identified when using electric buses on local rural roads. However,
there is significant local solar potential. Similarly, there are perceived limitations to onshore
wind from perceived local opposition.

Shipping niches and other: The usage of hydrogen might pose benefits compared to
electricity from a technical and bunkering perspective. In addition, the local ferry routes
between the mainland and the Isle of Wight provide an interesting niche for the usage of
hydrogen and ammonia ferries. Other potential niches which could be explored include
the substantial cruise industry in the Solent and cruise ferries operating internationally to
the French coast.

4.1.5. Case Comparison and Conclusions

The three cases can be considered quite different and when looked at in detail, they
provide an interesting overview of the situation regarding hydrogen and ammonia pro-
duction, demand, and possible usage within the UK (Table 3). All three cases show a
general tendency towards the development of more usage of hydrogen as a marine fuel
and indicate that using hydrogen and ammonia as fuels is a potentially viable option. As
can be seen from Table 4, the cases implied the relevance of local actors in developing the
right conditions for hydrogen, which in combination with local renewable energy potential,
played a key role in developments. Similarly, the cases implied that the existing grey infras-
tructure for hydrogen and ammonia might potentially be less relevant for developments
than general decarbonisation plans and renewable energy potentials. In all cases, as was
outlined by several interviewees, the role of the regulators, in this case the MCA, was
shown to play a significant role in stifling development. In particular, regulators could
significantly hinder developments by showing opposition to the adoption of hydrogen and
ammonia due to perceived safety issues [75].
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Table 3. Key attributes of the 3 case studies.

Case 1—Orkney Case 2—Dover Case 3—Solent-Isle of Wight

1. Infrastructure

Energy endowments:

• Offshore Wind

H2/NH3 production:

• Hydrogen Plant Eday

H2/NH3 storage:

• Pilot Projects

Energy endowments:

• Offshore Wind

H2/NH3 production:

• No

H2/NH3 storage:

• Limited, some pilot H2 in
Greater London

Energy endowments:

• Solar
• Offshore Wind

H2/NH3 production:

• Fawley Refinery

H2/NH3 storage:

• Hydrogen Super Hub (planning)

2. Policies

Local:

• Orkney Sustainable
Energy Strategy

• Hydrogen Strategy

National:

• Clean Maritime Plan
• The National Plan for

Scotland’s Islands
• Scottish Government’s

Climate Change Plan

International:

• IMO Decarb. Plans

Local:

• Pathways to Net Zero Carbon
by 2030

National:

• Clean Maritime Plan

International:

• IMO Decarb. Plans

Local:

• Southampton—Climate
Emergency and Net Zero Plan
by 2030

• Isle of Wight—Plan for Carbon
Neutrality by 2030

• Portsmouth—Plan for Carbon
Neutrality by 2030

National:

• Clean Maritime Plan

International:

• IMO Decarb. Plans

3. Actors/
networks

Networks:

• OREF
• SHFCA

Energy and R&D:

• ITM Power
• Eneus Energy
• Symbio FCell
• EMEC

Shipping:

• Orkney Ferries

Local policy:

• Orkney Island Council
• Shapinsay

Development Trust

National policy:

• MCA, Scottish
Government

Networks:

• Greater London Authority

Energy and R&D:

• Equinor
• Wartsila
• HSSMI

Shipping:

• P and O Ferries
• DFDS
• Port of Dover
• Port of London Authority

Local policy:

• Minimal involvement

National policy:

• MCA

Networks:

• OREF

Energy and R&D:

• University of Southampton
• EMEC
• SGN

Shipping:

• Port of Southampton
• Portsmouth Port
• Red Funnel
• Wightlink
• Carnival
• DFDS
• Brittany Ferries

Local policy:

• Isle of Wight Council
• Southampton City Council
• Portsmouth City Council

National policy:

• MCA

4. Energy
demand/local
characteristics

• No gas grid
• Shortsea ferry
• No electric grid

• Public transport
• International ferry
• High population density

• Public transport
• International ferry
• Shortsea ferry
• Planned hydrogen district heating

5. Shipping
niches and other

• Significant ferry traffic
• Previous hydrogen

projects

• Significant ferry traffic
• Cruise ferry traffic and

containerships
• SOx emission concern
• Limited previous hydrogen

projects

• Significant ferry traffic
• Cruise ferry traffic and

containerships
• SOX emission concerns
• Previous hydrogen projects
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Table 4. Key changes to indicators based on case study findings.

Initial Area Key Interviewee Insights Effect on Indicators

1 Infrastructure • Aligned with original metrics • N/A

2 Policies • Relevance of local investment climate • Already included through financial policies

3 Actors/networks

• Actors with positive ‘ideology’ to hydrogen
and decarbonisation

• Minimal insights which would separate
‘networks’ group from ‘actors’ group

• Difficult to find consistent metrics through
UK, not included

• Merging ‘networks’ and ‘actors’ groups

4 Local energy/
demand characteristics

• Importance of local electricity grid capacity on
choosing between electrification and hydrogen

• Safety concerns in very highly populated areas
have to be taken into account in case of H2

• Relevance of tidal power

• Positive weighting for areas with lower grid
connection capacity

• Increased weighing for mid population
densities, decreased for very low (i.e., low
demand) and very high (i.e., additional
safety concerns)

• Tidal power not included due to still
perceived development challenges

5 Shipping
niches/other

• Importance of air quality issues on adoption of
local measures.

• Inclusion of SOX emissions to indicator
weighing.

The findings from the narrative approach were utilised to further refine the findings
from the quantitative results (Table 4). Based on these insights, the actors group and
networks group were combined due to the findings showing a lack of any perceived
difference in relevance between the two concepts. In addition, several local metrics such as
the importance of the electricity grids, population density, and air quality issues were also
identified by interviewees and consequently integrated in the indicator sub-groups.

4.2. Quantitative Results

The narrative findings were used to further refine the information used to develop
the indicators. The quantitative results, as outlined in Figure 2, show the overall combined
numerical indicator values for the adoption of such fuels in the UK. As can be seen, the
clusters are evenly distributed through the UK with large coastal port clusters in many
areas such as Harwich/Felixstowe, Southampton/Portsmouth, Humber, Glasgow also
corresponding to large maritime clusters for the adoption of hydrogen and ammonia.
However, other areas such as Orkney and Shetland also feature prominently, even though
they do not have large industrial clusters; they are prominent due to their diverse local
renewable energy potential, groupings of actors (i.e., Orkney), and a developed local
maritime niche.

Three clusters, these being ‘A’, ‘K’, and ‘O’, can be considered as having the largest
potential for the early adoption of hydrogen and ammonia (i.e., cumulative indicator value
of over 15) (For each indicator category, cumulative figures are given without additional
weighing. Specific weighing was performed implicitly in the sub-indicators for each cate-
gory (Table A3) based on the discussion between actors and the assessment of information
from the collected interviews and documentary data). These clusters are very diverse;
whereas ‘A’ is mostly characterised by fishing and local ferry connections, ‘K’ and ‘O’ are
large international clusters with significant container traffic, but also international ferry
routes. Cluster ‘O’ is in many ways the most diverse, as it has container traffic, chemi-
cal tankers, ammonia production, hydrogen production, as well as local domestic ferry
connections (i.e., to the Isle of Wight) and a cruise terminal.

As can be seen from Figure 3, there is significant diversity in overall indicator values
for different clusters, but also in the proportion of certain indicators being strongly present
in certain clusters. Some clusters such as ‘H’ have a high ‘infrastructure’ ranking due to the
significant presence of existing hydrogen and ammonia production facilities but rank quite
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low in the actors and networks category. Other clusters such as ‘A’ score quite highly in the
actors the networks category; even though they have relatively low shipping traffic and a
significantly smaller industrial base, they have many hydrogen/ammonia actors present.
The evidence given is based on indicator scoring undertaken at the cluster level; as can
be seen from Figure 4, the indicator values tend to be lower for clusters with less ports if
the scoring is performed at a port level. This is to be expected, since such scoring rewards
clusters with more ports. However, due to the close proximity of ports in a cluster and the
assumed close developmental co-dependence of hydrogen/ammonia infrastructure, this
study gives preference to cluster-level scoring.
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5. Conclusions

The previous section outlined key qualitative and quantitative findings of this pa-
per. What these results seem to imply is that socio-technical transitions can be used to
offer valuable novel insights into ascertaining the viability of various geographic sites for
the early adoption of hydrogen and ammonia as marine fuels. The qualitative findings
show that rich narratives obtained from interviewees can help to highlight unique local
circumstances, which make certain sites attractive for the adoption of alternative fuels
and can consequently be used to better outline quantitative indicators. The combined
indicators used in this paper are loosely based on the MLP and apply it as a heuristic to
guide the analysis; however, only certain aspects of sustainability transitions theory which
are applicable in this specific context are utilized.

When looking back at the research question raised in this paper, the indicators overall
show the heterogeneity of sites for the adoption of hydrogen and ammonia across the UK.
In addition, the richness of local attributes in a great many sites was observed, and some
areas of lower industrial density offer unique local opportunities, such as domestic ferries
and fishing vessels, whilst also allowing for the utilisation of renewable energy resources.
Future analyses should consider the interaction between UK sites with those overseas,
especially in neighbouring countries such as Ireland, France, Netherlands, and Spain. With
the growing pressure on decarbonisation and the need for more freight and passengers to
be moved around by land compared to air, such routes potentially offer interesting new
possibilities for decarbonisation. Finally, in the longer term, understanding how these
indicators can be linked with transition pathways for shipping, made more granular, and
potentially more accurate remains an area for further study.
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STS Science and Technology Studies
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Appendix A

Table A1. List of all indicator values for each cluster, broken down by indicator group at cluster level.

Cluster Combined Indicator
Scoring—Cluster Level

1.
Infrastructure

2.
Policies

3.
Actors and
Networks

4.
Local Energy

Demand

5.
Shipping

Niches

A 21 2 4 6 5 4

B 11 1 3 3 3 1

C 12 1 2 6 2 1

D 14 2 2 6 3 1

E 10 2 1 2 3 2

F 8 0 0 0 4 4

G 11 1 1 5 2 2

H 9 3 0 1 2 3

I 8 1 1 2 2 2

J 13 2 1 4 3 3

K 17 2 3 6 4 2

L 7 3 0 0 2 2

M 12 3 0 6 1 2

N 14 1 1 5 4 3

O 19 2 5 6 3 3

P 6 0 0 1 3 2

Table A2. List of key ports analysed for indicators.

Cluster: Port Ranking: Name:

K 1 Felixstowe

O 2 Itchen

H 3 Immingham

N 4 Thames

J 5 Liverpool

O 6 Southampton

O 7 Eling

NONE 8 Hound Point Terminal

O 9 Fawley

C-D 10 Aberdeen

N 11 Dover

F 12 Belfast

L 13 Steynton

H 14 Hull

N 15 Tilbury

O 16 Portsmouth

G 17 Teesport
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Table A2. Cont.

Cluster: Port Ranking: Name:

G 18 Tees

P 19 Flushing

M 20 Portbury

NONE 21 Portland Uk

N 22 Purfleet

NONE 23 Grangemouth

C 24 Peterhead

O 25 Marchwood

G 26 White Hill Point

H 27 Withernsea

K 28 North Cove

I 29 Holyhead

J 30 Tranmere

K 31 Harwich

A 32 Scapa Bay

N 33 Broadstairs

L 34 Milford Haven

P 35 Plymouth

N 36 Sheerness

E 37 Claonaig

E 38 Greenock

K 39 Great Yarmouth

NONE 40 Buchan

P 41 Porthoustock

NONE 42 Etrick Field

J 43 Eastham

J 44 Heysham

B 45 Lerwick

H 46 Grimsby

L-M 47 Port Talbot

F 48 Cairnryan

B 49 Maryfield, Bressay

G 50 Howdon

A 51 Hatston

D 52 Catterline

C 53 Fraserburgh

A 54 Scrabster

F 55 Larne

I 56 Loch Ryan Pt

K 57 Orford
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Table A2. Cont.

Cluster: Port Ranking: Name:

NONE 58 Warrenpoint

B 59 Bruray Out Skerries

E 60 Oban

K 61 Lowestoft

NONE 62 Barrow-In-Furness

D 63 Montrose

C 64 Rosehearty

M 65 Avonmouth

I 66 Dulas Bay

Table A3. In most cases 50 km is applied as the measure of proximity. This is taken as a rule of thumb
and is based on a combination of the fact that within such a distance (i.e., 50 km radius, or 100 km
diameter) it is possible for actors to realistically interact in-person on a daily basis due to road and
public transport distances involved. Each 50 km radius cluster is taken as the basis for the scoring
being undertaken, so more than one port within each cluster may have some of the indicator values.
Description of developed indicator groups and sub-groups.

Indicator Group: Indicator
Sub-Group: Definition of Sub-Group:

Scoring Algorithm for
Each Sub-Group

Indicator

Scoring Algorithm at
Cluster Level

(Cumulative Score for
Indicator Group)

1. Infrastructure

A
Presence of grey/brown
hydrogen/ammonia storage
facilities within 50 km radius

YES/NO
(0/1/2 *)
* counts

hydrogen/ammonia
separately

0 = none
1 = ≥1 in 1 sub-group
2 = ≥1 in 2 sub-groups
3 = ≥1 in 3 sub-groups
4 = 1 in 4 sub-groups
5 = 1 in 3 sub-groups,

2 in 1 sub-group
6 = 2 in 2 sub-groups,
≥1 in 2 sub-groups

B
Presence of grey/brown
hydrogen/ammonia plants within
50 km radius

YES/NO
(0/1/2 *)
* counts

hydrogen/ammonia
separately

C

Presence of green/blue
hydrogen/ammonia plants in
operation, or development within
50 km radius

YES/NO
(0/1/2 *)

* counts hydrogen/
ammonia separately

D

Presence of renewable energy
endowments which can be used for
small scale green
hydrogen/ammonia production
within 50 km radius—large wind
power plants or tidal (over 100 MW
of capacity in intermittent sources
within 50 km radius)

YES/NO
(0/1/2 *)

* counts up to 2 types of
renewable energy

endowments
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Table A3. Cont.

Indicator Group: Indicator
Sub-Group: Definition of Sub-Group:

Scoring Algorithm for
Each Sub-Group

Indicator

Scoring Algorithm at
Cluster Level

(Cumulative Score for
Indicator Group)

2. Policies

A Local government policies with
commitment to decarbonisation

YES/NO
(0/1/2 *)

* counts up to two types
of policies

0 = none
1 = ≥1 in 1 sub-group
2 = ≥1 in 2 sub-groups
3 = ≥1 in 3 sub-groups
4 = 1 in 2 sub-groups,

2 in 1 sub-group
5 = 2 in 2 sub-groups,

1 in 1 sub-group
6 = 2 in 3 sub-groups

B
National/devolved government
policies which can uniquely favour
decarbonisation in a local area

YES/NO
(0/1/2 *)

* counts up to two types
of policies

C
Any policies which make a local
area particularly favourable for
hydrogen/ammonia adoption

YES/NO
(0/1/2 *)

* counts up to two types
of policies

3. Actors and
Networks

A

Presence of public actors with strong
commitment to decarbonisation
(non-shipping): policy, government,
local government—within 50 km
radius

YES/NO
(0/1/2 *)

* counts up to two actors

0 = none
1 = ≥1 in 1 sub-group
2 = ≥1 in 2 sub-groups
3 = ≥1 in 3 sub-groups
4 = 1 in 4 sub-groups

5 = 1 in 5 sub-groups or
1 in 4 sub-groups,
2 in 1 sub-group

6 = ≥1 in 2 sub-groups,
and 2 in 2 sub-groups;
or ≥1 in 4 sub-groups,
and 2 in 1 sub-groups;
or ≥1 in 6 sub-groups

B

Presence of shipping actors linked to
decarbonisation: ship-owners, ship
charterers, bunkering suppliers, port
authority, shipbuilders—within
50 km radius

YES/NO
(0/1/2 *)

* counts up to two actors

C

Presence of R&D actors linked to
decarbonisation: engine
manufacturers, research institutes,
etc.—within 50 km radius

YES/NO
(0/1/2 *)

* counts up to two actors

D
Presence of existing
hydrogen/ammonia actors—within
50 km radius

YES/NO
(0/1/2 *)

* counts up
to two actors

E

Local shipping actors and key
non-shipping actors (e.g., local
government, energy, transport)
involved in formal networks linked
to decarbonisation—within 50 km
radius

YES/NO
(0/1/2 *)

* counts up
to two actors

F
Formal decarbonisation networks
around hydrogen/ammonia—
within 50 km radius

YES/NO
(0/1/2 *)

* counts up to
two networks
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Table A3. Cont.

Indicator Group: Indicator
Sub-Group: Definition of Sub-Group:

Scoring Algorithm for
Each Sub-Group

Indicator

Scoring Algorithm at
Cluster Level

(Cumulative Score for
Indicator Group)

4. Local energy
demand

A

Local demand—district heating,
industry, fertilisers, large local town
(i.e., public transport potential—
town/city over 100,000) which can be
used for any type of hydrogen/
ammonia—within 50 km radius

YES/NO
(0/1/2 *)

* counts up to two types
of demand

0 = none
1 = ≥1 in 1 sub-group
2 = ≥1 in 2 sub-groups
3 = ≥1 in 3 sub-groups
4 = 1 in 4 sub-groups

5 = ≥1 in 4 sub-groups
and 2 in sub-groups A or
B; or ≥1 in 5 sub-groups
6 = ≥1 in 4 sub-groups

and 2 in sub-groups A and
B; or ≥1 in 5 sub-groups
and 2 in sub-groups A or
B; or ≥1 in 6 sub-groups

B
Local demand for low-carbon
hydrogen ammonia in
particular—within 50 km radius

YES/NO
(0/1/2 *)

* counts up to two types
of demand

C No gas grid in area YES/NO
(0/1)

D Regular ferry connection within
50 km radius

YES/NO
(0/1)

E
Electric grid connection of at least
electricity transmission system within
5 km which has 132 kV current

YES/NO
(0/1)

F

Population density—
VERY HIGH (above 7 deciles, safety
considerations amplified, score 0),
VERY LOW (below 3 deciles, limited
demand, score 0)
MIDDLE density (between 3 and
7 deciles, optimal, score 1)

YES/NO
(0/1)

5. Shipping
niches
and other

A

Local ro-ro/ferry traffic accounting for
over 20,000 t HFO+MDO sales
annually (It should be noted that
indicator 4D is aimed at understanding
the relevance of the presence of a
possible niche for the early adoption of
hydrogen and ammonia through use
on a possible pilot project, whereas
indicator 5A aims to address the
possibility of longer-term demand
growth in areas where there could be
scalable energy demand for the usage
of hydrogen and ammonia.)

YES/NO
(0/1)

0 = none
1 = ≥1 in 1 sub-group
2 = ≥1 in 2 sub-groups
3 = ≥1 in 3 sub-groups
4 = ≥1 in 4 sub-groups
5 = ≥1 in 5 sub-groups
6 = ≥1 in 6 sub-groups

B
Local chemical tanker accounting for
over 20,000 t HFO+MDO
sales annually

YES/NO
(0/1)

C
At least 20,000 t HFO+MDO sales
where ships go to from same port as
end port in UK

YES/NO
(0/1)

D Local cruise demand of at least
20,000 t HFO+MDO amount

YES/NO
(0/1)

E At least 20,000 t HFO+MDO sales
from fishing

YES/NO
(0/1)

F
Existing or previous hydrogen/
ammonia vessel project (within
50 km radius)

YES/NO
(0/1)
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Table A4. List of interviewees.

Interviewee Description
Interviewee Relevance

Case 1 Case 2 Case 3 National

Interviewee 1 Senior port safety official NO YES NO YES
Interviewee 2 Senior hydrogen representative YES NO NO YES
Interviewee 3 Senior transport official NO NO YES NO
Interviewee 4 Senior hydrogen technical official YES NO YES YES
Interviewee 5 Senior hydrogen representative YES YES YES YES
Interviewee 6 Senior port decarbonisation official NO YES NO YES
Interviewee 7 Senior maritime decarbonisation official YES NO NO YES
Interviewee 8 Senior shipowner representative NO YES NO NO
Interviewee 9 Senior hydrogen policy official YES NO NO YES

Interviewee 10 Senior shipowner representative NO NO YES NO
Interviewee 11 Senior maritime civil service official YES YES YES YES
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