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HIGHLIGHTS

e Desirable hydrogen futures will rest on more than a repurposing of pipelines.

o Policymaking should couple techno-economic feasibility to social acceptability.

e Multi-regime interactions can enable synergies for blue and green hydrogen.

o Hydrogen backbones should be examined as a multi- and cross-scalar phenomenon.
e Socio-technical systems thinking supports an accelerated and just transition.

ARTICLE INFO ABSTRACT
Keywords: The feasibility of the global energy transition may rest on the ability of nations to harness hydrogen’s potential
Domestic hydrogen transition for cross-sectoral decarbonization. In countries historically reliant on natural gas for domestic heating and
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Public perceptions

cooking such as the UK, hydrogen may prove critical to meeting net-zero targets and strengthening energy se-
curity. In response, the UK government is targeting industrial decarbonization via hydrogen, with parallel in-
terest in deploying hydrogen-fueled appliances for businesses and homes. However, prospective hydrogen
futures, and especially the domestic hydrogen transition, face multiple barriers which reflect the cross-sectoral
dynamics of achieving economies of scale and social acceptance. Addressing these challenges calls for a deep
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understanding of socio-technical factors across different scales of the hydrogen economy. In response, this paper
develops a socio-technical systems framework for overcoming barriers to the domestic transition, which is
applied to the UK context. The paper demonstrates that future strategies should account for interactions between
political, techno-economic, technical, market, and social dimensions of the hydrogen transition. In parallel to
techno-economic feasibility, the right policies will be needed to create an even playing field for green hydrogen
technologies, while also supporting stakeholder symbiosis and consumer buy-in. Future studies should grapple
with how an effective repurposing of pipelines, policies, and public perceptions can be aligned to accelerate the
development of the hydrogen economy, with maximum net benefits for society and the environment.

1. Introduction

Despite sustained scientific’ and commercial® interest over several
decades, hydrogen’s promise as a revolutionary clean energy carrier has
been largely characterized by ‘false starts’ [1] and ‘false dawns’ [2].
Hydrogen’s shortcomings [3] are partly explained by high infrastructure
costs for production, storage, and distribution; owing to its low energy
density per volume, explosive characteristics, and ability to cause
embrittlement in metals such as steel [1]. Indeed, the safety credentials
of hydrogen have been debated for several decades [4-7] in relation to
various sectors and applications [8], including transport, [9,10], power
[11-13], industry [14,15], handling and storage [16-20], and more
recently, residential use [21-23]. Consequently, hydrogen technology
remains a contested topic [24], characterized by blurred representations
between myths and facts [25], especially in relation to hazards and risks
[4].

As an energy vector with multiple applications across a wide range of
energy systems [26]° hydrogen is highly coveted for its climate change
mitigation potential [27,28]. Critically, hydrogen may provide large-
scale electricity storage and load-balancing services [29]. In addition
to supporting emissions reduction across industry and transport
[30-32], hydrogen has also been recognized as a potential low-carbon
substitute for natural gas, which may prove critical to decarbonizing
the residential heating sector [33]. Hydrogen heating could present an
important energy transition pathway in some of Europe’s key markets,
[34-36], especially those historically reliant on natural gas [37], such as
the UK and Netherlands [38-40]. Notably, the Committee on Climate
Change (CCC) envisions a role for hydrogen in decarbonizing the UK’s
residential sector as part of a low-carbon hybrid heating system aligned
to net zero [41].

1.1. The UK Hydrogen Strategy

In the run up to the 26th UN Climate Change Conference of the
Parties (COP26) in Glasgow [42], the UK released its Hydrogen Strategy
[43] followed by the Heat and Buildings Strategy [44], which built off
the vision set forward in the Ten Point Plan for a Green Industrial
Revolution [45]. As a forerunner to these strategies, the Scottish Gov-
ernment Hydrogen Policy Statement [46] exemplified the UK’s push to
be at the ‘technology core’ [47] of the global hydrogen economy. Taken
together, these strategies support a ‘no and low regrets’ approach to
developing hydrogen solutions for the residential sector,” while con-
fronting “strategic challenges” to realizing a national hydrogen economy
[43]. The UK government identified eight main barriers to developing a
national hydrogen economy: policy and regulatory uncertainty;

1 For example, machine learning research on hydrogen’s physical properties
[386] and its potential for energy storage [387,388] has its foundations in
scientific work from the 1920s [389].

2 The concept of a global ‘hydrogen economy’ can be traced back to at least
the 1970s [390-392].

% See Fig. 44 in Griffiths et al. [26] for an illustration of hydrogen’s role in the
energy system.

4 Included are plans for a hydrogen neighborhood and village trial by 2023
and 2025, and potential for scaling up to a hydrogen town trial in 2026 [43,44].

technological and commercial risk; production costs; lack of infra-
structure; distribution and storage constraints; demand uncertainty;
supply and demand coordination; and lack of market structure [43].

The UK Hydrogen Strategy envisions a ‘twin track’ production
approach; combining large volumes of CCUS-enabled and electrolytic
hydrogen to help future-proof the country’s net zero ambitions by
avoiding over reliance on a single technology pathway [43]. Guided by
the twin-track approach, the UK hydrogen landscape is rapidly evolving
to include a range of industrial, commercial, and domestic applications
[43,48]. Following the release of the British Energy Security Strategy in
April 2022 [49], the UK government has committed to at least 50%
electrolytic hydrogen production (i.e. 5 GW), in parallel to a regional
focus on the deployment of blue hydrogen hubs around industrial
clusters [50,51].

Critically, the CCC forecasts that hydrogen demand will need to in-
crease from 27 TWh in 2017 to 270 TWh by 2050 to enable the UK to
meet its carbon target of net-neutrality by 2050 [52]. This decade, the
bulk of hydrogen demand will come from industry (~10-21 TWh), with
modest demand potential from the power (~0-10 TWh) and transport
(0-6 TWh) sectors [43]. In contrast, demand for low-carbon hydrogen
heating in buildings may be constrained to under 1 TWh. Evidently, the
feasibility of hydrogen homes is contingent upon developments across
other sectors, while the underlying “hydrogen socio-technical system” is
embedded within the wider energy transition [26].

1.2. Re-envisioning the hydrogen economy

Against this backdrop of historic, current, and emerging barriers,
there is renewed global interest and commitment towards realizing
hydrogen’s long-held potential for improving local air quality, miti-
gating climate change [53-55], strengthening energy security [56,57]
and improving international competitiveness [55]. Capitalizing on the
current “political and business momentum” towards realizing visions for
a national hydrogen economy will require coordinated action on at least
five fronts: policy frameworks; market structures; technology scale-up;
infrastructure development; and costs reduction [58]. At the global
level, developing a hydrogen economy will similarly rest on a minimum
of five key levers: favorable policy frameworks that create a market pull;
new national and international regulatory frameworks to address
finance, tax, environment, and safety aspects; stakeholder engagement
with public and private actors to deliver a roadmap; demand for energy
storage and electricity grid balancing; and sustained commitment to
reducing greenhouse gas (GHG) emissions and strengthening energy
security [59].

1.3. Research gap, aims, and objectives

Although setbacks and barriers to the commercialization of hydrogen
have long persisted [60], with certain aspects catalogued and explored
by the research community [1,59,61,62], few studies have attempted to
unpack the interactions between socio-technical factors shaping pro-
spective ‘hydrogen futures’ [55]. Despite the imperative to decarbonize,
potential barriers to the domestic hydrogen transition (DHT) remain
underexplored [63]. Foremost, there remains an underlying knowledge
gap regarding the interactions between respective socio-technical
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factors and their contribution to facilitating the deployment of
‘hydrogen homes’; composed of hydrogen-fueled appliances for do-
mestic space heating, hot water, and cooking [22].

In response, this study sets out to advance the discourse on pro-
spective hydrogen futures by examining the multi-level and multi-scalar
challenges of the DHT. Accordingly, the next sections engage directly
with sustainable transition researchers, hydrogen experts, energy
acceptance scholars, and policymakers through three main objectives.
Reflecting the notion that technical change is “an irremediably social
process” [64] wherein technology and society co-evolve [65], the first
objective is to develop a socio-technical systems framework for exam-
ining the DHT. Socio-technical analysis provides a powerful lens for
understanding technology deployment in the context of systemic
change, wherein the multi-directionality of the transition and role of
different actors can be highlighted [66]. Applying the proposed frame-
work, the second objective involves reviewing the main barriers to the
DHT. Bridging these contributions, the final objective rests with
demonstrating the applicability of the framework by taking the UK as a
case study. This three-fold contribution serves to consolidate the nascent
literature on domestic hydrogen futures [23,37,67] into a more sub-
stantive research area for further exploration.

The paper is structured as follows to fulfil its aim and objectives.
Following this introduction, Section 2 describes the materials and
methods. Next, Section 3 develops a socio-technical systems framework
for examining the hydrogen transition. Applying this framework from a
UK perspective, Section 4 reviews the techno-economic, technical, po-
litical, market, and social factors shaping the DHT. Section 5 then ana-
lyzes the interactions between socio-technical barriers to the DHT in the
UK context.” The paper concludes by reflecting on the key findings and
implications for future research.

2. Methodology and data collection

This paper draws on evidence from a range of sources, including
academic papers, technical reports, government documents, and survey
studies in the grey literature (see Fig. 1). In deriving a comprehensive
socio-technical systems framework, Section 3 engages with the energy
transitions and hydrogen future literatures. Taken together, this initial
step paves the way for systematically examining barriers to the DHT in
Section 4.

Firstly, Section 3.1 contextualizes seminal contributions to the sus-
tainable technology transitions discourse, which can be traced back to
Geels’ Multi-Level Perspective (MLP) [65,68,69]. Snowballing methods
are employed drawing on both early [65,69] and more recent contri-
butions to socio-technical systems thinking [70], including the meta-
theoretical study on national energy transitions by Cherp et al. [71].
The rest of section describes the procedures undertaken to complete the
theoretical analysis in Section 3 and the review presented in Section 4.

2.1. Hydrogen futures literature and bibliometric analysis

Section 3.2 develops a critical literature review, following a keyword
search in Scopus. Scopus provides broader coverage than alternative
databases, making it well suited to the study of emerging research topics
[72]. The following terms were searched for within the article title,
abstract, and keywords: “barriers” AND “hydrogen” AND ‘“economy.”
The search returned a total of 291 results.®

The initial search was narrowed to studies since 2006; coinciding
with the seminal contribution of McDowall and Eames [55], which
synthesized the early ‘hydrogen futures’ literature, and in the process,

5 These barriers present an interacting boundary for researchers to interpret,
demarcate, and apply accordingly, rather than a definitive classification.

® The same search in Web of Science returned 238 results, with no additional
studies of interest.
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identified at least 17 distinct barriers to the hydrogen economy (see
Table S1).” This search returned 250 results, of which 39 papers dis-
cussed barriers to the hydrogen economy in a detailed way.® Employing
snowballing techniques (see Section 3.2) led to the retrieval of five
additional studies.’ The final sample size (n = 44) is comparable to
recent review papers on the hydrogen economy, such as Kar et al. [73]
(n = 53), Emodi et al. [74] (n = 43), and Scovell [75] (n = 27).

Fig. 2 shows that nearly two-thirds of the sample are from 2020 to
2022 (n = 28), with half of these studies published in 2022 (n = 14). This
trend reflects historical patterns in developing hydrogen energy tech-
nologies (HETSs), mirroring the Gartner hype cycle [76]. Once popular-
ized, the notion of a hydrogen economy soon became synonymous with
‘hype-disappointment cycles’ [77,78], which cast uncertainty over the
viability of HETs [79]. Despite earlier decades of false starts [2], the
recent increase in studies suggests this decade may prove a critical
juncture for shaping the realization of a low-carbon, global hydrogen
economy.

Following the database search and snowballing procedure, VOS
viewer was used to establish the co-occurrence network of keywords and
their clusters across the dataset. VOS viewer provides a powerful tool for
generating and analyzing bibliometric networks, such as journals and
co-citations [80]. The first step involved creating a network visualiza-
tion of the co-occurrence between all keywords (i.e. number of occur-
rences set to one), which resulted in 125 connected items (total 148)
made up of 18 clusters (see Fig. 3).'° The largest cluster contained 12
items, while the smallest cluster contained three items, composed of
“non-economic barriers,” “power to gas,” and variable renewable en-
ergy.” Interestingly, Cluster 8 included “economic barriers” connected
to 7 items mainly associated with the transport sector.'! Cluster 12 also
presented the term “barriers” connected to “geological limitations,”
“legal framework,” “social acceptance,” “technical limitations,” and
“underground hydrogen storage.” Clusters containing the items non-
economic barriers, economic barriers, and barriers were connected to
more recent studies on the hydrogen economy (see Fig. S1).

The next step involved setting the co-occurrence threshold at two,
implying that these keywords are repeated at least twice in the title,
abstract, or keywords section of the articles. This reduced the previous
result from 148 to 17 and produced five clusters. Cluster 1 displayed a
strong techno-economic focus, including the word “barriers” and three
connected items: “hydrogen economy,” hydrogen production,” and
“hydrogen storage” (see Fig. 4). Overall, the database search and sub-
sequent bibliometric analysis confirmed that the challenges facing the
hydrogen transition remain underexplored in the literature; albeit recent
trends suggest that this knowledge gap is being increasingly addressed
by international researchers (See Section 3.3).

”

2.2. Literature materials on socio-technical factors and bibliometric
analysis

The analysis of socio-technical barriers to the DHT presented in
Section 4 follows a non-structured method; according to the guidelines
of the ‘snowballing’ approach and by trial-and-error using keyword

7 The study in among the top 20 most cited articles on the ‘hydrogen econ-
omy’ [72].

8 For example, we excluded studies which only mentioned barriers in a
generalized way (e.g. [393-395]), as well as highly technical papers which
were non-related to our discussion of the hydrogen transition.

9 Notably, Balat and Kirtay [159] ranks among the top articles with the
highest 180 days usage count [72].

10 Ant colony denotes the use of ant colony optimization (ACO) algorithm
[311].

1 Diesel engines, heavy-duty trucks, hydrogen fuel cell vehicles, hydrogen
fuel cells, transport, transition, and low-carbon society,
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Fig. 2. Number of studies on barriers to the hydrogen economy, 2006-2022.

searches in different databases [81,82].]2 Snowball logic relies on
identifying references or citations of interest within already retrieved
literature [81,83].'° This technique is effective for quickly gauging the
richness of research materials associated with a given subject area [84]
and efficient retrieval of relevant literature [85,86]. Compared to
implementing specific search strings to perform a more systematic
literature review (SLR), snowballing can help access valuable materials
sourced from the grey literature [83,85].

From the academic literature, Section 4 drew on 109 articles with a
specific focus on different barriers to the DHT, compared to 44 in the

12 These included Scopus, Web of Science, Google Scholar, and the Hydrogen
Knowledge Centre.

13 ‘Backward’ snowballing involves accessing the reference list of a selected
article, while ‘forward’ snowballing relies on identifying studies that cite the
selected article [82,396].

earlier review for building the theoretical framework (see Fig. 5). Of the
109 articles retrieved, 47 corresponded to the techno-economic
dimension (43.1%), 30 to the technical dimension (27.5%), 6 to the
political dimension (5.5%), 7 to the market dimension (6.4%), and 19 to
the social dimension (17.4%). Accordingly, more grey literature mate-
rials were sourced to discuss soft barriers to the DHT, compared to
techno-economic and technical barriers. Fig. 5 shows that IJHE is the
dominant journal in both searches (see Table S4), which is consistent
with findings in the bibliometric analysis performed by Kar et al. [72] (n
= 1275).'" 1JHE holds around 40% of publications on the hydrogen
economy [72], and leads in specific areas of research such as hydrogen
storage [87] and microbial electrolysis cells (MECs) [88], making it the
pioneer journal for this research field.

14 See Fig. 7 in Kar et al. [72] showing “Clusters of journals publishing on
hydrogen economy research.”
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Drawing on the dataset collected during the snowballing procedures
(n = 109) (see Sections 2.2.1 and 2.2.2), the earlier procedures using
VOS viewer were repeated. Setting the number of co-occurrences to one
resulted in 261 connected items (327 total), made up of 24 clusters (see
Figs. S2 and S3). By contrast, setting the number of co-occurrences at
two resulted in 42 connected items spread across 14 clusters (see Fig. 6).
The network visualization highlights emerging research areas aligned to
market barriers (e.g. value chain optimization) and social barriers (e.g.
public perception, social practices, and energy justice). This finding is

consistent with some of the observations presented by Kar and col-
leagues [72], such as growing research on issues related to public
safety.'®

2.2.1. Techno-economic and technical factors

Techno-economic factors involve ‘energy flows’ related to

15 See Fig. 9 in Kar et al. [72] for a comparison.
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developments around resources and infrastructure [71], which
following Crisan and Kuhn [89] represent the “hardware” of the
hydrogen transition. Addressing this dimension, Section 4.1 draws on a
range of studies analyzing data on various hydrogen production path-
ways and related techno-economic aspects. Several of these studies were
retrieved from IJHE [59,90-92]. Following the snowballing procedure,
other important materials were sourced from the academic literature
[93-95], alongside reports from the International Renewable Energy
Agency (IRENA) [96-98] and International Energy Agency (IEA)
[57,99], government-led studies [43,49,100], and other key stakeholder
groups shaping the hydrogen economy [101-104].

Relatedly, technical factors concern safety issues, the performance
and efficiency of hydrogen appliances, and the impacts of hydrogen
blending on pipelines. Section 4.2 investigates scientific findings on the

technical and safety risks of injecting hydrogen into existing pipelines
[105-107], and the results of experimental tests on representative nat-
ural gas cooktop burners running on hydrogen blends [108-110].
Hydrogen blending and appliance performance are further reviewed
based on UK studies [111,112] and supporting international evidence
[106,113,114]. To supplement materials on hydrogen safety factors
recently reviewed by the authors [115], two separate keyword searches
were performed in Google Scholar using the terms “blending hydrogen
into the gas grid” and “hydrogen appliance safety.” A highly cited study
retrieved from IJHE [116] and Applied Energy Journal [110], respec-
tively, were selected to initiate the snowballing process, which led to
inclusion of several articles from these journals, alongside other findings
in the academic and grey literatures.
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2.2.2. Literature materials on political, market, and social factors

Evidence on political factors was mainly sourced through backward
snowballing using the meta-review of Griffiths et al. [26] on industrial
low-carbon hydrogen, which cited 718 studies. Section 4.3 reviews the
scope of the HyLAW project [117], which aimed to reduce regulatory,
legal, and administrative barriers to the development of a European
hydrogen economy. Specifically, the HyLAW UK National Policy Paper
[118] serves to contextualize the challenges associated with the current
regulatory framework, or lack thereof, for hydrogen gas. Further evi-
dence is sourced from government materials [112,119,120], trade
bodies such as RenewableUK [121] and the UK Hydrogen and Fuel Cell
Association (UK HFCA) [51], and other grey literature [123].

A wide range of factors impact the technology readiness level (TRL),
market penetration and growth of domestic hydrogen [96], which can
otherwise be viewed through the lens of barriers to market entry,
development, and support [112]. Section 4.4 incorporates backward
snowballing from the discussion of hydrogen home appliances provided
by Scott and Powells [21,22]. Given the limited evidence base available
in the academic literature, a specific search was also carried out in the
Hydrogen Knowledge Centre database'® to supplement the data collec-
tion through a combination of backward and forward snowballing.'” In
addition to work carried out by Policy Exchange'® [123], extensive
analysis of both political and market factors has also been undertaken by
gauging the perspective of UK manufacturers and trade bodies [112].

Finally, accounting for the social dimension of the transition reflects
a growing consensus that consumer acceptance is a precondition for the
successful deployment of low-carbon energy technologies [124-128].
This dimension broadly reflects factors underpinning the social accep-
tance of established renewable energy technologies (RETs) [129-131].
Key factors include public perceptions of hydrogen’s environmental and
safety credentials, together with attitudes towards community-level and
behavioral impacts [115,132]. The evidence base on domestic hydrogen
acceptance is mostly limited to the UK [21,22], Australia, [23,67], and
Europe [133-135]; composed of studies focused on the public’s
knowledge, awareness, and perceptions of hydrogen, and resultant at-
titudes towards the deployment of hydrogen homes [115]. Section 4.5
implements a backward snowballing approach based primarily on a
recent literature review conducted by the authors [115].

3. Theory

This Section describes the theoretical foundations of the study.
Drawing on key examples in the sustainability transitions literature,
Section 3.1 introduces the socio-technical transition approach. Section
3.2 contextualizes socio-technical systems thinking to the hydrogen
transition. Section 3.3 then summarizes the underlying barriers to
developing a hydrogen economy. Finally, Section 3.4 focuses on the
DHT and the case of hydrogen homes.

3.1. Socio-technical systems thinking on sustainability transitions

Socio-technical systems [65] develop through multi-decadal pro-
cesses [136,137], taking shape through the co-evolution of a mix of
interdependent technologies, infrastructures, institutions, policies,
markets, supply chains, user practices, and cultural meanings

16 https://www.h2knowledgecentre.com/

17 Using the dropdown menu, the keyword “Hydrogen for Domestic Appli-
ances” and country, “United Kingdom,” returned 47 results. Having scanned the
titles, the search was then narrowed to more recent publications since January
2018 (38 results) and subject matter “Policy and Socio-economics,” which
returned 13 results: eight policy papers, three research papers, and two journal
articles. Having scanned the abstracts, backward and forward snowballing was
conducted on six of these papers.

18 The UK’s leading think tank.
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[138-140]. Prime examples of large-scale systems serving the needs of
society include housing, mobility, heating, and food [139].

Critically, sustainability transitions are ‘non-linear’ and ‘complex’
events; shaped by interactions between technological, political, insti-
tutional, economic, and socio-cultural dimensions, and through in-
terrelationships between multiple actors [141]. For example, Cherp
et al. [71] conceptualize national energy transitions according to the co-
evolving dynamics of three types of systems, while Eyre et al. [142]
discuss four “categories of change” for deep decarbonization (see
Table S2). Adding to this multi-dimensionality, scholars have recently
explored technology transitions through the lens of ‘evolutionary’,
‘interpretive and socio-cultural’, and ‘contested, conflictual’ processes
[70].

The literature on ‘socio-technical futures’ — visions or scenarios
predicated on prospective techno-scientific and societal change
[143,144] - recognizes the governance of socio-technical systems as
inherently political [144], with energy futures examined through a
multi-level governance perspective [145,146]. Specifically, the “politi-
cal feasibility” of climate mitigation pathways should be closely exam-
ined by contrasting political constraints, characterized as ‘soft’ and
‘probabilistic’ in nature, against technical constraints which are ‘hard’
and ‘deterministic’ [147]. Such perspectives highlight the purposeful
nature of governing large-scale shifts to low-carbon technologies [148],
as underpinned by recent country pledges to reach net-zero emissions
[149].

3.2. Socio-technical systems thinking hydrogen futures

Reviewing the state of the hydrogen futures literature in the early
2000s, McDowall and Eames [55] highlighted a research gap regarding
the socio-technical dynamics of the transition, owing to an underlying
deficit in existing theoretical approaches. Addressing this theoretical
gap, Eames et al. [24] explored the potential for a hydrogen economy in
London by examining visions and expectations through the lens of six
competing narratives. The authors concluded that visions of the
hydrogen economy are subject to considerable ‘interpretive flexibility’
[24] - “the capacity of a specific technology to sustain divergent opin-
ions” [150] — which may strengthen hydrogen’s potential to compete
across a wide range of energy futures [151]. Interviewing key stake-
holders within the Danish hydrogen research network, Andreasen and
Sovacool [152] similarly uncovered multiple visions for the technology,
characterized by “strategic malleability” over which pathways to sup-
port and the likelihood of hybridized hydrogen systems. Despite these
important contributions, the literature remains dominated by studies
engaging with technology roadmaps and transition pathways, mainly
limited to the context of hydrogen transport applications [153,154] (see
Table S2).

3.3. Socio-technical factors shaping the hydrogen economy

Despite multiple driving forces [55,59], the hydrogen transition is
yet to materialize due an array of barriers [1], which must be tackled in
parallel to deploy hydrogen at scale [155]. While some of these factors
have been discussed in different transition contexts (see Table S3), few
studies have examined challenges of a socio-technical nature [63]. To
date, techno-economic and technical factors impacting Hydrogen En-
ergy Systems (HESs) have been reviewed in different contexts, such as
HFCV technologies in the USA [156], hydrogen production methods in
India [157], renewable hydrogen-based systems (RHS) for stationary
applications, and renewable or ‘green’ hydrogen supply at the global
level [158]. Several studies have also addressed barriers to developing a
global or national hydrogen economy [1,59,61,96]. Nevertheless, there
remain inconsistencies or even explicit absence regarding the break-
down of socio-technical factors [55].

For example, Balat and Kirtay [159] discussed the technical factors
influencing the hydrogen economy in terms of production, storage, and
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delivery costs. By contrast, in their discussion of power-to-hydrogen
(P2H) systems in Italy, Saccani et al. [160] characterized technical
factors in terms of “each component and/or the process as a whole that
limit P2H efficiency, effectiveness, reliability and safety.” The authors
classified other factors according to economic, social, and normative/
operational aspects [160], whereas without specifying any typology,
Garcia [161] identified five non-economic barriers (NEBs) to the
deployment of hydrogen technologies and infrastructures in Europe. In a
recent perspective on the European hydrogen economy, van de Sperk
et al. [155] also provided a comprehensive analysis of techno-economic,
legal, and regulatory, and market aspects.

Notably, Griffiths et al. [26] provide an exception to these studies in
classifying the hydrogen socio-technical system for industrial decar-
bonization according to five major areas — production, supply chain,
industrial use, institutional drivers, and end-use drivers'® — which the
authors discuss systematically in terms of political, economic, social,
and technical factors. Illustrating this diversity and lack of systematic
framing, Table 1 summarizes key barriers identified in recent studies at
the national, European, and global level.

3.4. Socio-technical factors shaping domestic hydrogen acceptance

Heiskanen et al. [166] were among the first to identify social
acceptance factors of low-carbon hydrogen heating solutions according
to the following parameters: hydrogen characteristics in terms of safety,
cost, usability, convenience and (thermal) comfort; the national and
local context; the robustness of supply chains and skilled technicians;
and composition of stakeholder engagement. More recently, the feasi-
bility of converting the UK’s existing natural gas network to hydrogen
has been assessed from a techno-economic perspective through the H21
Leeds City Gate study [167], but remains characterized by deep un-
certainties [168]. Additionally, Dorrington et al. [112] identified mul-
tiple technical and market barriers to “the development of a hydrogen-
fired appliance supply chain,” based on the perspective of appliance
manufacturers and trade bodies (See Section 4.4).

As with natural gas-based appliances [39], the socio-technical sys-
tem for hydrogen homes will be sustained by a range of interdependent
factors which may accelerate or stifle the transition. However, in-
teractions between respective factors and associated barriers are yet to
be examined in detail, characterizing hydrogen homes [169,170] as an
underexplored subject in the energy transitions literature. As a way
forward, the existing evidence base can be synthesized according to five
distinct dimensions: political, techno-economic, technical, market, and
social factors. Table 2 identifies each socio-technical dimension, its key
factors, and respective parameters and enabling conditions, as oper-
ationalized to the context of the DHT. This contribution brings order and
clarity to the wide range of impacts discussed across the literature by
distinguishing more concretely between technical, economic, and mar-
ket factors, which are sometimes subsumed under the ‘techno-economic’
category [71].

Drawing on the findings presented in Table 1 and Table 2, Fig. 7
proposes a socio-technical transition framework; visualized according to
identified political [1,55,59,61], techno-economic [13,171,172], tech-
nical [55,59,60], market and social factors [55,61,158,160], which
together shape the development of hydrogen infrastructure, supply
chains, domestic appliances, and social acceptance. Having established a
comprehensive socio-technical systems framework for examining the
DHT, Section 4 provides a systematic discussion of each of these factors.

19 Griffiths et al. [26] present an overview of the STS for industrial use of
hydrogen in Fig. 9 and a high-level illustration of this framework in Fig. 10 of
their study.
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Table 1
Barriers to developing hydrogen energy systems and national hydrogen
economies.

Study  Context Scope of study Barriers identified
[73] Australia Developing a national e High cost of hydrogen
hydrogen economy and e Lack of infrastructure
hydrogen society o Technological
immaturity

Insufficient investment
Low market readiness
Low social acceptance
Negative safety
perceptions

Economic feasibility
Lack of political support
and incentives for
infrastructure and
market creation/
expansion

Development of
appropriate regulation
framework

Research & Development
High initial capital costs
Limited financial

[162] Brazil Developing a national
hydrogen economy, with a
focus on the development of

a green hydrogen market

[163] China Development of hydrogen

fueling stations (HFSs)

channels

Immature hydrogen
storage technology
Incomplete hydrogen
transportation
technology

Lack of relevant

standards
Imperfect subsidy
mechanism

Infrastructure
development and
delivery

Legislation and
regulation

High costs of production,
transport, and storage
Uncertainties concerning
social acceptance
Large-scale hydrogen
production cost
Infrastructure
investments

Achieving bulk storage
Costs and feasibility of
transport and
distribution

Safety considerations
Matching supply-demand
uncertainties

Efficiency, effectiveness,
reliability and safety of
components and
processes

Impact of economic
sustainability on market
penetration

Public and individual
levels of hydrogen
awareness and
familiarity

Lack of public knowledge
and awareness of
hydrogen technologies
Public fears and
insecurities concerning
technological
innovations and potential
social/behavioral
changes

Economic risks and
increased energy costs

Commercialization of
hydrogen-powered vehicles

[157] India

[164] Qatar Developing a multi-sector

green hydrogen economy

[160] Italy Market development for

power-to-hydrogen (P2H)

[165] Eastern
Europe”

Developing social
acceptance of hydrogen as an
alternative to traditional
fuels

(continued on next page)
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Table 1 (continued)

Study  Context Scope of study Barriers identified

[61] Europe” Deployment of hydrogen
technologies and

infrastructures

Complex legal and
administrative
procedures among
involved authorities
Lack of governments
initiatives for increasing
the transmission and
distribution networks
and the use of hydrogen
vehicles

Lack of information and
assistance to project
applicants

Lack of regulations and
guidelines for the
installation of hydrogen
systems

Absence of qualified
specialists to manage
hydrogen projects
Safety perceptions of the
deployment of HESs and
HETs

Industrial utilization of low- e Geologic carbon storage
carbon hydrogen for deep potential is
decarbonization geographically specific
CCS applications are
expensive to develop and
operate

Upstream emissions
associated with fossil
energy for blue hydrogen
pathways are not
properly considered
Technological
immaturity with
emerging hydrogen
production technologies
(e.g. high temperature
electrolysis) still at low
TRL

The cost of electrolytic
hydrogen is still higher
than existing fossil
hydrogen pathways

[26] Global

Source: Author’s compilation.

2 Poland, Czech Republic, and Slovakia.

b Austria, Finland, Germany, Greece, Hungary, Italy, Norway, Poland,
Portugal, Romania, Slovenia, Sweden, Ukraine, United Kingdom.

4. Assessment and analysis of socio-technical factors from a UK
perspective

4.1. Techno-economic factors

Given its multi-sectoral applications [173], the role of hydrogen in
different energy scenarios is often conflicting, with a lack of specific
techno-economic evidence [174]. Following the example of van der
Sperk et al. [155], this section provides a ‘one-stop starting point’ for
understanding the techno-economic parameters of the hydrogen
economy.

4.1.1. Hydrogen production

At present, 95% of global hydrogen production is sourced from fossil
fuels [95,175]. Steam methane reformation (SMR)?° accounts for nearly
half of this production [95,175], while partial oxidation of natural gas

20 Chemical synthesis process for producing syngas from hydrocarbons,
whereby steam and natural gas react catalytically at high temperature and
pressure [176,194].
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Table 2
Socio-technical factors to the deployment of hydrogen homes.

Dimension Key factors Key parameters and
conditions
Techno- e Resource availability e Configuration and scale of
economic e Production, transport/ hydrogen energy
transmission, and storage infrastructure and scope of
pathways, project development
e Associated cost factors
Technical o Safety levels (health and e Practicality of deploying
environmental) hydrogen energy
o Efficiency, reliability, and infrastructure and domestic
overall performance technologies to meet all
hydrogen home appliances engineering, safety, and
environmental standards
Political e Policy measures, regulatory e Enabling legal pathways to
frameworks, legislation, and support a national hydrogen
administrative procedures economy and transition to
e Stakeholder engagement and hydrogen homes, predicated
informational flows on procedural justice
Market e Investment landscape and e Competitiveness and
market risk commercial feasibility of
e Labor supply and quality of hydrogen technologies and
this workforce supply chains for home
e Other supply- and demand- appliances
side factors
Social o Safety, environmental, and e Consumer attitudes towards

cost perceptions
Social fairness
Behavioral impacts

the domestic hydrogen
transition and broader
hydrogen economy, as shaped
by public awareness,
knowledge, stakeholder trust,
and other social acceptance
factors

Source: Authors’ compilation.

and coal gasification account mostly for remaining production [176].
SMR is a mature technology which has been used for decades to handle
large capacities of fossil-based (‘grey’) hydrogen production [177].
Alongside SMR, auto-thermal reforming (ATR)?! and water electrol-
ysis>? are commercially mature technologies, capable of producing
hydrogen at scale [33,178]. For SMR and ATR to be considered low-
carbon or ‘blue’, high rates of carbon, capture and storage (CCS) are
required (>90%) [43,177]. Alternatively, water electrolysis (‘green’
hydrogen) refers to the process of electrochemically splitting water into
hydrogen and oxygen, through the application of renewable electrical
energy [179].23

4.1.1.1. Hydrogen production costs. Despite widespread social and
environmental implications [23], the trajectory of competing low-
carbon hydrogen pathways may rest principally on cost factors
[114,180]. Hydrogen production is a major factor determining overall
system costs [181], which requires careful sensitivity analysis due to
significant uncertainties [43,182]. While the costs of SMR are well
known and modeled according to historical data, there are currently no
operational CCS plants within the UK, which makes calculations less
reliable [183]. At present, there is less literature on the costs of CCUS-
enabled hydrogen compared to electrolysis production methods [182].
Overall, examining the costs and timeline of producing hydrogen is a
nascent but growing research area.

21 Combines endothermic (steam reforming) with exothermic (partial oxida-
tion) reactions within the same reactor [397].

22 Alkaline electrolyzers consist of electrolyzer cells combined in parallel to
build an electrolyzer stack [193].

23 Alkaline electrolyzers are commercially viable (TRL 9) at the lowest cost;
proton exchange membrane (PEM) electrolyzers are nearing commercialization
(TRL 8-9); solid oxide electrolysis cells (SOEC) are still under development
(TRL 5-6) [217,398]; while biomass-based advanced gasification technology
with CCS is at TRL 4-5 [399-401].
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Fig. 7. Socio-technical transition framework for the domestic hydrogen transition.

Although estimates remain tentative [114], the costs of producing
and storing large-scale hydrogen are likely to be very substantial [41].
The CCC estimates that decarbonizing heat for buildings through
hydrogen and/or electrification could amount to 0.7% of gross domestic
product (GDP) in 2050 [41], with hydrogen production potentially
increasing the annual costs of heating by around £4 billion [41]. Deloitte
UK estimate that hydrogen production technologies alone will require at
least £3.5 and up to £11.4 billion by 2035 [183]. Considerable infra-
structure investment and engineering capacity are required for devel-
oping hydrogen-based technologies [63,112]. Additionally, significant
investment is needed to increase testing facilities where hydrogen is
produced on-site, while supporting product diversification and effi-
ciency gains [112].

4.1.1.2. Barriers to a blue hydrogen pathway. Fuel costs represent the
largest component of hydrogen production costs [57].%* SMR depends
on large quantities of methane (CH4) [95]; making the natural gas price
a major component of overall production costs for blue hydrogen [34].
Coinciding with the COVID-19 pandemic, multiple economic and
geopolitical factors [184] caused the price of natural gas to skyrocket in
the UK from 36 pence per therm to 290 pence per therm between March
and October 2021 [185]. During times of gas crisis, the production costs
of blue hydrogen will rise steeply as a direct knock-on effect [186].
Several other factors determine the economics of hydrogen production
via SMR: the cost of the reformer; transport and storage (T&S) costs; CO2
recovery costs; and operational costs for utilizing natural gas reforma-
tion together with carbon capture and storage (CCS) [114]. Based on a
net-zero scenario, CCS could account for 26%—-40% of the total costs for
blue hydrogen production [183].

SMR -+ CCS may accelerate the development of a hydrogen economy
by capitalizing on the existing supply chain for natural gas, which can be
repurposed for hydrogen production, storage, and distribution. To
establish this market, at least three conditions must be satisfied:
hydrogen infrastructure to link points of production and consumption;
CCS infrastructure to pipe (or ship) the carbon dioxide (CO3) to storage
sites; and large-scale and sustained hydrogen demand [114]. Thus, the
economics of a SMR plant depend partly on the CO, capture rate [177].
Given that CCS is yet to be commercialized at scale [114], there are

24 Excluding hydrogen produced from coal. For a recent review of hydrogen
production costs, see [59] and [158].
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multiple unknowns and cost considerations for a blue hydrogen
pathway. Notably, storage costs remain highly uncertain and will vary
according to geologic location [26,187].2° Meanwhile, extensive infra-
structure will be required to transport CO; from inland sites, which will
require sizeable investments [114].

At present, the feasibility of establishing a national hydrogen econ-
omy partially based on SMR + CCS [180,188] is constrained by the
progressive depletion of domestic gas reserves in the UK Continental
Shelf (UKCS) [189], as reflected by the country’s status as a net importer
of energy since 2004 [190]. Increased natural gas imports would be
needed to address this supply gap [190,191]. Alongside these chal-
lenges, fuel conversion inefficiencies need to be addressed for blue
hydrogen production [176].

4.1.1.3. Barriers to a green hydrogen pathway. Water electrolysis may
offer an alternative pathway to achieving large-scale renewable
hydrogen production with lower carbon emissions [192] and negligible
downstream waste [114]. Electrolytic hydrogen can be deployed in
proximity to areas of high renewable resource to increase local pro-
duction from grid-connected electrolyzers [114]. Although more
attractive from an environmental perspective and for decentralized ap-
plications, especially in proximity to areas of high renewable resource
[114], there are also multiple challenges to scaling up electrolytic
hydrogen. Barriers include high production costs, lack of value recog-
nition, energy losses and sustainability challenges [98].

Electricity price determines 60%-80% of green hydrogen cost [193],
adding to potential market volatility and investment risks. Green
hydrogen production costs are driven mainly by the high CAPEX asso-
ciated with the cost of the electrolyzer [183], which requires high
capital investment [181]. Furthermore, converting hydrogen fuel into
mechanical or electrical energy is constrained by maximum efficiencies
of 50%-60% [176]. The round-trip efficiency of hydrogen is between
15%-30%, therefore, green hydrogen production requires 4-5 times
more electricity production compared to direct transmission [194].

25 The 2016 Department for Energy and Climate Change (DECC) report pro-
vided a median cost of £19/tCO for transportation and storage, with high and
low sensitivity costs of £31/tCO5 and £8/tCOs, respectively [187].
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While electrolyzer plant costs remain high, they are expected to fall over
time with the experience curve and economies of scale [193].%°

The UK’s offshore wind resource presents an opportunity to scale up
renewable hydrogen production [195], with scope for hydrogen hubs in
proximity to coastal, industrial clusters [196,197], and export potential
to parts of Northern Europe such as Germany, Netherlands, and Belgium
[46,198]. Supporting this opportunity and the wider transition to net
zero, the UK government has increased its offshore wind target to 50 GW
[49] and aims to capture 10 Mt. of CO, by 2030 [45]. However, the
resource demands for building a national hydrogen economy could
prove especially difficult to surmount if an estimated 100-150 GW of gas
reforming capacity with 175 MtCO», per year — equivalent to 300 GW of
offshore wind power dedicated to electrolysis — is needed to meet 800
TWh of demand across multiple applications [199].

Overreliance on offshore wind power could jeopardize the feasibility
of securing economies of scale for the UK’s green hydrogen production
base within a net-zero time-horizon. In addition to the uncertainties
associated with spatio-temporal variability [200,201], scaling up
offshore wind capacity is subject to external factors beyond the UK’s
borders [202], which may leave the country vulnerable to meeting its
renewable targets. Prospects are further compounded by the govern-
ment’s stance towards onshore wind planning [49], which remains
hostile and unambitious compared to offshore wind targets. In 2016, the
Conservative Party withdrew public subsidies for onshore wind and
granted decision-making powers to local communities, which resulted in
an effective moratorium [203,204]. Although the British Energy Secu-
rity Strategy boosted the offshore wind target from 40 GW to 50 GW by
2030, onshore wind policy failed to “introduce wholesale changes to
current planning regulations,” thereby extending the status quo by
leaving “local communities in control” [49].

4.1.2. Hydrogen pipeline construction and transportation

At present, hydrogen pipelines span less than 16,000 km globally
[26,174] compared to around 3,000,000 km for conventional gas
pipelines [158], highlighting the extreme experience deficit for
hydrogen projects. Unlike renewable energy projects such as wind farms
and concentrated solar-thermal power (CSP) which have benefited from
learning-by-doing (LBD)*’ [205], the economics of hydrogen pipelines
are volatile and may fail to reap cost reductions over time [206].

In addition to miscellaneous costs, the construction costs of hydrogen
pipelines depend on three main factors: material requirements, labor
costs, and right-of-way (ROW) fees [206,207]. All cost categories
decrease as transmission length increases, except for ROW cost which
remains largely fixed [194]. Schoots et al. [206] found the labor costs of
hydrogen pipelines would be 28% higher than natural gas due to more
challenging operating conditions [206]. Overall, the construction costs
of hydrogen pipelines may exceed that of CH4 and CO» by approximately
19% and 8% [206]. Compared to gas pipelines [63], hydrogen pipelines
are more capital intensive as they require greater diameter [208], and
are likely to incur higher costs due to greater requirements for
compression at several stages of the supply chain, welding procedures,
and leak testing [209]. While cost reductions are achievable by mini-
mizing changes in flow velocity between compression stations,”® the
CAPEX and transport costs of hydrogen remain at least marginally
higher than natural gas [194] (see Table S6) and can be substantially
higher [206,210].

26 Cost improvements are anticipated from higher efficiencies, less degrada-
tion, higher availability, larger cell sizes, higher operating pressure, and less
critical material use together with overall reduced material use [193].

27 Whereby experience with a technology drives down the unit cost of pro-
duction over time [402].

28 Compared to Saadi et al. [210], DeSantis et al. [194] calculate a lower
pressure drop for hydrogen transport relative to natural gas, therefore, the
volumetric flow is higher in the hydrogen pipelines.
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Compressed gaseous hydrogen (CGHy) can be transported via pipe-
lines, whereas trucks and ships can move CGH> or liquid hydrogen (LH3)
[92]. CGH; trailers are optimal for small quantities transported over
distances up to 200 km, while LH; trailers are more economical for
smaller volumes and longer distances [92]. However, liquefying
hydrogen is an energy-intensive and costly process [92], which makes
transport by pipelines a more feasible solution. Furthermore, the
transport of hydrogen in the UK is currently restricted, with exclusions
on ten tunnels that have category C, D, or E limits on the transit of ADR*°
substances which include hydrogen [118]. While category A tunnels
(lowest risk) may be used at any time, category B tunnels may have time
restrictions in place, further impeding the logistics of hydrogen trans-
portation. Moreover, there are limitations on the volume and pressure of
high-pressure receptacles used to transport hydrogen by road, which
makes it unfeasible to deliver bulk hydrogen to large-scale end users
[118].

Transport costs are a key component of energy transition pathways,
especially when considering scenarios for blue or green hydrogen
deployment [194]. Hydrogen transport costs depend on the volume
transported, the distance, operating pressure, and pipeline diameter,
which are determined by hydrogen mass flow and pressure drop
[211,212]. Investments in infrastructure (e.g. pipelines, trucks, ships)
should also be added when calculating operational costs (OPEX) [41].
Hydrogen has a comparatively low volumetric density’® compared to
naturals gas,”’ which means that larger volumes will be needed to
transport the same amount of energy [158].>? Although OPEX costs are
low, pipeline transport is subject to high capital investment costs at
limited flow rates [211]. Using a baseline case of 1000 miles, DeSantis
et al. [194] calculated the costs of hydrogen pipelines to be 40% higher
than natural gas (See Table S5), while Saadi et al. [210] also estimated
that the relative costs of hydrogen pipeline transport would be higher
compared to gas pipelines.

4.1.2.1. Repurposing the gas grid to hydrogen. Following the launch of
the Iron Mains Risk Reduction Programme (IMRRP) in 2002 [43,213],
there is growing interest in repurposing the UK’s existing gas network to
support hydrogen applications [167]. The IMRRP addresses the failure
of ‘at risk’ iron gas mains, which are to be converted to polyethylene
(PE).*® Critically, PE is a potentially viable material for transporting
hydrogen at low pressures within the gas grid over the long term
[34,214]. In parallel to the IMRRP, the UK government together with the
country’s gas distribution network operators (GDNOs) are testing the
feasibility of both hydrogen blends and a 100% conversion to hydrogen
[43,167,215]. Most notably, Project Union could establish a 2000 km
hydrogen backbone linking major industrial clusters and carrying at
least 25% of current UK gas demand [215].%* However, the feasibility of
this scenario rests on the scale at which hydrogen blending (up to 20%
vol.) is facilitated, which calls for more decisive policymaking and
accelerated action from GDNOs.

Compared to natural gas pipelines, the CAPEX of new hydrogen
pipelines may prove 10%-50% more costly [104] (see Table S7). By

2% European Agreement Concerning the International Carriage of Dangerous
Goods by Road.

30 3 kWh/m® compared to 10 kWh/m? for methane.

31 However, hydrogen has a higher flow rate than natural gas which may help
drive down unit costs through economies of scale [158],

32 Since hydrogen has a faster flow rate than methane, the pipeline capacity
required per unit of energy is only ~20% more [103].

33 The IMRRP implements a three-tier approach. In Tier 1, 80% of all ‘at risk’
iron pipes (8 in. or below) are upgraded with PE. The programme is set to
conclude by the end of 2032 [213,403].

34 Project Union aims to decarbonize large clusters of industry, connect to
hydrogen storage locations, integrate increasing volumes of electrolytic
hydrogen, and could create cross-border markets for low-carbon hydrogen
[104,121].
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contrast, European transmission system operators (TSOs) estimate that
repurposing existing pipelines may prove 10%-25% less costly than
building new hydrogen pipelines [104]. Reflecting the lower CAPEX
associated with repurposing infrastructure [90,104,216],% the Euro-
pean Hydrogen Backbone (EHB)>® envisions 75% retrofitted pipelines
[104].%” Ultimately, decisions around pipeline construction must be
made on a case-by-case basis with involvement from TSOs, GDNOs, and
end-users.

4.1.3. Hydrogen storage

Hydrogen storage may prove equally important to production when
considering the feasibility of the hydrogen economy. Foremost, large-
scale storage is needed to strengthen the flexibility and resilience of
the energy system, which can help reduce costs [29]. However, “reli-
able, safe, effective, and efficient” storage solutions are yet to be
established [217]. At the outset, there are significant cost barriers to
overcome, given that storage may contribute 24%-35% of CAPEX for a
blue hydrogen production plant [177].

CGH3, can be stored in containers above ground, but higher pressure
is needed to contain the equivalent amount of stored energy [103].
Compared to CHy4, storing compressed hydrogen is at least 50% more
costly due to its lower volumetric density [96]. Due to operating costs
and material properties, large-scale storage of CGHj is typically limited
to pressures below 100 bar in aboveground vessels and below 200 bar in
geological formations [218] (see Table S8). Overall, underground
hydrogen storage (UHS) requires significantly less investment costs than
large-scale hydrogen storage above ground [219]. Alternatively, liquid
organic hydrogen carriers (LOHGs)>® — relying on hydrogenation and
subsequent dehydrogenation of organic molecules — could offer a viable
solution for safe and efficient hydrogen storage, alongside more con-
ventional use for transportation purposes [2201.%° Additionally, the
potential for flexible linepack storage (i.e. the inherent storage capacity
within the gas grid) needs to be carefully considered in energy transition
models [155,196].

4.1.3.1. Underground hydrogen storage. Each UHS method entails its
own distinct characteristics [31], calling for case-by-case analysis of the
geological integrity and techno-economic parameters of each storage
site [216]. Although the entire seasonal demand for UK residential
heating could potentially be balanced via hydrogen storage in just a few
offshore gas fields [33,221], this option presents problems of chemical
reactions and environmental pollution, as evidenced by the historic
storage of town gas [222]. BEIS concluded that depleted hydrocarbon
fields are unsuitable for hydrogen storage due to residual contaminants,
such as sulphur compounds [223]. Hydrogen storage in depleted hy-
drocarbon fields may also result in an unpredictable blend of hythane
(methane and hydrogen) [103]. Similarly, in deep seated aquifers, un-
desirable reactions may produce gases such as HaS and CH4 with loss of
hydrogen [31], while gas leakage is unavoidable [222]. Notwith-
standing, research into the feasibility of these storage options remains
nascent [29].

Where geologically viable, salt caverns — artificial cavities built in
salt deposits [224] — may provide a preferred option for UHS due to

35 The levelized cost of transmission (LCOT) for hydrogen is estimated at €3.7/
MWhy,/600 km for repurposed natural gas infrastructure, compared to
€4.6-11.4/MWhy»/600 km for new hydrogen-dedicated infrastructure Calcu-
lations used in these estimates are for the Euro in 2019 [404].

36 potentially scaling up from 6800 km in 2030, to 23,000-30,000 km of
pipelines by 2040 [104,405].

57 with diameters ranging between 24 and 48 in., providing 3-13 GW (LHV)
transport capacity per pipeline [104].

38 LOHCs account for all hydrogen storage systems that are liquid in their
hydrogen-rich form and can undertake this reversible chemical reaction [181].

3% See Yang et al. [406] for a recent review of hydrogen storage options.
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several advantages (see Table S9), including low construction costs, fast
withdrawal and injection rates, low leakage rates, minimal risks of
hydrogen contamination, and relatively low cushion gas requirements
[219,224,225]. Based on the UK and US experience since the 1970s, salt
caverns have proved a technically feasible method for achieving large-
scale hydrogen storage [31].*° Notwithstanding, due to the geographic
scarcity of salt caverns in the UK [223], transporting this energy to
consumers in important demand centers such as London and the
Southeast would incur high costs and significant logistical barriers [29].

4.1.3.2. Cost factors for underground hydrogen storage. The cost of UHS
consists of construction, operating, maintenance, and decommissioning
costs [219,224]. UHS in salt caverns or depleted hydrocarbon fields
present more predictable cost estimates than in aquifers, while the costs
of the former are expected to be less [224]. Salt caverns offer an
economical way to store hydrogen, reducing costs to less than 1% of
electricity storage in batteries [193] and allowing for intra-day, daily,
weekly, or seasonal operation [223]. The key costs of hydrogen storage
in salt caverns include CAPEX for construction by dissolution, and the
cost of the gas cushion for maintaining minimum storage pressure [31].
Additionally, the length of the pipeline used to discard the brine is an
important cost factor, especially when suitable disposal sites are located
far offshore [31,224]. Counteracting these cost barriers, larger cavern
size and more favorable geological characteristics may improve econo-
mies of scale [31]. Overall, the CAPEX and OPEX of salt caverns are
higher than for depleted hydrocarbon fields, but less than in aquifers
[31]. However, the costs of salt cavern storage are projected to decrease
by one-third [96].

4.1.3.3. Barriers to underground hydrogen storage. Challenges and un-
certainties facing UHS remain extensive, as documented in a recent re-
view by Tarkowski and Uliasz-Misiak [226] which identified 25 unique
barriers, ranging from geological and reservoir constraints, and tech-
nical and safety limitations, to legislation and regulations, potential
conflicts of interest, and social acceptance. On the technical side, the
unique properties of gaseous hydrogen such as “its high penetrability
and negative influence” on steel present barriers to safe UHS [31]. The
cost of the borehole injection/withdrawal with its required tubing is
much higher than for CHy4, given the need for materials that are
impermeable for hydrogen and resistant to embrittlement [31,227]. The
behavioral properties of hydrogen may also present additional
complexity compared to natural gas when it comes to underground
storage [31].

Mathematical modeling has demonstrated that UHS generates CHy
emissions by behaving like a natural chemical reactor [228], whereby
hydrogen acts as “a universal electron donor” for the metabolic activity
of different hydrogenotrophic species (e.g. methanogenic archaea, ace-
togenic archaea, sulfate-reducing bacteria, and iron-reducing bacteria)
[229]. Specifically, Hemme and van Berk [230] showed that the gen-
eration of hydrogen sulfide (H»S) and related contaminants by bacterial
sulfate reduction presents a risk in salt caverns. Given the co-existence of
different microbial species, there is likely to be more competition [229]
and resultant loss of hydrogen [31]. In salt caverns, there may be
additional risk of impurities in withdrawn gas caused by undesirable
reactions between hydrogen and interbeddings other than salt, along-
side other limitations (see Table S10). Notwithstanding, evidence on the
impacts of subsurface microbial communities and other risks remains
limited [155].

Overall, using salt caverns to store hydrogen is not dissimilar to
natural gas, in respect to the main risk associated with geological

40 For example, 1 million m? of pure hydrogen (95% H, and 3%-4% CO5) is
safely stored at three salt caverns located in Teesside in North East of England,
serving as a local industrial feedstock for the production of ammonia and
methanol [31].
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uncertainty [224]. However, it should be noted that the socio-political
acceptance of UHS remains largely unattested [29,226,231], therefore
assumptions should not be made that past experience with gas storage
will be directly transferable to hydrogen. For example, evidence from
Germany highlights public concern over safety and security issues
[231], which suggests that gaining a social licence to operate (SLO)
hydrogen (and CCS) may prove problematic [232,233]. Even within a
favorable socio-political environment, moving from theoretical estima-
tions of UHS to actual site-specific development will require lengthy
permitting and planning procedures, which may restrict prospects for
cavern development in certain areas and within a net-zero timeframe
[29].

4.1.4. Visualizing techno-economic barriers to the domestic hydrogen
transition

Techno-economic barriers to the DHT are extensive and cut across all
parts of the hydrogen supply chain (see Fig. 8). A multipronged
approach is imperative to tackling a range of challenges and issues
around energy resources and security of supply, the volatility of gas and
electricity markets; alongside the scaling up of low-carbon hydrogen
production, transport, distribution, and storage, together with CCS. Each
of these components of the HES must be safe and economic. Having
dissected the main techno-economic factors shaping the hydrogen
economy, the next section discusses technical factors concerning
hydrogen safety and appliance performance.

4.2. Technical factors

Technical risks and safety issues impact all areas of the hydrogen
economy [55,234]. Potential technical barriers revolve around the
inherent hazards and risks of hydrogen fuel, as well as specific issues
concerning pipeline integrity, appliance performance, monitoring and
metering requirements, and emissions and pollutants. Given that
hydrogen has a high sensitivity to detonation [60], risks include po-
tential damage to property such as industrial facilities and hydrogen
vehicles, as well threats to health and safety, and the environment
[209,235,236].

Despite its risk profile, hydrogen has been used safely across a range
of applications [4,60] including aerospace [237,238], petrochemicals
[239,240], and electronics [241]. There is a scientific consensus that
hydrogen presents no significant additional risks compared to other
liquid or gaseous fuels in terms of storage and consumption [60].
Nevertheless, using hydrogen in residential and commercial
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applications is likely to raise additional concerns [116]. Compared to
industrial applications, adherence to safety measures is significantly
harder to enforce and monitor [242], for example, in the case of
hydrogen fueling stations (HFSs) or HFCVs [243-245] and moreover, in
residential applications [22].

4.2.1. Hydrogen detection and monitoring

Despite technical advancements, there is still uncertainty over
whether national gas grids, such as the UK’s National Transmission
System (NTS) and Local Transmission System (LTS), will be compatible
for transporting and distributing 100% hydrogen [111,167]. In parallel
to testing the compatibility of the gas grid, robust detection and moni-
toring strategies are needed to minimize the risk of hydrogen leakage
[246]. Due to its small molecular weight, hydrogen has a high tendency
to leak through pipelines and storage containers [18,247], leaking at a
rate of 1.3-2.8 higher than that of gaseous methane and four times that
of air [4]. Hydrogen exhibits high diffusivity through a range of mate-
rials and is four times as diffusive as CH4 [247]; calling for constant and
accurate monitoring of leaks throughout transport, storage, and use
[247]. In typical polymer pipes, permeation rates for hydrogen are about
4 to 5 times faster than for CH4 [248]. Although hydrogen is not
considered toxic in nature, when it releases in confined spaces, there is
still a risk of asphyxiation since it can reduce oxygen concentration
below 19.5% by volume [18].

4.2.2. Technical risks of hydrogen blending and domestic hydrogen

Investigations into hydrogen blending, whereby small quantities of
hydrogen are injected into the existing natural gas grid [21], date back
to the 1980s [249]. Notably, the NATURALHY-project (2004-2009)
examined the conditions under which pure hydrogen blending could be
safely used in natural gas pipelines [250,251]. The project demonstrated
minimal impacts on straight pipelines with blends up to 25% [252].
Other estimates are more conservative, suggesting that a hydrogen
blend of about 10% has negligible impacts on existing pipelines and
appliances [253]. Although a promising steppingstone to the wider
transition [43], injecting hydrogen into natural gas networks will pre-
sent technical and safety challenges [22,116].

Hydrogen has a higher flame speed [107] and adiabatic flame tem-
perature than CH4 [254,255], which increases the potential for explo-
sive risks [7,256]. As a result, there are additional challenges for
handling and storing hydrogen safely [60]. Additionally, hydrogen has a
wide flammability range (4.0-75 v/v%) in oxygen [90,109] compared to
CH4 (5-15.6 v/v%) [257], with explosive mixtures occurring between
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Fig. 8. Interactions between key techno-economic barriers.
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concentrations of 18-59 v/v% [18]. These flammability characteristics
[91,[1091*" may decrease the lifetime durability of hydrogen appli-
ances, while increasing the need for more frequent and modified
maintenance measures [112]. Relatedly, flame flashback — a function of
flame speed - is significantly higher for hydrogen compared to CHy
[110,196]. As the flame burns closer to the gas ring or oven burner
[109], the risk of hydrogen flashback increases, which can result in
damage to the burner and lead to appliance shutdown [105]. Without
prevention from a hydrogen flame arrestor [61], flashback can cause an
explosion hazard if the combustible mixture spills over [110]. Critically,
de Vries and Levinsky [259] observed that minimizing the risk of
flashback and other safety issues concerning hydrogen would require a
reduction in the thermal performance of domestic appliances.

Based on experimental tests on a representative natural gas cooktop
burner, intermittent flashback occurs when 20% hydrogen is blended
with natural gas [109]. Although the overall combustion performance of
appliances may not be significantly affected by an addition of about 15%
hydrogen [109], it is recommended that the maximum blend should not
exceed 15%-20% to prevent downgrading natural gas quality [62].
Zhao et al. [109] concluded that it is feasible to use hydrogen on existing
cooking appliances within these limits without the need for technical
modifications, while also observing that hydrogen blending reduces
pollutant emissions. However, Dorrington et al. [112] highlighted an
additional barrier concerning the configuration of new flame retention
ports, which act to prevent the flame from lifting off the burner. The
authors concluded that converting dual fuel cooking appliances presents
a greater technical challenge than boiler conversion, especially given the
nature of damage and spoil to cooking apparatus from extensive food
spillage [112].

Given that the volumetric density of hydrogen (0.0899 kg/m3 [247D)
is almost three times lower than CHy4 [252],"* compression energy will
be approximately three times greater for hydrogen transmission with the
same pressure drop [252]. Consequently, blending hydrogen into the
existing pipeline will lead to a significant decrease in mass flow rate,
resulting in less transmitted energy [66].*> Hydrogen blending could
also prove technically challenging since different measuring in-
struments, control stations, and compressors will be required [65]. This
includes smaller gas meters to accommodate hydrogen’s volumetric
flow rate and different valves to prevent excess flow [112], as well as
changes to consumer billing (see Section 4.4.3). For example, the
GRHYD demonstration project in France [260] found that the presence
of 20%vol. hydrogen in gas would cause a metering difference up to
2.5% [252].

In the short-term, blending hydrogen into existing gas networks may
provide a viable opportunity to rapidly scale-up hydrogen supply at
lower capital expenditure (CAPEX) [103,261]. Evidence suggests that
blending percentages of at least 5% and up to 20% hydrogen should be
technically feasible with minimal investments [101,103,108].
Notwithstanding, blend concentration, even at fractions of 5%-15%,
must be assessed on a case-by-case basis to account for specific end-user
typology and variation of natural gas composition within pipelines
[123,252,262]. Moreover, moving to higher blending percentages will
call for changes to infrastructure and equipment such as different
burners [103]. This will increase environmental risks, technical chal-
lenges [263,264], and potential costs [123,262]. Notably, regarding

4! Hydrogen’s laminar burning, buoyant, and propagation velocities exceed
that of other fuels, while its vapor-from-liquid-generation-speed is higher than
fossil based liquid or liquefied fuel [60].

42 Approximately 3.6 kWh/Nm3 or 12.8 MJ/Nm3 for hydrogen, compared to
11.8 kWh/Nm3 or 42.3 MJ/Nm3 for natural gas [252].

43 Overall, hydrogen injection increases the upper and lower flammability
limits and compressibility factor, whereas both lower and higher heating
values, lower and higher Wobbe indices, along with the relative density,
decrease [90].
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emissions, Colorado et al. [263] found that a mixture of natural gas with
up to 70% hydrogen promotes the formation of nitrous oxide (N20),
which is a trend not observed with other gaseous fuel mixtures such as
biogas.

4.2.3. Visualizing technical barriers to the domestic hydrogen transition

Despite sustained research efforts and growing technical under-
standing, a knowledge gap remains regarding the safe transport and use
of hydrogen or methane-hydrogen mixtures [116], with scientific
knowledge on the risks of domestic hydrogen remaining low in com-
parison to CH4 [265]. Clearly, barriers to securing technical feasibility,
such as hazards and risks, pipeline integrity, appliance performance and
safety will need to be addressed if hydrogen home appliances are to
penetrate the UK market at a meaningful scale (see Fig. 9). As a starting
point, more experimental studies are needed to bridge the gap between
safety levels for hydrogen and hydrocarbon technologies mixtures
[116], including research regarding the technical feasibility of hydrogen
blends above 20% [266]. Having reviewed the technical aspects of the
DHT, the next section introduces the soft side of the transition through a
review of political factors [147].

4.3. Political factors

Regulatory engagement is needed across the hydrogen value chain;
from safe production, storage, and transportation, to market incentives
and business models [118,121] (see Table 3). Critically, regulators
should address the lack of harmonization regarding codes and standards
for the transport and transmission of hydrogen [118]. For example, the
lack of a harmonized policy and regulatory framework between the
European Union (EU) and UK impedes ambitions to be reap economic
benefits as first movers in the global hydrogen economy [30,267,268].
Notably, there are significant disparities between national thresholds for
hydrogen blending, owing to a range of legacy codes and standards
[98,118,269,270]. Compounding this issue further, there is still no sci-
entific consensus about safe thresholds limits for hydrogen blending
[271].

Thus, identifying ‘legal pathways’ [272] and implementing adequate
policy mechanisms is crucial to enabling transparent procedures for
national hydrogen plans, especially renewable-based projects [271].
Establishing international agreements around low-carbon hydrogen
standards, as well as future cross-border trade [1], can help support best
practices for hydrogen safety, while also accelerating cost reductions for
producers and consumers through learning-by-doing and a more liquid
global market [96].

4.3.1. Visualizing political barriers to the domestic hydrogen transition
Multiple political barriers inhibit the scaling up of HESs, with most
countries yet to develop legal frameworks to support national hydrogen
economies [270]. These barriers revolve around the development of
international agreements, regulatory frameworks, legal and adminis-
trative procedures, codes and standards, and land-use planning pro-
cedures (especially for green hydrogen projects) (see Fig. 10).
Overcoming deployment barriers to the UK hydrogen economy and the
DHT - whether technical, commercial, regulatory, or societal — will
require sustained political will. The next section addressed the com-
mercial side of the transition through a review of market factors.

4.4. Market factors

The diffusion of hydrogen appliances will depend on TRL, market
penetration, and subsequent market growth [158], which can also be
examined in terms of barriers to market entry, development, and sup-
port [112]. Overcoming barriers to each stage of the technology curve
will hinge on interactions with other socio-technical factors, [273,274]
(see Table 4). At present, the global hydrogen supply chain is still in its
infancy and faces significant challenges to scale up [57,164,223].
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Notably, unlike other energy sources and commodities which are pub-
licly traded, hydrogen is currently traded via bilateral agreements be-
tween companies [98]. This limitation is reflected by the global
hydrogen generation market being valued at about 3% of the global oil
and gas market in 2020 [275,276]. The rest of section discusses these
market barriers in more detail.

4.4.1. Supply chain barriers

The Scottish government has reported underlying deficiencies in
areas of design, manufacture, and maintenance for production, storage,
and transport of hydrogen, which calls for new skills and training in the
workforce [198]. Irrespective of the specific hydrogen production
pathway, a greater number of Chartered Engineers and qualified tech-
nicians would be needed to deploy hydrogen homes at a large-scale
[111], as experienced with the national transition from town gas to
natural gas [277,278]. It is anticipated that the UK will face regional
constraints for skilled labor when pursuing a transition to domestic
hydrogen appliances [223].

In addition to labor constraints, the costs of research and develop-
ment (R&D), product design, and initial manufacturing for hydrogen
appliances will exceed the costs of natural gas appliances [112]. Even
when suitable production facilities are in place, bottlenecks are likely to
arise when components and materials used in natural gas appliances
cannot be transferred to hydrogen appliances,’* especially if UK man-
ufacturers become reliant on their European counterparts for specific
components, such as gas valves, seals, controls, and burners [112].
Walker et al. [223] further highlight that the build rates for several
components will depend on unpredictable global supply chains. The
green hydrogen supply chain faces similar risks, given that only two
electrolyzer factories are currently operational in the UK, both of which
are in England [121]. A related barrier concerns “the intertemporal
integration” between a prospective hydrogen supply chain and existing
supply chains, which is yet to be examined in detail [164].

4.4.2. Informational barriers

There is an information gap concerning the market demands (e.g. gas
quality, appliance outputs, thermal efficiency and NOx requirements)
for hydrogen appliances [112], which is compounded by the need to
adjust manufacturing warranties [123]. Alongside changes to the

*4 This may include high temperature seals and gaskets, sizing of various
components, and pressure regulators [112].
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permissible concentration of hydrogen in the gas network,
manufacturing warranties — associated with plant machinery and
equipment, and domestic appliances — would also need to be adjusted to
support market entry and development [123]. It follows that the
appliance industry needs more information about the market re-
quirements for hydrogen products to meet the expectations of both
policymakers and consumers [112]. In parallel, leading boiler manu-
facturers will need to align their goals [279] to compete with low-carbon
alternatives such as heat pumps. Alignment between manufacturers is
important for promoting brand loyalty and consumer buy-in for
hydrogen appliances.

4.4.3. Barriers to consumer billing

At present, gas consumption is billed according to an assumed energy
content which is held uniform across the gas network [123]. However,
should hydrogen be injected into selective regions of the UK, the energy
content of mains gas would in turn vary by location [123]. Hydrogen has
a lower volumetric calorific value (CV) than natural gas, therefore, gas
meters would register a higher volume of use for the same energy input,
which would expose consumers to potentially variable and overpriced
charges [123]. In response, new methods are required to determine
energy content at all points of the gas network [252]. Addressing this
challenge would call for a rethink from the Office of gas and electricity
markets (Ofgem) about how to bill consumers for gas use [123].

Cadent Gas Ltd., the UK’s largest GDNO, has developed the Future
Billing Methodology (FMB) project to develop solutions that will enable
lower-CV gases such as hydrogen to be embodied accurately into con-
sumer billing. The expectation is that a modification would be required
to the uniform network codes (UNC) [123], which govern commercial
transactions between gas shippers, transporters, and suppliers. To carry
out the hydrogen conversion, hydrogen sensors and new meters would
need to be fitted to each home to enable householders to be billed ac-
cording to CV of gas consumption [214]."> As supply-side mechanisms
develop, market factors will prove critical to determining what tariffs,
business models, and other conditions prove acceptable to different
consumers.

45 Based on the UK MARKAL energy systems model (calibrated to UK energy
consumption in 2000), this could an additional cost of £230 to £490 per house
[214].
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Table 3
Impacts of policy barriers to hydrogen development and deployment.

Identified barrier Implications for hydrogen

development and deployment

Hinders international trade of
hydrogen

Regulatory framework for the
international transmission of
hydrogen (maritime, pipelines) still
not harmonized

Emissions reduction schemes and
internationally agreed framework for
pricing carbon emissions not in place

Hinders the development of a
renewable hydrogen market

Hinders international trade of
hydrogen

Hydrogen use remains economically
unattractive across multiple use cases
Hinders the development of a
renewable hydrogen market
Constrains the overall environmental
benefits of hydrogen across the energy
system

Hinders international trade of
hydrogen

Divergent national approaches
jeopardize the movement of green
hydrogen across borders,

Acts as a barrier to the implementation
of renewable hydrogen projects
Increases uncertainties associated with
production pathways and certification
schemes, which may restrict
investments

Prevents the easing or removal of some
aspects of regulation, compliance, and
permitting related to Hazardous
Substances, and Control of Major
Accident Hazards (COMAH)b

Limits the ability for planning
authorities to leverage and potentially
incentivize production of hydrogen
through relatively safe, low
environmental impact methods such as
electrolysis

Large-scale industrial producers (i.e.
SMR-based) and smaller-scale pro-
ducers using electrolysis face similar
planning restrictions, which may
discourage investment in local,
distributed hydrogen production
Limits the business case for hydrogen
systems

Delays projects from passing beyond
the demonstration phase

Certification schemes such as Guarantee
of Origin (GoO) for renewable
hydrogen are still in development

No common definition of ‘green’/
renewable hydrogen in regulatory
and policy frameworks

Lack of a ‘simplified process’ for low
volume hydrogen production and
storage,” as this remains relative to
the site and site specific/operational
safety risks

Current legal and administrative
procedures, including land use
planning and associated zoning
limitations or exclusions, do not
generally distinguish between
hydrogen production methods

Lack of a formal, clear, and coherent
payment framework in place across
between regions (e.g. UK and EU) for
hydrogen transmission; covering
connection fees and charges, or
covering renumeration for hydrogen
supplied/injected

Tariffs apply to electricity consumed for
hydrogen production

Increases the relative price of
electrolytic hydrogen compared to
other hydrogen production
mechanisms

Source: Compiled from [26,96,118,123].

# Considered as chemical storage of flammable and dangerous (industrial)
gases from a legal and administrative perspective.

b Hydrogen storage may fall under Hazardous Substance regime at 2 t or under
the COMAH Directive at 5 t.

4.4.4. Visualizing market barriers to the domestic hydrogen transition

Early progress has been made on addressing some of the existing
market barriers, through innovations such as the FBM, while the boiler
industry’s ‘Big Four’ (Worcester Bosch, Vaillant, Baxi, and Idea) have
made a price promise on hydrogen-ready boilers [279]. However,
overcoming barriers to market entry and development will require
increased R&D to increase the TRL of different hydrogen technologies,
alongside a massive ramping of the domestic supply chain and a
diminishing informational barriers, to enable viable business models for
hydrogen home appliances (see Fig. 11).

At the national level, the fragmented structure of the UK gas market
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[37] — composed of “producers and exporters of gas as a commodity;
suppliers and traders of wholesale and retail gas; generation, regasifi-
cation, and storage asset owners; and network owners and operators” —
may also impede coordination across the supply and value chain, should
respective actor groups present conflicting motivations and priorities
[123]. In addition to the current gas network being much more inter-
connected and vulnerable to supply disruptions than during the con-
version from town gas, the privatized nature of the current gas network
presents more of a logistical and financial barrier than during the era of
centralization [214].%° Completing the socio-technical transition
framework for the DHT, the next section discusses social factors, which
span ethical, environmental, safety, economic, and socio-cultural
aspects.

4.5. Social factors

Mixed methods studies on public perceptions of domestic hydrogen
[21-23] indicate that social acceptance may rest on consumer attitudes
towards equity and fairness, the environment, safety, cost factors, and
behavioral impacts. However, existing perceptions of hydrogen tech-
nologies may be rooted in misconceptions due to an underlying lack of
knowledge and awareness across society [115,243,280]. Against this
backdrop, this section provides an overview of prospective barriers to
hydrogen acceptance.

4.5.1. Public perceptions of equity and fairness

To date, a limited number of studies have engaged with issues of
equity and fairness linked to the DHT. In the UK context, questions of
energy justice [281,282] are especially pertinent given the spatial dy-
namics of the housing stock, where approximately four million house-
holds (~15%) are without connection to the gas grid [283]. From an
energy equity perspective, these households - typically living in hard-to-
treat, off-grid areas [100] — could be doubly excluded from the energy
transition if denied access to hydrogen networks or electrification [67].
Both location and housing type present a challenge to achieving energy
equity [67] (see Table S11). Furthermore, the UK hydrogen economy is
developing in proximity to major industrial zones [284]. Such areas of
the country are strongly characterized by disparate economic and social
geographies [21], alongside a higher prevalence for fuel poverty
[285,21]. This reality exacerbates the challenge of achieving a fair and
efficient decarbonization pathway for the residential sector.

4.5.2. Public perceptions of environmental impacts

Public perceptions of environmental impacts have been shown to
influence the social acceptance of new energy technologies [286,287].
Whether these perceptions are established on grounds of knowledge and
awareness [288,289], or more rooted in culture [290], both the early
[291-293] and more recent literature [21,23,294] supports the notion
that environmental views are likely to shape hydrogen acceptance.
Overall, the literature is quite emphatic on a consumer preference for
renewable hydrogen, at least in the long-term [21,295,296]; inferring
that non-renewable-based production methods may spark social resis-
tance or opposition, especially across socio-demographic groups that are
more culturally, psychologically, or emotionally engaged with envi-
ronmental issues [23,75,296]. Notwithstanding, the UK public ac-
knowledges an underlying level of uncertainty regarding the timeframes
involved in developing infrastructure to produce renewable hydrogen at
scale [297].

4.5.3. Public perceptions of cost factors

Evidence suggests that the UK public may perceive the economic
impacts of hydrogen at the national or macro-level to be positive or at
least neutral [21]. In contrast, at the household or micro-level, cost

46 British Gas was privatized in 1986 under the Thatcher government [407].
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Table 4
Market barriers identified by UK manufacturers and trade bodies.

Market barrier Identified barriers

types

Market entry

Lack of necessary codes and standards for hydrogen boilers
Absence of a hydrogen quality standard

Insufficient number of trials and demonstration projects.

e Smaller companies and new entrants will need to establish

new sales and distribution channels, or cooperate with larger
companies with established sales relationships

Lack of consumer awareness regarding the benefits of

hydrogen
e Lack of confidence in the safe operation of hydrogen
appliances
Market e Lack of demand for hydrogen appliances
development e Lack of business models to support hydrogen appliances

being sold in volume

Bottlenecks due to deficient engineering capacity

Lack of clear policies incentivising R&D resources to the
manufacturing of hydrogen appliances

Limited number of appliance manufacturers, specific
product designs, and commercially available products
Competition for R&D capacity and skilled labour

Where technical solutions exist, there is no market pull to
create supply chains

Financing mechanisms for converting appliances need to be
established to resolve uncertainties

Specific training requirements for engineers/installers to
install and repair hydrogen appliances

Market support

Source: Compiled from Dorrington et al. [112].

factors (i.e. purchasing, running, and potential maintenance costs)
present the main barrier to securing consumer support [21,298]. BEIS
reported that consumers are highly concerned about the investment,
operational, and lifetime costs of hydrogen appliances, with strong in-
terest in how the switchover may impact energy prices and tariff
structure [169]. Based on related survey studies conducted in the North
of England [22,298], delivering cost-competitive running costs may
have a more pronounced impact on social acceptance. In this region of
the UK, the affordability challenge looms large, since a combination of
high energy bills and low wages have already led to a propensity for fuel
poverty [21,22]. In response, there is a strong expectation that gov-
ernment subsidies and financial schemes will be available to encourage
technology adoption, which the public expect to be subsidized
[295,297]. Beyond these findings, there is limited data on the public’s
willingness to pay for domestic hydrogen, which presents a significant
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barrier to developing a comprehensive hydrogen strategy.

4.5.4. Public perceptions of hydrogen safety

As described in Section 4.2, hydrogen has distinct physical and
chemical properties which may raise public concerns over safety risks,
especially when improperly explained or misunderstood [299]. While
most safety-related issues are attributed to hydrogen’s volatility and
flammability [23,74,299], the production context may also influence
safety perceptions [21,22]. For example, in the case of green hydrogen,
the Welsh public expressed concerns over explosive risks, which were
heightened due to hydrogen’s unfamiliarity compared to natural gas
[299]. Interestingly, some consumers may be more worried about the
safety of CCS for enabling a blue hydrogen pathway [300,301], as
opposed to hydrogen-specific risk factors.

Closing social acceptance barriers around safety may prove more
feasible if hydrogen first becomes visible in other areas of energy and
infrastructure, such as industry and transport [43]. This could prove
especially critical if the public has an expressed preference for using
hydrogen in commercial applications, as opposed to residential settings
[295]. In the same way that blue hydrogen may be viewed as an enabler
of green hydrogen [30,302], developing other sectors of the national
hydrogen economy may strengthen hydrogen’s social standing [303] in
the residential context.

4.5.5. Public perceptions of behavioral impacts

Given that very few consumers have seen hydrogen appliances first-
hand, let alone tested them at demonstration facilities such as Spadea-
dam [304], there is scarce data available on potential behavioral im-
pacts. To date, hypothetical studies highlight that consumers value
preserving the lived experience of gas heating and cooking, which will
require hydrogen appliances to deliver across the board in terms of
functionality, appearance, maintenance requirements [169], safety and
security [21,22]. Evidence suggests that consumer acceptance would be
encouraged if hydrogen boilers can provide a close substitute for gas
boilers by providing an efficient, quiet, and minimally disruptive heat-
ing system, which has limited impact on domestic energy practices
[37,305,306]. However, given the intimate nature of domestic kitchen
activities, consumers may have stronger reservations about the ‘socio-
material nature’ of hobs than boilers [22]. Whereas boilers are typically
as out-of-sight and removed from day-to-day interactions [22], cooking
appliances may bring about undesirable changes to incumbent social
practices [37].
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4.5.6. Visualizing social barriers to the domestic hydrogen transition

International research on social barriers to the DHT remains
considerably nascent and largely constrained to the UK, European, and
Australian context, with several of these studies found within the grey
literature [298,307,308]. Notwithstanding, a few articles have recently
entered the academic literature [21-23,67], with the available evidence
suggesting that social barriers concern the following areas: energy
injustice and other social inequities; changes to the lived experience of
heating and moreover, cooking; health and safety issues; cost factors;
and underlying perceptions of social and environmental impacts (see
Fig. 12).

4.6. Linking socio-technical factors and barriers

Through identifying the main socio-technical factors impacting
shaping the DHT and the broader hydrogen economy, Section 4 enables
a more integrated analysis of interactions between different dimensions
of the socio-technical system for hydrogen homes. Next, Section 5 ex-
plores these interactions in a systematic way by applying the framework
to the UK context. In doing so, this analysis advances the discourse
around the feasibility of converting natural gas grids to hydrogen [168],

accounting for the impacts of both blue and green pathways vis-a-vis the
twin track approach [43].

5. Interactions between socio-technical factors: Breaking down
barriers to the domestic hydrogen transition

5.1. Cross-scalar dynamics and policy inadequacies

The policy environment for supporting HESs is relatively nascent,
reflected by a nexus of barriers interacting across different levels of the
hydrogen economy. Firstly, policy barriers must be overcome to realize
ambitions for aligning mega-projects, such as the UK industrial
hydrogen backbone and the EHB, as well as more localized projects.
Existing policy mechanisms fail to support strong progress on this front,
owing to a lack of codes, standards, or payment frameworks for cross-
border transport/transmission. This weakens the prospect of devel-
oping international supply chains, which is important for strengthening
energy security and international hydrogen trade. Playing out more
visibly at the national level, the absence of specific standards for
designing or installing hydrogen appliances creates market uncertainty
for manufacturers and the wider industry. This deficiency stifles the
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Fig. 12. Interactions between key social barriers.



J.A. Gordon et al.

retraining and upskilling of the UK workforce, which is needed to sup-
port a “just transition” pathway [309,310].

The economics of hydrogen production are strongly linked to the
costs of electricity and gas, which depends on key technical parameters
such as conversion efficiencies [57]. This interaction between ‘“eco-
nomic viability and technical effectiveness” [311] dictates the feasibility
of deploying hydrogen-fueled home appliances in a safe and cost-
effective way, which can garner social acceptance at the national,
community, and household level. However, one of the preconditions for
establishing a functioning market for hydrogen homes lies with devel-
oping codes and standards to accommodate higher volumes of hydrogen
in UK gas networks [99]. As a starting point, a legal framework is needed
to enable the injection of hydrogen into the natural gas grid for distri-
bution and transmission. In the short-term, blending hydrogen at 20%
could take advantage of low-hanging fruit for emissions reduction by
lowering carbon intensity by up to 7% [99], while helping to mitigate
demand risk as the hydrogen economy scales up [167].

A robust national regulatory framework, supported by international
agreement around codes and standards, will also help facilitate market
development and best practices for hydrogen safety [164]. While
negative perceptions of hydrogen’s safety credentials appear to be
mostly associated with low levels of public awareness and knowledge
[22], safety concerns may also permeate the socio-cultural dimension by
disrupting the lived experience of heating and cooking [22,169]. Spe-
cifically, demography, location, and culture may influence disparities
regarding safety perceptions and associated hydrogen acceptance [115].
Coordinated planning and action is required to account for geographic
diversities between access to renewable energy resources [312,313] and
divergent political dynamics across different parts of the country
[314-316]. Otherwise, socio-structural barriers [317] may prove
entrenched and challenging to reconcile, as reflected the UK’s North-
South divide. Thus, availability and access to resources [71], together
with institutional factors [26], will carry strong implications for the
dynamics of the DHT.

5.2. Dissecting the blue and green of the UK Hydrogen Strategy

While the UK Hydrogen Strategy should be viewed as a major step
forward in terms of mapping future pathways and key steppingstones for
this decade, some of its momentum and ambition has been curbed by the
government’s choice to delay strategic decision-making on the role of
hydrogen in heating until 2026 [44]. This could potentially offset the
scaling-up of demonstration projects [132]. Progress in this area is
critical for developing evidence and insights into the regional suitability
and feasibility of domestic hydrogen. Trials and demonstrations also lay
the foundations for social acceptance [37]. The 2026 decision timeline
reduces the likelihood of mandating hydrogen-ready boilers within the
next few years [279], which could stall the phasing out of new natural
gas boilers by 2035 [43]. Furthermore, policy uncertainty may delay the
potential deployment of hydrogen-heat pump hybrids [41,168].

The UK Hydrogen Strategy [43] highlights the degree to which the
viability of the DHT rests on parallel, if not significantly faster progress
on industrial decarbonization via hydrogen [26], as well as transport
and power. Foremost, the nature of these cross-sector dynamics means
that the feasibility of hydrogen homes will hang in the balance until
tangible progress is made in decarbonizing industrial clusters [232].
Arguably, the very notion of establishing a low-carbon hydrogen econ-
omy rests on scaling up blue hydrogen production in the short- to
medium-term. However, the blue pathway faces a supply deficit, which
could result in greater import dependency for natural gas. If pursued as
currently envisioned in the Hydrogen Strategy, this trajectory could
expose consumers to commodity price fluctuations and higher energy
prices due to increased production costs [318,319]. Currently, parts of
the UK population already face a growing fuel poverty crisis
[21,285,385], which would be exacerbated if these costs fail to be
minimized and socialized equitably.
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Doubling down on natural gas via investments in blue hydrogen
infrastructure may also prove unpopular with the public on environ-
mental grounds, especially if this route is misunderstood and rejected as
a transitional pathway. Arguably, this pathway counteracts the energy
transition discourse since it is more emissions-intensive than hydrogen
production via wind electrolysis [320], and may lock-in dependence on
natural gas for several decades [261]. Notably, the role of blue hydrogen
as a transitional fuel and enabler of green hydrogen remains subject to
scientific debate, with uncertainties regarding emissions intensity
[30,302,321]. Moreover, given that CCS is yet to reach a commercial
scale [262], the techno-economic feasibility of blue hydrogen acting as a
stimulus for a green hydrogen economy remains unclear. This lack of
clarity could derail the foundations for reaching economies of scale for
low-carbon hydrogen production.

While the blue hydrogen pathway faces its own set of distinct chal-
lenges, existing policy mechanisms designed to support the twin-track
approach may diminish prospects for a green pathway. The current
playing field for blue and green hydrogen appears unequal, which casts a
shadow of doubt over the government’s 2030 target for electrolytic
hydrogen. The green hydrogen roadmap is less developed than its blue
counterpart and faces more pronounced policy barriers, especially given
the government’s lukewarm stance towards promoting onshore wind
projects. While the Ten Point Plan, together with the Hydrogen Strategy,
promise to back CCUS alongside a ramping up of renewable energy
capacity, conflicting narratives and inconsistent price signals between
production pathways may act as a barrier to accelerating a clear, stra-
tegic pathway towards establishing a hydrogen economy. This is espe-
cially true if “a rhetoric of competition” exists between blue and green
hydrogen [322], which could derail the impetus of a twin-track
pathway.

As discussion around hydrogen production pathways continue to
evolve, the scientific community must commit to a parallel investigation
that fleshes out how prospective pathways may impact both environ-
mental and social performance [323]. This is pertinent given that the
environmental impacts of hydrogen are only partially understood and
remain highly context-dependent [264,324]. Alongside understanding
leakage rates [18], accelerated progress is needed in establishing safe
NOy legislation to minimize the risk of undesirable health and envi-
ronmental impacts [325,326], which could otherwise increase the risk
of public backlash and rejection of hydrogen.

5.3. Underground hydrogen storage: From technical feasibility to social
acceptability

UHS mirrors many of the challenges faced by CCS [227,327], in
terms of socio-technical and socio-spatial barriers [31,328]. The CCS
literature demonstrates that these parameters must be addressed to
facilitate large-scale implementation [329,330] and social acceptance
[331-333]. The safe capture and sequestration of carbon must be proven
to avoid the risk of public opposition and costly delays [110,239],
further highlighting the importance of “cross sector technology in-
teractions” [334] and community acceptance [335]. Notably, hydrogen
remains a significantly less familiar fuel than natural gas for most of the
UK public [336]. It follows that inclusive planning and stakeholder
engagement will be critical to enabling procedural justice [337], which
will require careful consideration of the role of CCS [337].

Prospects for developing full-scale hydrogen storage using salt cav-
erns will depend on further research in at least three key areas:
geological surveys during cavern leaching; periodic surveys of changes
in the cavern during operation; and detailed characterization of the site
storage supported by development of digital modeling [31]. As
emphasized by Williams et al. [29], “detailed geological, engineering
and techno-economic evaluations” are yet to be undertaken. Such
measures will help reduce geological uncertainty by improving the
knowledge base on specific salt deposits [177], while making the envi-
ronmental and safety case clearer4 [29,226].
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Reflecting the interactions between different branches of the socio-
technical system for domestic hydrogen, converting geological space
into hydrogen storage will require long-term commitment from both the
public and private sector, with coordinated commitment towards
intensive R&D activities [31]. To this end, Work Package 4 of the
HyStorPor Project (University of Edinburgh) is engaging civil society
with UHS to help couple technical feasibility to social acceptability
[338].

5.4. De-risking hydrogen supply and demand

Scaling up hydrogen supply and demand across the UK energy sys-
tem rests with developing “cost-effective network infrastructure”
capable of providing security of supply to offtakers and domestic con-
sumers [29]. By seizing the opportunity to use curtailed electricity from
offshore wind farms to scale up green hydrogen supplies [198,339],
together with a blue hydrogen production base (i.e. SMR + CCS), mul-
tiple producers could potentially supply hydrogen to the grid [43]. If
diversity of supply is to materialize, a well-defined legal and regulatory
regime must first be established for CCS [51]. This is precondition for
enabling early commercial projects to reach Final Investment Decision
(FID) [261]. By the same token, projects will need to be de-risked to
reduce barriers to investment [123,261].47 In line with the Ten Point
Plan, government investment dedicated to de-risking early hydrogen
projects could unlock more than £4 billion of private sector co-
investment up to 2030 [43]. Given that the costs of manufacturing for
hydrogen-fueled appliances will exceed natural gas appliances, regula-
tory stability is needed to support a new market [43,112]; wherein
informational barriers are reduced to enable long-term investment de-
cisions and market confidence for network expansion and repurposing
[331.

Overcoming political barriers is also important for accelerating cost
reductions for producers and consumers through LBD and a more liquid
global market for hydrogen [34]. As highlighted in the case of Scotland
(see Section 4.3), regulatory barriers add to production costs which
weakens investment risk appetite, while lack of market confidence has
negative spillover effects for developing supply chains to meet future
demand for appliances. Thus, ensuring sufficient hydrogen demand is
imperative to securing sustained policy commitment and market in-
vestment for hydrogen infrastructure. Demand for hydrogen appliances
rests on both the safety and business case being made effectively, which
is contingent on sustained investments in R&D to support a scaling up of
demonstration projects [37]. In parallel, targeted information cam-
paigns about the hydrogen switchover should engage local officials,
consumers, and other key stakeholders [132]

Regarding the switchover, consumer buy-in may be hindered if ap-
pliances rolled-out during the early stages of the transition have shorter
lifespans than existing natural gas or future hydrogen appliances [112].
To counteract this potential market barrier, technical advancements
must satisfy consumer expectations. This applies equally to the prospect
of hydrogen sensors and new meters [37], which present both a financial
cost and social risk. Notably, the UK smart meter roll-out has faced
ongoing consumer concerns over operability, reliability, trust, privacy,
and data security [340,341], which may set a precedent for the
hydrogen switchover. In turn, lessons must be learned to demonstrate
that the government has a coordinated, whole-systems approach for
residential decarbonization, thereby preempting a scenario in which
new metering requirements may otherwise provoke consumer resistance
[342,343].

The potential for public backlash looms large in the UK context due
to past policy failures for various green technologies [344],[301]. To
bolster public support in the early stages of the transition, blending trials

47 De-risking measures may include capital grants, feed-in-tariffs (FITs) and
premiums, tax incentives, R&D funding, and loan guarantees [96].
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and early deployment could be strategically targeted at viable hydrogen
communities where there is a prevalence of households with old boiler
units approaching replacement age (i.e. more than a decade old). This
roll-out pathway would have an important co-benefit in tackling fuel
poverty and inequality [345], which is paramount to strengthening
socio-political acceptance via distributional justice [346].

5.5. Questioning the role of cooking in a hydrogen home

The notion of a hydrogen home and the current trajectory of the DHT
aligns to the prospect of decarbonizing both residential heating and
cooking [22,63]. However, hydrogen cooking appliances may present a
more significant socio-technical challenge, especially in terms of safety
and disruption [22]. Behavioral factors are more likely to pose a sig-
nificant barrier to market uptake, should the lived experience of
hydrogen homes fail to be understood in its totality. Given that com-
partmentalized transitions will have impacts across the hydrogen socio-
technical system and supply chain [26], it remains unclear how a po-
tential divergence between decarbonization pathways for heating and
cooking may impact the feasibility and potential speed of the DHT. It
should also be noted that domestic cooking is significantly less emissions
intensive than residential heating [347], which may see the vision for
domestic hydrogen isolated to just low-carbon heating. This is tenable
given the lack of focus on cooking in the UK Hydrogen Strategy [43] and
the scope of electric alternatives [348] such as induction hobs
[349,3501, which are currently taking an increased market share due to
energy efficiency and safety benefits [350].

5.6. Diminishing socio-technical barriers through stakeholder symbiosis

Developing safe and efficient hydrogen production clusters, in sync
with appliances for heating and cooking, necessitates a collaborative
effort from government, industry, business, and other key stakeholders
[37]. The potential for a national hydrogen economy will be strength-
ened if such actors can quickly coalesce around a shared set of aims and
objectives to confront the socio-technical barriers outlined in this study.
Internalizing and actualizing this approach are paramount to ensuring
that the hydrogen transition can yield its potential net economic, social,
and environmental benefits, while preserving fairness, equity, and safety
throughout the process. Optimally, ‘multi-regime interactions’
[141,351], between the gas industry and the renewable energy sector
could facilitate synergistic benefits through symbiosis, as both sides
come to reap the mutual benefits of a national hydrogen economy. For
such synergies to be realized, multiple barriers will need to be strate-
gically and holistically addressed across the hydrogen supply chain.

In addition to diminishing techno-economic, technical, and market
barriers, hydrogen acceptance calls for positive alignment between po-
litical and social factors, especially pertaining to issues of community
acceptance. Confronting these barriers through the application of socio-
technical systems thinking should translate to internalizing the impor-
tance of social acceptance, as it has been shown that consumer attitudes
towards safety, the environment, costs, social fairness, and behavioral
impacts may underpin the feasibility of the DHT. While it remains
challenging to reliably forecast and quantify the economic costs of the
hydrogen transition [155,206], UK policymakers should nevertheless
ground their efforts in strengthening procedural and distributional jus-
tice throughout all stages of the transition to help realize ‘hydrogen
hopes for UK homes’ [352].

6. Pathways to domestic hydrogen acceptance

As argued throughout this paper, the socio-technical feasibility of the
DHT rests on overcoming multiple policy, techno-economic, technical,
market, and social barriers. While all five dimensions are interconnected
(see Fig. 7), Fig. 13 provides a clearer visual representation of how
different socio-technical factors interact both within and across
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Fig. 13. Interactions between socio-technical dimensions and key factors for enabling domestic hydrogen futures.

Table 5
Key relationships between socio-technical factors within each dimension.

Table 6
Summary of interactions between political, market, and social factors.

Socio-technical
dimension

Summary of observed relationships within dimensions

Techno-economic e Blue and green hydrogen resources and their respective
production costs are interrelated to gas and electricity
markets, with blue hydrogen and CCS sharing a direct
interaction, which together shape the dynamics of
hydrogen transport/transmission and storage (light blue
box)

The testing of hydrogen blending in existing pipeline
infrastructure and optimally, construction of new
hydrogen pipelines, advances the deployment of
monitoring and metering equipment, and risk assessment
practices, which is critical to developing safe, low-carbon
hydrogen home appliances (dark blue box)

Technical

Political

Regulatory frameworks based on codes and standards, as
well as related international agreements, support legal
pathways towards enabling the development of hydrogen
projects (red box)

R&D into hydrogen technologies and parallel
development towards higher TRLs support the building of
corresponding supply chains and a hydrogen workforce;
facilitating the conditions for market demand, as
information and price transparency develop, alongside
new methods of consumer billing for domestic hydrogen
users (grey box)

Positive environmental and safety perceptions of
hydrogen contribute towards behavioral acceptance,
while distributional justice and cost factors further shape
hydrogen acceptance at the national, community, and
moreover, the household level (green box)

Market

Social

dimensions. Table 5 summarizes the observed relationships between the
five dimensions, while Table 6 provides further examples of the in-
teractions between soft barriers to the DHT (i.e. political, market, and
social factors).
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Political Market Social

e Alegal and regulatory
regime for CCS
incentivizes market
investment in blue
hydrogen projects,

e Help reduce cost
barriers and risk for

e Can help support a
social acceptance
through a just, low-
carbon energy transi-
tion initiated around

investors
Provides a critical
juncture towards

and related policy building supply chains industrial towns
mechanisms (for blue and a corresponding
and green hydrogen) hydrogen labor force

Enables a consumer
market for domestic
hydrogen appliances
Hydrogen blending
enables the
demonstration and

e Codes and standards
facilitate a legal
pathway towards

Can help can offset
potential risks of low
behavioral acceptance,

hydrogen blending for early commercial while supporting social
short-term emissions uptake of hydrogen acceptance through
reduction home appliances, positive safety and

environmental
perceptions

including new
metering devices

In the top half of Fig. 13, tackling political barriers (red box) helps
overcome technical barriers (blue box), which is needed to enable pos-
itive public perceptions of key factors, such as hydrogen safety and
environmental impacts (green box). In the bottom half, addressing
techno-economic barriers (light blue box) is critical to scaling up the
hydrogen supply chain and diminishing other key market barriers (grey
box), which together shape important aspects of social acceptance, such
as cost-competitiveness and energy justice (green box). Notably, the
production costs of blue and green hydrogen will influence wider
techno-economic feasibility (transport/transmission and storage), as
well as technical feasibility in terms of safety levels, and perceptions
thereof, which is a critical determinant of social acceptance.

The dashed orange lines depict the interactions between political,
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technical, and social barriers (top half), and techno-economic, market
and social barriers (bottom half), in addition to the following four re-
lationships: (1) political factors influence techno-economic factors (red
box to light blue box); (2) political factors influence market factors (red
box to grey box); (3) techno-economic factors influence technical factors
(light blue box to dark blue box); and finally, (4) technical and market
factors interact bi-directionally (double-headed arrow between dark
blue box and grey box). Taken together, political, techno-economic,
technical, and market factors shape the configuration of social accep-
tance (green box), through a series of direct and indirect interactions.

7. Conclusions

To date, a limited number of studies have addressed specific di-
mensions of the DHT; rarely connecting the interactions between bar-
riers to sustained political support, low-carbon production, cost factors,
technical feasibility, technology innovation, market development, and
social acceptance. In response, this analysis set out to enrich scientific
and policy discussions around the role of hydrogen in the broader energy
transition [38,125,353], through advancing both theoretical and
empirical understanding on the topic.

As key stakeholders continue to shape the configuration of pro-
spective hydrogen futures across different geographical scales, more
integrated research efforts [354] are required to mobilize the power of
multi-disciplinary insights [355], in alignment to the pressing need for
an accelerated [356] and just energy transition [26,309]. By adopting a
socio-technical transition framework - grounded in a multi-level
approach — this paper has responded to the call for more holistic
research on HESs [63,75], which is critical to comprehensively assessing
barriers to the hydrogen economy [357]. Ultimately, this contribution
reflects the need for multi-scalar, whole-systems thinking [358,359] to
support robust energy governance for the DHT and the wider energy
transition.

Section 3 provides the research community with a clear and
comprehensive framework for engaging with socio-technical systems
thinking in a more tangible way, which has been put into practice in
Section 5. The findings affirm that the socio-technical feasibility of low-
carbon energy transitions rests on overcoming hard and soft barriers in
parallel [89,147], with the aim of coupling techno-economic feasibility
[71] to social acceptance [132]. The pathways identified in Fig. 13 hold
equally for several other emerging RESs and RETs, whereby effective
policy mechanisms are needed to drive early upscaling and market
formation; helping to facilitate business models and market acceptance
towards an optimal balance between supply-push and demand-pull
measures [360,361].

Importantly, observations presented within this analysis can provide
critical lessons for developing HESs in other countries. The UK case
study, through its twin-track context, can help accelerate the learning
curve for other nations that are potentially well-suited to pursuing a blue
hydrogen pathway due to aging natural gas infrastructure, such as the
Netherlands [362] and Italy [363]. Similarly, European nations with
stronger prospects for green hydrogen such as France [364], Germany
[302], and Spain [365] can take stock of the identified barriers to scaling
up electrolysis production, and related challenges around the green
hydrogen supply chain [366]. In either scenario, where feasible, gov-
ernments must seek pathways to accelerating the pace and scale of do-
mestic hydrogen production, infrastructure development, and
demonstration projects, while also engaging the public in developments
around these activities.

The study has also drawn significant attention to the conundrum
around hydrogen storage, which is often overlooked in discussion
around production targets. By accounting for the wider aspects of the
techno-economic dimension, policymakers yet to launch their national
hydrogen strategies can (re-)evaluate their country’s respective poten-
tial for developing a hydrogen economy, and what configuration (sec-
tors and scale) and color (blue, green, or other) this may entail. Other
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key players shaping the prospective global hydrogen economy -
including frontrunner countries that otherwise dwarf the UK such as
Australia and Canada — can likewise benefit from adopting a multi-level
and whole-systems approach when assessing the viability of hydrogen
for domestic decarbonization and other uses across different regions
[73,3671, which may include industrial clusters, urban areas, and off-
grid locations.

Finally, many of the findings presented here are directly transferable
to other emerging low-carbon energy sources and technologies. For
example, the market for domestic micro-generation technolgies
[370,371] such as heat pumps [368,369], as well as energy storage
technologies [372,373] and innovative energy services (IES) [381], face
many of the same barriers discussed throughout this paper [368,369].%
Acceleration the market diffusion of heat pumps is crucial to the UK’s
decarbonization agenda; reflected by a national target of 600,000 in-
stallations per year by 2028, equivalent to a 20-fold increase compared
to installations in 2019 [44]. While the UK is a notable laggard in heat
pump adoption, parts of Europe face similar hurdles to increasing the
market penetration of heat pumps, as well as solar photovoltaic (PV)
panels [374]. Given the fundamental importance of UHS to the fulfil-
ment of national hydrogen strategies [383,384], it is also evident that
identified barriers and risks will apply to different extents for other
subsurface activities linked to heat decarbonization, such as geothermal
energy [375,376], and as previously discussed, CCS.

7.1. Limitations of study and future research agenda

Energy scholars can build on this analysis by testing the proposed
framework in different national contexts, as well as other sectors of the
hydrogen economy. To proceed with this task, it is important to first
recognize the limitations of the study, which also helps identify areas for
future research. As discussed in Section 2, one notable drawback is the
lack of academic studies on soft barriers to the DHT, especially political
and market barriers. Encouragingly, research on the social acceptance
dimension is on the rise, although public and consumer awareness
remain largely overlooked in the UK Hydrogen Strategy."” Relatedly, the
review of market barriers in Section 4.4 draws partly on the 2016 report
prepared for the Department of Energy & Climate Change (DECC)*°
[112], which is now somewhat outdated given the recent proliferation
around hydrogen. In response, a similar study engaging with appliance
manufacturers and trades bodies should be undertaken to reassess
stakeholders’ perspectives. Beyond some limitations related to the
literature review materials, this paper lacks a significant contribution in,
at least, the following three areas:

e While the UK Hydrogen Strategy frames much of the discussion, this
study does not provide a one-to-one analysis to measure the extent to
which different barriers have been engaged with by policymakers to
date.

The spatial dynamics of the hydrogen transition are acknowledged,
but no in-depth analysis is provided to flesh out key implications
based on primary data, such as geospatial maps and regional census
statistics.

Although the importance of environmental impacts is highlighted in
several places, there is limited comparative evidence presented to
better contextualize the implications of different hydrogen produc-
tion pathways.

In addition to addressing these limitations, moving forward, re-
searchers should aim to advance knowledge on at least four important

48 See Fig. 6 in [368] for a visualization of barriers to heat pump deployment.
*° The topic is discussed briefly in Section 2.5.3 of the strategy.

0 Merged with the Department for Business, Energy & Industrial Strategy
(BEIS) in 2016.
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aspects of the socio-technical transition to domestic hydrogen:

(1) Distilling how barriers to respective hydrogen production path-
ways (e.g. blue and green hydrogen in the UK) can be tackled in a
holistic way that promotes synergies which yield net benefits for
the hydrogen economy and society.

Mapping interactions between socio-technical factors and key
actors to understand HETs at a whole-systems level [382], which
is critical to facilitating stakeholder symbiosis.

Examining the potential convergence and divergence of decar-
bonization pathways for heating and cooking according to space,
scale, and geography [377,378], and how this configuration may
(re-)define the concept of a hydrogen home.

Conducting comparative cross-country studies of socio-technical
barriers to gauge how international hydrogen backbones can be
established and consolidated, especially in view of the current
geopolitical landscape around natural gas supplies [379].

(2

3

~

4

This final objective is a clear by-product of advancing knowledge on
the first three fronts. It presupposes that comparative research will first
be carried at the national level, for example, across different UK in-
dustrial clusters. In view of the emerging ‘techno-socio-economy nexus’
for HESs [380], international case studies should become a clear focal
point for energy transition scholars and the wider research community.

This study was motivated to engage energy transition scholars,
hydrogen experts, and policymakers interested in the socio-technical
parameters of the DHT and broader hydrogen economy. As HESs
continue to be re-envisioned by technologists, scientists, and other parts
of society, all sides of the actor-network must learn from the past to
ensure that this era makes the ‘true dawn’ of the global hydrogen
economy. Above all, realizing domestic hydrogen futures will require a
radical repurposing of pipelines, policies, and public perceptions.

CRediT authorship contribution statement

Joel A. Gordon: Conceptualization, Investigation, Data curation,
Visualization, Writing — original draft, Writing — review & editing.
Nazmiye Balta-Ozkan: Conceptualization, Writing — review & editing,
Supervision. Seyed Ali Nabavi: Conceptualization, Writing — review &
editing, Supervision.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interest or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.
Acknowledgments

This research was supported by the Engineering and Physical Sci-
ences Research Council (EPSRC) Grant EP/T518104/1, and sponsored
by Cadent Gas Ltd.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2023.120850.

23

Applied Energy 336 (2023) 120850

References

[1]

[2

[3

[4]

(5]

[6

[7

(8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

van de Graaf T, Overland I, Scholten D, Westphal K. The new oil? The geopolitics
and international governance of hydrogen. Energy Res Soc Sci 2020;70:101667.
https://doi.org/10.1016/j.erss.2020.101667.

Lambert M. Hydrogen and decarbonisation of gas: false dawn or silver bullet? The
Oxford Institute for Energy Studies; 2020. https://www.oxfordenergy.org/
publications/hydrogen-and-decarbonisation-of-gas-false-dawn-or-silver-bullet/.
Brandon NP, Kurban Z. Clean energy and the hydrogen economy. Philos Trans
Roy Soc A Math Phys Eng Sci 2017:375. https://doi.org/10.1098/
rsta.2016.0400.

Rigas F, Amyotte P. Myths and facts about hydrogen hazards. Chem Eng Trans
2013;31:913-8. https://doi.org/10.3303/CET1331153. Italian Association of
Chemical Engineering - AIDIC.

Hoffmann P. The forever fuel: the story of hydrogen. Boulder, Colorado:
Westview Press; 1981.

Zabetakis MG, Burgess DS. Research on the hazards associated with the
production and handling of liquid hydrogen. Report BM-RI-5707. Washington,
DC: Bureau of Mines; 1961. https://doi.org/10.2172/5206437.

Najjar YSH. Hydrogen safety: the road toward green technology. Int J Hydrogen
Energy 2013;38:10716-28. https://doi.org/10.1016/j.ijhydene.2013.05.126.
Cox KE, Williamson Jr KD. Hydrogen: its technology and implicationsvol. I-V.
Boca Raton, FL: CRC Press; 1979.

Singh S, Jain S, Ps V, Tiwari AK, Nouni MR, Pandey JK, et al. Hydrogen: a
sustainable fuel for future of the transport sector. Renew Sustain Energy Rev
2015;51:623-33. https://doi.org/10.1016/J.RSER.2015.06.040.

Markert F, Nielsen SK, Paulsen JL, Andersen V. Safety aspects of future
infrastructure scenarios with hydrogen refuelling stations. Int J Hydrogen Energy
2007;32:2227-34. https://doi.org/10.1016/J.IJHYDENE.2007.04.011.
Mukherjee U, Maroufmashat A, Ranisau J, Barbouti M, Trainor A, Juthani N, et al.
Techno-economic, environmental, and safety assessment of hydrogen powered
community microgrids; case study in Canada. Int J Hydrogen Energy 2017;42:
14333-49. https://doi.org/10.1016/J.IJHYDENE.2017.03.083.

Shulga RN, Putilova I, v., Smirnova TS, Ivanova NS.. Safe and waste-free
technologies using hydrogen electric power generation. Int J Hydrogen Energy
2020;45:34037-47. https://doi.org/10.1016/J.IJHYDENE.2020.09.060.

Zoulias EI, Lymberopoulos N. Power Syst 2008. https://doi.org/10.1007/978-1-
84800-247-0.

Benintendi R. Fluid curtains for hydrogen sulphide control in refinery operations.
Process Safety Environ Protect 2019;132:22-34. https://doi.org/10.1016/j.
psep.2019.09.019.

Rivkin C, Burgess R, Buttner W. Hydrogen technologies safety guide. National
Renewable Energy Laboratory: NREL/TP-5400-60948. 2015.

Rigas F, Sklavounos S. Evaluation of hazards associated with hydrogen storage
facilities. Int J Hydrogen Energy 2005;30:1501-10. https://doi.org/10.1016/j.
ijhydene.2005.06.004.

Moradi R, Groth KM. Hydrogen storage and delivery: review of the state of the art
technologies and risk and reliability analysis. Int J Hydrogen Energy 2019;44:
12254-69. https://doi.org/10.1016/j.ijhydene.2019.03.041.

Abohamzeh E, Salehi F, Sheikholeslami M, Abbassi R, Khan F. Review of
hydrogen safety during storage, transmission, and applications processes. J Loss
Prev Process Ind 2021;72:104569. https://doi.org/10.1016/J.JLP.2021.104569.
Uehera I. Handling and safety of hydrogen. Energy Carriers Conv Syst 2013;1.
Balthasar W, Schoedel JP. Hydrogen safety manual8396EN. Commission of the
European Communities, DG for Science, Research and Development EUR; 1983.
Scott M, Powells G. Towards a new social science research agenda for hydrogen
transitions: social practices, energy justice, and place attachment. Energy Res Soc
Sci 2020;61:101346. https://doi.org/10.1016/j.erss.2019.101346.

Scott M, Powells G. Sensing hydrogen transitions in homes through social
practices: cooking, heating, and the decomposition of demand. Int J Hydrogen
Energy 2020;45:3870-82. https://doi.org/10.1016/j.ijhydene.2019.12.025.
Lozano LL, Bharadwaj B, de Sales A, Kambo A, Ashworth P. Societal acceptance of
hydrogen for domestic and export applications in Australia. Int J Hydrogen
Energy 2022;47:28806-18. https://doi.org/10.1016/J.1JHYDENE.2022.06.209.
Eames M, McDowall W, Hodson M, Marvin S. Negotiating contested visions and
place-specific expectations of the hydrogen economy. Technol Anal Strateg
Manag 2006;18:361-74. https://doi.org/10.1080/09537320600777127.

Lovins AB. Twenty hydrogen mythsVol. 20. Rocky Mountain Institute; 2003.
Griffiths S, Sovacool BK, Kim J, Bazilian M, Uratani JM. Industrial
decarbonization via hydrogen: a critical and systematic review of developments,
socio-technical systems and policy options. Energy Res Soc Sci 2021;80:102208.
https://doi.org/10.1016/J.ERSS.2021.102208.

Williams JDO, Williamson JP, Parkes D, Evans DJ, Kirk KL, Sunny N, et al. Does
the United Kingdom have sufficient geological storage capacity to support a
hydrogen economy? Estimating the salt cavern storage potential of bedded halite
formations. J Energy Storage 2022;53:105109. https://doi.org/10.1016/J.
EST.2022.105109.

Scita R, Raimondi P, Noussan M. Green hydrogen: the holy grail of
decarbonisation? An analysis of the technical and geopolitical implications of the
future hydrogen economy. Milan. 2020.

Thomas JM, Edwards PP, Dobson PJ, Owen GP. Decarbonising energy: the
developing international activity in hydrogen technologies and fuel cells.

J Energy Chem 2020;51:405-15. https://doi.org/10.1016/J.
JECHEM.2020.03.087.

van Renssen S. The hydrogen solution? Nat Clim Change 2020 10:9 2020;10:
799-801. doi:https://doi.org/10.1038/s41558-020-0891-0.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2023.120850
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2023.120850
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2020.101667
https://extranet.cranfield.ac.uk/publications/hydrogen-and-decarbonisation-of-gas-false-dawn-or-silver-bullet/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/publications/hydrogen-and-decarbonisation-of-gas-false-dawn-or-silver-bullet/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/10.1098/,DanaInfo=doi.org,SSL+rsta.2016.0400
https://extranet.cranfield.ac.uk/10.1098/,DanaInfo=doi.org,SSL+rsta.2016.0400
https://extranet.cranfield.ac.uk/10.3303/,DanaInfo=doi.org,SSL+CET1331153
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0025
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0025
https://extranet.cranfield.ac.uk/10.2172/,DanaInfo=doi.org,SSL+5206437
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2013.05.126
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0040
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0040
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2015.06.040
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2007.04.011
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2017.03.083
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.09.060
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-1-84800-247-0
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-1-84800-247-0
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.psep.2019.09.019
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.psep.2019.09.019
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0075
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0075
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2005.06.004
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2005.06.004
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2019.03.041
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JLP.2021.104569
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0095
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0100
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0100
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2019.101346
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2019.12.025
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.06.209
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537320600777127
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0125
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2021.102208
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.EST.2022.105109
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.EST.2022.105109
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0140
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0140
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0140
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JECHEM.2020.03.087
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JECHEM.2020.03.087
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41558-020-0891-0

J.A. Gordon et al.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Tarkowski R. Underground hydrogen storage: characteristics and prospects.
Renew Sustain Energy Rev 2019;105:86-94. https://doi.org/10.1016/J.
RSER.2019.01.051.

Moriarty P, Honnery D. Prospects for hydrogen as a transport fuel. Int J Hydrogen
Energy 2019;44:16029-37. https://doi.org/10.1016/J.JJHYDENE.2019.04.278.
Mouli-Castillo J, Heinemann N, Edlmann K. Mapping geological hydrogen storage
capacity and regional heating demands: an applied UK case study. Appl Energy
2021;283:116348. https://doi.org/10.1016/j.apenergy.2020.116348.

Baldino C, O'Malley J, Searle S, Christensen A. Hydrogen for heating?
Decarbonization options for households in the European Union in 2050. htt
ps://theicct.org/publication/hydrogen-for-heating-decarbonization-options-fo
r-households-in-the-european-union-in-2050/; 2021.

Lambert M, Schulte S. Contrasting European hydrogen pathways: An analysis of
differing approaches in key markets. Oxford, UK. https://www.oxfordenergy.org
/publications/contrasting-european-hydrogen-pathways-an-analysis-of-differing-
approaches-in-key-markets/; 2021.

van Puyvelde D. 19 strategies, 15 countries, one element. Energy Networks
Australia; 2019. https://www.energynetworks.com.au/news/energy-insider/
19-strategies-15-countries-one-element/.

Smith C, Mouli-Castillo J, van der Horst D, Haszeldine S, Lane M. Towards a
100% hydrogen domestic gas network: Regulatory and commercial barriers to the
first demonstrator project in the United Kingdom. Int J Hydrogen Energy 2022.
https://doi.org/10.1016/J.IJHYDENE.2022.05.123.

Sovacool BK. How long will it take? Conceptualizing the temporal dynamics of
energy transitions. Energy Res Soc Sci 2016;13:202-15. https://doi.org/10.1016/
j-erss.2015.12.020.

Roberts C, Geels FW. Conditions and intervention strategies for the deliberate
acceleration of socio-technical transitions: lessons from a comparative multi-level
analysis of two historical case studies in Dutch and Danish heating. Technol Anal
Strateg Manag 2019;31:1081-103. https://doi.org/10.1080/
09537325.2019.1584286.

Arapostathis S, Pearson PJG, Foxon TJ. UK natural gas system integration in the
making, 1960-2010: complexity, transitional uncertainties and uncertain
transitions. Environ Innov Soc Trans 2014;11:87-102. https://doi.org/10.1016/j.
€ist.2014.01.004.

Committee on Climate Change (CCC). Hydrogen in a low-carbon economy. htt
ps://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/;
2018.

HM Government. Net Zero Strategy: Build Back Greener. https://www.gov.uk/go
vernment/publications/net-zero-strategy; 2021.

HM Government. UK Hydrogen Strategy. https://www.gov.uk/government/publ
ications/uk-hydrogen-strategy; 2021.

HM Government. Heat and Buildings Strategy. https://www.gov.uk/governmen
t/publications/heat-and-buildings-strategy; 2021.

Department for Business, Energy & Industrial Strategy (BEIS). The Ten Point Plan
for a Green Industrial Revolution: Building back better, supporting green jobs,
and accelerating our path to net zero. London. https://www.gov.uk/government
/publications/the-ten-point-plan-for-a-green-industrial-revolution; 2020.
Scottish Government. Scottish Government Hydrogen Policy Statement. https
://www.gov.scot/publications/scottish-government-hydrogen-policy-statement/;
2020.

Brutschin E, Cherp A, Jewell J. Failing the formative phase: The global diffusion
of nuclear power is limited by national markets. Energy Res Soc Sci 2021;80:
102221. https://doi.org/10.1016/J.ERSS.2021.102221.

Arup. Five minute guide: Hydrogen. https://www.arup.com/perspectives/publ
ications/promotional-materials/section/five-minute-guide-to-hydrogen; 2016.
HM Government. British Energy Security Strategy: Secure, clean and affordable
British energy for the long term. https://www.gov.uk/government/publications/
british-energy-security-strategy/british-energy-security-strategy; 2022.
Department for Business, Energy & Industrial Strategy (BEIS). What is the
Industrial Clusters mission?. https://assets.publishing.service.gov.uk/governme
nt/uploads/system/uploads/attachment_data/file/803086/industrial-clusters
-mission-infographic-2019.pdf; 2019.

UK Hydrogen and Fuel Cell Association. The case for blue Hydrogen: UK
Hydrogen and Fuel Cell Association position paper. https://fuelcellsworks.co
m/news/uk-hydrogen-and-fuel-cell-association-presents-position-paper-on-the-
case-for-blue-hydrogen/; 2021.

Committee on Climate Change (CCC). Net zero technical report. https://www.the
ccc.org.uk/publication/net-zero-technical-report/; 2019.

Robles JO, Almaraz SDL, Azzaro-Pantel C. Hydrogen as a pillar of the energy
transition. Hydrogen supply chain: design, deployment and operation. Academic
Press; 2018. p. 3-35. https://doi.org/10.1016/B978-0-12-811197-0.00001-4.
Yan J. Negative-emissions hydrogen energy. Nat Clim Change 2018;8(7):560-1.
https://doi.org/10.1038/541558-018-0215-9.

McDowall W, Eames M. Forecasts, scenarios, visions, backcasts and roadmaps to
the hydrogen economy: a review of the hydrogen futures literature. Energy Policy
2006;34:1236-50. https://doi.org/10.1016/j.enpol.2005.12.006.

Hydrogen Council. How hydrogen empowers the energy transition. https://h
ydrogencouncil.com/en/path-to-hydrogen-competitiveness-a-cost-perspective/;
2017.

Birol F. The future of hydrogen: seizing today’s opportunities. International
Energy Agency; 2019. https://www.iea.org/reports/the-future-of-hydrogen.
Pflugmann F, de Blasio N. The geopolitics of renewable hydrogen in low-carbon
energy markets. Geopolit History Int Relat 2020;12:9-44. https://doi.org/
10.22381/GHIR12120201.

24

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

691

[70]

[71]

[72]

[731]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

Applied Energy 336 (2023) 120850

Maggio G, Nicita A, Squadrito G. How the hydrogen production from RES could
change energy and fuel markets: a review of recent literature. Int J Hydrogen
Energy 2019;44:11371-84. https://doi.org/10.1016/J.1IJHYDENE.2019.03.121.
Mazloomi K, Gomes C. Hydrogen as an energy carrier: prospects and challenges.
Renew Sustain Energy Rev 2012;16:3024-33. https://doi.org/10.1016/J.
RSER.2012.02.028.

Garcia DA. Analysis of non-economic barriers for the deployment of hydrogen
technologies and infrastructures in European countries. Int J Hydrogen Energy
2017;42:6435-47. https://doi.org/10.1016/j.ijhydene.2017.01.201.

van Bree B, Bunzeck I. Social acceptance of hydrogen demonstration projects.
Petten, Netherlands: Energy Research Centre of the Netherlands; 2010. https://
www.fch.europa.eu/sites/default/files/project_results_and_deliverables/Social%
20acceptance%200f%20H2%20demo%20projects.pdf.

Edwards RL, Font-Palma C, Howe J. The status of hydrogen technologies in the
UK: A multi-disciplinary review. Sustain Energy Technol Assessments 2021;43:
100901. https://doi.org/10.1016/j.seta.2020.100901.

Shove E. Gaps, barriers and conceptual chasms: theories of technology transfer
and energy in buildings. Energy Policy 1998;26:1105-12. https://doi.org/
10.1016/50301-4215(98)00065-2.

Geels FW. From sectoral systems of innovation to socio-technical systems:
Insights about dynamics and change from sociology and institutional theory. Res
Policy 2004;33:897-920. https://doi.org/10.1016/j.respol.2004.01.015.
Espegren K, Damman S, Pisciella P, Graabak I, Tomasgard A. The role of hydrogen
in the transition from a petroleum economy to a low-carbon society. Int J
Hydrogen Energy 2021;46:23125-38. https://doi.org/10.1016/J.
IJHYDENE.2021.04.143.

Sandri O, Holdsworth S, Hayes J, Willand N, Moore T. Hydrogen for all?
Household energy vulnerability and the transition to hydrogen in Australia.
Energy Res Soc Sci 2021;79:102179. https://doi.org/10.1016/j.
erss.2021.102179.

Geels FW. Technological transitions as evolutionary reconfiguration processes: a
multi-level perspective and a case-study. Res Policy 2002;31:1257-74. https://
doi.org/10.1016,/50048-7333(02)00062-8.

Verbong G, Geels F. The ongoing energy transition: Lessons from a socio-
technical, multi-level analysis of the Dutch electricity system (1960-2004).
Energy Policy 2007;35:1025-37. https://doi.org/10.1016/j.enpol.2006.02.010.
Geels FW. Micro-foundations of the multi-level perspective on socio-technical
transitions: Developing a multi-dimensional model of agency through crossovers
between social constructivism, evolutionary economics and neo-institutional
theory. Technol Forecast Soc Change 2020;152:119894. https://doi.org/
10.1016/J.TECHFORE.2019.119894.

Cherp A, Vinichenko V, Jewell J, Brutschin E, Sovacool B. Integrating techno-
economic, socio-technical and political perspectives on national energy
transitions: a meta-theoretical framework. Energy Res Soc Sci 2018;37:175-90.
https://doi.org/10.1016/j.erss.2017.09.015.

Kar SK, Harichandan S, Roy B. Bibliometric analysis of the research on hydrogen
economy: an analysis of current findings and roadmap ahead. Int J Hydrogen
Energy 2022;47:10803-24. https://doi.org/10.1016/J.1JJHYDENE.2022.01.137.
Kar SK, Sinha ASK, Bansal R, Shabani B, Harichandan S. Overview of hydrogen
economy in Australia. Wiley Interdiscip Rev Energy Environ 2022. https://doi.
org/10.1002/wene.457.

Emodi NV, Lovell H, Levitt C, Franklin E. A systematic literature review of
societal acceptance and stakeholders’ perception of hydrogen technologies. Int J
Hydrogen Energy 2021;46:30669-97. https://doi.org/10.1016/J.
IJHYDENE.2021.06.212.

Scovell MD. Explaining hydrogen energy technology acceptance: a critical
review. Int J Hydrogen Energy 2022;47:10441-59. https://doi.org/10.1016/J.
IJHYDENE.2022.01.099.

Bakker S. The car industry and the blow-out of the hydrogen hype. Energy Policy
2010;38:6540-4. https://doi.org/10.1016/J.ENPOL.2010.07.019.

Verbong G, Geels FW, Raven R. Multi-niche analysis of dynamics and policies in
Dutch renewable energy innovation journeys (1970-2006): hype-cycles, closed
networks and technology-focused learning. Technol Anal Strateg Manag 2008;20:
555-73. https://doi.org/10.1080/09537320802292719.

Bakker S, Budde B. Technological hype and disappointment: lessons from the
hydrogen and fuel cell case. Https://DoiOrg/101080/09537325201269366224;
2012. p. 549-63. https://doi.org/10.1080/09537325.2012.693662.

Bakker S, van Lente H, Meeus M. Arenas of expectations for hydrogen
technologies. Technol Forecast Soc Change 2011;78:152-62. https://doi.org/
10.1016/J. TECHFORE.2010.09.001.

van Eck NJ, Waltman L. Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics 2010;84:523-38. https://doi.org/10.1007/
$11192-009-0146-3/FIGURES/7.

Morioka SN, de Carvalho MM. A systematic literature review towards a
conceptual framework for integrating sustainability performance into business.
J Clean Prod 2016;136:134-46. https://doi.org/10.1016/J.
JCLEPRO.2016.01.104.

Wohlin C. Guidelines for snowballing in systematic literature studies and a
replication in software engineering. Association for Computing Machinery: ACM
International Conference Proceeding Series; 2014. https://doi.org/10.1145/
2601248.2601268.

Choong MK, Galgani F, Dunn AG, Tsafnat G. Automatic evidence retrieval for
systematic reviews. J Med Internet Res 2014;16(10). https://doi.org/10.2196/
JMIR.3369. E223 Https://WwwJmirOrg/2014/10/E223 2014;16:e3369.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2019.01.051
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2019.01.051
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.04.278
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2020.116348
https://extranet.cranfield.ac.uk/publication/hydrogen-for-heating-decarbonization-options-for-households-in-the-european-union-in-2050/,DanaInfo=theicct.org,SSL+
https://extranet.cranfield.ac.uk/publication/hydrogen-for-heating-decarbonization-options-for-households-in-the-european-union-in-2050/,DanaInfo=theicct.org,SSL+
https://extranet.cranfield.ac.uk/publication/hydrogen-for-heating-decarbonization-options-for-households-in-the-european-union-in-2050/,DanaInfo=theicct.org,SSL+
https://extranet.cranfield.ac.uk/publications/contrasting-european-hydrogen-pathways-an-analysis-of-differing-approaches-in-key-markets/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/publications/contrasting-european-hydrogen-pathways-an-analysis-of-differing-approaches-in-key-markets/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/publications/contrasting-european-hydrogen-pathways-an-analysis-of-differing-approaches-in-key-markets/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/news/energy-insider/19-strategies-15-countries-one-element/,DanaInfo=www.energynetworks.com.au,SSL+
https://extranet.cranfield.ac.uk/news/energy-insider/19-strategies-15-countries-one-element/,DanaInfo=www.energynetworks.com.au,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.05.123
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2015.12.020
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2015.12.020
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537325.2019.1584286
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537325.2019.1584286
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.eist.2014.01.004
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.eist.2014.01.004
https://extranet.cranfield.ac.uk/publication/hydrogen-in-a-low-carbon-economy/,DanaInfo=www.theccc.org.uk,SSL+
https://extranet.cranfield.ac.uk/publication/hydrogen-in-a-low-carbon-economy/,DanaInfo=www.theccc.org.uk,SSL+
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+net-zero-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+net-zero-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+uk-hydrogen-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+uk-hydrogen-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+heat-and-buildings-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+heat-and-buildings-strategy
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+the-ten-point-plan-for-a-green-industrial-revolution
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+the-ten-point-plan-for-a-green-industrial-revolution
https://extranet.cranfield.ac.uk/publications/scottish-government-hydrogen-policy-statement/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/publications/scottish-government-hydrogen-policy-statement/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2021.102221
https://extranet.cranfield.ac.uk/perspectives/publications/promotional-materials/section/,DanaInfo=www.arup.com,SSL+five-minute-guide-to-hydrogen
https://extranet.cranfield.ac.uk/perspectives/publications/promotional-materials/section/,DanaInfo=www.arup.com,SSL+five-minute-guide-to-hydrogen
https://extranet.cranfield.ac.uk/government/publications/british-energy-security-strategy/,DanaInfo=www.gov.uk,SSL+british-energy-security-strategy
https://extranet.cranfield.ac.uk/government/publications/british-energy-security-strategy/,DanaInfo=www.gov.uk,SSL+british-energy-security-strategy
https://extranet.cranfield.ac.uk/government/uploads/system/uploads/attachment_data/file/803086/,DanaInfo=assets.publishing.service.gov.uk,SSL+industrial-clusters-mission-infographic-2019.pdf
https://extranet.cranfield.ac.uk/government/uploads/system/uploads/attachment_data/file/803086/,DanaInfo=assets.publishing.service.gov.uk,SSL+industrial-clusters-mission-infographic-2019.pdf
https://extranet.cranfield.ac.uk/government/uploads/system/uploads/attachment_data/file/803086/,DanaInfo=assets.publishing.service.gov.uk,SSL+industrial-clusters-mission-infographic-2019.pdf
https://extranet.cranfield.ac.uk/news/uk-hydrogen-and-fuel-cell-association-presents-position-paper-on-the-case-for-blue-hydrogen/,DanaInfo=fuelcellsworks.com,SSL+
https://extranet.cranfield.ac.uk/news/uk-hydrogen-and-fuel-cell-association-presents-position-paper-on-the-case-for-blue-hydrogen/,DanaInfo=fuelcellsworks.com,SSL+
https://extranet.cranfield.ac.uk/news/uk-hydrogen-and-fuel-cell-association-presents-position-paper-on-the-case-for-blue-hydrogen/,DanaInfo=fuelcellsworks.com,SSL+
https://extranet.cranfield.ac.uk/publication/net-zero-technical-report/,DanaInfo=www.theccc.org.uk,SSL+
https://extranet.cranfield.ac.uk/publication/net-zero-technical-report/,DanaInfo=www.theccc.org.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+B978-0-12-811197-0.00001-4
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41558-018-0215-9
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2005.12.006
https://extranet.cranfield.ac.uk/en/path-to-hydrogen-competitiveness-a-cost-perspective/,DanaInfo=hydrogencouncil.com,SSL+
https://extranet.cranfield.ac.uk/en/path-to-hydrogen-competitiveness-a-cost-perspective/,DanaInfo=hydrogencouncil.com,SSL+
https://extranet.cranfield.ac.uk/reports/,DanaInfo=www.iea.org,SSL+the-future-of-hydrogen
https://extranet.cranfield.ac.uk/10.22381/,DanaInfo=doi.org,SSL+GHIR12120201
https://extranet.cranfield.ac.uk/10.22381/,DanaInfo=doi.org,SSL+GHIR12120201
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.03.121
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2012.02.028
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2012.02.028
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2017.01.201
https://extranet.cranfield.ac.uk/sites/default/files/project_results_and_deliverables/,DanaInfo=www.fch.europa.eu,SSL+Social%20acceptance%20of%20H2%20demo%20projects.pdf
https://extranet.cranfield.ac.uk/sites/default/files/project_results_and_deliverables/,DanaInfo=www.fch.europa.eu,SSL+Social%20acceptance%20of%20H2%20demo%20projects.pdf
https://extranet.cranfield.ac.uk/sites/default/files/project_results_and_deliverables/,DanaInfo=www.fch.europa.eu,SSL+Social%20acceptance%20of%20H2%20demo%20projects.pdf
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.seta.2020.100901
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0301-4215(98)00065-2
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0301-4215(98)00065-2
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.respol.2004.01.015
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.04.143
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.04.143
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2021.102179
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2021.102179
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0048-7333(02)00062-8
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0048-7333(02)00062-8
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2006.02.010
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2019.119894
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2019.119894
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2017.09.015
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.01.137
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+wene.457
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+wene.457
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.06.212
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.06.212
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.01.099
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.01.099
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2010.07.019
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537320802292719
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537325.2012.693662
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2010.09.001
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2010.09.001
https://extranet.cranfield.ac.uk/10.1007/S11192-009-0146-3/FIGURES/,DanaInfo=doi.org,SSL+7
https://extranet.cranfield.ac.uk/10.1007/S11192-009-0146-3/FIGURES/,DanaInfo=doi.org,SSL+7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2016.01.104
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2016.01.104
https://extranet.cranfield.ac.uk/10.1145/,DanaInfo=doi.org,SSL+2601248.2601268
https://extranet.cranfield.ac.uk/10.1145/,DanaInfo=doi.org,SSL+2601248.2601268
https://extranet.cranfield.ac.uk/10.2196/,DanaInfo=doi.org,SSL+JMIR.3369
https://extranet.cranfield.ac.uk/10.2196/,DanaInfo=doi.org,SSL+JMIR.3369

J.A. Gordon et al.

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Kamal A, Al-Ghamdi SG, Koc M. Revaluing the costs and benefits of energy
efficiency: a systematic review. Energy Res Soc Sci 2019;54:68-84. https://doi.
org/10.1016/J.ERSS.2019.03.012.

Greenhalgh T, Peacock R. Effectiveness and efficiency of search methods in
systematic reviews of complex evidence: audit of primary sources. BMJ 2005;331:
1064-5. https://doi.org/10.1136/BMJ.38636.593461.68.

Horsley T, Dingwall O, Sampson M. Checking reference lists to find additional
studies for systematic reviews. Cochrane Database Syst Rev 2011;2011. https://
doi.org/10.1002/14651858.MR000026.pub2.

He M, Zhang Y, Gong L, Zhou Y, Song X, Zhu W, et al. Bibliometrical analysis of
hydrogen storage. Int J Hydrogen Energy 2019;44:28206-26. https://doi.org/
10.1016/J.1JHYDENE.2019.07.014.

Zhao N, Liang D, Meng S, Li X. Bibliometric and content analysis on emerging
technologies of hydrogen production using microbial electrolysis cells. Int J
Hydrogen Energy 2020;45:33310-24. https://doi.org/10.1016/J.
IJHYDENE.2020.09.104.

Crisan A, Kuhn M. The energy network: Infrastructure as the hardware of the
Energy Union. Energy Union; 2017. p. 165-82. https://doi.org/10.1057/978-1-
137-59104-3_10.

Kovac A, Paranos M, Marcius D. Hydrogen in energy transition: a review. Int J
Hydrogen Energy 2021;46:10016-35. https://doi.org/10.1016/J.
IJHYDENE.2020.11.256.

Boretti A. There are hydrogen production pathways with better than green
hydrogen economic and environmental costs. Int J Hydrogen Energy 2021;46:
23988-95. https://doi.org/10.1016/J.1IJHYDENE.2021.04.182.

Ball M, Weeda M. The hydrogen economy — vision or reality? Int J Hydrogen
Energy 2015;40:7903-19. https://doi.org/10.1016/J.IJHYDENE.2015.04.032.
Nikolaidis P, Poullikkas A. A comparative overview of hydrogen production
processes. Renew Sustain Energy Rev 2017;67:597-611. https://doi.org/
10.1016/J.RSER.2016.09.044.

Glenk G, Reichelstein S. Economics of converting renewable power to hydrogen.
Nat Energy 2019;4:216-22. https://doi.org/10.1038/541560-019-0326-1.
Kayfeci M, Kecebas A, Bayat M, Hydrogen production.. Solar hydrogen
production: processes, systems and technologies. 2019. p. 45-83. https://doi.org/
10.1016/B978-0-12-814853-2.00003-5.

International Renewable Energy Agency (IRENA). Green hydrogen supply: a
guide to policy making. https://www.irena.org/publications/2021/M
ay/Green-Hydrogen-Supply-A-Guide-To-Policy-Making; 2021.

International Renewable Energy Agency (IRENA). Green hydrogen cost
reduction: Scaling up electrolysers to meet the 1.5°C climate goal. https://www.
irena.org/publications/2021/May/Green-Hydrogen-Supply-A-Guide-To-Policy-M
aking; 2020.

International Renewable Energy Agency (IRENA). Green hydrogen: A guide to
policy making. https://irena.org/publications/2020/Nov/Green-hydrogen; 2020.
International Energy Agency (IEA). Global hydrogen review. https://www.iea.
org/reports/global-hydrogen-review-2021; 2021.

Scottish Government Heat in Buildings Strategy: Achieving Net Zero Emissions in
Scotland’s Buildings. https://www.gov.scot/publications/heat-buildings-strate
gy-achieving-net-zero-emissions-scotlands-buildings/; 2021.

Hydrogen Council. Path to hydrogen competitiveness: a cost perspective. http
s://hydrogencouncil.com/en/path-to-hydrogen-competitiveness-a-cost-perspect
ive/; 2020.

Energy Transitions Commission. Making the hydrogen economy possible:
Accelerating clean hydrogen in an electrified economy. https://www.energy-t
ransitions.org/publications/making-clean-hydrogen-possible/; 2021.

Peters D, van der Leun K, Terlouw W, van Tilburg J, Berg T, Schimmel M, et al.
Gas decarbonisation pathways 2020-2050: gas for climate. https://gasfor
climate2050.eu/sdm_downloads/2020-gas-decarbonisation-pathways-study/;
2020.

Wang A, van der Leun K, Peters D, Buseman M. European Hydrogen Backbone:
How a dedicated hydrogen infrastructure can be created. https://gasforclimate
2050.eu/sdm_downloads/european-hydrogen-backbone/; 2020.

Hodges JP, Geary W, Graham S, Hooker P, Goff DR. Injecting hydrogen into the
gas network - a literature search. Prepared by the Health and Safety Laboratory
for the Health and Safety Executive. https://www.hse.gov.uk/research/rrhtm/rr
1047.htm; 2015.

Kouchachvili L, Entchev E. Power to gas and H2/NG blend in SMART energy
networks concept. Renew Energy 2018;125:456-64. https://doi.org/10.1016/J.
RENENE.2018.02.088.

Quarton CJ, Samsatli S. Should we inject hydrogen into gas grids? Practicalities
and whole-system value chain optimisation. Appl Energy 2020;275:115172.
https://doi.org/10.1016/j.apenergy.2020.115172.

Kuczynski S, Laciak M, Olijnyk A, Szurlej A, Wiodek T. Thermodynamic and
technical issues of hydrogen and methane-hydrogen mixtures pipeline
transmission. Energies (Basel) 2019:12. https://doi.org/10.3390/en12030569.
Zhao Y, McDonell V, Samuelsen S. Influence of hydrogen addition to pipeline
natural gas on the combustion performance of a cooktop burner. Int J Hydrogen
Energy 2019;44:12239-53. https://doi.org/10.1016/j.ijhydene.2019.03.100.

de Vries H, Mokhov A, v., Levinsky HB.. The impact of natural gas/hydrogen
mixtures on the performance of end-use equipment: interchangeability analysis
for domestic appliances. Appl Energy 2017;208:1007-19. https://doi.org/
10.1016/j.apenergy.2017.09.049.

RIIO-2 Challenge Group. Independent report for Ofgem on RIIO-2 business plans.
https://www.ofgem.gov.uk/publications/riio-2-challenge-group-independen
t-report-ofgem; 2020.

25

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Applied Energy 336 (2023) 120850

Dorrington M, Lewitt M, Summerfield I, Robson P, Howe J. Hydrogen Appliances:
Desk study on the development of the supply chain for 100% hydrogen-fired
domestic and commercial appliances. https://www.gov.uk/government/publi
cations/hydrogen-appliances-desk-study-on-the-development-of-the-supply-ch
ain-for-100-hydrogen-fired-domestic-and-commercial-appliances; 2016.
Deymi-Dashtebayaz M, Ebrahimi-Moghadam A, Pishbin SI, Pourramezan M.
Investigating the effect of hydrogen injection on natural gas thermo-physical
properties with various compositions. Energy 2019;167:235-45. https://doi.org/
10.1016/J.ENERGY.2018.10.186.

Newborough M, Cooley G. Developments in the global hydrogen market: the
spectrum of hydrogen colours. Fuel Cells Bull 2020;2020:16-22. https://doi.org/
10.1016/51464-2859(20)30546-0.

Gordon JA, Balta-Ozkan N, Nabavi SA. Homes of the future: unpacking public
perceptions to power the domestic hydrogen transition. Renew Sustain Energy
Rev 2022;164:112481. https://doi.org/10.1016/J.RSER.2022.112481.

labidine Messaoudani Z, Rigas F, Binti Hamid MD, Che Hassan CR.. Hazards,
safety and knowledge gaps on hydrogen transmission via natural gas grid: a
critical review. Int J Hydrogen Energy 2016;41:17511-25. https://doi.org/
10.1016/j.ijhydene.2016.07.171.

European Commission (EC). Identification of legal rules and administrative
processes applicable to Fuel Cell and Hydrogen technologies’ deployment,
identification of legal barriers and advocacy towards their removal 2019. https://
cordis.europa.eu/project/id/735977 /reporting.

Hayter D. HyLAW - Hydrogen Law and removal of legal barriers to the
deployment of fuel cells and hydrogen applications. https://www.hylaw.eu/;
2018.

Department for Business, Systems and Technologies. UK Low Carbon Hydrogen
Standard: Guidance on the greenhouse gas emissions and sustainability criteria.
https://www.gov.uk/government/publications/uk-low-carbon-hydrogen-standar
d-emissions-reporting-and-sustainability-criteria; 2022.

Department for Business, Energy & Industrial Strategy (BEIS). The UK Low
Carbon Hydrogen Standard: Government response to consultation. 2022. https://
www.gov.uk/government/consultations/designing-a-uk-low-carbon-hydrogen
-standard.

Heyworth L. Green hydrogen: Optimising net zero. RenewableUK; 2022. htt
ps://www.renewableuk.com/news/604418/Green-Hydrogen-Optimising-Net
-Zero.htm.

Burke J, Rooney M. Fuelling the Future: Hydrogen’s role in supporting the low-
carbon economy. Policy Exchange: London: 2018. London: Policy Exchange;
2018. https://policyexchange.org.uk/publication/fuelling-the-future/.

Sauter R, Watson J. Strategies for the deployment of micro-generation:
Implications for social acceptance. Energy Policy 2007;35:2770-9. https://doi.
org/10.1016/j.enpol.2006.12.006.

Grubler A. Energy transitions research: Insights and cautionary tales. Energy
Policy 2012;50:8-16. https://doi.org/10.1016/j.enpol.2012.02.070.

Akizu O, Urkidi L, Bueno G, Lago R, Barcena I, Mantxo M, et al. Tracing the
emerging energy transitions in the Global North and the Global South. Int J
Hydrogen Energy 2017;42:18045-63. https://doi.org/10.1016/j.
ijhydene.2017.04.297.

Steg L, Perlaviciute G, van der Werff E. Understanding the human dimensions of a
sustainable energy transition. Front Psychol 2015;6:805. https://doi.org/
10.3389/fpsyg.2015.00805.

Upham P, Oltra C, Boso A. Towards a cross-paradigmatic framework of the social
acceptance of energy systems. Energy Res Soc Sci 2015;8:100-12. https://doi.
org/10.1016/j.erss.2015.05.003.

Batel S, Devine-Wright P, Tangeland T. Social acceptance of low carbon energy
and associated infrastructures: a critical discussion. Energy Policy 2013;58:1-5.
https://doi.org/10.1016/j.enpol.2013.03.018.

Batel S. Research on the social acceptance of renewable energy technologies: past,
present and future. Energy Res Soc Sci 2020;68:101544. https://doi.org/
10.1016/j.erss.2020.101544.

Seidl R, von Wirth T, Kriitli P. Social acceptance of distributed energy systems in
Swiss, German, and Austrian energy transitions. Energy Res Soc Sci 2019;54:
117-28. https://doi.org/10.1016/j.erss.2019.04.006.

Gordon JA, Balta-Ozkan N, Nabavi SA. Beyond the triangle of renewable energy
acceptance: the five dimensions of domestic hydrogen acceptance. Appl Energy
2022;324:119715. https://doi.org/10.1016/j.apenergy.2022.119715.

Damette O, Buckley P, Agnoletti M-F, Martin AA. A prospective study on
consumer preferences for hydrogen energy for residential applications: a choice
experiment. Available at SSRN 4024061. 2022. https://doi.org/10.2139/
Ssrn.4024061.

Upham P, Bogel P, Diitschke E, Burghard U, Oltra C, Sala R, et al. The revolution
is conditional? The conditionality of hydrogen fuel cell expectations in five
European countries. Energy Res Soc Sci 2020;70:101722. https://doi.org/
10.1016/J.ERSS.2020.101722.

Bogel P, Oltra C, Sala R, Lores M, Upham P, Diitschke E, et al. The role of attitudes
in technology acceptance management: reflections on the case of hydrogen fuel
cells in Europe. J Clean Prod 2018;188:125-35. https://doi.org/10.1016/j.
jclepro.2018.03.266.

Geels IFW. The dynamics of transitions in socio-technical systems: a multi-level
analysis of the transition pathway from horse-drawn carriages to automobiles
(1860-1930). Technol Anal Strateg Manag 2005;17:445-76. https://doi.org/
10.1080/09537320500357319.

Geels FW. Disruption and low-carbon system transformation: PROGRESS and new
challenges in socio-technical transitions research and the Multi-Level Perspective.
Energy Res Soc Sci 2018;37:224-31. https://doi.org/10.1016/j.erss.2017.10.010.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2019.03.012
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2019.03.012
https://extranet.cranfield.ac.uk/10.1136/,DanaInfo=doi.org,SSL+BMJ.38636.593461.68
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+14651858.MR000026.pub2
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+14651858.MR000026.pub2
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.07.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.07.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.09.104
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.09.104
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+978-1-137-59104-3_10
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+978-1-137-59104-3_10
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.11.256
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.11.256
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.04.182
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2015.04.032
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2016.09.044
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2016.09.044
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41560-019-0326-1
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+B978-0-12-814853-2.00003-5
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+B978-0-12-814853-2.00003-5
https://extranet.cranfield.ac.uk/publications/2021/May/,DanaInfo=www.irena.org,SSL+Green-Hydrogen-Supply-A-Guide-To-Policy-Making
https://extranet.cranfield.ac.uk/publications/2021/May/,DanaInfo=www.irena.org,SSL+Green-Hydrogen-Supply-A-Guide-To-Policy-Making
https://extranet.cranfield.ac.uk/publications/2021/May/,DanaInfo=www.irena.org,SSL+Green-Hydrogen-Supply-A-Guide-To-Policy-Making
https://extranet.cranfield.ac.uk/publications/2021/May/,DanaInfo=www.irena.org,SSL+Green-Hydrogen-Supply-A-Guide-To-Policy-Making
https://extranet.cranfield.ac.uk/publications/2021/May/,DanaInfo=www.irena.org,SSL+Green-Hydrogen-Supply-A-Guide-To-Policy-Making
https://extranet.cranfield.ac.uk/publications/2020/Nov/,DanaInfo=irena.org,SSL+Green-hydrogen
https://extranet.cranfield.ac.uk/reports/,DanaInfo=www.iea.org,SSL+global-hydrogen-review-2021
https://extranet.cranfield.ac.uk/reports/,DanaInfo=www.iea.org,SSL+global-hydrogen-review-2021
https://extranet.cranfield.ac.uk/publications/heat-buildings-strategy-achieving-net-zero-emissions-scotlands-buildings/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/publications/heat-buildings-strategy-achieving-net-zero-emissions-scotlands-buildings/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/en/path-to-hydrogen-competitiveness-a-cost-perspective/,DanaInfo=hydrogencouncil.com,SSL+
https://extranet.cranfield.ac.uk/en/path-to-hydrogen-competitiveness-a-cost-perspective/,DanaInfo=hydrogencouncil.com,SSL+
https://extranet.cranfield.ac.uk/en/path-to-hydrogen-competitiveness-a-cost-perspective/,DanaInfo=hydrogencouncil.com,SSL+
https://extranet.cranfield.ac.uk/publications/making-clean-hydrogen-possible/,DanaInfo=www.energy-transitions.org,SSL+
https://extranet.cranfield.ac.uk/publications/making-clean-hydrogen-possible/,DanaInfo=www.energy-transitions.org,SSL+
https://extranet.cranfield.ac.uk/sdm_downloads/2020-gas-decarbonisation-pathways-study/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/sdm_downloads/2020-gas-decarbonisation-pathways-study/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/sdm_downloads/european-hydrogen-backbone/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/sdm_downloads/european-hydrogen-backbone/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/research/rrhtm/,DanaInfo=www.hse.gov.uk,SSL+rr1047.htm
https://extranet.cranfield.ac.uk/research/rrhtm/,DanaInfo=www.hse.gov.uk,SSL+rr1047.htm
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RENENE.2018.02.088
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RENENE.2018.02.088
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2020.115172
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+en12030569
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2019.03.100
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2017.09.049
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2017.09.049
https://extranet.cranfield.ac.uk/publications/,DanaInfo=www.ofgem.gov.uk,SSL+riio-2-challenge-group-independent-report-ofgem
https://extranet.cranfield.ac.uk/publications/,DanaInfo=www.ofgem.gov.uk,SSL+riio-2-challenge-group-independent-report-ofgem
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-appliances-desk-study-on-the-development-of-the-supply-chain-for-100-hydrogen-fired-domestic-and-commercial-appliances
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-appliances-desk-study-on-the-development-of-the-supply-chain-for-100-hydrogen-fired-domestic-and-commercial-appliances
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-appliances-desk-study-on-the-development-of-the-supply-chain-for-100-hydrogen-fired-domestic-and-commercial-appliances
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENERGY.2018.10.186
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENERGY.2018.10.186
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S1464-2859(20)30546-0
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S1464-2859(20)30546-0
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2022.112481
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2016.07.171
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2016.07.171
https://extranet.cranfield.ac.uk/project/id/735977/,DanaInfo=cordis.europa.eu,SSL+reporting
https://extranet.cranfield.ac.uk/project/id/735977/,DanaInfo=cordis.europa.eu,SSL+reporting
https://extranet.cranfield.ac.uk/,DanaInfo=www.hylaw.eu,SSL+
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+uk-low-carbon-hydrogen-standard-emissions-reporting-and-sustainability-criteria
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+uk-low-carbon-hydrogen-standard-emissions-reporting-and-sustainability-criteria
https://extranet.cranfield.ac.uk/government/consultations/,DanaInfo=www.gov.uk,SSL+designing-a-uk-low-carbon-hydrogen-standard
https://extranet.cranfield.ac.uk/government/consultations/,DanaInfo=www.gov.uk,SSL+designing-a-uk-low-carbon-hydrogen-standard
https://extranet.cranfield.ac.uk/government/consultations/,DanaInfo=www.gov.uk,SSL+designing-a-uk-low-carbon-hydrogen-standard
https://extranet.cranfield.ac.uk/news/604418/,DanaInfo=www.renewableuk.com,SSL+Green-Hydrogen-Optimising-Net-Zero.htm
https://extranet.cranfield.ac.uk/news/604418/,DanaInfo=www.renewableuk.com,SSL+Green-Hydrogen-Optimising-Net-Zero.htm
https://extranet.cranfield.ac.uk/news/604418/,DanaInfo=www.renewableuk.com,SSL+Green-Hydrogen-Optimising-Net-Zero.htm
https://extranet.cranfield.ac.uk/publication/fuelling-the-future/,DanaInfo=policyexchange.org.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2006.12.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2006.12.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2012.02.070
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2017.04.297
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2017.04.297
https://extranet.cranfield.ac.uk/10.3389/,DanaInfo=doi.org,SSL+fpsyg.2015.00805
https://extranet.cranfield.ac.uk/10.3389/,DanaInfo=doi.org,SSL+fpsyg.2015.00805
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2015.05.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2015.05.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2013.03.018
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2020.101544
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2020.101544
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2019.04.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2022.119715
https://extranet.cranfield.ac.uk/10.2139/,DanaInfo=doi.org,SSL+Ssrn.4024061
https://extranet.cranfield.ac.uk/10.2139/,DanaInfo=doi.org,SSL+Ssrn.4024061
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2020.101722
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2020.101722
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jclepro.2018.03.266
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jclepro.2018.03.266
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537320500357319
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537320500357319
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2017.10.010

J.A. Gordon et al.

[138]
[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Geels FW, Schot J. Typology of sociotechnical transition pathways. Res Policy
2007;36:399-417. https://doi.org/10.1016/j.respol.2007.01.003.

Geels FW, Sovacool BK, Schwanen T, Sorrell S. The socio-technical dynamics of
low-carbon transitions. Joule 2017:463-79.

Foxon TJ. A coevolutionary framework for analysing a transition to a sustainable
low carbon economy. Ecol Econ 2011;70:2258-67. https://doi.org/10.1016/j.
ecolecon.2011.07.014.

Geels FW. The multi-level perspective on sustainability transitions: responses to
seven criticisms. Environ Innov Soc Trans 2011;1:24-40. https://doi.org/
10.1016/j.eist.2011.02.002.

Eyre N, Darby SJ, Griinewald P, McKenna E, Ford R. Reaching a 1.5°C target:
Socio-technical challenges for a rapid transition to low-carbon electricity systems.
Philos Trans Roy Soc A Math Phys Eng Sci 2018:376. https://doi.org/10.1098/
rsta.2016.0462.

Losch A, Grunwald A, Meister M, Schulz-Schaeffer I. Introduction: socio-technical
futures shaping the present. Wiesbaden: Springer VS; 2019. p. 1-14. https://doi.
org/10.1007/978-3-658-27155-8_1.

Konrad K, Bohle K. Socio-technical futures and the governance of innovation
processes—an introduction to the special issue. Futures 2019;109:101-7. https://
doi.org/10.1016/j.futures.2019.03.003.

Levenda AM, Richter J, Miller T, Fisher E. Regional sociotechnical imaginaries
and the governance of energy innovations. Futures 2019;109:181-91. https://doi.
org/10.1016/j.futures.2018.03.001.

Karhunmaa K. Attaining carbon neutrality in Finnish parliamentary and city
council debates. Futures 2019;109:170-80. https://doi.org/10.1016/j.
futures.2018.10.009.

Jewell J, Cherp A. On the political feasibility of climate change mitigation
pathways: Is it too late to keep warming below 1.5°C? Wiley Interdiscip Rev Clim
Change 2020;11:e621. https://doi.org/10.1002/WCC.621.

Lyytimaki J, Nygrén NA, Pulkka A, Rantala S. Energy transition looming behind
the headlines? Newspaper coverage of biogas production in Finland. Energy
Sustain Soc 2018;8:1-11. https://doi.org/10.1186/513705-018-0158-z.

Iyer G, Clarke L, Edmonds J, Fawcett A, Fuhrman J, McJeon H, et al. The role of
carbon dioxide removal in net-zero emissions pledges. Energy Clim Change 2021:
100043. https://doi.org/10.1016/j.egycc.2021.100043.

Doherty NF, Coombs CR, Loan-Clarke J. A re-conceptualization of the interpretive
flexibility of information technologies: redressing the balance between the social
and the technical. Eur J Inf Syst 2006;15:569-82. https://doi.org/10.1057/
palgrave.ejis.3000653.

Bijker WE. Of bicycles, bakelites, and bulbs: toward a theory of sociotechnical
change. MIT Press; 1995.

Andreasen KP, Sovacool BK. Energy sustainability, stakeholder conflicts, and the
future of hydrogen in Denmark. Renew Sustain Energy Rev 2014;39:891-7.
https://doi.org/10.1016/J.RSER.2014.07.158.

McDowall W. Technology roadmaps for transition management: the case of
hydrogen energy. Technol Forecast Soc Change 2012;79:530-42. https://doi.org/
10.1016/j.techfore.2011.10.002.

Eames M, McDowall W. Sustainability, foresight and contested futures: exploring
visions and pathways in the transition to a hydrogen economy. Technol Anal
Strateg Manag 2010;22:671-92. https://doi.org/10.1080/
09537325.2010.497255.

van der Spek M, Banet C, Bauer C, Gabrielli P, Goldthorpe W, Mazzotti M, et al.
Perspective on the hydrogen economy as a pathway to reach net-zero CO 2
emissions in Europe. Energ Environ Sci 2022;15:1034-77. https://doi.org/
10.1039/D1EE02118D.

Office of Energy Efficiency & Renewable Energy. Hydrogen and fuel cell
technologies office multi-year research, development, and demonstration plan.
2014. https://doi.org/10.2172/1219578.

Qureshi F, Yusuf M, Kamyab H, Zaidi S, Junaid Khalil M, Arham Khan M, et al.
Current trends in hydrogen production, storage and applications in India: a
review. Sustain Energy Technol Assessments 2022;53:102677. https://doi.org/
10.1016/J.SETA.2022.102677.

International Renewable Energy Agency (IRENA). Green hydrogen supply: a
guide to policy making. https://www.irena.org/publications/2020/Nov/Green
-hydrogen; 2020.

Balat M, Kirtay E. Major technical barriers to a “hydrogen economy”. Energy
Sources A Recovery Utiliz Environ Effects 2010;32:863-76. https://doi.org/
10.1080/15567030802606293.

Saccani C, Pellegrini M, Guzzini A. Analysis of the existing barriers for the market
development of power to hydrogen (P2H) in Italy. Energies (Basel) 2020:13.
https://doi.org/10.3390/en13184835.

Astiaso Garcia D. Analysis of non-economic barriers for the deployment of
hydrogen technologies and infrastructures in European countries. Int J Hydrogen
Energy 2017;42:6435-47. https://doi.org/10.1016/J.IJHYDENE.2017.01.201.
Chantre C, Andrade Elizidrio S, Pradelle F, Catélico AC, Branquinho Das

Dores AM, Torres Serra E, et al. Hydrogen economy development in Brazil: An
analysis of stakeholders’ perception. Sust Prod Consum 2022;34:26-41. https://
doi.org/10.1016/J.SPC.2022.08.028.

Xu C, Wu Y, Dai S. What are the critical barriers to the development of hydrogen
refueling stations in China? A modified fuzzy DEMATEL approach. Energy Policy
2020;142:111495. https://doi.org/10.1016/J.ENPOL.2020.111495.

Eljack F, Kazi M-K. Prospects and challenges of green hydrogen economy via
multi-sector global symbiosis in Qatar. Front Sustain 2021;0:14. https://doi.org/
10.3389/FRSUS.2020.612762.

26

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

Applied Energy 336 (2023) 120850

Ingaldi M, Klimecka-Tatar D. People’s attitude to energy from hydrogen—from
the point of view of modern energy technologies and social responsibility.
Energies (Basel) 2020:13. https://doi.org/10.3390/en13246495.

Heiskanen E, Hodson M, Mourik RM, Raven RPJM, Feenstra CFJ, Alcantud A,
et al. Factors influencing the societal acceptance of new energy technologies:
meta-analysis of recent European projects. In: Work Package 2 of the CREATE
ACCEPTANCE Project, FP6-2004-Energy-3; 2008. SUSTDEV-1.2.8.

Sadler Cargill A, Crowther M, Rennie A, Watt J, Burton S, et al. Leeds City Gate
H21. Leeds, UK: Northern Gas Networks; 2016. https://h21.green/projects/h
21-leeds-city-gate/.

Lowes R, Woodman B. Disruptive and uncertain: policy makers’ perceptions on
UK heat decarbonisation. Energy Policy 2020;142:111494. https://doi.org/
10.1016/j.enpol.2020.111494.

Gray D, Snodin H, Bullen A. Exploring the evidence on potential issues associated
with trialling hydrogen heating in communities: A literature review and focus
group study. Department for Business, Energy & Industrial Strategy: BEIS
Research Paper Number 2020/018. 2019.

Lambert V, Ashworth P. The Australian public’s perception of hydrogen for
energy. Report for the Australian Government’s Renewable Energy Agency. https
://arena.gov.au/knowledge-bank/the-australian-publics-perception-of-h
ydrogen-for-energy; 2018.

Yukesh Kannah R, Kavitha S, Preethi Parthiba, Karthikeyan O, Kumar G, Dai-
Viet NV, et al. Techno-economic assessment of various hydrogen production
methods — A review. Bioresour Technol 2021;319:124175. https://doi.org/
10.1016/J.BIORTECH.2020.124175.

Wang J, Wang H, Fan Y. Techno-economic challenges of fuel cell
commercialization. Engineering 2018;4:352-60. https://doi.org/10.1016/J.
ENG.2018.05.007.

Burandt T. Analyzing the necessity of hydrogen imports for net-zero emission
scenarios in Japan. Appl Energy 2021;298:117265. https://doi.org/10.1016/J.
APENERGY.2021.117265.

Quarton CJ, Tlili O, Welder L, Mansilla C, Blanco H, Heinrichs H, et al. The
curious case of the conflicting roles of hydrogen in global energy scenarios.
Sustain Energy Fuels 2019;4:80-95. https://doi.org/10.1039/C9SE00833K.
Franchi G, Capocelli M, de Falco M, Piemonte V, Barba D. Hydrogen production
via steam reforming: a critical analysis of MR and RMM technologies. Membranes
(Basel) 2020:10. https://doi.org/10.3390/membranes10010010.

Boretti A. Production of hydrogen for export from wind and solar energy, natural
gas, and coal in Australia. Int J Hydrogen Energy 2020;45:3899-904. https://doi.
org/10.1016/J.1JHYDENE.2019.12.080.

Oni AO, Anaya K, Giwa T, di Lullo G, Kumar A. Comparative assessment of blue
hydrogen from steam methane reforming, autothermal reforming, and natural gas
decomposition technologies for natural gas-producing regions. Energ Conver
Manage 2022;254:115245. https://doi.org/10.1016/J.
ENCONMAN.2022.115245.

Ahmad O, Khowaiter Al, Mufti Yasser M. Saudi Aramco’s perspectives on
hydrogen: opportunities and challenges. The Oxford Institute for Energy Studies:
The Role of Hydrogen in the Energy Transition; 2021. p. 44-8.

Bhandari R, Trudewind CA, Zapp P. Life cycle assessment of hydrogen production
via electrolysis — a review. J Clean Prod 2014;85:151-63. https://doi.org/
10.1016/J.JCLEPRO.2013.07.048.

Elliott C, Fletcher N, Cook M, Ruggeri F, Carter C, Williams B, et al. Hydrogen
supply programme-Novel steam methane/gas heated reformer: Phase 1 final
study report. 2020.

Niermann M, Drii S, Kaltschmitt M, Bonhoff K. Liquid organic hydrogen carriers
(LOHCs)-techno-economic analysis of LOHCs in a defined process chain. Energ
Environ Sci 2019;12:290-307. https://doi.org/10.1039/c8ee02700e.
Department for Business, Energy & Industrial Strategy (BEIS). Hydrogen
production costs 2021. https://www.gov.uk/government/publications/hydro
gen-production-costs-2021; 2021.

Deloitte UK. Investing in hydrogen: Ready, set, net zero. https://www2.deloitte.
com/uk/en/pages/energy-and-resources/articles/investing-in-hydrogen.html;
2020.

Bradshaw M. Gas price spike: how UK government failures made a global crisis
worse. The Conversation; 2021. https://theconversation.com/gas-price-spike-h
ow-uk-government-failures-made-a-global-crisis-worse-168324 (accessed
December 7, 2021).

Trading Economics. UK natural gas. https://tradingeconomics.com/commo
dity/uk-natural-gas; 2021 (accessed December 7, 2021).

Hieminga G, Tillier N. High gas prices triple the cost of hydrogen production.
Think Economic and Financial Analysis; 2021. https://think.ing.com/articles/h
old-1of4-high-gas-prices-triples-the-cost-of-hydrogen-production (accessed March
22, 2022).

Ray R, Ferguson S. Assessing the cost reduction potential and competitiveness of
novel (next generation) UK carbon capture technology: Benchmarking state-of-
the-art and next generation technologies. https://www.gov.uk/government
/publications/call-for-ccus-innovation-literature-review-benchmarking-report-an
d-calculator; 2018.

UK Parliament Committee. Response to Environmental Audit Committee
Technological Innovation and Climate Change: Hydrogen call for evidence. https
://committees.parliament.uk/work/295/technological-innovations-and-climate-
change-hydrogen/; 2020.

Hall M. Gas production from the UK Continental Shelf: an assessment of
resources, economics and regulatory reform. Oxford, United Kingdom. 2019.
https://doi.org/10.26889/9781784671419.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.respol.2007.01.003
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0690
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0690
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ecolecon.2011.07.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ecolecon.2011.07.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.eist.2011.02.002
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.eist.2011.02.002
https://extranet.cranfield.ac.uk/10.1098/,DanaInfo=doi.org,SSL+rsta.2016.0462
https://extranet.cranfield.ac.uk/10.1098/,DanaInfo=doi.org,SSL+rsta.2016.0462
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-3-658-27155-8_1
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-3-658-27155-8_1
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2019.03.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2019.03.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2018.03.001
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2018.03.001
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2018.10.009
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2018.10.009
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+WCC.621
https://extranet.cranfield.ac.uk/10.1186/,DanaInfo=doi.org,SSL+s13705-018-0158-z
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.egycc.2021.100043
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+palgrave.ejis.3000653
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+palgrave.ejis.3000653
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0750
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0750
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2014.07.158
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.techfore.2011.10.002
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.techfore.2011.10.002
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537325.2010.497255
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09537325.2010.497255
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+D1EE02118D
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+D1EE02118D
https://extranet.cranfield.ac.uk/10.2172/,DanaInfo=doi.org,SSL+1219578
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SETA.2022.102677
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SETA.2022.102677
https://extranet.cranfield.ac.uk/publications/2020/Nov/,DanaInfo=www.irena.org,SSL+Green-hydrogen
https://extranet.cranfield.ac.uk/publications/2020/Nov/,DanaInfo=www.irena.org,SSL+Green-hydrogen
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+15567030802606293
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+15567030802606293
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+en13184835
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2017.01.201
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SPC.2022.08.028
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SPC.2022.08.028
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2020.111495
https://extranet.cranfield.ac.uk/10.3389/,DanaInfo=doi.org,SSL+FRSUS.2020.612762
https://extranet.cranfield.ac.uk/10.3389/,DanaInfo=doi.org,SSL+FRSUS.2020.612762
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+en13246495
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0825
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0825
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0825
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0825
https://extranet.cranfield.ac.uk/projects/h21-leeds-city-gate/,DanaInfo=h21.green,SSL+
https://extranet.cranfield.ac.uk/projects/h21-leeds-city-gate/,DanaInfo=h21.green,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2020.111494
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2020.111494
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0840
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0840
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0840
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0840
https://extranet.cranfield.ac.uk/knowledge-bank/,DanaInfo=arena.gov.au,SSL+the-australian-publics-perception-of-hydrogen-for-energy
https://extranet.cranfield.ac.uk/knowledge-bank/,DanaInfo=arena.gov.au,SSL+the-australian-publics-perception-of-hydrogen-for-energy
https://extranet.cranfield.ac.uk/knowledge-bank/,DanaInfo=arena.gov.au,SSL+the-australian-publics-perception-of-hydrogen-for-energy
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.BIORTECH.2020.124175
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.BIORTECH.2020.124175
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENG.2018.05.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENG.2018.05.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2021.117265
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2021.117265
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+C9SE00833K
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+membranes10010010
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.12.080
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.12.080
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENCONMAN.2022.115245
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENCONMAN.2022.115245
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0885
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0885
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0885
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2013.07.048
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2013.07.048
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0895
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0895
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0895
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+c8ee02700e
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-production-costs-2021
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-production-costs-2021
https://extranet.cranfield.ac.uk/uk/en/pages/energy-and-resources/articles/,DanaInfo=www2.deloitte.com,SSL+investing-in-hydrogen.html
https://extranet.cranfield.ac.uk/uk/en/pages/energy-and-resources/articles/,DanaInfo=www2.deloitte.com,SSL+investing-in-hydrogen.html
https://extranet.cranfield.ac.uk/,DanaInfo=theconversation.com,SSL+gas-price-spike-how-uk-government-failures-made-a-global-crisis-worse-168324
https://extranet.cranfield.ac.uk/,DanaInfo=theconversation.com,SSL+gas-price-spike-how-uk-government-failures-made-a-global-crisis-worse-168324
https://extranet.cranfield.ac.uk/commodity/,DanaInfo=tradingeconomics.com,SSL+uk-natural-gas
https://extranet.cranfield.ac.uk/commodity/,DanaInfo=tradingeconomics.com,SSL+uk-natural-gas
https://extranet.cranfield.ac.uk/articles/,DanaInfo=think.ing.com,SSL+hold-1of4-high-gas-prices-triples-the-cost-of-hydrogen-production
https://extranet.cranfield.ac.uk/articles/,DanaInfo=think.ing.com,SSL+hold-1of4-high-gas-prices-triples-the-cost-of-hydrogen-production
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+call-for-ccus-innovation-literature-review-benchmarking-report-and-calculator
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+call-for-ccus-innovation-literature-review-benchmarking-report-and-calculator
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+call-for-ccus-innovation-literature-review-benchmarking-report-and-calculator
https://extranet.cranfield.ac.uk/work/295/technological-innovations-and-climate-change-hydrogen/,DanaInfo=committees.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/work/295/technological-innovations-and-climate-change-hydrogen/,DanaInfo=committees.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/work/295/technological-innovations-and-climate-change-hydrogen/,DanaInfo=committees.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/10.26889/,DanaInfo=doi.org,SSL+9781784671419

J.A. Gordon et al.

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

Bolton P. Energy imports and exports - House of Commons Library. House of
Commons Library; 2018. https://commonslibrary.parliament.uk/research
-briefings/sn04046/.

Turk JK, Reay DS, Haszeldine RS. Gas-fired power in the UK: Bridging supply gaps
and implications of domestic shale gas exploitation for UK climate change targets.
Sci Total Environ 2018;616:318-25. https://doi.org/10.1016/J.
SCITOTENV.2017.11.007.

The Royal Society. Options for producing low-carbon hydrogen at scale. https://
royalsociety.org/topics-policy/projects/low-carbon-energy-programme/h
ydrogen-production; 2018.

van Wijk Ad, Chatzimarkakis J. Green hydrogen for a European green deal: a
2x40 GW initiative. Hydrogen Europe; 2020. https://www.waterstofnet.eu/en
/news/hydrogen-europe-announces-paper-green-hydrogen-for-a-european-green
-deal-a-2x40-gw-initiative.

DeSantis D, James BD, Houchins C, Saur G, Lyubovsky M. Cost of long-distance
energy transmission by different carriers. IScience 2021;24:103495. https://doi.
org/10.1016/J.1SCI.2021.103495.

Samsatli S, Samsatli NJ. The role of renewable hydrogen and inter-seasonal
storage in decarbonising heat — comprehensive optimisation of future renewable
energy value chains. Appl Energy 2019;233-234:854-93. https://doi.org/
10.1016/J.APENERGY.2018.09.159.

Quarton CJ, Samsatli S. Power-to-gas for injection into the gas grid: What can we
learn from real-life projects, economic assessments and systems modelling?
Renew Sustain Energy Rev 2018;98:302-16. https://doi.org/10.1016/].
rser.2018.09.007.

Li F, Agnolucci P. The role of Hydrogen and Fuel Cells in Providing Affordable,
Secure Low-carbon Heat: Chapter 4 - Heat markets. 2014.

Scottish Government. Scottish Offshore Wind to Green Hydrogen Opportunity
Assessment. https://www.gov.scot/publications/scottish-offshore-wind-green-h
ydrogen-opportunity-assessment/; 2020.

Committee on Climate Change (CCC). The Sixth Carbon Budget: Fuel supply.
https://www.theccc.org.uk/publication/sixth-carbon-budget/; 2020.

Sinden G. Characteristics of the UK wind resource: long-term patterns and
relationship to electricity demand. Energy Policy 2007;35:112-27. https://doi.
org/10.1016/J.ENPOL.2005.10.003.

Potisomporn P, Vogel CR. Spatial and temporal variability characteristics of
offshore wind energy in the United Kingdom. Wind Energy 2022;25:537-52.
https://doi.org/10.1002/we.2685.

Lerche J, Lorentzen S, Enevoldsen P, Neve HH. The impact of COVID -19 on
offshore wind project productivity — a case study. Renew Sustain Energy Rev
2022;158:112188. https://doi.org/10.1016/J.RSER.2022.112188.

Mordue T, Moss O, Johnston L. The impacts of onshore-windfarms on a UK rural
tourism landscape: objective evidence, local opposition, and national politics.

J Sustain Tour 2020;28:1882-904. https://doi.org/10.1080/
09669582.2020.1769110.

Harper M, Anderson B, James PAB, Bahaj ABS. Onshore wind and the likelihood
of planning acceptance: learning from a Great Britain context. Energy Policy
2019;128:954-66. https://doi.org/10.1016/J.ENPOL.2019.01.002.

Yao Y, Xu JH, Sun DQ. Untangling global levelised cost of electricity based on
multi-factor learning curve for renewable energy: wind, solar, geothermal,
hydropower and bioenergy. J Clean Prod 2021;285:124827. https://doi.org/
10.1016/J.JCLEPRO.2020.124827.

Schoots K, Rivera-Tinoco R, Verbong G, van der Zwaan B. Historical variation in
the capital costs of natural gas, carbon dioxide and hydrogen pipelines and
implications for future infrastructure. Int J Greenhouse Gas Control 2011;5:
1614-23. https://doi.org/10.1016/J.1JGGC.2011.09.008.

Parker N. Using natural gas transmission pipeline costs to estimate hydrogen
pipeline costs. Davis: University of California; 2004.

Yang C, Ogden J. Determining the lowest-cost hydrogen delivery mode. Int J
Hydrogen Energy 2007;32:268-86. https://doi.org/10.1016/J.
IJHYDENE.2006.05.009.

Witkowski A, Rusin A, Majkut M, Stolecka K. Comprehensive analysis of hydrogen
compression and pipeline transportation from thermodynamics and safety
aspects. Energy 2017;141:2508-18. https://doi.org/10.1016/J.
ENERGY.2017.05.141.

Saadi FH, Lewis NS, Mcfarland EW. Relative costs of transporting electrical and
chemical energy. Energ Environ Sci 2018;11:469. https://doi.org/10.1039/
c7ee01987d.

ReuB M, Grube T, Robinius M, Stolten D. A hydrogen supply chain with spatial
resolution: comparative analysis of infrastructure technologies in Germany. Appl
Energy 2019;247:438-53. https://doi.org/10.1016/J.APENERGY.2019.04.064.
Fekete JR, Sowards JW, Amaro RL. Economic impact of applying high strength
steels in hydrogen gas pipelines. Int J Hydrogen Energy 2015;40:10547-58.
https://doi.org/10.1016/J.1JHYDENE.2015.06.090.

Health and Safety Executive (HSE). Enforcement policy for the iron mains risk
reduction programme 2013-2021. https://www.hse.gov.uk/gas/supply/mainsrep
lacement/enforcement-policy-2013-2021.htm; 2021.

Dodds PE, Demoullin S. Conversion of the UK gas system to transport hydrogen.
Int J Hydrogen Energy 2013;38:7189-200. https://doi.org/10.1016/j.
ijhydene.2013.03.070.

Grid National. Making plans for a hydrogen ‘backbone’ across Britain. https
://www.nationalgrid.com/stories/journey-to-net-zero-stories/making-plans-hydr
ogen-backbone-across-britain; 2021 (accessed May 20, 2022).

European Union Agency for the Cooperation of Energy Regulators (ACER).
Transporting pure hydrogen by repurposing existing gas Infrastructure: overview

27

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

Applied Energy 336 (2023) 120850

of existing studies and reflections on the conditions for repurposing. Ljubljana,
Slovenia. 2021.

Sebbahi S, Nabil N, Alaoui-Belghiti A, Laasri S, Rachidi S, Hajjaji A. Assessment of
the three most developed water electrolysis technologies: Alkaline Water
Electrolysis, proton exchange membrane and solid-oxide electrolysis. Mater
Today Proc 2022. https://doi.org/10.1016/J.MATPR.2022.04.264.

Wolf E. Large-Scale hydrogen energy storage. In: Electrochemical Energy Storage
for Renewable Sources and Grid Balancing; 2015. p. 129-42. https://doi.org/
10.1016/B978-0-444-62616-5.00009-7.

Andersson J, Gronkvist S. Large-scale storage of hydrogen. Int J Hydrogen Energy
2019;44:11901-19. https://doi.org/10.1016/J.IJHYDENE.2019.03.063.
Niermann M, Drii S, Kaltschmitt M, Bonhoff K. Liquid organic hydrogen carriers
(LOHCs)-techno-economic analysis of LOHCs in a defined process chain . Journal
Is Cite This: Energy Environ Sci 2019;12:290. https://doi.org/10.1039/
c8ee02700e.

Scafidi J, Wilkinson M, Gilfillan SMV, Heinemann N, Haszeldine RS.

A quantitative assessment of the hydrogen storage capacity of the UK continental
shelf. Int J Hydrogen Energy 2021;46:8629-39. https://doi.org/10.1016/j.
ijhydene.2020.12.106.

Caglayan DG, Weber N, Heinrichs HU, LinBen J, Robinius M, Kukla PA, et al.
Technical potential of salt caverns for hydrogen storage in Europe. Int J Hydrogen
Energy 2020;45:6793-805. https://doi.org/10.1016/J.IJHYDENE.2019.12.161.
Walker 1. Hydrogen supply chain evidence base. https://www.gov.uk/g
overnment/publications/hydrogen-supply-chain-evidence-base; 2018.

Kruck O, Crotogino F, Prelicz R, Rudolph T. Assessment of the potential, the
actors and relevant business cases for large scale and seasonal storage of
renewable electricity by hydrogen underground storage in Europe. 2013.
Pellow MA, Emmott CJM, Barnhart CJ, Benson SM. Hydrogen or batteries for grid
storage? A net energy analysis. Energ Environ Sci 2015;8:1938-52. https://doi.
org/10.1039/C4EE04041D.

Tarkowski R, Uliasz-Misiak B. Towards underground hydrogen storage: a review
of barriers. Renew Sustain Energy Rev 2022;162:112451. https://doi.org/
10.1016/J.RSER.2022.112451.

de Coninck H, Benson SM. Carbon dioxide capture and storage: Issues and
prospects. 2014. https://doi.org/10.1146/annurev-environ-032112-095222.
Panfilov M. Underground storage of hydrogen: in situ self-organisation and
methane generation. Transp Porous Media 2010;85:841-65. https://doi.org/
10.1007/s11242-010-9595-7.

Hagemann B, Rasoulzadeh M, Panfilov M, Ganzer L, Reitenbach V.
Hydrogenization of underground storage of natural gas Impact of hydrogen on the
hydrodynamic and bio-chemical behavior. Comput Geosci 2016;20:595-606.
https://doi.org/10.1007/510596-015-9515-6.

Hemme C, van Berk W. Potential risk of H2S generation and release in salt cavern
gas storage. J Nat Gas Sci Eng 2017;47:114-23. https://doi.org/10.1016/J.
JNGSE.2017.09.007.

Zaunbrecher BS, Bexten T, Wirsum M, Ziefle M. What is stored, why, and how?
Mental models, knowledge, and public acceptance of hydrogen storage. 2016.
p. 1876-6102. https://doi.org/10.1016/j.egypro.2016.10.102.

Gough C, Mander S. CCS industrial clusters: building a social license to operate.
Int J Greenhouse Gas Control 2022;119:103713. https://doi.org/10.1016/J.
1JGGC.2022.103713.

Dumbrell NP, Wheeler SA, Zuo A, Adamson D. Public willingness to make trade-
offs in the development of a hydrogen industry in Australia. Energy Policy 2022;
165:112987. https://doi.org/10.1016/J.ENPOL.2022.112987.

Penner SS. Steps toward the hydrogen economy. Energy ;31:33-43. https://doi.
org/10.1016/j.energy.2004.04.060.

Lins PHC, de Almeida AT. Multidimensional risk analysis of hydrogen pipelines.
Int J Hydrogen Energy 2012;37:13545-54. https://doi.org/10.1016/J.
IJHYDENE.2012.06.078.

Zarei E, Khan F, Yazdi M. A dynamic risk model to analyze hydrogen
infrastructure. Int J Hydrogen Energy 2021;46:4626-43. https://doi.org/
10.1016/J.1JHYDENE.2020.10.191.

Cecere D, Giacomazzi E, Ingenito A. A review on hydrogen industrial aerospace
applications. Int J Hydrogen Energy 2014;39:10731-47. https://doi.org/
10.1016/j.ijhydene.2014.04.126.

Baroutaji A, Wilberforce T, Ramadan M, Olabi AG. Comprehensive investigation
on hydrogen and fuel cell technology in the aviation and aerospace sectors.
Renew Sustain Energy Rev 2019;106:31-40. https://doi.org/10.1016/j.
rser.2019.02.022.

Marcilly C. Present status and future trends in catalysis for refining and
petrochemicals. J Catal 2003;216:47-62. https://doi.org/10.1016/50021-9517
(02)00129-X. Academic Press Inc.

Hiibert T, Boon-Brett L, Palmisano V, Bader MA. Developments in gas sensor
technology for hydrogen safety. Int J Hydrogen Energy 2014;39:20474-83.
https://doi.org/10.1016/J.1JHYDENE.2014.05.042.

Xie F, Choy WCH, Wang C, Li X, Zhang S, Hou J. Low-temperature solution-
processed hydrogen molybdenum and vanadium bronzes for an efficient hole-
transport layer in organic electronics. Adv Mater 2013;25:2051-5. https://doi.
org/10.1002/adma.201204425.

National Research Council. The Hydrogen Economy. National Academies Press;
2004. https://doi.org/10.17226/10922.

Itaoka K, Saito A, Sasaki K. Public perception on hydrogen infrastructure in
Japan: influence of rollout of commercial fuel cell vehicles. Int J Hydrogen Energy
2017;42:7290-6. https://doi.org/10.1016/j.ijhydene.2016.10.123.

Roche MY, Mourato S, Fischedick M, Pietzner K, Viebahn P. Public attitudes
towards and demand for hydrogen and fuel cell vehicles: a review of the evidence



https://extranet.cranfield.ac.uk/research-briefings/sn04046/,DanaInfo=commonslibrary.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/research-briefings/sn04046/,DanaInfo=commonslibrary.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SCITOTENV.2017.11.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.SCITOTENV.2017.11.007
https://extranet.cranfield.ac.uk/topics-policy/projects/low-carbon-energy-programme/,DanaInfo=royalsociety.org,SSL+hydrogen-production
https://extranet.cranfield.ac.uk/topics-policy/projects/low-carbon-energy-programme/,DanaInfo=royalsociety.org,SSL+hydrogen-production
https://extranet.cranfield.ac.uk/topics-policy/projects/low-carbon-energy-programme/,DanaInfo=royalsociety.org,SSL+hydrogen-production
https://extranet.cranfield.ac.uk/en/news/,DanaInfo=www.waterstofnet.eu,SSL+hydrogen-europe-announces-paper-green-hydrogen-for-a-european-green-deal-a-2x40-gw-initiative
https://extranet.cranfield.ac.uk/en/news/,DanaInfo=www.waterstofnet.eu,SSL+hydrogen-europe-announces-paper-green-hydrogen-for-a-european-green-deal-a-2x40-gw-initiative
https://extranet.cranfield.ac.uk/en/news/,DanaInfo=www.waterstofnet.eu,SSL+hydrogen-europe-announces-paper-green-hydrogen-for-a-european-green-deal-a-2x40-gw-initiative
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ISCI.2021.103495
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ISCI.2021.103495
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2018.09.159
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2018.09.159
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2018.09.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2018.09.007
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0980
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf0980
https://extranet.cranfield.ac.uk/publications/scottish-offshore-wind-green-hydrogen-opportunity-assessment/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/publications/scottish-offshore-wind-green-hydrogen-opportunity-assessment/,DanaInfo=www.gov.scot,SSL+
https://extranet.cranfield.ac.uk/publication/sixth-carbon-budget/,DanaInfo=www.theccc.org.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2005.10.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2005.10.003
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+we.2685
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2022.112188
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09669582.2020.1769110
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09669582.2020.1769110
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2019.01.002
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2020.124827
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2020.124827
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJGGC.2011.09.008
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1030
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1030
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2006.05.009
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2006.05.009
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENERGY.2017.05.141
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENERGY.2017.05.141
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+c7ee01987d
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+c7ee01987d
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2019.04.064
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2015.06.090
https://extranet.cranfield.ac.uk/gas/supply/mainsreplacement/,DanaInfo=www.hse.gov.uk,SSL+enforcement-policy-2013-2021.htm
https://extranet.cranfield.ac.uk/gas/supply/mainsreplacement/,DanaInfo=www.hse.gov.uk,SSL+enforcement-policy-2013-2021.htm
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2013.03.070
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2013.03.070
https://extranet.cranfield.ac.uk/stories/journey-to-net-zero-stories/,DanaInfo=www.nationalgrid.com,SSL+making-plans-hydrogen-backbone-across-britain
https://extranet.cranfield.ac.uk/stories/journey-to-net-zero-stories/,DanaInfo=www.nationalgrid.com,SSL+making-plans-hydrogen-backbone-across-britain
https://extranet.cranfield.ac.uk/stories/journey-to-net-zero-stories/,DanaInfo=www.nationalgrid.com,SSL+making-plans-hydrogen-backbone-across-britain
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1075
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1075
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1075
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1075
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.MATPR.2022.04.264
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+B978-0-444-62616-5.00009-7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+B978-0-444-62616-5.00009-7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.03.063
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+c8ee02700e
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+c8ee02700e
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2020.12.106
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2020.12.106
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.12.161
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-supply-chain-evidence-base
https://extranet.cranfield.ac.uk/government/publications/,DanaInfo=www.gov.uk,SSL+hydrogen-supply-chain-evidence-base
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1115
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1115
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1115
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+C4EE04041D
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+C4EE04041D
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2022.112451
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2022.112451
https://extranet.cranfield.ac.uk/10.1146/,DanaInfo=doi.org,SSL+annurev-environ-032112-095222
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11242-010-9595-7
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11242-010-9595-7
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s10596-015-9515-6
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JNGSE.2017.09.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JNGSE.2017.09.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.egypro.2016.10.102
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJGGC.2022.103713
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJGGC.2022.103713
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2022.112987
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2012.06.078
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2012.06.078
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.10.191
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.10.191
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2014.04.126
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2014.04.126
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2019.02.022
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2019.02.022
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0021-9517(02)00129-X
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0021-9517(02)00129-X
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2014.05.042
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+adma.201204425
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+adma.201204425
https://extranet.cranfield.ac.uk/10.17226/,DanaInfo=doi.org,SSL+10922
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2016.10.123

J.A. Gordon et al.

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

and methodological implications. Energy Policy 2010;38:5301-10. https://doi.
org/10.1016/j.enpol.2009.03.029.
van Bree B, Verbong GPJ, Kramer GJ. A multi-level perspective on the
introduction of hydrogen and battery-electric vehicles. Technol Forecast Soc
Change 2010;77:529-40. https://doi.org/10.1016/j.techfore.2009.12.005.
Chauhan PS, Bhattacharya S. Hydrogen gas sensing methods, materials, and
approach to achieve parts per billion level detection: a review. Int J Hydrogen
Energy 2019;44:26076-99. https://doi.org/10.1016/J.JIJHYDENE.2019.08.052.
Dutta S. A review on production, storage of hydrogen and its utilization as an
energy resource. J Industrial Eng Chem 2014;20:1148-56. https://doi.org/
10.1016/j.jiec.2013.07.037.
Melaina MW, Antonia O, Penev M. Blending Hydrogen into natural gas pipeline
networks: a review of key issues. 2013.
Ogden J, Jaffe AM, Scheitrum D, McDonald Z, Miller M. Natural gas as a bridge to
hydrogen transportation fuel: Insights from the literature. Energy Policy 2018;
115:317-29. https://doi.org/10.1016/J.ENPOL.2017.12.049.
Florisson O, Huizing RR. The safe use of the existing natural gas system for
hydrogen (overview of the NATURALHY-project). In: Proceedings of the first
international conference on hydrogen safety, Pisa, Italy; 2005.
Yildirim A. NATURALHY (The Potential of Existing Natural Gas Network for
Hydrogen Delivery) Project Objectives and Some Results. 2011. https://doi.org/
10.3997/2214-4609-PDB.377.155. ¢p-377-00155.
GRTGaz et al. Technical and economic conditions for injecting hydrogen into
natural gas networks. France. https://inis.iaea.org/search/search.aspx?orig_q
RN:51004156; 2019.
Hu G, Chen C, Lu HT, Wu Y, Liu C, Tao L, et al. A review of technical advances,
barriers, and solutions in the Power to Hydrogen (P2H) roadmap. Engineering
2020;6:1364-80. https://doi.org/10.1016/J.ENG.2020.04.016.
Dennekamp M, Howarth S, Dick CAJ, Cherrie JW, Donaldson K, Seaton A.
Ultrafine particles and nitrogen oxides generated by gas and electric cooking.
Occup Environ Med 2001;58:511-6. https://doi.org/10.1136/0em.58.8.511.
Sun ZY. Sustainable fuel technologies handbook. Elsevier; 2021. https://doi.org/
10.1016/C2019-0-01781-5.
Chae MJ, Kim JH, Moon B, Park S, Lee YS. The present condition and outlook for
hydrogen-natural gas blending technology. Korean J Chem Eng 2022;39:251-62.
https://doi.org/10.1007/511814-021-0960-8.
Liao SY, Cheng Q, Jiang DM, Gao J. Experimental study of flammability limits of
natural gas-air mixture. J Hazard Mater 2005;119:81-4. https://doi.org/
10.1016/j.jhazmat.2004.09.031.
de Vries H, Levinsky HB. Flashback, burning velocities and hydrogen admixture:
Domestic appliance approval, gas regulation and appliance development. Appl
Energy 2020;259:114116. https://doi.org/10.1016/J.APENERGY.2019.114116.
Wu X, Zhang H, Yang M, Jia W, Qiu Y, Lan L. From the perspective of new
technology of blending hydrogen into natural gas pipelines transmission:
mechanism, experimental study, and suggestions for further work of hydrogen
embrittlement in high-strength pipeline steels. Int J Hydrogen Energy 2022;47:
8071-90. https://doi.org/10.1016/J.IJHYDENE.2021.12.108.
Isaac T. HyDeploy: The UK’s first hydrogen blending deployment project. Clean
Energy 2019;3:114-25. https://doi.org/10.1093/ce/zkz006.
Ogden J, Jaffe AM, Scheitrum D, McDonald Z, Miller M. Natural gas as a bridge to
hydrogen transportation fuel: Insights from the literature. Energy Policy 2018;
115:317-29. https://doi.org/10.1016/J.ENPOL.2017.12.049.
Colorado A, McDonell V, Samuelsen S. Direct emissions of nitrous oxide from
combustion of gaseous fuels. Int J Hydrogen Energy 2017;42:711-9. https://doi.
org/10.1016/J.1JHYDENE.2016.09.202.
Derwent RG, Collins WJ, Johnson CE, Stevenson DS. Transient behaviour of
tropospheric ozone precursors in a global 3-D CTM and their indirect greenhouse
effects. Clim Change 2001;49:463-87. https://doi.org/10.1023/A:
1010648913655.
Dodds PE, Staffell I, Hawkes AD, Li F, Griinewald P, McDowall W, et al. Hydrogen
and fuel cell technologies for heating: a review. Int J Hydrogen Energy 2015;40:
2065-83. https://doi.org/10.1016/j.ijhydene.2014.11.059.
Wahl J, Kallo J. Quantitative valuation of hydrogen blending in European gas
grids and its impact on the combustion process of large-bore gas engines. Int J
Hydrogen Energy 2020;45:32534-46. https://doi.org/10.1016/J.
IJHYDENE.2020.08.184.
Adler K. Europe emerges as leader in hydrogen economy. IHS Markit 2020.
https://ihsmarkit.com/research-analysis/europe-emerges-as-leader-in-hydroge
n-economy.html (accessed August 11, 2021).
Ives E. Driving change: how hydrogen can fuel a transport revolution. London:
Centre for Policy Studies; 2020. https://cps.org.uk/research/how-hydrogen-can
-fuel-a-transport-revolution/.
Chatzimarkakis J, Levoyannis C, van Wijk A, Wouters F. Hydrogen Act: Towards
the creation of the European hydrogen economy. https://profadvanwijk.com/h
ydrogen-act-towards-the-creation-of-the-european-hydrogen-economy; 2021.
Dolci F, Thomas D, Hilliard S, Guerra CF, Hancke R, Ito H, et al. Incentives and
legal barriers for power-to-hydrogen pathways: an international snapshot. Int J
Hydrogen Energy 2019;44:11394-401. https://doi.org/10.1016/J.
IJHYDENE.2019.03.045.
Timmerberg S, Kaltschmitt M. Hydrogen from renewables: supply from North
Africa to Central Europe as blend in existing pipelines — Potentials and costs. Appl
Energy 2019;237:795-809. https://doi.org/10.1016/J. APENERGY.2019.01.030.
Yue M, Lambert H, Pahon E, Roche R, Jemei S, Hissel D. Hydrogen energy
systems: a critical review of technologies, applications, trends and challenges.
Renew Sustain Energy Rev 2021;146:111180. https://doi.org/10.1016/J.
RSER.2021.111180.

28

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

Applied Energy 336 (2023) 120850

Kemp R, Volpi M. The diffusion of clean technologies: a review with suggestions
for future diffusion analysis. J Clean Prod 2008;16:S14-21. https://doi.org/
10.1016/J.JCLEPRO.2007.10.019.

Rao KU, Kishore VVN. A review of technology diffusion models with special
reference to renewable energy technologies. Renew Sustain Energy Rev 2010;14:
1070-8. https://doi.org/10.1016/J.RSER.2009.11.007.

Research and Markets. Oil and gas global market report 2021: COVID-19 impact
and recovery to 2030. https://www.researchandmarkets.com/reports/5240245/
oil-and-gas-global-market-report-2021-covid-19; 2021.

Fortune Business Insights. Hydrogen Generation Market Size, Share & COVID-19
Impact Analysis, and Regional Forecast, 2021-2028. https://www.fortunebusin
essinsights.com/industry-reports/infographics/hydrogen-generation-market
-100745; 2021.

Sovacool BK, Martiskainen M. Hot transformations: governing rapid and deep
household heating transitions in China, Denmark, Finland and the United
Kingdom. Energy Policy 2020;139:111330. https://doi.org/10.1016/j.
enpol.2020.111330.

Arapostathis S, Carlsson-Hyslop A, Pearson PJG, Thornton J, Gradillas M,
Laczay S, et al. Governing transitions: cases and insights from two periods in the
history of the UK gas industry. Energy Policy 2013;52:25-44. https://doi.org/
10.1016/j.enpol.2012.08.016.

The Engineer. Big Four make price promise on domestic hydrogen boilers.
https://www.theengineer.co.uk/big-four-make-price-promise-on-domestic-hydr
ogen-boilers/; 2021 (accessed September 29, 2021).

Achterberg P, Houtman D, van Bohemen S, Manevska K. Unknowing but
supportive? Predispositions, knowledge, and support for hydrogen technology in
the Netherlands. Int J Hydrogen Energy 2010;35:6075-83. https://doi.org/
10.1016/j.ijhydene.2010.03.091.

Dillman KJ, Heinonen J. A ‘just’ hydrogen economy: a normative energy justice
assessment of the hydrogen economy. Renew Sustain Energy Rev 2022;167:
112648. https://doi.org/10.1016/J.RSER.2022.112648.

Heffron RJ, McCauley D. The concept of energy justice across the disciplines.
Energy Policy 2017;105:658-67. https://doi.org/10.1016/j.enpol.2017.03.018.
Richards P, Bolton P. Heating oil and other off-gas grid heating. House of
Commons Library: SN/SC/5806. https://commonslibrary.parliament.uk/research
-briefings/sn05806/; 2013.

Stones J. Updated: UK cluster sequencing could support 10GW of hydrogen
capacity. Independent Commodity Intelligent Services; 2021. https://www.icis.co
m/explore/resources/news/2021,/08/04/10670520/uk-cluster-sequencing-co
uld-support-8gw-of-hydrogen-capacity/ (accessed December 8, 2021).

Kotak M, Chappell V. How COVID-19 has exacerbated fuel poverty in the UK.
Charles River Associates, https://www.crai.com/insights-events/publications
/how-covid-19-has-exacerbated-fuel-poverty-in-the-uk-2/; 2021.

Boudet HS. Public perceptions of and responses to new energy technologies. Nat
Energy 2019;4:446-55. https://doi.org/10.1038/541560-019-0399-x.

Huijts NMA, Molin EJE, Steg L. Psychological factors influencing sustainable
energy technology acceptance: a review-based comprehensive framework. Renew
Sustain Energy Rev 2012;16:525-31. https://doi.org/10.1016/j.
rser.2011.08.018.

Ahn M, Kang J, Hustvedt G. A model of sustainable household technology
acceptance. Int J Consum Stud 2016;40:83-91. https://doi.org/10.1111/
1JCS.12217.

Ma YJ, Gam HJ, Banning J. Perceived ease of use and usefulness of sustainability
labels on apparel products: application of the technology acceptance model.
Fashion Textiles 2017;4:1-20. https://doi.org/10.1186/540691-017-0093-1/
TABLES/S5.

West J, Bailey I, Winter M. Renewable energy policy and public perceptions of
renewable energy: a cultural theory approach. Energy Policy 2010;38:5739-48.
https://doi.org/10.1016/J.ENPOL.2010.05.024.

Thesen G, Langhelle O. Awareness, acceptability and attitudes towards hydrogen
vehicles and filling stations: A Greater Stavanger case study and comparisons with
London. Int J Hydrogen Energy 2008;33:5859-67. https://doi.org/10.1016/j.
ijhydene.2008.07.006.

Schulte I, Hart D, van der Vorst R. Issues affecting the acceptance of hydrogen
fuel. Int J Hydrogen Energy 2004;29:677-85. https://doi.org/10.1016/J.
IJHYDENE.2003.09.006.

Flynn R, Bellaby P, Ricci M. Environmental citizenship and public attitudes to
hydrogen energy technologies. Env Polit 2008;15:776-83. https://doi.org/
10.1080/09644010802421539.

Iribarren D, Martin-Gamboa M, Manzano J, Dufour J. Assessing the social
acceptance of hydrogen for transportation in Spain: an unintentional focus on
target population for a potential hydrogen economy. Int J Hydrogen Energy 2016;
41:5203-8. https://doi.org/10.1016/j.ijhydene.2016.01.139.

van Alstine J, Bastin C. Establishing the UK hydrogen corridor: Socio-economic,
environmental, and regulatory issues. University of Leeds; 2019. https://eprints.
whiterose.ac.uk/163121/.

Bellaby P, Upham P. Public engagement with hydrogen infrastructures in
transport. Report for the UK Department of Transport, Horizons Research
Programme, Contract No. PPRO 4/52/2. University of Salford; 2008. htt
ps://www.salford.ac.uk/research/research-centres.

Fylan F, Fletcher M, Christmas S. H21: Public perceptions of converting the gas
network to hydrogen. Leeds Beckett University; 2020. https://www.h2knowledge
centre.com/content/project332.

Scott M, Powells G. Blended hydrogen: The UK public’s perspective. Newcastle
University School of Geography, Politics and Sociology; 2019. https://www.ncl.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2009.03.029
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2009.03.029
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.techfore.2009.12.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.08.052
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jiec.2013.07.037
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jiec.2013.07.037
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1235
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1235
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2017.12.049
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1245
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1245
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1245
https://extranet.cranfield.ac.uk/10.3997/,DanaInfo=doi.org,SSL+2214-4609-PDB.377.155
https://extranet.cranfield.ac.uk/10.3997/,DanaInfo=doi.org,SSL+2214-4609-PDB.377.155
https://extranet.cranfield.ac.uk/search/,DanaInfo=inis.iaea.org,SSL+search.aspx?orig_q=RN:51004156
https://extranet.cranfield.ac.uk/search/,DanaInfo=inis.iaea.org,SSL+search.aspx?orig_q=RN:51004156
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENG.2020.04.016
https://extranet.cranfield.ac.uk/10.1136/,DanaInfo=doi.org,SSL+oem.58.8.511
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+C2019-0-01781-5
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+C2019-0-01781-5
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11814-021-0960-8
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jhazmat.2004.09.031
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jhazmat.2004.09.031
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2019.114116
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.12.108
https://extranet.cranfield.ac.uk/10.1093/ce/,DanaInfo=doi.org,SSL+zkz006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2017.12.049
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2016.09.202
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2016.09.202
https://extranet.cranfield.ac.uk/10.1023/,DanaInfo=doi.org,SSL+A:1010648913655
https://extranet.cranfield.ac.uk/10.1023/,DanaInfo=doi.org,SSL+A:1010648913655
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2014.11.059
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.08.184
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2020.08.184
https://extranet.cranfield.ac.uk/research-analysis/,DanaInfo=ihsmarkit.com,SSL+europe-emerges-as-leader-in-hydrogen-economy.html
https://extranet.cranfield.ac.uk/research-analysis/,DanaInfo=ihsmarkit.com,SSL+europe-emerges-as-leader-in-hydrogen-economy.html
https://extranet.cranfield.ac.uk/research/how-hydrogen-can-fuel-a-transport-revolution/,DanaInfo=cps.org.uk,SSL+
https://extranet.cranfield.ac.uk/research/how-hydrogen-can-fuel-a-transport-revolution/,DanaInfo=cps.org.uk,SSL+
https://extranet.cranfield.ac.uk/,DanaInfo=profadvanwijk.com,SSL+hydrogen-act-towards-the-creation-of-the-european-hydrogen-economy
https://extranet.cranfield.ac.uk/,DanaInfo=profadvanwijk.com,SSL+hydrogen-act-towards-the-creation-of-the-european-hydrogen-economy
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.03.045
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2019.03.045
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2019.01.030
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.111180
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.111180
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2007.10.019
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2007.10.019
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2009.11.007
https://extranet.cranfield.ac.uk/reports/5240245/,DanaInfo=www.researchandmarkets.com,SSL+oil-and-gas-global-market-report-2021-covid-19
https://extranet.cranfield.ac.uk/reports/5240245/,DanaInfo=www.researchandmarkets.com,SSL+oil-and-gas-global-market-report-2021-covid-19
https://extranet.cranfield.ac.uk/industry-reports/infographics/,DanaInfo=www.fortunebusinessinsights.com,SSL+hydrogen-generation-market-100745
https://extranet.cranfield.ac.uk/industry-reports/infographics/,DanaInfo=www.fortunebusinessinsights.com,SSL+hydrogen-generation-market-100745
https://extranet.cranfield.ac.uk/industry-reports/infographics/,DanaInfo=www.fortunebusinessinsights.com,SSL+hydrogen-generation-market-100745
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2020.111330
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2020.111330
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2012.08.016
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2012.08.016
https://extranet.cranfield.ac.uk/big-four-make-price-promise-on-domestic-hydrogen-boilers/,DanaInfo=www.theengineer.co.uk,SSL+
https://extranet.cranfield.ac.uk/big-four-make-price-promise-on-domestic-hydrogen-boilers/,DanaInfo=www.theengineer.co.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2010.03.091
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2010.03.091
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2022.112648
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2017.03.018
https://extranet.cranfield.ac.uk/research-briefings/sn05806/,DanaInfo=commonslibrary.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/research-briefings/sn05806/,DanaInfo=commonslibrary.parliament.uk,SSL+
https://extranet.cranfield.ac.uk/explore/resources/news/2021/08/04/10670520/uk-cluster-sequencing-could-support-8gw-of-hydrogen-capacity/,DanaInfo=www.icis.com,SSL+
https://extranet.cranfield.ac.uk/explore/resources/news/2021/08/04/10670520/uk-cluster-sequencing-could-support-8gw-of-hydrogen-capacity/,DanaInfo=www.icis.com,SSL+
https://extranet.cranfield.ac.uk/explore/resources/news/2021/08/04/10670520/uk-cluster-sequencing-could-support-8gw-of-hydrogen-capacity/,DanaInfo=www.icis.com,SSL+
https://extranet.cranfield.ac.uk/insights-events/publications/how-covid-19-has-exacerbated-fuel-poverty-in-the-uk-2/,DanaInfo=www.crai.com,SSL+
https://extranet.cranfield.ac.uk/insights-events/publications/how-covid-19-has-exacerbated-fuel-poverty-in-the-uk-2/,DanaInfo=www.crai.com,SSL+
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41560-019-0399-x
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2011.08.018
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2011.08.018
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+IJCS.12217
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+IJCS.12217
https://extranet.cranfield.ac.uk/10.1186/S40691-017-0093-1/TABLES/,DanaInfo=doi.org,SSL+5
https://extranet.cranfield.ac.uk/10.1186/S40691-017-0093-1/TABLES/,DanaInfo=doi.org,SSL+5
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2010.05.024
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2008.07.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2008.07.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2003.09.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2003.09.006
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09644010802421539
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09644010802421539
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2016.01.139
https://extranet.cranfield.ac.uk/163121/,DanaInfo=eprints.whiterose.ac.uk,SSL+
https://extranet.cranfield.ac.uk/163121/,DanaInfo=eprints.whiterose.ac.uk,SSL+
https://extranet.cranfield.ac.uk/research/,DanaInfo=www.salford.ac.uk,SSL+research-centres
https://extranet.cranfield.ac.uk/research/,DanaInfo=www.salford.ac.uk,SSL+research-centres
https://extranet.cranfield.ac.uk/content/,DanaInfo=www.h2knowledgecentre.com,SSL+project332
https://extranet.cranfield.ac.uk/content/,DanaInfo=www.h2knowledgecentre.com,SSL+project332
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1485
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1485

J.A. Gordon et al.

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

ac.uk/cesi/research/papers/publications/
blendedhydrogentheukpublicsperspective.html.

Cox E, Westlake S. Public perceptions of low-carbon hydrogen. UK Energy
Research Centre; 2022. https://ukerc.ac.uk/news/public-perceptions-of-low-carb
on-hydrogen/ (accessed January 31, 2022).

Glanz S, Schonauer AL. Towards a low-carbon society via hydrogen and carbon
capture and storage: Social acceptance from a stakeholder perspective. J Sustain
Dev Energy Water Environ Syst 2021;9:1-18. https://doi.org/10.13044/j.sdewes.
d8.0322.

Decarbonised Gas Alliance (DGA). Getting net zero done: The crucial role of
decarbonised gas and how to support it. Maidenhead. https://www.h2kno
wledgecentre.com/content/policypaperl44; 2020.

Dickle R. Blue hydrogen as an enabler of green hydrogen: the case of Germany.
Oxford Institute for Energy Studies & Sustainable Gas Institute; 2020. htt
ps://www.oxfordenergy.org/publications/blue-hydrogen-as-an-enabler-of-gree
n-hydrogen-the-case-of-germany/.

Kar SK, Bansal R, Harichandan S. An empirical study on intention to use hydrogen
fuel cell vehicles in India. Int J Hydrogen Energy 2022;47:19999-20015. https://
doi.org/10.1016/J.1JHYDENE.2022.04.137.

Allason D. Heating homes with hydrogen: proving the safety case. DNV Oil and
Gas Perspectives; 2020. https://www.dnv.com/oilgas/perspectives/heating-h
omes-with-hydrogen-proving-the-safety-case.html (accessed February 1, 2022).
Energy and Utilities Alliance (EUA). Written evidence submitted by Energy and
Utilities Alliance (DHH0132). https://eua.org.uk/uploads/60F821163D3F2.pdf;
2020.

Energy and Utilities Alliance (EUA). Decarbonising heat in buildings: putting
consumers first. https://eua.org.uk/without-a-choice-of-different-heat-technologi
es-for-uk-housing-stock-decarbonisation-of-heat-will-fail-says-new-eua-report/;
2021.

Martin V, Ashworth P, Petrova S, Wade B, Witt K, Clarke E. Public perceptions of
hydrogen: 2021 national survey results. Future Fuels CRC; 2021. https://espace.
library.uq.edu.au/view/UQ:f25a2cc.

Robinson Z, Peacock A, Thompson M, Catney P. Consumer perceptions of blended
hydrogen in the home: learning from HyDeploy. https://hydeploy.co.uk/app/up
loads/2018/02/customer-perceptions-report.pdf; 2022.

Newell P, Mulvaney D. The political economy of the “just transition”. Geogr J
2013;179:132-40. https://doi.org/10.1111/geoj.12008.

McCauley D, Heffron R. Just transition: integrating climate, energy and
environmental justice. Energy Policy 2018;119:1-7. https://doi.org/10.1016/J.
ENPOL.2018.04.014.

Abo-Elyousr FK, Guerrero JM, Ramadan HS. Prospective hydrogen-based
microgrid systems for optimal leverage via metaheuristic approaches. Appl
Energy 2021;300:117384. https://doi.org/10.1016/J. APENERGY.2021.117384.
Sinden G. Characteristics of the UK wind resource: long-term patterns and
relationship to electricity demand. Energy Policy 2007;35:112-27. https://doi.
0rg/10.1016/j.enpol.2005.10.003.

Burnett D, Barbour E, Harrison GP. The UK solar energy resource and the impact
of climate change. Renew Energy 2014;71:333-43. https://doi.org/10.1016/J.
RENENE.2014.05.034.

Martin R. Brexit as Climate Policy: The Agenda on Energy and the Environment.
London. https://cep.lse.ac.uk/_new/publications/abstract.asp?index=5455;
2017.

Lynch P, Whitaker R. All Brexiteers now? Brexit, the Conservatives and party
change. British. Politics 2017;13(1):31-47. https://doi.org/10.1057/541293-
017-0064-6.

Johnstone P, Stirling A, Sovacool B. Policy mixes for incumbency: Exploring the
destructive recreation of renewable energy, shale gas ‘fracking,” and nuclear
power in the United Kingdom. Energy Res Soc Sci 2017;33:147-62. https://doi.
0rg/10.1016/J.ERSS.2017.09.005.

Schonauer A-L, Glanz S. Hydrogen in future energy systems: social acceptance of
the technology and its large-scale infrastructure. Int J Hydrogen Energy 2021;47:
12251-63. https://doi.org/10.1016/j.ijhydene.2021.05.160.

Energy and Utilities Alliance (EUA). Gas Storage: Securing the future of the UK
energy market Executive Summary. https://dokumen.tips/documents/gas-st
orage-securing-the-future-of-the-uk-energy-market.html?page=1; 2016.

Energy Systems Catapult. Energy Systems Catapult Response to the Carbon
Connect Call for Evidence: The Future of Gas. https://es.catapult.org.uk/consulta
tion/the-future-of-uk-carbon-pricing-consultation-response/; 2019.

Balcombe P, Speirs J, Johnson E, Martin J, Brandon N, Hawkes A. The carbon
credentials of hydrogen gas networks and supply chains. Renew Sustain Energy
Rev 2018;91:1077-88. https://doi.org/10.1016/J.RSER.2018.04.089.

Longden T, Beck FJ, Jotzo F, Andrews R, Prasad M. ‘Clean’ hydrogen? —
comparing the emissions and costs of fossil fuel versus renewable electricity based
hydrogen. Appl Energy 2022;306:118145. https://doi.org/10.1016/J.
APENERGY.2021.118145.

Damman S, Sandberg E, Rosenberg E, Pisciella P, Graabak 1. A hybrid perspective
on energy transition pathways: is hydrogen the key for Norway? Energy Res Soc
Sci 2021;78:102116. https://doi.org/10.1016/J.ERSS.2021.102116.

Acar C, Dincer I. Review and evaluation of hydrogen production options for better
environment. J Clean Prod 2019;218:835-49. https://doi.org/10.1016/J.
JCLEPRO.2019.02.046.

Warwick N, Griffiths P, Keeble J, Archibald A, Pyle J. Atmospheric implications of
increased Hydrogen use. 2022.

Lewis A. Pollution from hydrogen fuel could widen inequality. Nature 2021;595:
353. https://doi.org/10.1038/D41586-021-01926-8.

29

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

Applied Energy 336 (2023) 120850

Lewis AC. Optimising air quality co-benefits in a hydrogen economy: a case for
hydrogen-specific standards for NOx emissions. Environ Sci Atmos 2021;1:201-7.
https://doi.org/10.1039/d1ea00037c.

Tarkowski R, Uliasz-Misiak B, Tarkowski P. Storage of hydrogen, natural gas, and
carbon dioxide - geological and legal conditions. Int J Hydrogen Energy 2021;46:
20010-22. https://doi.org/10.1016/J.1IJHYDENE.2021.03.131.

Budinis S, Krevor S, Mac Dowell N, Brandon N, Hawkes A. An assessment of CCS
costs, barriers and potential. Energ Strat Rev 2018;22:61-81. https://doi.org/
10.1016/J.ESR.2018.08.003.

Selosse S, Ricci O. Carbon capture and storage: lessons from a storage potential
and localization analysis. Appl Energy 2017;188:32-44. https://doi.org/
10.1016/J.APENERGY.2016.11.117.

Vogele S, Riibbelke D, Mayer P, Kuckshinrichs W. Germany’s “No” to carbon
capture and storage: just a question of lacking acceptance? Appl Energy 2018;
214:205-18. https://doi.org/10.1016/J.APENERGY.2018.01.077.

Krause RM, Carley SR, Warren DC, Rupp JA, Graham JD. “Not in (or under) my
backyard™: geographic proximity and public acceptance of carbon capture and
storage facilities. Risk Anal 2014;34:529-40. https://doi.org/10.1111/
risa.12119.

Arning K, Offermann-van Heek J, Linzenich A, Kaetelhoen A, Sternberg A,
Bardow A, et al. Same or different? Insights on public perception and acceptance
of carbon capture and storage or utilization in Germany. Energy Policy 2019;125:
235-49. https://doi.org/10.1016/J.ENPOL.2018.10.039.

Huijts NMA, Midden CJH, Meijnders AL. Social acceptance of carbon dioxide
storage. Energy Policy 2007;35:2780-9. https://doi.org/10.1016/j.
enpol.2006.12.007.

Andersen AD, Markard J. Multi-technology interaction in socio-technical
transitions: How recent dynamics in HVDC technology can inform transition
theories. Technol Forecast Soc Change 2020;151:119802. https://doi.org/
10.1016/J.TECHFORE.2019.119802.

Roddis P, Carver S, Dallimer M, Norman P, Ziv G. The role of community
acceptance in planning outcomes for onshore wind and solar farms: an energy
justice analysis. Appl Energy 2018;226:353-64. https://doi.org/10.1016/j.
apenergy.2018.05.087.

Bellaby P, Upham P, Flynn R, Ricci M. Unfamiliar fuel: How the UK public views
the infrastructure required to supply hydrogen for road transport. Int J Hydrogen
Energy 2016;41:6534-43. https://doi.org/10.1016/j.ijhydene.2016.03.024.
Mclaren DP. Procedural justice in carbon capture and storage. Energy Environ
2012;23(2-3):345-65.

Engineering and Physical Sciences Research Council (EPSRC). HyStorPor -
Hydrogen Storage in Porous Media. https://gow.epsrc.ukri.org/NGBOViewGrant.
aspx?GrantRef=EP/S027815/1; 2019 (accessed May 30, 2022).

Kan S. Hydrogen production from offshore wind and hydrogen infrastructure
development in Europe. Japan: The Institute of Energy Economics; 2020.
Buchanan K, Banks N, Preston I, Russo R. The British public’s perception of the
UK smart metering initiative: threats and opportunities. Energy Policy 2016;91:
87-97. https://doi.org/10.1016/J.ENPOL.2016.01.003.

Sovacool BK, Kivimaa P, Hielscher S, Jenkins K. Vulnerability and resistance in
the United Kingdom’s smart meter transition. Energy Policy 2017;109:767-81.
https://doi.org/10.1016/J.ENPOL.2017.07.037.

Davies M, Oreszczyn T. The unintended consequences of decarbonising the built
environment: a UK case study. Energ Buildings 2012;46:80-5. https://doi.org/
10.1016/J.ENBUILD.2011.10.043.

Hoseinpoori P, Olympios A, v., Markides CN, Woods J, Shah N.. A whole-system
approach for quantifying the value of smart electrification for decarbonising
heating in buildings. Energ Conver Manage 2022;268:115952. https://doi.org/
10.1016/J.ENCONMAN.2022.115952.

Bergman N, Foxon TJ. Reframing policy for the energy efficiency challenge:
Insights from housing retrofits in the United Kingdom. Energy Res Soc Sci 2020;
63:101386. https://doi.org/10.1016/J.ERSS.2019.101386.

Sovacool BK, Martiskainen M, Hook A, Baker L. Decarbonization and its
discontents: a critical energy justice perspective on four low-carbon transitions.
Clim Change 2019;155:581-619. https://doi.org/10.1007/510584-019-02521-7.
Evensen D, Demski C, Becker S, Pidgeon N. The relationship between justice and
acceptance of energy transition costs in the UK. Appl Energy 2018;222:451-9.
https://doi.org/10.1016/j.apenergy.2018.03.165.

Khalid R, Foulds C. The social dimensions of moving away from gas cookers and
hobs: Challenges and opportunities in transition to low-carbon cooking. London:
UK Energy Research Centre; 2020. https://d2elqxpsswcpgz.cloudfront.net/
uploads/2020/05/KhalidFoulds_Gas-cookers-and-hobs_published.pdf.

Hulme J, Beaumont A, Summers C. Energy follow-up survey 2011: Report 9:
Domestic appliances, cooking & cooling equipment. Prepared by BRE on Behalf of
the Department of Energy and Climate Change. 2013.

Williams H, Lohmann T, Foster S, Morrell G. Public acceptability of the use of
hydrogen for heating and cooking in the home: Results from qualitative and
quantitative research in UK. London. 2018.

Department for Business, Industry & Industrial Strategy (BEIS). Hy4Heat Work
Package 5: Understanding commercial appliances for UK hydrogen for heat
demonstration. https://www.hy4heat.info/wp5; 2020.

Raven R. Co-evolution of waste and electricity regimes: Multi-regime dynamics in
the Netherlands (1969-2003). Energy Policy 2007;35:2197-208. https://doi.org/
10.1016/J.ENPOL.2006.07.005.

Gordon JA, Balta-Ozkan N, Nabavi A. Hydrogen hopes for UK homes? A
theoretical approach to breakdown sociotechnical barriers. The 13th
International Conference on Applied Energy. 2021.


https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1485
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1485
https://extranet.cranfield.ac.uk/news/public-perceptions-of-low-carbon-hydrogen/,DanaInfo=ukerc.ac.uk,SSL+
https://extranet.cranfield.ac.uk/news/public-perceptions-of-low-carbon-hydrogen/,DanaInfo=ukerc.ac.uk,SSL+
https://extranet.cranfield.ac.uk/10.13044/,DanaInfo=doi.org,SSL+j.sdewes.d8.0322
https://extranet.cranfield.ac.uk/10.13044/,DanaInfo=doi.org,SSL+j.sdewes.d8.0322
https://extranet.cranfield.ac.uk/content/,DanaInfo=www.h2knowledgecentre.com,SSL+policypaper144
https://extranet.cranfield.ac.uk/content/,DanaInfo=www.h2knowledgecentre.com,SSL+policypaper144
https://extranet.cranfield.ac.uk/publications/blue-hydrogen-as-an-enabler-of-green-hydrogen-the-case-of-germany/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/publications/blue-hydrogen-as-an-enabler-of-green-hydrogen-the-case-of-germany/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/publications/blue-hydrogen-as-an-enabler-of-green-hydrogen-the-case-of-germany/,DanaInfo=www.oxfordenergy.org,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.04.137
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2022.04.137
https://extranet.cranfield.ac.uk/oilgas/perspectives/,DanaInfo=www.dnv.com,SSL+heating-homes-with-hydrogen-proving-the-safety-case.html
https://extranet.cranfield.ac.uk/oilgas/perspectives/,DanaInfo=www.dnv.com,SSL+heating-homes-with-hydrogen-proving-the-safety-case.html
https://extranet.cranfield.ac.uk/uploads/,DanaInfo=eua.org.uk,SSL+60F821163D3F2.pdf
https://extranet.cranfield.ac.uk/without-a-choice-of-different-heat-technologies-for-uk-housing-stock-decarbonisation-of-heat-will-fail-says-new-eua-report/,DanaInfo=eua.org.uk,SSL+
https://extranet.cranfield.ac.uk/without-a-choice-of-different-heat-technologies-for-uk-housing-stock-decarbonisation-of-heat-will-fail-says-new-eua-report/,DanaInfo=eua.org.uk,SSL+
https://extranet.cranfield.ac.uk/view/,DanaInfo=espace.library.uq.edu.au,SSL+UQ:f25a2cc
https://extranet.cranfield.ac.uk/view/,DanaInfo=espace.library.uq.edu.au,SSL+UQ:f25a2cc
https://extranet.cranfield.ac.uk/app/uploads/2018/02/,DanaInfo=hydeploy.co.uk,SSL+customer-perceptions-report.pdf
https://extranet.cranfield.ac.uk/app/uploads/2018/02/,DanaInfo=hydeploy.co.uk,SSL+customer-perceptions-report.pdf
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+geoj.12008
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2018.04.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2018.04.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2021.117384
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2005.10.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2005.10.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RENENE.2014.05.034
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RENENE.2014.05.034
https://extranet.cranfield.ac.uk/_new/publications/,DanaInfo=cep.lse.ac.uk,SSL+abstract.asp?index=5455
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+S41293-017-0064-6
https://extranet.cranfield.ac.uk/10.1057/,DanaInfo=doi.org,SSL+S41293-017-0064-6
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2017.09.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2017.09.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2021.05.160
https://extranet.cranfield.ac.uk/documents/,DanaInfo=dokumen.tips,SSL+gas-storage-securing-the-future-of-the-uk-energy-market.html?page=1
https://extranet.cranfield.ac.uk/documents/,DanaInfo=dokumen.tips,SSL+gas-storage-securing-the-future-of-the-uk-energy-market.html?page=1
https://extranet.cranfield.ac.uk/consultation/the-future-of-uk-carbon-pricing-consultation-response/,DanaInfo=es.catapult.org.uk,SSL+
https://extranet.cranfield.ac.uk/consultation/the-future-of-uk-carbon-pricing-consultation-response/,DanaInfo=es.catapult.org.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2018.04.089
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2021.118145
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2021.118145
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2021.102116
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2019.02.046
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2019.02.046
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1615
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1615
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+D41586-021-01926-8
https://extranet.cranfield.ac.uk/10.1039/,DanaInfo=doi.org,SSL+d1ea00037c
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.03.131
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ESR.2018.08.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ESR.2018.08.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2016.11.117
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2016.11.117
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2018.01.077
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+risa.12119
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+risa.12119
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2018.10.039
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2006.12.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.enpol.2006.12.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2019.119802
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.TECHFORE.2019.119802
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2018.05.087
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2018.05.087
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijhydene.2016.03.024
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1680
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1680
https://extranet.cranfield.ac.uk/,DanaInfo=gow.epsrc.ukri.org,SSL+NGBOViewGrant.aspx?GrantRef=EP/S027815/1
https://extranet.cranfield.ac.uk/,DanaInfo=gow.epsrc.ukri.org,SSL+NGBOViewGrant.aspx?GrantRef=EP/S027815/1
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1690
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1690
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2016.01.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2017.07.037
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENBUILD.2011.10.043
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENBUILD.2011.10.043
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENCONMAN.2022.115952
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENCONMAN.2022.115952
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2019.101386
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s10584-019-02521-7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2018.03.165
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1730
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1730
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1730
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1730
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1735
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1735
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1735
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1740
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1740
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1740
https://extranet.cranfield.ac.uk/,DanaInfo=www.hy4heat.info,SSL+wp5
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2006.07.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2006.07.005
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1755
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1755
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1755

J.A. Gordon et al.

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

Sovacool BK, Geels FW. Further reflections on the temporality of energy
transitions: a response to critics. Energy Res Soc Sci 2016;22:232-7. https://doi.
org/10.1016/j.erss.2016.08.013.

Overland I, Sovacool BK. The misallocation of climate research funding. Energy
Res Soc Sci 2020;62:101349. https://doi.org/10.1016/j.erss.2019.101349.
Foulds C, Robison R. Mobilising the energy-related social sciences and
humanities. Advancing Energy Policy: Lessons on the Integration of Social
Sciences and Humanities. Springer International Publishing; 2018. p. 1-11.
https://doi.org/10.1007/978-3-319-99097-2_1.

Gielen D, Boshell F, Saygin D, Bazilian MD, Wagner N, Gorini R. The role of
renewable energy in the global energy transformation. Energ Strat Rev 2019;24:
38-50. https://doi.org/10.1016/j.esr.2019.01.006.

Litvinenko VS, Tsvetkov PS, Dvoynikov M, v., Buslaev G v.. Barriers to
implementation of hydrogen initiatives in the context of global energy sustainable
development. J Min Instit 2020;244:428-38. https://doi.org/10.31897/
PMI.2020.4.5.

Sovacool BK, Hook A, Martiskainen M, Baker L. The whole systems energy
injustice of four European low-carbon transitions. Glob Environ Chang 2019;58:
101958. https://doi.org/10.1016/J.GLOENVCHA.2019.101958.

Essletzbichler J. Renewable energy technology and path creation: a multi-scalar
approach to energy transition in the UK. Eur Plann Stud 2012;20:791-816.
https://doi.org/10.1080/09654313.2012.667926.

Norberg-Bohm V. Creating incentives for environmentally enhancing
technological change: lessons from 30 Years of U.S. energy technology policy.
Technol Forecast Soc Change 2000;65:125-48. https://doi.org/10.1016/50040-
1625(00)00076-7.

Albrecht J, Laleman R, Vulsteke E. Balancing demand-pull and supply-push
measures to support renewable electricity in Europe. Renew Sustain Energy Rev
2015;49:267-77. https://doi.org/10.1016/J.RSER.2015.04.078.

Government of the Netherlands. Government Strategy on Hydrogen. https
://www.government.nl/documents/publications/2020,/04/06/government-st
rategy-on-hydrogen; 2020.

Contaldi M, Gracceva F, Mattucci A. Hydrogen perspectives in Italy: analysis of
possible deployment scenarios. Int J Hydrogen Energy 2008;33:1630-42. https://
doi.org/10.1016/J.1JHYDENE.2007.12.035.

French Government. National strategy for the development of decarbonised and
renewable hydrogen in France. https://www.bdi.fr/wp-content/uploads/2020
/03/PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbon
ised-and-renewable-hydrogen-in-France.pdf; 2020.

Government of Spain, Ministry for the Ecological Transition and the Demographic
challenge. Publication of the Hydrogen Roadmap: a commitment to renewable
hydrogen. https://energia.gob.es/en-us/participacion/paginas/detalleparticipaci
onpublica.aspx?k=337; 2020.

Odenweller A, Ueckerdt F, Nemet GF, Jensterle M, Luderer G. Probabilistic
feasibility space of scaling up green hydrogen supply. Nat Energy 2022;7(9):
854-65. https://doi.org/10.1038/541560-022-01097-4.

Natural Resources Canada. Hydrogen strategy for Canada: seizing the
opportunities for hydrogen: a call to action. https://www.nrcan.gc.ca/sites/nr
can/files/environment/hydrogen/NRCan_Hydrogen-Strategy-Canada-na-en-v3.
pdf; 2020.

Gaur AS, Fitiwi DZ, Curtis J. Heat pumps and our low-carbon future: a
comprehensive review. Energy Res Soc Sci 2021;71:101764. https://doi.org/
10.1016/J.ERSS.2020.101764.

Wang Y, Wang J, He W. Development of efficient, flexible and affordable heat
pumps for supporting heat and power decarbonisation in the UK and beyond:
Review and perspectives. Renew Sustain Energy Rev 2022;154:111747. https://
doi.org/10.1016/J.RSER.2021.111747.

Allen SR, Hammond GP, McManus MC. Prospects for and barriers to domestic
micro-generation: a United Kingdom perspective. Appl Energy 2008;85:528-44.
https://doi.org/10.1016/J.APENERGY.2007.09.006.

Balcombe P, Rigby D, Azapagic A. Investigating the importance of motivations
and barriers related to microgeneration uptake in the UK. Appl Energy 2014;130:
403-18. https://doi.org/10.1016/J.APENERGY.2014.05.047.

Thomas G, Demski C, Pidgeon N. Deliberating the social acceptability of energy
storage in the UK. Energy Policy 2019;133:110908. https://doi.org/10.1016/J.
ENPOL.2019.110908.

Ambrosio-Albaléd P, Upham P, Bale CSE. Purely ornamental? Public perceptions of
distributed energy storage in the United Kingdom. Energy Res Soc Sci 2019;48:
139-50. https://doi.org/10.1016/J.ERSS.2018.09.014.

Penaloza D, Mata E, Fransson N, Fridén H, Samperio A, Quijano A, et al. Social
and market acceptance of photovoltaic panels and heat pumps in Europe: a
literature review and survey. Renew Sustain Energy Rev 2022;155:111867.
https://doi.org/10.1016/J.RSER.2021.111867.

Vargas Payera S. Understanding social acceptance of geothermal energy: case
study for Araucania region, Chile. Geothermics 2018;72:138-44. https://doi.org/
10.1016/J.GEOTHERMICS.2017.10.014.

Romanach L, Carr-Cornish S, Muriuki G. Societal acceptance of an emerging
energy technology: how is geothermal energy portrayed in Australian media?

30

[377]

[378]

[379]

[380]

[381]

[382]

[383]

[384]

[385]

[386]

[387]

[388]

[389]

[390]

[391]

[392]

[393]

[394]

[395]

[396]

[397]

[398]

[399]

[400]

[401]

[402]

Applied Energy 336 (2023) 120850

Renew Sustain Energy Rev 2015;42:1143-50. https://doi.org/10.1016/J.
RSER.2014.10.088.

Bridge G, Bouzarovski S, Bradshaw M, Eyre N. Geographies of energy transition:
space, place and the low-carbon economy. Energy Policy 2013;53:331-40.
https://doi.org/10.1016/J.ENPOL.2012.10.066.

Sareen S, Haarstad H. Bridging socio-technical and justice aspects of sustainable
energy transitions. Appl Energy 2018;228:624-32. https://doi.org/10.1016/j.
apenergy.2018.06.104.

Hosseini SE. Transition away from fossil fuels toward renewables: lessons from
Russia-Ukraine crisis. Future Energy 2022;1:2-5. https://doi.org/10.55670/fpll.
fuen.1.1.8.

Aditiya HB, Aziz M. Prospect of hydrogen energy in Asia-Pacific: a perspective
review on techno-socio-economy nexus. Int J Hydrogen Energy 2021;46:
35027-56. https://doi.org/10.1016/J.1IJHYDENE.2021.08.070.
Kowalska-Pyzalska A. What makes consumers adopt to innovative energy services
in the energy market? A review of incentives and barriers. Renew Sustain Energy
Rev 2018;82:3570-81. https://doi.org/10.1016/j.rser.2017.10.103.

McDowall W. Exploring possible transition pathways for hydrogen energy: a
hybrid approach using socio-technical scenarios and energy system modelling.
Futures 2014;63:1-14. https://doi.org/10.1016/j.futures.2014.07.004.

Lord AS, Kobos PH, Borns DJ. Geologic storage of hydrogen: scaling up to meet
city transportation demands. Int J Hydrogen Energy 2014;39:15570-82. https://
doi.org/10.1016/J.1JHYDENE.2014.07.121.

Crotogino F, Schneider G-SN, Evans DJ. Renewable energy storage in geological
formations. Proc Inst Mech Eng A J Power Energy 2018;232:100-14. https://doi.
org/10.1177/0957650917731181.

Brown D, Jaccarini C, Kumar C, Madge C, Powell E. Financing Wales’ housing
decarbonisation. New Economics Foundation. 2021 https://neweconomics.org/
uploads/files/Financing-Wales-Housing-Decarbonisation.pdf.

Cheng B, Mazzola G, Pickard CJ, Ceriotti M. Reply to: On the liquid-liquid phase
transition of dense hydrogen. Nature 2021;600(7889). https://doi.org/10.1038/
541586-021-04079-w. E15-6.

Ahmed A, Siegel DJ. Predicting hydrogen storage in MOFs via machine learning.
Patterns 2021;2:100291. https://doi.org/10.1016/J. PATTER.2021.100291.
Huang SJ, Mose MP, Kannaiyan S. Artificial intelligence application in solid state
mg-based hydrogen energy storage. J Compos Sci 2021:5. https://doi.org/
10.3390/jcs5060145.

Latimer WM, Rodebush WH. Polarity and ionization from the standpoint of the
Lewis theory of valence. J Am Chem Soc 1920;42:1419-33. https://doi.org/
10.1021/JA01452A015.

Infinite Energy. Dr John O’M Bockris 2013;1923-2013(111):26-30.

Bockris JOM. The hydrogen economy: its history. Int J Hydrogen Energy 2013;38:
2579-88. https://doi.org/10.1016/J.IJHYDENE.2012.12.026.

Bockris JOM. The hydrogen economy. In: Environmental Chemistry. Springer US;
1977. p. 549-82. https://doi.org/10.1007/978-1-4615-6921-3_17.

Tashie-Lewis BC, Nnabuife SG. Hydrogen production, distribution, storage and
power conversion in a hydrogen economy - a technology review. Chem Eng J Adv
2021;8:100172. https://doi.org/10.1016/J.CEJA.2021.100172.

de Almeida SCA, Kruczan R. Effects of drivetrain hybridization on fuel economy,
performance and costs of a fuel cell hybrid electric vehicle. Int J Hydrogen Energy
2021;46:39404-14. https://doi.org/10.1016/J.IJHYDENE.2021.09.144.

Zheng J, Wang C-G, Zhou H, Ye E, Xu J, Li Z, et al. Current research trends and
perspectives on solid-state nanomaterials in hydrogen storage. Research 2021;
2021:1-39. https://doi.org/10.34133/2021/3750689.

Lammers I, Hoppe T. Analysing the institutional setting of local renewable energy
planning and implementation in the EU: A systematic literature review.
Sustainability 2018;10:3212. https://doi.org/10.3390/SU10093212.

Gallucci F, Fernandez E, Corengia P, van Sint Annaland M. Recent advances on
membranes and membrane reactors for hydrogen production. Chem Eng Sci
2013;92:40-66. https://doi.org/10.1016/J.CES.2013.01.008.

Schmidt O, Gambhir A, Staffell I, Hawkes A, Nelson J, Few S. Future cost and
performance of water electrolysis: an expert elicitation study. Int J Hydrogen
Energy 2017;42:30470-92. https://doi.org/10.1016/J.JJHYDENE.2017.10.045.
Schweitzer D, Beirow M, Gredinger A, Armbrust N, Waizmann G, Dieter H, et al.
Pilot-scale demonstration of Oxy-SER steam gasification: production of syngas
with pre-combustion CO2 capture. Energy Procedia 2016;86:56-68. https://doi.
org/10.1016/J.EGYPRO.2016.01.007.

Miiller S, Fuchs J, Schmid JC, Benedikt F, Hofbauer H. Experimental development
of sorption enhanced reforming by the use of an advanced gasification test plant.
Int J Hydrogen Energy 2017;42:29694-707. https://doi.org/10.1016/J.
IJHYDENE.2017.10.119.

Parvez AM, Hafner S, Hornberger M, Schmid M, Scheffknecht G. Sorption
enhanced gasification (SEG) of biomass for tailored syngas production with in-situ
CO2 capture: Current status, process scale-up experiences and outlook. Renew
Sustain Energy Rev 2021;141:110756. https://doi.org/10.1016/J.
RSER.2021.110756.

Sagar AD, van der Zwaan B. Technological innovation in the energy sector: R&D,
deployment, and learning-by-doing. Energy Policy 2006;34:2601-8. https://doi.
org/10.1016/J.ENPOL.2005.04.012.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2016.08.013
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2016.08.013
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.erss.2019.101349
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-3-319-99097-2_1
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.esr.2019.01.006
https://extranet.cranfield.ac.uk/10.31897/,DanaInfo=doi.org,SSL+PMI.2020.4.5
https://extranet.cranfield.ac.uk/10.31897/,DanaInfo=doi.org,SSL+PMI.2020.4.5
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.GLOENVCHA.2019.101958
https://extranet.cranfield.ac.uk/10.1080/,DanaInfo=doi.org,SSL+09654313.2012.667926
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0040-1625(00)00076-7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0040-1625(00)00076-7
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2015.04.078
https://extranet.cranfield.ac.uk/documents/publications/2020/04/06/,DanaInfo=www.government.nl,SSL+government-strategy-on-hydrogen
https://extranet.cranfield.ac.uk/documents/publications/2020/04/06/,DanaInfo=www.government.nl,SSL+government-strategy-on-hydrogen
https://extranet.cranfield.ac.uk/documents/publications/2020/04/06/,DanaInfo=www.government.nl,SSL+government-strategy-on-hydrogen
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2007.12.035
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2007.12.035
https://extranet.cranfield.ac.uk/wp-content/uploads/2020/03/,DanaInfo=www.bdi.fr,SSL+PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbonised-and-renewable-hydrogen-in-France.pdf
https://extranet.cranfield.ac.uk/wp-content/uploads/2020/03/,DanaInfo=www.bdi.fr,SSL+PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbonised-and-renewable-hydrogen-in-France.pdf
https://extranet.cranfield.ac.uk/wp-content/uploads/2020/03/,DanaInfo=www.bdi.fr,SSL+PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbonised-and-renewable-hydrogen-in-France.pdf
https://extranet.cranfield.ac.uk/en-us/participacion/paginas/,DanaInfo=energia.gob.es,SSL+detalleparticipacionpublica.aspx?k=337
https://extranet.cranfield.ac.uk/en-us/participacion/paginas/,DanaInfo=energia.gob.es,SSL+detalleparticipacionpublica.aspx?k=337
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41560-022-01097-4
https://extranet.cranfield.ac.uk/sites/nrcan/files/environment/hydrogen/,DanaInfo=www.nrcan.gc.ca,SSL+NRCan_Hydrogen-Strategy-Canada-na-en-v3.pdf
https://extranet.cranfield.ac.uk/sites/nrcan/files/environment/hydrogen/,DanaInfo=www.nrcan.gc.ca,SSL+NRCan_Hydrogen-Strategy-Canada-na-en-v3.pdf
https://extranet.cranfield.ac.uk/sites/nrcan/files/environment/hydrogen/,DanaInfo=www.nrcan.gc.ca,SSL+NRCan_Hydrogen-Strategy-Canada-na-en-v3.pdf
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2020.101764
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2020.101764
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.111747
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.111747
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2007.09.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.APENERGY.2014.05.047
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2019.110908
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2019.110908
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ERSS.2018.09.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.111867
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.GEOTHERMICS.2017.10.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.GEOTHERMICS.2017.10.014
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2014.10.088
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2014.10.088
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2012.10.066
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2018.06.104
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.apenergy.2018.06.104
https://extranet.cranfield.ac.uk/10.55670/,DanaInfo=doi.org,SSL+fpll.fuen.1.1.8
https://extranet.cranfield.ac.uk/10.55670/,DanaInfo=doi.org,SSL+fpll.fuen.1.1.8
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.08.070
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.rser.2017.10.103
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.futures.2014.07.004
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2014.07.121
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2014.07.121
https://extranet.cranfield.ac.uk/10.1177/,DanaInfo=doi.org,SSL+0957650917731181
https://extranet.cranfield.ac.uk/10.1177/,DanaInfo=doi.org,SSL+0957650917731181
https://extranet.cranfield.ac.uk/uploads/files/,DanaInfo=neweconomics.org,SSL+Financing-Wales-Housing-Decarbonisation.pdf
https://extranet.cranfield.ac.uk/uploads/files/,DanaInfo=neweconomics.org,SSL+Financing-Wales-Housing-Decarbonisation.pdf
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41586-021-04079-w
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41586-021-04079-w
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.PATTER.2021.100291
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+jcs5060145
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+jcs5060145
https://extranet.cranfield.ac.uk/10.1021/,DanaInfo=doi.org,SSL+JA01452A015
https://extranet.cranfield.ac.uk/10.1021/,DanaInfo=doi.org,SSL+JA01452A015
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf1945
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2012.12.026
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+978-1-4615-6921-3_17
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.CEJA.2021.100172
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2021.09.144
https://extranet.cranfield.ac.uk/10.34133/2021/,DanaInfo=doi.org,SSL+3750689
https://extranet.cranfield.ac.uk/10.3390/,DanaInfo=doi.org,SSL+SU10093212
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.CES.2013.01.008
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2017.10.045
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.EGYPRO.2016.01.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.EGYPRO.2016.01.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2017.10.119
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.IJHYDENE.2017.10.119
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.110756
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.RSER.2021.110756
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2005.04.012
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.ENPOL.2005.04.012

J.A. Gordon et al.

[403]

[404]

Health and Safety Executive. Health and Safety Executive HSE/Ofgem: 10 year
review of the Iron Mains Replacement Programme. Prepared by Cambridge
Economic Policy Associates Ltd for the Health and Safety Executive and Office of
Gas and Electricity Markets. 2011. p. 2011.

European Commission (EC). Hydrogen generation in Europe: overview of costs
and key benefits. Publications Office of the European Union; 2020. https://doi.
org/10.2833/122757.

31

[405]

[406]

[407]

Applied Energy 336 (2023) 120850

Gas for climate: A path to 2050. European Hydrogen Backbone grows to 40,000
km, covering 11 new countries. https://gasforclimate2050.eu/news-item/europe
an-hydrogen-backbone-grows-to-40000-km/; 2021 (accessed February 4, 2022).
Yang Y, Tong L, Yin S, Liu Y, Wang L, Qiu Y, et al. Status and challenges of
applications and industry chain technologies of hydrogen in the context of carbon
neutrality. J Clean Prod 2022;376:134347. https://doi.org/10.1016/J.
JCLEPRO.2022.134347.

Horsfall D, Hudson J. Social Policy in an era of competition: From global to local
perspectives. Bristol: Policy Press; 2017.


https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2010
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2010
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2010
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2010
https://extranet.cranfield.ac.uk/10.2833/,DanaInfo=doi.org,SSL+122757
https://extranet.cranfield.ac.uk/10.2833/,DanaInfo=doi.org,SSL+122757
https://extranet.cranfield.ac.uk/news-item/european-hydrogen-backbone-grows-to-40000-km/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/news-item/european-hydrogen-backbone-grows-to-40000-km/,DanaInfo=gasforclimate2050.eu,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2022.134347
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+J.JCLEPRO.2022.134347
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2030
https://extranet.cranfield.ac.uk/S0306-2619(23)00214-3/,DanaInfo=refhub.elsevier.com+rf2030

SPACE

https://dspace.org/

Socio-technical barriers to domestic hydrogen futures:
repurposing pipelines, policies, and public perceptions
Gordon, Joel A.; Balta-Ozkan, Nazmiye; Nabavi, Seyed Ali

2023-04-15

Elsevier

https://doi.org/10.1016/j.apenergy.2023.120850

Gordon JA, Balta-Ozkan N, Nabavi SA. (2023) Socio-technical barriers to domestic hydrogen

futures: repurposing pipelines, policies, and public perceptions. Applied Energy, Volume 336,
April 2023, Article number 120850

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
https://doi.org/10.1016/j.apenergy.2023.120850
https://dspace.org

