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Public trust plays a fundamental role in shaping national energy policies in democratic countries, as

exemplified by nuclear phase-out in Germany following the Fukushima accident. While trust dynamics have

been explored in different contexts of the energy transition, few studies have attempted to quantify the

influence of public trust in shaping social acceptance and adoption potential. Moreover, the interaction

between public trust and perceived community benefits remains underexplored in the literature, despite

the relevance of each factor to facilitating social acceptance and technology uptake. In response, this

quantitative analysis closes a parallel research gap by examining the antecedents of public trust and

perceived community benefits in the context of deploying hydrogen heating and cooking appliances

across parts of the UK housing stock. Drawing on results from a nationally representative online survey (N

= 1845), the study advances insights on the consumer perspective of transitioning to ‘hydrogen homes’,

which emerged as a topical and controversial aspect of UK energy policy in recent years. Partial least

squares structural equation modelling and necessary condition analysis are undertaken to assess the

predictive capabilities of a trust-based model, which incorporates aspects of institutional, organisational,

interpersonal, epistemic, and social trust. Regarding sufficiency-based logic, social trust is the most

influential predictor of public trust, whereas trust in product and service quality corresponds to the most

important necessary condition for enabling public trust. Nevertheless, trust in the government, energy

sector, and entities involved in research & development are needed to facilitate and strengthen public trust.

Overall, this study enriches scholarly understanding of how public trust may shape prospects for trialling

novel low-carbon technologies, highlights the need for segment-specific consumer engagement, and

advances scholarly understanding of the innovation-decision process in the context of net-zero pathways.

As policymakers approach critical decisions on the portfolio of technologies needed to support residential

decarbonisation, public trust will prove fundamental to fuelling hydrogen-based energy futures.

1 Introduction

In recent decades, hydrogen has been increasingly discussed as

a critical component of accelerating net-zero ambitions,1–3

following earlier hype cycles associated with the global

‘hydrogen economy’4 since the 1970s.5–7 Visions for hydrogen-

based energy futures, as discussed in the literature during the

mid-2000s,8–11 have gradually morphed into more tangible

expectations for developing the global hydrogen supply chain12

to support multi-sectoral decarbonisation targets.13–16 Growing

policy commitment towards scaling up hydrogen technologies

is mirrored by an upsurge in national hydrogen strategies since

the late 2010s.17–20

In December 2017, Japan became the rst country to publish

a hydrogen strategy,18 following long-held policy aspirations for

developing a national hydrogen economy.21,22 Subsequently,

more than 60 countries have launched national hydrogen

strategies or developed roadmaps.19 Notably, the European

Union (EU) is seeking a global leadership role following the

release of its hydrogen strategy for a climate-neutral Europe in

2020.23 However, there are also notable differences regarding

ambitions and pathways for establishing hydrogen econo-

mies,24,25 as further discussed in respect to the UK and ve other

country cases in Section 2.

Notably, the EU strategy identied objectives for three pha-

ses, with the second phase commencing in 2025‡ ahead of the

nal phase from 2030 onwards.23 By contrast, the UK Hydrogen
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Strategy (August 2021)26 specied illustrative hydrogen demand

forecasts for 2030 and 2035 across four key sectors: industry

(10–21 TW h and 25–45 TW h); power (0–10 TW h and 10–30 TW

h); transport (0–6 TW h and 20–45 TW h), and heat in buildings

(<1 TW h and 0–45 TW h). Additionally, the strategy stated that

a policy decision on ‘hydrogen homes’ – composed of hydrogen-

fuelled technologies for space heating, hot water, and cooking27

– should be taken by 2026,26 which has been affirmed in recent

commitments.28 Critically, around 84% of UK homes are con-

nected to the national gas grid,29,30 with the residential sector

contributing towards 16% of national greenhouse gas (GHG)

emissions (97% carbon dioxide).31 Accordingly, the UKHeat and

Buildings Strategy (October 2021) underscored the need to

phase out the installation of natural gas boilers by 2035 in

support of aspirations for net-zero buildings by 2050.32

Against the backdrop of shiing policy perceptions

regarding the role of hydrogen homes in the UK's low-carbon

future, this study presents a consumer-oriented perspective;33

focused on understanding the antecedents of and interactions

between perceived community benets, domestic hydrogen

acceptance, and willingness to adopt a hydrogen home before

2030. Critically, the conceptual framework tested in this study

departs from previous approaches33,34 by modelling public trust,

technology perceptions, safety perceptions, and production

perceptions as predictors of perceived community benets

(economic, social, and environmental benets). In turn, the

following research questions are tackled by employing partial

least squares structural equation modelling (PLS-SEM) and

necessary condition analysis (NCA):

� What are the antecedents of public trust in the domestic

hydrogen transition?

�Do the antecedents of public trust differ across segments of

the UK population?

�What are the antecedents of perceived community benets

in the domestic hydrogen transition?

� What is the relationship between perceived community

benets, domestic hydrogen acceptance, and consumer will-

ingness to adopt a hydrogen home before 2030?

Section 2 further contextualises the study in relation to the

emergence of national hydrogen economies and international

activities around residential hydrogen, before outlining the

methodology in Section 3. Next, Section 4 reviews the literature

and formulates hypotheses which comprise the conceptual

framework presented in Section 5. Section 6 reports the model-

ling results fromPLS-SEM andNCA, while Section 7 discusses the

ndings and their implications for transitioning to hydrogen

homes. Lastly, Section 8 concludes by outlining a future research

agenda and highlighting key lessons for supporting public trust

in low-carbon, hydrogen-based energy systems.

2 Recent developments in hydrogen
technology and policy for the
residential sector

Accelerating heat decarbonisation for the residential sector is

among one of the foremost environmental imperatives and

challenges of climate policy.35 According to the Intergovern-

mental Panel on Climate Change (IPCC), the building sector

accounted for 21% of global greenhouse gas (GHG) emissions

in 2019,36 while the International Energy Agency (IEA) estimates

that the operations of buildings accounts for 26% of global

energy-related emissions.37 Moreover, the residential sector is

the largest contributor to energy sector emissions globally with

a 12.5% share, attributed mainly to fossil fuel heating and to

a lesser extent, gas cooking.38

Table 1 reects these trends across six major economies

(Australia, Canada, Germany, Japan, the Netherlands, and the

UK) wherein, on average, natural gas and oil accounted for 70%

of residential heating in 2020 (SD = 0.12). Crucially, gas heating

is signicantly more prevalent, averaging 55% across the

sample compared to 16% for oil, with Japan (50%) and Germany

(25%) representing outliers in this category. Accordingly, each

country has a strong incentive to accelerate residential decar-

bonisation and has explored the possibility of supporting this

imperative through low-carbon hydrogen technologies.

At present, the Netherlands and Japan have the strongest

commitments towards deploying hydrogen-fuelled appliances

for home heating, both from a technological and policy

perspective (see Table 1). Nevertheless, contingent on both

international and national developments in the hydrogen and

broader energy landscape, other countries such as the UK and

Canada may scale up investments and policy support for resi-

dential hydrogen in the future. Following recent studies,39–41 the

following sub-sections outline the latest developments in

hydrogen technology and policy across the countries reported in

Table 1, with Section 2.6 providing a more in-depth look at the

UK.

2.1 Australia

Australia's National Hydrogen Strategy (November 2019) iden-

tied domestic and commercial heating as a potential use

case,20 as reected by pioneering social acceptance research on

residential hydrogen.44–46 However, following the September

2024 policy update,47 electrication is now regarded as the main

technology pathway for decarbonising the building stock.

Nevertheless, the government maintains regulatory support for

enabling local hydrogen blending projects. At present, possi-

bilities for larger scale deployment of hydrogen home appli-

ances remains heavily contingent on whether technology

advancements are realised in the upcoming years.47 Although

Australian households remain highly gas dependent, insights

from this study are currently more relevant to other hydrogen

uses cases such as fuel cell vehicles and alternative technologies

such as heat pumps.

2.2 Canada

The Canadian national hydrogen strategy (December 2020)

identied a potential role for hydrogen in residential decar-

bonisation, through blending with natural gas (up to 20% by

volume) or as a long-term replacement fuel supplied via dedi-

cated hydrogen pipelines.48 In October 2022, the Canadian-

based energy company ATCO started blending 5% hydrogen

Sustainable Energy Fuels This journal is © The Royal Society of Chemistry 2025

Sustainable Energy & Fuels Paper

View Article Online



into the local gas grid at Fort Saskatchewan, which serves

around 2100 customers.49 Furthermore, ATCO's Energy

Discovery Centre aims to become the rst building in North

America to be heated by 100% hydrogen. Hydrogen pilot

projects for residential and commercial heating are also

underway in Alberta and Ontario, with the most recent (May

2024) progress report on Hydrogen Strategy for Canada main-

taining ambitions to explore the feasibility of both hydrogen

blending and dedicated hydrogen infrastructure for heat

decarbonisation purposes.49

2.3 Germany

Germany's national hydrogen strategy (June 2020) expressed

a degree of openness regarding the long-term potential of

hydrogen heating, with Measure 21 noting the importance to

integrate electricity, heat, and gas infrastructure to accelerate

decarbonisation,50 while pathways for hydrogen fuel cells and

boilers have been discussed in the literature.51–53 Notably,

Measure 18 of the strategy focused on extending the govern-

ment's program for highly efficient fuel-cell heating systems,

while Measure 19 referenced the ambition to support funding

for ‘hydrogen readiness’ installations as part of the Combined

Heat and Power Act.50 However, the July 2023 update to Ger-

many's national hydrogen strategy sees a limited role for

hydrogen in residential applications during the current decade,

with activities restricted to pilot projects.54 Nevertheless,

hydrogen fuel cells and boilers are recognised as a potentially

necessary alternative for buildings that cannot be electried

efficiently; provided there is sufficient hydrogen supply and

demand at the local level which is also cost-effective.

Overall, the German government acknowledges the potential

for hybrid heating systems in niche locations, alongside a role

for hydrogen in supplying heat networks, while otherwise

taking a cautious approach towards hydrogen heating.54 At the

same time, it should be noted that the role of hydrogen heating

remains highly politicised, with the green party opposing this

option whereas the liberal party is seen to hold a more

technology-neutral perspective.55

2.4 Japan

Japan's position as a pioneer in hydrogen fuel cell tech-

nology56,57 is reected by its national program for residential

fuel cell development, with the domestically produced ENE-

FARM co-generation system providing electricity and hot

water.18 As of June 2021, around 400 000 ENE-FARM units had

been deployed in Japan, with the government setting an ambi-

tious target of 5.3 million installations by 2030.58 In June 2023,

the government updated its hydrogen strategy and affirmed its

commitment to scaling up the deployment of household fuel

cells by approximately ten-fold by 2030 through cost reductions

and supporting policy mechanisms,59 such as participation in

the ‘supply-demand adjustment market’ for nationwide load

balancing.60

Given ambitions for scaling up the deployment of ENE-

FARM units, technology developments in Japan are highly

signicant in the context of global residential decarbonisationT
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policy. With commercial deployment already underway and

policy targets in place, fuel cells may prove a more techno-

economically and socio-politically feasible deployment

pathway in Japan compared to hydrogen boilers (and cookers)

in countries such as the UK and Netherlands (see Section 2.5

and 2.6).

2.5 The Netherlands

The Dutch hydrogen strategy (April 2020) adopted a multi-

sectoral focus on hydrogen applications for industrial, resi-

dential, and transport sectors; highlighting the long-term

potential of hydrogen heating and need to scale up pilot

projects before 2030.61 In June 2022, the Minister of Climate and

Energy expressed further support for using hydrogen as

a replacement for gas heating,62 with the new (right-wing) Dutch

government affirming its ambitions to scale up hydrogen and

carbon dioxide pipelines.63 Notably, in July 2024, the govern-

ment reversed the mandate for replacing existing gas boilers

with heat pump installations by 2026,64 reecting growing

political advocacy for preserving national gas infrastructure by

switching to green gases (i.e. hydrogen and biomethane).65

Policy support has been reected through the scaling up of

hydrogen pilot projects in select locations,66–68 with increasing

discussions around hybrid solutions wherein a heat pump and

hydrogen boiler are integrated into a smart heating system.69 It

follows that hydrogen technology and policy developments in

the Netherlands, particularly the results from ongoing pilot

projects, are instructive to steering decision-making in the

UK,28,65 and may also entail wider spillover effects for heat

decarbonisation pathways in neighbouring countries such as

Germany.

2.6 The United Kingdom

Concentrating on developments in the UK context, the possi-

bility of converting parts of the national gas grid to hydrogen

has engaged the research community and attracted interest

from policy makers for well over a decade.70–72 The initial push

for developing sustainable hydrogen research dates back to

a series of multi-million-pound grants awarded to UK institutes

by the Engineering and Physical Sciences Research Council

(EPSRC) between 2003 and 2017,73–75 as mapped in Fig. 1.

In an early contribution employing the UK MARKAL energy

systems model, Dodds and Demoullin71 noted that technical

feasibility would likely “depend on the willingness of the UK

government and the network owners to invest resources over

the next 20 years to prepare for and minimise the costs of

a national conversion program.” In a parallel analysis using an

improved version of the model, Dodds and McDowall72

concluded that the only economically optimal pathway of

achieving large-scale decarbonisation of the gas supply would

rely on converting the network to deliver hydrogen for use in

micro-combined heat and power (CHP) fuel cells. Subsequent

studies have followed suit in both the UK context76 and at the

global level,77 following the gradual uptake of fuel cell home

heating systems in Japan during the 2010s7 and largely positive

consumer experience in small-scale European trials between

2012 and 2017.78

In 2015, the Committee on Climate Change (CCC) reported

that no policy was in place for domestic hydrogen (i.e. red

status). Following the development of small-scale feasibility

studies, the need for a formal strategy was identied by 2016

(i.e. amber status: policy at risk).79 Subsequently, the Leeds City

Gate H21 project (see Fig. 1) provided a comprehensive evidence

Fig. 1 Events supporting the development of hydrogen homes in the UK, 2003–2022. Source: authors' illustration. aEngineering and Physical

Sciences Research Council. bUsing the UK MARKAL model (now UK TIMES model). cCommittee on Climate Change. dThe Office of Gas and

Electricity Markets.
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base on the feasibility of decarbonising parts of the existing UK

gas network at minimal consumer cost, with several envisioned

economic and societal benets.80 Additionally, the CCC released

their ‘Hydrogen in a low-carbon economy’ report in November

2018, which identied a potential role for hydrogen as a hybrid

heating solution for UK buildings in conjunction with heat

pumps.81

In reection, during themid-2010s, UK heat decarbonisation

remained strongly characterised by uncertainties regarding

future energy demand82 and an associated lack of policy

clarity.70 Some scholars attribute political uncertainty to the

incumbent gas sector trying to resist large-scale electrication.83

Such a pathway is arguably achievable through the deployment

of heat pumps and district heat networks, alongside energy

efficiency upgrades to properties.70,84

Boait and Greenough85 conclude that hydrogen will inevi-

tably cost more than natural methane, making strategic deci-

sions around its applications critical to social acceptance for the

wider hydrogen economy, while other critiques have cautioned

against the use of residential hydrogen.84,86 Nevertheless, it is

widely agreed that a moderate hydrogen enrichment of natural

gas (up to ∼15–20%) could be technically feasible by repur-

posing existing pipelines87 and viable for domestic heating

without signicant modication to existing boiler appliances.88

Additionally, a minority of studies have demonstrated the

potential viability of integrating residential hydrogen into the

UK's energy future to support security of supply and climate

change targets.89,90 Crucially, the release of the UK Hydrogen

Strategy26 marked the most denitive policy milestone to date

for generating potential conditions for domestic hydrogen

awareness and acceptance.

Against this background, the domestic hydrogen transition

is confronted by substantial socio-technical barriers,91 which

have been exacerbated following recent setbacks in planned

village trials92 for the North of England93,94 and an increase

policy push towards 100% electrication of the UK residential

sector.95 In response, the government has opted to draw more

heavily on evidence presented by other hydrogen pioneers,

namely, Germany and the Netherlands, while continuing to

monitor the techno-economic feasibility of hydrogen homes

through its national research.28 Furthermore, the UK govern-

ment has reaffirmed the need to develop a comprehensive

consumer engagement strategy to build social acceptance for

rapidly developing and deploying hydrogen networks.26

This study supports the government's objective by eluci-

dating new insights on consumer attitudes towards hydrogen

homes, following earlier social science research conducted

during the HyDeploy and H21 projects.96–98 Critically, data

collection for this research took place towards the end of 2022,

thereby measuring public trust prior to the collapse of planned

hydrogen village trials, which has reduced the likelihood of

launching hydrogen homes in the near-term. Situated at

a unique juncture between the publication of the UK Hydrogen

Strategy (August 2021)26 and the government's most recent

update on hydrogen heating policy (March 2024),28 this case

study signicantly advances social science scholarship on the

dynamics of public trust in low-carbon energy futures and social

acceptance.

3 Methodology
3.1 Questionnaire design and data collection

This quantitative study employs an online survey to examine

how different segments of the UK public perceive the prospec-

tive transition to hydrogen homes. The survey design leverages

insights from qualitative data collected via online focus

groups,99,100 which included an explicit focus on public trust in

key stakeholders inuencing the discourse around hydrogen

homes.101

The evidence base was further supported by extensive rounds

of literature review on the topic,91,102,103 ahead of piloting the

survey to establish content and face validity.33,34 Data was

collected between October and December 2022, with the nal

sample proving broadly representative of the UK population (N

= 1845), as further discussed when conducting multigroup

analysis.104 At the sub-group level, the sample is composed of

respondents with high levels of technology and environmental

engagement (VEG: N = 331), moderate levels of technology and

environmental engagement (MEG: N = 458), fuel stressed

respondents with less than moderate levels of engagement in

technology and the environment (FSG: N = 379), and nally,

a control group with less than moderate levels of engagement

who are not fuel stressed (BLG: N = 677). In addition to

increasing representation across different segments of the

housing stock, this approach helps engage directly with

segments of the population that will be involved in shaping net-

zero pathways, both as citizens and potential consumers.

Importantly, all respondents qualify as property owners

(37.2% outright owners; 62.8% mortgage owners) living in

homes with gas heating and cooking appliances. Furthermore,

each respondent self-reported to having an “at least moderate

level of nancial involvement in purchasing decisions”, while

attributing “at least moderate importance to choosing their

heating and cooking technologies”, as described in ESI Note 1

(see SN1†). The ltering methods help account for agency and

choice as potential predictors of energy acceptance, while

ensuring the sample meaningfully captures demographic

groups directly involved in the technology transition under

examination.105

Specic details of each survey item and the sample compo-

sition are provided in SN2 and SN3,† thus supporting the

transparency and reproducibility of the research, while prior

publications from this dataset further describe the survey

design (e.g. SN5† in ref. 31) and multigroup approach.33,34,104,106

Most pertinent to this analysis, trust in 16 specic actors and

stakeholders was measured by administering a single question

as described in Section 5, which was evaluated via an 11-point

Likert scale (see Section 6.1) and subsequently modelled across

ve distinct dimensions (i.e. sub-constructs) using PLS-SEM

(see Section 6.2.2).

Although data collection for this study is limited to the UK,

the analysis has international relevance given that “social

mechanisms of trust and condence” are vital for supporting
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national energy transitions, both from an investment and

consumption perspective.107 Moreover, researchers have

increasingly identied an association between public attitudes

towards climate policies and political trust,108–110 which has

motivated cross-national studies.111,112 The relationship

between trust in the media and political trust continues to

engage scholars, with Hanitzsch and colleagues113 positing the

notion of a ‘trust nexus’; wherein the erosion of trust in the

media is associated with a broader sense of public disen-

chantment with political institutions, at least in more politically

polarised societies. Evidence suggests that the so-called trust

nexus has strengthened over time following public backlash

towards elite groups,113 while Paterson et al.114 document the

rise of anti-net zero populism in the UK against a background of

declining government trust.

This study presents context- and technology-specic insights

on public trust, following data collection in the UK during the

nal quarter of 2022. While longitudinal and cross-national

datasets provide clear grounds to expand the analytical scope,

cross-sectional research conducted at the national level

provides an important foundation for deriving further insights

on the spatio-temporal dynamics of public trust in emerging

low-carbon technologies (see Section 7.1). Moreover, the UK

shares at least some comparable features to countries such as

the Netherlands and Germany regarding its political economy,

energy sector, and net-zero ambitions,115–117 making the study

partly generalisable to other nations shaping the global

hydrogen economy, as briey discussed in Section 7.1.3.

3.2 Combined use of PLS-SEM and NCA

This research follows the trajectory set by recent studies on the

adoption dynamics of domestic hydrogen33,106 by combining the

use of partial least squares structural equation modelling (PLS-

SEM) and necessary condition analysis (NCA).118,119 Whereas

PLS-SEM is grounded in additive sufficiency-based logic (i.e. an

increase in X leads to an increase in Y), NCA is predicated in

necessity logic to identify the ‘must-have’ (i.e. necessary but not

sufficient) factors for enabling a target outcome.120

PLS-SEM is a recommended second-generation statistical

technique for conducting exploratory social science

research,121–123 as evidenced across a wide range of elds124,125

including strategic management,126 e-learning,127 and energy

acceptance.103 Among numerous applications, scholars have

leveraged PLS-SEM to examine the adoption of solar PV and

biofuels,128 smart homes,129–131 energy-efficient heating appli-

ances,132 green information technology,133 and hydrogen fuel

cell vehicles (HFCVs).134,135 Foremost, the method supports

theory development while bridging the analytical gap between

explanation and prediction.136,137 PLS-SEM functions by mini-

mising the unexplained variance of antecedent constructs

within a conceptually-grounded path model138 to support

a predictive-oriented approach to SEM.136,139

This study employed SmartPLS 4.1 soware140 to explore

a trust-based model of domestic hydrogen acceptance and

adoption, wherein perceived community benets is oper-

ationalised as a mediating construct. The rst stage of PLS-SEM

involves assessing the measurement model, ahead of evaluating

the structural model,141 while adhering to best research prac-

tices to ensure methodological rigour.142 In all cases, reective

constructs compose the model since indicators are highly

correlated and do not represent the entirety of the

construct.143,144 To validate public trust as a higher-order

construct composed of ve sub-constructs, this study applies

the repeated indicators approach as described in SN5.†145

To support results from PLS-SEM, importance-performance

map analysis (IMPA) is carried out to further understand the

role of public trust in shaping consumer attitudes towards

domestic hydrogen. IMPA helps better communicate insights

from PLS-SEM to decision-makers,146,147 and is applied at both

the construct and indicator level for public trust, in accordance

with guidelines in the literature.148,149 In sum, the technique

involves plotting unstandardised total effects on the x-axis and

latent variable scores on the y-axis (rescaled from 0–100),

thereby comparing importance (i.e. total effect size) and

performance (i.e. average latent variable score).148

Contrary to methods which operate from an additive

perspective (i.e. multiple regression and SEM), NCA identies

critical determinants which cannot be compensated for by

alternative factors, while detecting what level of the critical

determinant is required to enable the target outcome.150–152

Necessary condition hypothesising153,154 has advanced signi-

cantly in recent years, following the formalisation of themethod

by Dul155 and subsequent methodological contributions.156,157

Since its inception,158,159NCA has attracted considerable interest

from social science researchers to enhance theory-method

compatibility and empirical insights,160 as reected in the

context of supply chain management,161,162 ethical consumer

decision-making,150 energy, environment and

sustainability,163–166 and adoption of articial intelligence,167

among numerous examples.152,168,169

In brief, NCA establishes a ceiling line above the data in an

XY scatter plot to separate areas with and without data obser-

vations.120,156 When handling continuous data – as approxi-

mated in this study by the use of an 11-point Likert scale –

researchers should apply the ceiling regression–free disposal

hull (CR-FDH).120,170 The CR-FDH is recommended for handling

discrete data, producing a regression line (ordinary least

squares) through the corners of the ceiling envelopment-free

disposal hull (CE-FDH), which displays a non-decreasing step

function ceiling line.120

By generating a ceiling line through the data, NCA gauges

whether a potential necessity effect is observed; corresponding

to the empty region within the upper le quadrant of the scat-

terplot, which widens with a stronger necessary condition.120,156

A necessity hypothesis is statistically supported when the effect

size (d) exceeds 0.10 together with a signicant permutation

value (p > 0.05).156 Parameters of 0.1# d < 0.3, 0.3# d < 0.5, and

d $ 0.5 indicate a medium, large effect, and very large effect

size, respectively.156 Bottleneck tables support NCA by relaying

the conguration of the ceiling line.120,157 Thus, each row

represents a target outcome such as public trust or perceived

community benets, while each column states the minimum
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required value of a corresponding predictor for ensuring the

outcome level.167,170

Accordingly, harnessing insights from PLS-SEM and NCA

provides a complementary perspective of causality and data

analysis to advance theoretical and empirical insights,33 which

together with IMPA offers practical value for decision-makers.171

The combined use of PLS-SEM and NCA has featured in the

context of public transportation preferences118,172 adoption of

electric motorcycles,173 decarbonisation for the transport

sector,174 electronic customer-to-customer interaction,175

acceptance of medical wearable devices,176 food waste

management,170 green competitive advantage,177 and consumer

purchasing behaviour178 including the adoption of blockchain

technology179 and e-books,149 among other topics.180,181 In

carrying out PLS-NCA, this study follows guidelines for best

practice established by the pioneer of NCA, Jan Dul,120,159 in

addition to procedures specied by PLS-SEM practitioners,

namely Richter and colleagues.149,182

Following the evaluation of public trust, a combined

importance-performancemap analysis (cIMPA) is undertaken at

the construct level for perceived community benets.119 cIMPA

incorporates bottleneck percentages from NCA into the data

output, thereby relaying the magnitude of different prerequisite

factors.119 Leveraging from traditional IMPA,148,183,184 cIMPA can

help support policy formation and managerial action by iden-

tifying areas of strategic value for enabling and strengthening

the target outcome.119

3.2.1 Summary of methods. This study implements

combined PLS-SEM and NCA to examine consumer attitudes

towards hydrogen home, as examined through the interactions

between public trust dynamics and perceptions of hydrogen

appliances, safety attributes, production pathways, and

perceived economic, social and environmental benets.

Following this summary, Section 4 reviews the literature to

develop a series of testable hypotheses for evaluating a trust-

based model of hydrogen acceptance and adoption potential,

which is formalised in Section 5. Subsequently, 6.1 analyses

descriptive statistics focused on public trust dynamics and

differences between consumer sub-groups. Next, Section 6.2

reports the ndings from PLS-SEM, which is complemented by

Fig. 2 Research procedure and data analysis techniques.
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IMPA in Section 6.3. Finally, results for NCA are presented in

Section 6.4 and supplemented by cIMPA in Section 6.4.3 (see

Fig. 2).

4 Literature review and hypotheses
development
4.1 Scopus results for public trust

The Scopus search results (N = 43) reect clear growth

dynamics for technology acceptance studies engaging with

public trust. Fig. 3 displays results for 39 studies (excluding four

studies published in 2024§), with around 69% of the total cita-

tion count attributed to studies published within the last four

years (2020–2023).{ Among the top ten most highly cited

publications, three engaged directly with the energy sector,

focusing on public attitudes towards carbon dioxide storage in

the Netherlands,185 social acceptance of electricity generation

sources in the Chilean context,186 and offshore wind acceptance

in the United States.187 Across the sample, six journals are rep-

resented more than once,k whereas 26 journals are represented

by a single study. The representation of 32 journals for a sample

of 43 studies, following a relatively narrow keyword search,

reects the diverse nature of public trust in shaping multiple

cases of technology and social acceptance.

The VOSviewer soware tool provides a network visual-

isation of keywords,188 based here on the association strength

between 134 connected items within the Scopus dataset (total=

179). The map was composed of 13 clusters of keywords,

spanning from 14 items for the largest cluster to three items for

the smallest cluster (M = 10.3, SD = 3.5). Derivatives of trust

featured across six clusters: ‘chain of trust’ in Cluster 2 (green:

13 items) in connection to ‘energy transition’ and ‘offshore

wind’, among other items; ‘public trust’ in Cluster 4 (yellow: 13

items) in relation to ‘nuclear power’ and ‘renewable energy’;

‘trust’ and ‘trust cultures’ in Cluster 5 (purple: 12 items) linking

to ‘smart cites’, ‘autonomous vehicles’, and ‘structural equation

modelling’; ‘trust in automation’ and ‘trust in technology’

connecting to ‘driverless cars’, ‘technology adoption’, and

‘articial intelligence’ in Cluster 6 (turquoise: 12 items); social

trust in Cluster 10 (pink: 9 items) with links to ‘green control

techniques’ and ‘investing in renewable energy’; and nally,

‘trust gap’ represented in Cluster 12 (blue-grey: 4 items) in

association with ‘energy transitions’, ‘nuclear’ and ‘deliberative

energy governance’. Additionally, ‘consumer-decision making’

and ‘social acceptance’ featured in Cluster 8 (brown: 11 items),

while ‘multi-group structural equation modelling’ and ‘will-

ingness to adopt’ represented in Cluster 9, with ‘public accep-

tance’ dening Cluster 11 (light green: 8 items), alongside

‘nuclear energy’, ‘nuclear power policy’, and ‘fusion energy’ (see

Fig. 4).

4.2 The dynamics of public trust

Public trust is multi-faceted in nature and highly complexed, as

reected throughout several studies across multiple

contexts,189–195 which includes a growing focus on climate

change engagement,196 sustainable energy communities,197 and

emerging technologies.198–200 For example, in the context of

biotechnology, Master and Resnik201 cautioned that media hype

could lead to a loss of public trust and social acceptance. As

reected by the Scopus search results, energy researchers have

examined how trust inuences the social licence to operate for

extractive industries,202–207 public engagement in the energy

transition and climate policy,208–214 stakeholder perceptions of

marine energy futures,215,216 energy-related behaviours,217–220

and adoption of new technologies for the agricultural

sector,221–226 among other topics.227–230

Fig. 3 Trends in public trust research based on Scopus search results.

§ 213 citations up to April 4th 2024.

{ 16 studies conducted before 2020 (including three studies for the period 2003–

2012) account for 704 citations from a total of 2294 citations.

k Energy Research & Social Science: 4 times; Energy Policy: 3 times; Sustainability

Switzerland: 3 times; Technology in Society: 3 times; Renewable and Sustainable

Energy Reviews: 2 times; Technological Forecasting and Social Change: 2 times.
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Donnison et al.231 assessed the social legitimacy of bioenergy

with carbon capture and storage (CCS) in the UK, highlighting

the importance of media narratives and public trust in the

scientic community. Notably, Cooper232 argued that climate

change literacy is contingent on media literacy, advocating for

scientists to “embrace the maturing discipline of media literacy

education” to increase public trust in climate change science.

Weitzman and Bailey233 also emphasised the role of mainstream

and social media in shaping public trust in Canada's net-pen

aquacultural industry, while a follow-up study identied trust

as a key mechanism shaping the social acceptance of salmon

aquaculture among rural and urban residents of Nova Scotia (N

= 495).234 Citizens distrustful of the government were at least

three times more likely to hold a negative opinion compared to

trustful citizens. Mistrust in salmon farming companies also

proved high and more pronounced among rural citizens,

whereas respondents had higher trust in the scientic

community.234

Yun et al.235 explored trust dynamics in the United States (N

= 753) according to public perceptions regarding the reliability

of renewable energy companies and trustworthiness of a given

State to successfully plan and provide capacity to meet renew-

able energy demand.** Critically, Dwyer et al.187 concluded that

public trust was instrumental to deploying the rst commercial

US offshore wind farm in Block Island. Specically, the case

study highlights the importance of ‘chains of trust’ between

developers, process managers (i.e. governmental and academic

entities), and local communities to enable stakeholder accep-

tance; demonstrating that trust must rstly be established with

leaders guiding the process, then in the actual process and

nally, in its outcome.187 Similarly, social trust helped accelerate

the transition from kerosene to liquied petroleum gas (LPG)

among Indonesian households.236

In the context of socio-political and local acceptance for

onshore and offshore wind farms in Germany (N = 2009),

Sonnberger and Ruddat237 tested the effects of trust in key

actors, general attitude toward the energy transition and

perceptions of fairness, in addition to the perceived benets

and risks of wind energy. Interestingly, results from multiple

linear regression indicated that trust in large energy companies

positively inuences local acceptance (i.e. wind farm at ca. 500

m distance: b = 0.200, p < 0.01), but negatively inuences socio-

political acceptance for offshore wind (b= 0.100, p < 0.01), while

the effect for onshore wind proved non-signicant. However,

across the three models, trust in the Federal government, the

local government, and municipal utility companies had no

signicant effect on acceptance.237

Kitt et al.211 developed a trust-based framework to examine

the antecedents of public support for low-carbon transportation

policies among Canadians (N = 1552). The study concentrated

on three dimensions of citizen trust (perceived competence,

integrity, and value similarity), in addition to ‘general trust’ (see

Table 2). Trust regarding the competence of scientists (∼79%)

was markedly higher compared to other groups (M = 49.80, SD

= 18.10 across the sample). Among all measurements, the

perceived integrity of car manufacturers ranked lowest (∼15%),

exhibiting a negative association with support for a vehicle

emissions standard. Furthermore, trust in the national

government had a signicant association with support across

all ve policies, whereas trust in the provincial government

played a limited role in predicting policy support.211

In the novel context of climate engineering technologies,

Merk and Pönitzsch238 focused on the Federal government, the

EU, and the United Nations, with German respondents (N =

927) expressing largely neutral levels of institutional trust (M =

2.20, SD = 0.71), as measured using a 4-point Likert scale (1–4).

By contrast, Macht and colleagues239 focused on trust in one's

municipality when examining citizens' acceptance of bio-based

technologies in West Germany (N = 1551). The study employed

seven measures focused on aspects of competence- and

Fig. 4 Network visualisation of keywords in Scopus dataset (N = 43): co-occurrence threshold one.

** The study found that public trust predicts attitudes towards renewable energy

systems (b = 0.291, p < 0.001) and subjective norms (b = 0.274, p < 0.001).235
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Table 2 Summary of literature findings on public trust

Source

and year Technology

Country context

and sample size Actors and stakeholders

Results and measurement

scale for public trust

254 Nuclear power Switzerland � Scientists � M = 3.58, SD = 1.08

2011 N = 967 � Inspecting authorities � M = 3.52, SD = 1.06

� Swiss Federal Office of Energy � M = 3.38, SD = 0.98
� Power plant operators � M = 3.07, SD = 1.22

➢ 5-Point Likert scale

255 Nuclear power China � Scientists � M = 5.30, SD = 1.51

2017 N = 605 � Government � M = 4.76, SD = 1.68
� Nuclear power companies � M = 4.49, SD = 1.58

� The media � M = 3.94, SD = 1.62

➢ 7-Point Likert scale
256 Nuclear power China

(Haiyan County)

� Institutions and experts � 38.8%; 34.5%a

2017 N = 491 � Government � 34.9%; 29.2%

� Power plant operators � 18.6%; 25.7%
209 Nuclear power Japan � Government � Consistently low levels of trust

towards information provided by

all sources post-Fukushima

2021 N = 285 � Nuclear power specialists
� Electricity companies

� The media

� Non-prot organisations or NGOs

� The internet
214 Fusion energy United States � University scientists � M = 6.74

2024 N = 2016 � National Academy of Sciences � M = 6.57

� US National Laboratories � M = 6.27
� US Nuclear Regulatory Commission � M = 6.15

� US Department of Energy � M = 6.10

� US Environmental Protection Agency � M = 6.10

� R&D companies � M = 6.07
� Environmental advocacy groups � M = 5.64

� News media � M = 4.39

➢ 11-Point Likert scale

185 Carbon capture
and storage

Netherlands � Environmental NGOs � M = 3.74, SD = 0.99

2007 N = 103 � Government � M = 2.81, SD = 1.06

� Industry � M = 2.03, SD = 0.96
➢ 5-Point Likert scalea

257 Carbon capture

and storage

China � Researchers � 29.2%

2016 N = 349 � Environmental organisations � 26.1%
� Government institutions � 24.4%

� Enterprises � 20.3%

211 Low-carbon

transportation policiesb
Canada � Scientists � ∼80%

2021 N = 1552 � Environmental groups � ∼55%

� Federal government � ∼41%

� Provincial government � ∼39%

� Car manufacturers � ∼36%
258 Sustainable commercial

aviation

United Kingdom � Producers of low-carbon jet fuels � M = 3.55, SD = 0.79

2022 N = 1008 � Scientic community � M = 3.25, SD = 0.76
� Policymakers � M = 2.97, SD = 0.87

➢ 5-Point Likert scale

45 Hydrogen for domestic

use and export

Australia � CSIROc � M = 5.43, SD = 1.33

2021 N = 3020 � Universities � M = 5.24, SD = 1.32

� Environmental NGOs � M = 5.18, SD = 1.42

� State government � M = 4.94, SD = 1.51

� Federal government � M = 4.89, SD = 1.64
� Local government � M = 4.84, SD = 1.47

� Electricity generation companies � M = 4.35, SD = 1.65

� The media � M = 4.33, SD = 1.54
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integrity-based trust, with results proving equivalent for bio-

reneries and aquaponics as evaluated via a 7-point Likert scale

(M = 3.90).239

Lee and Reiner213 found that UK (N= 2016) respondents who

prefer solar and wind energy over nuclear power and biomass

tend to view companies as a playing a more signicant role than

government in addressing climate change. Public trust in the

government's ability to address climate change (b = 0.068, p <

0.014) and their historical response to climate change (b =

0.092, p < 0.004) predicted support for biomass, whereas

condence in the ability of companies to address the climate

change challenge had a signicant effect on support for solar

energy (b = 0.120, p < 0.001) and wind power (b = 0.153, p <

0.001).213 In the German context, public trust proved a stronger

predictor of social acceptance for gas-red power compared to

solar, wind, nuclear, and hydro-power,240 which could imply

a critical role for trust in hydrogen-based energy futures.

Engaging with leadership groups in South Korea (N = 267),

Choi et al.241 identied the explanatory factors of public fear

regarding nuclear power to be a lack of information provision by

the press and media, insufficient communication and public

relations by experts, and government mistrust, whereas

mistrust of nuclear technology was negligible. Surveying the US

public (N = 2016), Gupta et al.214 identied a direct positive

relationship between trust and support for nuclear fusion,

which was highest for technology companies involved in

research and development (R&D), followed by university scien-

tists, and the US Nuclear Regulatory Commission, but lower for

news media and environmental advocacy groups. Critically,

respondents with high levels of trust in the government††

proved signicantly more supportive of fusion energy compared

to respondents with lower trust levels.214

In their recent investigation of social acceptance for natural-

resource management in California, Eriksson et al.227 found that

both the public (N = 931) and professionals (N = 216) have

much higher trust towards people (M = 67%, M = 68%)

compared to the federal government (M = 59%, M = 51%), and

state government (M = 48%, M = 32%). Moreover, in a multi-

national study focused on climate behaviours and individual

support for climate change policies across 35 countries (N =

∼39 000), Smith and Mayer242 observed that social trust is

a stronger and more consistent predictor than institutional

trust. Furthermore, Jordan and colleagues243 cautioned that the

public may lack condence in the ability of democratic

processes and political representatives to deliver effective

climate change policy, whereas intermediaries such as chari-

ties, businesses, and non-governmental organisations (NGOs)

may be considered more trustworthy for enacting deep

decarbonisation.

4.2.1 Public trust in national hydrogen economies. In the

context of social acceptance for hydrogen energy infrastructure

in Germany (N = 512), Schönauer and Glanz244 found trust in

civic stakeholders (NGOs and consumer associations) to be

highest, followed by scientic stakeholders, whereas trust in

political stakeholders (EU, federal, and local government)

measured signicantly lower, while energy companies emerged

as the least trustworthy group.244 Analysing the acceptance of

hydrogen fuelling stations (HFSs) among Germans (N= 409) via

covariance-based structural equation modelling, Emmerich

et al.245 found that trust in one's municipality and industry

positively predicts general and local acceptance. In subsequent

analysis, Baur and colleagues246 reported that trust in one's

municipality was marginally higher compared to industry,

however, 25% and 28% of respondents were undecided in each

case. In the context of green hydrogen production in Germany,

Buchner et al.247 reported higher levels of public trust in project

managers (M = 3.99, SD = 0.76) compared to plant safety (M =

3.66, SD = 0.87), as evaluated using a 5-point Likert scale for

a large sample (N = 1203) between 2022 and 2023 (i.e. coin-

ciding with data collection for this study).

Among Dutch respondents, Huijts et al.248 found that trust in

one's municipality (M = 3.28, SD = 0.97) and in energy industry

(M = 4.01, SD = 0.73) were signicantly higher among

supporters of a HFS (N= 679) compared to opponents (N= 137:

Table 2 (Contd. )

Source

and year Technology

Country context

and sample size Actors and stakeholders

Results and measurement

scale for public trust

� Fuel/gas supply companies � M = 4.08, SD = 1.76
➢ 7-point Likert scale

249 Green hydrogen to supply

power at outdoor events

Scotland � Academic or research institutions � M = 4.50

2023 N = 340 � Scottish government � M = 3.07

� Energy industry corporations � M = 2.92

� Alternative media � M = 2.65

� UK Government � M = 2.49
� Social media � M = 2.29

➢ 5-Point Likert scaled

a The results held consistent when considering the perceived intentions and competence of each actor. b The results are reported for ‘generalised
trust’. c Commonwealth Scientic and Industrial Research Organisation. d Measuring perceived trust for communicating accurate and reliable
information.

†† i.e. above 7.00 on an 11-point Likert scale.
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M= 2.58, SD= 1.15;M= 3.33, SD= 1.07), as reported using a 5-

point Likert scale. Smith et al.249 evaluated public trust in the

novel context of using green hydrogen to supply power at

outdoor events. Respondents had higher levels of (integrity-

based) trust in academicians and researchers for supporting

a sustainable future (M = 4.44), with the Scottish government

(M = 3.13) outperforming the UK government (M = 2.29), while

the energy industry was viewed neutrally (M = 3.00),249 accord-

ing to results from a 5-point Likert scale.‡‡ Similar ndings

have been reported in the Australian context,44,250 wherein

Martin et al.45 evaluated public trust in different organisations

for acting in the best interest of consumers for driving the

country's hydrogen economy (see Table 2).

Regarding the option of blending a percentage of hydrogen

into the gas grid, Scott and Powells96 found that UK respondents

(N = 742) had higher trust levels in evidence provided by the

Health and Safety Executive (HSE), which was also considered

a more trustworthy entity compared to the government,

industry, and universities. Nevertheless, scientic evidence was

also highly valued, whereas national and local media were

considered as highly unreliable sources of information and

untrustworthy entities. Notably, trust levels were somewhat

lower for both the national government and local authorities,

while 62% of respondents had ‘no trust’ or ‘little trust’ in their

local Member of Parliament (MP). While the gas industry was

perceived somewhat neutrally overall, 37.7% of respondents

also expressed a lack of trust.96 Furthermore, qualitative

responses to this online survey (N = 1213) underscored a sense

of mistrust in the government and energy industry regarding

their commitment towards fairness and equity in the transition

to hydrogen homes.251

The impact of social media narratives has also been illus-

trated by Uniyal and Nayak252 in capturing Twitter's ‘pulse’ on

hydrogen energy between 2013–2022. Relevant to this national

case study, the study showed a strong Twitter presence from the

UK, accounting for 9.43% of tweets during the time-period and

ranking third globally behind Japan (32.96%) and the US

(19.31%).252 Notably, the importance of ‘social trust’ for sup-

porting the green hydrogen economy featured prominently in

COP28 discussions, dened by panel experts as “the level of

condence individuals have in other stakeholders and the belief

that others will act with integrity.”253 Panelists further stressed

the role of trust in shaping supply chains, demand creation, and

the underlying diffusion of (green) hydrogen into global energy

systems.253

Although a rich evidence base has been presented spanning

diverse studies, trust-related research in the context of resi-

dential energy acceptance and adoption remains far from

saturated. Moreover, a multi-dimensional conceptualisation of

public trust is particularly pertinent to the social acceptance

and adoption intention throughout the early phase of tran-

sitioning to hydrogen homes.33,106 Against this background, the

following hypotheses are formulated to explore trust dynamics

from a sufficiency and necessity perspective, while dis-

tinguishing explicitly between social trust and public trust.

H1a: trust in the government will have a positive inuence

on public trust in the domestic hydrogen transition.

H1b: trust in the government is a precondition for enabling

public trust in the domestic hydrogen transition.

H2a: trust in the energy sector will have a positive inuence

on public trust in the domestic hydrogen transition.

H2b: trust in the energy sector is a precondition for enabling

public trust in the domestic hydrogen transition.

H3a: trust in product and service quality will have a positive

inuence on public trust in the domestic hydrogen transition.

H3b: trust in product and service quality is a precondition for

public trust in the domestic hydrogen transition.

H4a: trust in research and development will have a positive

inuence on public trust in the domestic hydrogen transition.

H4b: trust in research and development is a precondition for

enabling public trust in the domestic hydrogen transition.

H5a: social trust will have a positive inuence on public trust

in the domestic hydrogen transition.

H5b: social trust is a precondition for enabling public trust

in the domestic hydrogen transition.

4.2.2 The mediating role of public trust. The energy tran-

sitions literature suggests that public (or social) trust indirectly

inuences attitudinal and behavioural acceptance via perceived

benets or risks.235,245,259,260 For example, Bronfman et al.186

tested a trust-acceptability model for electricity generation

sources in the Chilean context (N = 243 university students),

wherein social acceptance was predicted both directly and

indirectly (via perceived risks and benets) by social trust in

regulatory institutions. The proposed model demonstrated

stronger explanatory power for established energy sources (i.e.

fossil fuels, hydropower, and nuclear) compared to renewable

energy sources (i.e. solar, wind, geothermal, and tidal).186

Similar trust-based models have demonstrated explanatory

power when evaluating public acceptance for nuclear

power,256,261,262 CCS,185,260 hydrogen-powered trans-

portation,248,263 and other environmental contexts such as

wastewater reuse schemes.259 For example, Terwel and co-

authors264 explored CCS acceptance among a small sample of

undergraduate students form Leiden University (N = 73).

Modelling results showed that competence-based trust had

a positive and signicant effect on perceived benets (b= 0.880,

p < 0.01), while the effect of integrity-based trust was marginally

signicant (b = 0.340, p = 0.10).264

In the Malaysian context (N = 509), social trust in key players

(scientists, producers, and policymakers) measured 4.90 (7-

point Likert scale), leading to a signicant effect on perceived

benets of biodiesel (b = 0.370, p < 0.001).265 Among two groups

of citizens in North-Rhine Westphalia, results from PLS-SEM

indicated a positive relationship between social trust and

local acceptance for bioreneries (b= 0.09, p= 0.031; b= 0.130,

p = 0.001) but not for aquaponics (b = 0.03, p = 0.397; b = 0.06,

p = 0.175), with a more pronounced effect observed for the

region without structural change (Rheinische Revier).239

However, the relationship between social trust and perceived

benets proved non-signicant across all models.239‡‡ The results reported in this analysis are reverse coded for consistency.
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Despite some non-signicant ndings, the potential for

public (or social) trust to shape perceived benets remains

widely acknowledged by technology acceptance research and

energy transitions scholars. In this study, public trust is theor-

ised to consist of at least ve dimensions including social trust,

as described in Section 5. Each aspect is hypothesised to posi-

tively predict how consumers perceive the local economic,

social, and environmental benets of domestic hydrogen via the

higher-order construct, public trust, as specied in H6a–H6e:

H6a: public trust in the domestic hydrogen transition will

positively mediate the relationship between trust in the

government and perceived community benets.

H6b: public trust in the domestic hydrogen transition will

positively mediate the relationship between trust in the energy

sector and perceived community benets.

H6c: public trust the domestic hydrogen transition will

positively mediate the relationship between trust in product

and service quality and perceived community benets.

H6d: public trust the domestic hydrogen transition will

positively mediate the relationship between trust in research

and development and perceived community benets.

H6e: public trust the domestic hydrogen transition will

positively mediate the relationship between social trust and

perceived community benets.

4.3 Perceived benets of emerging technologies

Perceived benets is among the foremost variables composing

technology acceptance models,254,266–268 playing a critical role

across a range of contexts such as mobile banking adoption,269

use of online health services,270 technology-enhanced

learning.271 Critically, a recent systematic review found that

approximately 93% of studies (N = 42) operationalised

perceived benets as an antecedent of domestic energy accep-

tance, which also held true for around 73% of studies on

hydrogen technology acceptance (N = 33).103 Notably, Schulte

et al.272 observed that perceived benets is the most critical

factor determining adoption intention for residential solar PV.

Other analyses suggest that perceived benets may exert the

strongest inuence on predicting social acceptance for renew-

able electricity generation,186 CCS,267 and nuclear power,254,268 in

addition to low-carbon heating technologies.273,274

Perceived benets can be measured at different levels

according to the technology context. For example, when evalu-

ating nanotechnology acceptance, Chen and colleagues266

developed a multi-dimensional construct by accounting for

economic, social, health, and environmental aspects across six

measurement items. In line with the rationale of this study,

public trust had a signicant effect on the perceived benets of

nanotechnology among the Taiwanese population (b = 0.464, p

< 0.001).266 Amin and colleagues265 measured the perceived

benets of biodiesel according to its perceived usefulness to

Malaysian society, ability to help solve challenging societal

problems, and in terms of outweighing perceived risks. Macht

et al.239 evaluated the perceived benets of bioreneries

according to reduction in resource use, promotion of local

economies, job creation, and utility for using waste streams,

with German respondents scoring around 5.31 on a 7-point

Likert scale, whereas the perceived benets of aquaponics was

marginally lower (M = 5.07).

Merk and Pönitzsch238 combined three measures of

perceived environmental benets and a single measure of

economic benets in the context of stratospheric aerosol

injection technologies, which returned a moderately positive

result (M = 2.46, SD = 0.73), vis-à-vis a 4-point Likert scale.

Notably, public trust had a strong direct effect on perceived

benets (b = 0.150, p < 0.001), as well as a signicant indirect

effect on social acceptance (b = 0.250, p < 0.001).

Arning et al.275 focused exclusively on perceived environ-

mental benets when evaluating the social acceptance of

carbon capture utilisation (CCU) in Germany (N = 509) via PLS-

SEM. The ve measures composing the construct reected

moderately positive expectations for environmental benets (M

= 3.80, SD = 1.10), as judged by a 6-point Likert scale. Addi-

tionally, respondents considered CCU to be a somewhat

sustainable and environmentally-friendly technology (M = 5.60,

SD= 2.40;M= 5.20, SD= 2.50), but viewed the technology to be

immature (M = 4.60, SD = 2.30), as measured via a 10-point

scale. Foremost, perceived environmental benets had a strong

positive effect on affective benets (b = 0.679, p < 0.01).275

Examining perceptions of electricity generation sources in

Chile, Bronfman and colleagues186 assessed perceived benets

for society, at the individual level, and for the environment. In

the Japanese context, Park and Ohm262 evaluated the perceived

benets of renewable energy technologies according to

improving the environment, developing an industrial compet-

itive advantage, and addressing social issues. The study found

that public trust in the renewable energy industry positively

predicts perceptions of perceived benets (from renewables),

with the effect increasing in the aermath of the Fukushima

nuclear accident of April 2011 (N = 2102: b = 0.201, p < 0.001; N

= 1429: b = 0.281, p < 0.001).262

Xu et al.258 found that the perceived benets of low-carbon jet

fuel were similar for the economy and society (M = 3.68, SD =

0.85) and environmental protection (M = 3.69, SD = 0.89), but

marginally lower for reducing dependency on foreign oil (M =

3.61, SD = 0.81) and conventional jet fuel dependence (M =

3.63, SD = 0.81), according to a 5-point Likert scale. The least

positive perception was associated with GHG emissions reduc-

tion as compared to other reduction measures in aviation (M =

3.38, SD = 0.79).258 Additionally, evidence provided to the UK

government by Cadent Gas as part of its 2023 hydrogen heating

village trial application entailed a three-fold focus on commu-

nity benets at the economic, social and environmental level.276

Joshi and Rahman277 also articulate that sustainable

consumption involves awareness of environmental, societal,

and fair-trade concerns, which may be enacted via adoption of

low-carbon energy technologies.278

4.3.1 Perceived community benets of domestic hydrogen.

Community benets, associated with job security, energy

security, and environmental protection,250 is a signicant driver

of support for developing national and local hydrogen econo-

mies.45,279 The perceived community benets of domestic

hydrogen have been evaluated via IMPA for this dataset.34
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Critically, perceived environmental benets (b = 0.121, p <

0.001) proved more inuential than economic benets (b =

0.100, p < 0.001) or social benets (b = 0.104, p < 0.001). Qual-

itative responses validated these trends, since environmental

benets were cited over four timesmore (8.2% of coding results)

than energy security benets (2.0%), while social benets were

the least mentioned dimension (1.5%).251 Furthermore, in

a prior survey study conducted by Scott and Powells in the North

of England (N = 700),280 69.9% of respondents anticipated

positive impacts for the environment, whereas economic

benets were less expected (23.4%) in view of largely neutral

expectations (73.9%).

Notably, perceived environmental benets emerged as

a critical predictor of support for green hydrogen production

among Norwegians,281 while information provision about

potential environmental benets has been shown to increase

hydrogen support among citizens in the North of England280

and Australia.45 Specically, Martin et al.45 found that environ-

mental messaging had a small but statistically signicant effect

on increasing support for hydrogen among Australians,

whereas economic messaging also raised support levels but

non-signicantly. Compared to results collected in 2018,

national survey results from Australia in 2021 revealed stronger

public perceptions of hydrogen's contribution to climate

protection (2021: M = 5.55, SD = 1.30; 2018: M = 4.76, SD =

1.28), alongside more support for the use of hydrogen for

domestic energy supply (2021: M = 5.75, SD = 1.22; 2018: M =

5.06, SD = 1.23), with respondents associating hydrogen with

reduction of GHG emissions (2021: M = 5.74, SD = 1.22),§§ as

calculated via 7-point Likert scale.45

Additionally, in respect to determining willingness to use

hydrogen for residential purposes, the 2021 survey (N = 1507)

found that safety ranked as the most important determinant (M

= 4.50, SD = 0.83), followed by reliability of energy supply (M =

4.27, SD = 0.87), and health benets such as no carbon

monoxide emissions (M = 4.21, SD = 0.94), as gauged via a 5-

point Likert scale.45 By contrast, the technological dimension

associated with choosing between gas or electricity for cooking

proved comparatively less important (M = 3.64, SD = 1.08), as

did ame colour/visibility (M = 3.42, SD = 1.24), with both

factors proving less relevant than in 2018 (p < 0.05). However,

the environmental dimension linked to net-zero emissions

proved more inuential (M= 3.98, SD= 1.05) than in 2018 (M=

3.89, SD = 1.02), which also reected a statistically signicant

increase (p < 0.05).45

Previous analysis testing the STEEEP Framework oper-

ationalised a hybrid construct merging perceived community

benets and willingness to adopt hydrogen homes as a proxy for

measuring ‘perceived adoption potential’.33 From a sufficiency

perspective, it was shown that safety perceptions (b = 0.193, p <

0.001), technology perceptions (b = 0.179, p < 0.001), produc-

tion perceptions (b = 0.241, p < 0.001), and foremost, positive

emotions (b = 0.376, p < 0.001) are signicant (positive)

predictors, with each factor functioning as a necessary

condition with a medium effect size.33 However, to date, no

study has combined the use of PLS-SEM and NCA to evaluate

perceived benets in the context of energy technology accep-

tance. The following hypotheses are developed to address this

research gap based on the premise that perceived community

benets will entail economic, social, and environmental

dimensions,276,282 which may be inuenced by public trust,

alongside technology, safety, and environmental perceptions:

H7a: public trust in the domestic hydrogen transition will

have a positive inuence on the perceived community benets

of transitioning to hydrogen homes.

H7b: public trust in the domestic hydrogen transition is

a precondition for perceiving the potential community benets

of hydrogen homes.

H8a: technology perceptions will have a positive inuence on

the perceived community benets of transitioning to hydrogen

homes.

H8b: positive technology perceptions is a precondition for

perceiving the potential community benets of hydrogen

homes.

H9a: safety perceptions will have a positive inuence on the

perceived community benets of transitioning to hydrogen

homes.

H9b: positive safety perceptions is a precondition for

perceiving the potential community benets of hydrogen

homes.

H10a: production perceptions will have a positive inuence

on the perceived community benets of transitioning to

hydrogen homes.

H10b: positive production perceptions is a precondition for

perceiving the potential community benets of hydrogen

homes.

4.3.2 The mediating role of perceived benets. Tradition-

ally, perceived benets is conceptualised as an antecedent of

consumer attitude and decision-making, as operationalised via

perceived usefulness within the TAM.283 For example, Lee284

found that perceived benets positively predicts consumer

attitude towards internet banking (b = 0.240, p < 0.05), in

addition to inuencing behavioural intention (b = 0.320, p <

0.05). In the context of the construction industry, perceived

benets had the largest effect on willingness to participate in

electronic bidding (b = 0.262).{{ Wang and Qualls285 also

posited a positive relationship between perceived benets and

technology adoption behaviour among hospitality organisa-

tions. Additionally, the model hypothesised that perceived

benets mediates the relationship between perceived ease of

adoption and behaviour, in addition to serving as a mediator

between strategic orientation, information processing charac-

teristics, supplier marketing strategies and adoption behav-

iour.285 Notably, Gong and colleagues270 showed that perceived

benets mediates the relationship between trust in online

health consultation services and adoption intention.

Based on a narrative literature review (N = 17), Gordon

et al.102 identied public trust as a ‘signicant’ determinant of

§§ This specic metric was not assessed in the 2018 survey.

{{ i.e. the electronic issuing and receipt of any bid documentation in electronic

format as part of the procurement process.407
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domestic hydrogen acceptance, alongside safety perceptions

and environmental perceptions. Prior research employing this

dataset established that perceived community benets is the

most signicant predictor of domestic hydrogen acceptance (b

= 0.276, p < 0.001), among constructs composing the DHAM.34

In addition, production perceptions had a positive and signi-

cant effect on social acceptance (b = 0.214, p < 0.001), followed

by public trust (b= 0.198, p < 0.001), and safety perceptions (b=

0.058, p < 0.004).34

This study retains the path between perceived community

benets and domestic hydrogen acceptance (PCB / DHA) as

specied in H11a, in addition to testing the relationship from

a necessity logic, as expressed in H11b. Furthermore, an alter-

native model is specied wherein public trust, in addition to

technology, safety, and production perceptions, predict

perceived community benets (see Section 4.3.1), which also

mediates each path relationship with domestic hydrogen

acceptance, as formalised in H12a–H12d:

H11a: the perceived community benets of transitioning to

hydrogen homes will positively inuence domestic hydrogen

acceptance.

H11b: perceiving potential community benets in the tran-

sition to hydrogen homes is a precondition for enabling

domestic hydrogen acceptance.

H12a: the perceived community benets of transitioning to

hydrogen homes will positively mediate the relationship

between public trust and domestic hydrogen acceptance.

H12b: the perceived community benets of transitioning to

hydrogen homes will positively mediate the relationship

between technology perceptions and domestic hydrogen

acceptance.

H12c: the perceived community benets of transitioning to

hydrogen homes will positively mediate the relationship

between safety perceptions and domestic hydrogen acceptance.

H12d: the perceived community benets of transitioning to

hydrogen homes will positively mediate the relationship

between production perceptions and domestic hydrogen

acceptance.

4.4 Interactions between perceived community benets,

social acceptance and adoption intention

To date, specic models have been tested to assess social

acceptance and perceived adoption potential for hydrogen

homes vis-à-vis the DHAM34 and STEEEP Framework,33 with the

latter being modied and further evaluated through a multi-

group perspective.104 The DHAM accounted for 66.9% of the

observed variance in social acceptance,34 while the STEEP

Framework explained 61.2% of the variance in perceived

adoption potential.33 However, the critical link between accep-

tance and adoption intention remains underexplored, while the

role of perceived community benets in shaping each outcome

is yet to be integrated into a single model.

The literature reects the importance of examining such

relationships before policy decisions are taken regarding the

scope and scale of technology deployment. For example, Xu

et al.258 recently concluded that perceived benets increases

consumer willingness to pay for sustainable commercial avia-

tion,258 which represents an emblematic long-term technology

transition.286 Chen et al.266 found that the perceived benets of

nanotechnology applications positively predicts social accep-

tance in Taiwan (b = 0.675, p < 0.001), while perceived benets

also proved the most importance predictor of attitude towards

biodiesel in Malaysia (b = 0.800, p < 0.001).265

The perceived benets of renewable energy technologies

demonstrated a strong effect on public acceptance in Japan,

both prior to and aer the Fukushima incident (b = 0.834, p <

0.001; b= 0.775; p < 0.001), which in turn predicted intention to

use renewables (b = 0.297, p < 0.001; b = 0.857; p < 0.001).256

Notably, adoption intention for renewables increased signi-

cantly post-Fukushima, reecting heightened risk perceptions

of nuclear power as observed in other national contexts such as

China.256 Across six models measuring general and local

acceptance for two technologies (bioreneries and aquaponics)

in two areas of Germany (transition and non-transition regions

of North-RhineWestphalia), Macht et al.239 found that perceived

benets positively and consistently predicts social acceptance (b

= 0.220–0.320, p < 0.001), with the exception of aquaponics in

the transition region (b = 0.100, p = 0.076).

In the German context, perceived benets had a strong effect

on the social acceptability of stratospheric aerosol injection (b=

0.300, p < 0.001).238 Perceived environmental benets also pre-

dicted general acceptance (b = 0.167, p < 0.05) and local

acceptance (b = 0.123 p < 0.05) for CCU in Germany.275

Furthermore, perceived benets, as evaluated through a single

measure of job creation, had a positive effect on wind energy

acceptance among the German population (onshore wind: b =

0.110, p < 0.01; offshore wind: b= 0.140, p < 0.01; and local wind

farm: b = 0.080, p < 0.01).237

In response, additional hypotheses are formulated to

examine the relationship between acceptance and adoption

intention for hydrogen homes through a sufficiency-based

lens167 and via necessity-based logic.120 In line with research

highlighting perceptual shis between the attitude formation

and decision-making phase of technology adoption,287 the nal

part of the trust-based model also examines whether social

acceptance mediates the relationship between perceived

community benets and adoption intention:

H13a: domestic hydrogen acceptance will positively inu-

ence willingness to adopt a hydrogen home.

H13b: domestic hydrogen acceptance is a precondition for

willingness to adopt hydrogen heating and cooking

technologies.

H14: domestic hydrogen acceptance will positively mediate

the relationship between perceived community benets and

willingness to adopt a hydrogen home.

5 Conceptual framework

Based on insights from literature review and stated hypotheses,

Fig. 5 develops a conceptual framework to ground the empirical

analysis. The novelty of the conceptual contribution emerges

from the multi-dimensional focus on public trust and its ante-

cedents. Whereas prior research typically selects social trust or
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public trust as its point of interest, which may span a focus on

several stakeholders and aspects of competence-based and

integrity-based trust264 (see Section 4), this study demarcates

explicitly between social and public trust,kk while examining

four additional dimensions: trust in the government (GOV);

trust in the energy sector (NRG); trust in product and service

quality (QUAL); and trust in research & development (R&D).

The institutionally-oriented dimension of public trust is

captured by measuring three levels, namely, trust in the central

government, regional authorities, and local councils. An

industry-oriented framing is represented by incorporating three

measures related to the energy sector, namely, trust in fuel/gas

supply companies, electricity and/or gas suppliers, and renew-

able energy producers. Additionally, a supply chain-oriented

focus is transmitted by measuring trust in trade bodies, boiler

manufacturers, and engineers and technicians, as a way of

gauging consumer expectations regarding product and service

quality for hydrogen home appliances. A knowledge-oriented

lens is applied by accounting for trust in NGOs, universities,

and other research institutions, thereby engaging with percep-

tions of R&D-related activities.

Finally, social trust refers to the expectation that entities

involved in aspects such as regulation, safety, communication,

and nancing for hydrogen homes will act competently, ethi-

cally, and openly, which is evaluated according to trust in the

Office of Gas and Electricity Markets (Ofgem), the media, Gas

Distributions Network Operators (GDNOs), and nancial insti-

tutions. Accordingly, social trust can be considered as a broad

measure which is systems-oriented and representative of a mix

of competence-based and ethically-driven levers.

Through a multi-dimensional paradigm, the trust-based

model incorporates aspects of institutional, organisational,

interpersonal, epistemic, and social trust by measuring

consumer condence in policy makers, industry representa-

tives, human capital, technology innovation, and other entities

shaping social capital. In total, the proposed model consists of

12 constructs including public trust, which is composed of ve

sub-constructs and specied as a reective-formative, higher-

order construct.288 The following question was formulated to

support the proposed conceptualisation of public trust: how

much trust do you have in the following stakeholders for sup-

porting a cost-effective, efficient, and fair transition to hydrogen

homes?

In contrast to constructs operationalised within the DHAM34

and STEEEP Framework,33 this study explores mediating rela-

tionships to discern more intricate insights into the dynamics

of hydrogen acceptance and adoption intention,134,245,263 as

realised in prior research on public perceptions of nuclear

power,289 and public trust and acceptance of CCS.257 While

technology, safety, and production perceptions serve as exoge-

nous constructs (predicting perceived community benets),

public trust, perceived community benets, and domestic

hydrogen acceptance operate as mediators,290,291 with willing-

ness to adopt a hydrogen home completing the model as the

nal endogenous construct (see Fig. 5).

6 Results
6.1 Public trust in the domestic hydrogen transition

Prior to conducting PLS-SEM, descriptive data analysis was

carried out with a primary focus on the trust-based component

of the model. In previous research, descriptive results for other

constructs are reported for the STEEEP Framework33,104 and

DHAM,34 which operationalised ve measures of public trust.-

*** Across the 16 indicators composing the public trust

Fig. 5 Trust-based framework for examining the dynamics of domestic hydrogen acceptance and adoption intention.

kk The Scopus literature review showed that public trust is more commonly

referred to than social trust in the literature, which further motivated the use of

the former as the umbrella term and the latter as one of its derivatives.

*** i.e. four measures of social trust (i.e. trust in GDNOs, nancial institutions,

Ofgem, and the media), in addition to trust in renewable energy producers.
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construct, a mean score of 5.16 was recorded (SD = 2.43), as

measured on an 11-point Likert scale. Trust in the government

(M = 4.41, SD = 2.50) and social trust (M = 4.92, SD = 2.48) fell

below the mean value, while trust in R&D (M = 5.70, SD = 2.26),

trust in product and service quality (M= 5.64, SD= 2.20), and to

a lesser extent, trust in the energy sector (M = 5.21, SD = 2.45)

exceeded the mean score.

Notably, trust in the government proved lowest at the central

level (M = 3.97, SD = 2.62), and highest at the local level (M =

4.74, SD = 2.47), followed by the regional level (M = 4.53, SD =

2.33). A lack of social trust originated primarily from low

condence in the media for supporting a cost-effective, effi-

cient, and fair transition to hydrogen homes (M = 4.03, SD =

2.46), which proved near equivalent to trust in the central

government. Respondents were somewhat sceptical of nancial

institutions as potential ‘trustbrokers’ (M = 4.95, SD = 2.37),

but comparatively more trustworthy of Ofgem (M = 5.47, SD =

2.45) and to a lesser degree GDNOs (M = 5.23, SD = 2.38).

At the positive end of the trust spectrum, consumers

expressed higher levels of condence in gas engineers and

technicians (M = 5.99, SD = 2.19), universities (M = 5.95, SD =

2.28), other research institutes or organisations (M = 5.91, SD=

2.23), renewable energy producers (M = 5.82, SD = 2.45), and to

a lesser extent, boiler manufacturers (M = 5.64, SD = 2.18). The

results provide an initial snapshot of the potential actors

responsible for shaping public trust in domestic hydrogen

futures (see Fig. 6), which will entail raising consumer con-

dence levels across multiple dimensions.

At the sub-sample level, the trust dynamics associated with

the domestic hydrogen transition present signicant ndings

in terms of consumer heterogeneity (see Table 3). Foremost,

consumers belonging to the VEG express higher levels of trust

across all dimensions and indicators compared to respondents

composing the FSG and BLG (see Fig. 7 and SN4†). Compared to

the mean trust level across the full sample (M = 5.16), the VEG

holds the highest level of public trust (M= 6.11), followed by the

MEG (M = 5.30), while the FSG (M = 4.82) and BLG (M = 4.79)

proved near equivalent. While the groups diverge according to

technology and environmental engagement levels, the variance

across different trust dimensions is comparable between

groups (SD = 0.62–0.68).

Trust perceptions are highly consistent between segments,

since all groups share least trust for the government, while

social trust ranks second to last at the construct level. Addi-

tionally, trust in the energy sector ranks third across all groups,

which can be traced to stronger condence in the role of

renewable energy producers. In the case of the BLG, trust in

product and service quality (M = 5.29) is marginally stronger

than trust in R&D (M = 5.28), whereas across all other groups

the latter outranks the former by a small margin. Consequently,

the trust dynamics explored within this study exhibit high levels

of conformity across the sample at the indicator level (and by

proxy, the construct level), but deviate in magnitude according

to specic segmentation characteristics.

Among the ve constructs composing public trust, trust in

the government had the largest variance across the sub-groups

Fig. 6 Mean score for indicators predicting public trust in the domestic hydrogen transition. Red= trust in the government (GOV); blue= trust in

the energy sector (NRG); brown = trust in product and service quality (QUAL); mauve = trust in R&D; grey = social trust (ST).
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composing the sample (GOV: t = 177.60), followed by trust in

R&D (R&D: t = 131.52), social trust (ST: t = 110.97), trust in

production and service quality (QUAL: t = 107.37), and trust in

the energy sector (NRG: t = 93.34), with all results proving

highly signicant (p < 0.001). Post-hoc tests conrm that the

BLG and FSG are highly homogenous in terms of perceived trust

across all dimensions. Furthermore, high levels of consistency

are observed since the rank order (VEG, MEG, FSG, BLG) was the

same across all metrics except NRG, whereby the BLG (Md =

829) ranks marginally ahead of the FSG (Md = 820). While this

difference fails to reect a statistically signicant nding, it is

nevertheless noteworthy that conditions of fuel stress heighten

mistrust in the energy sector.

Regarding trust in the government, the MEG and VEG (r =

0.02) conform alongside the BLG and FSG (r = 0.01), while all

remaining pairwise comparisons display a large effect size (r =

0.30–0.31). Considering trust in the energy sector, the largest

divergence corresponds to the VEG and FSG (r = 0.29), while

other pairwise comparisons excluding the BLG and FSG return

a moderate effect size (r = 0.12–0.26). Trust in product and

service quality reects two large effect sizes for the BLG and VEG

(r = 0.29) alongside the VEG and FSG (r = 0.32), while three

results have a moderate effect (r = 0.13–0.18).

A similar pattern is observed for trust in R&D, with group-

specic differences attributed foremost to the BLG and VEG (r

= 0.32) and VEG and FSG (r = 0.34), whereas other sub-groups

excluding the BLG and FSG are dened by a moderate effect size

of similar magnitude (r = 0.16–0.18). Finally, in terms of social

trust, similar results are observed between the BLG and VEG (r

= 0.31) and VEG and FSG (r = 0.33) as compared to other trust

dimensions. However, the MEG and VEG also diverge to a larger

extent (r = 0.23), whereas the difference between the BLG and

Table 3 Kruskal–Wallis H test results for sub-constructs of public

trusta

BLG MEG VEG FSG

Trust in the government

BLG

MEG <0.001 (0.31***)
VEG <0.001 (0.30***) 1.000 (0.02*)

FSG 1.000 (0.01*) <0.001 (0.30***) <0.001 (0.31***)

Trust in the energy sector

BLG

MEG <0.001 (0.16**)

VEG <0.001 (0.26**) 0.005 (0.12**)
FSG 1.000 (0.01*) <0.001 (0.17**) <0.001 (0.29)

Trust in product and service quality

BLG
MEG <0.001 (0.13**)

VEG <0.001 (0.29***) <0.001 (0.18**)

FSG 1.000 (0.00) 0.001 (0.13**) <0.001 (0.32***)

Trust in research and development

BLG

MEG <0.001 (0.16**)

VEG <0.001 (0.32***) <0.001 (0.18**)
FSG 1.000 (0.01*) <0.001 (0.16**) <0.001 (0.34)

Social trust

BLG

MEG 0.017 (0.09**)

VEG <0.001 (0.31***) <0.001 (0.23**)

FSG 1.000 (0.01*) 0.112 (0.08**) <0.001 (0.33***)

a
r-Values are reported for each comparison, while the effect size given

in parentheses. ***Large effect size. **Moderate effect size. *Small
effect size.

Fig. 7 Mean score for constructs predicting public trust in the domestic hydrogen transition by consumer sub-group.
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MEG, as well as the MEG and FSG proves more modest (r =

0.08–0.09).

Public trust in domestic hydrogen transition could be

strongly inuenced by corresponding levels of technology and

environmental engagement across the UK population, while

individual dimensions of trust may also operate distinctly from

one another across consumer segments. Table 4 complements

the ndings on public trust by reporting descriptive results

across each construct and its indicators, wherein different levels

of variance are observed across metrics.

6.2 Partial least squares structural equation modelling

Model-specic estimates were employed to validate sample size

requirements for conducting PLS-SEM.292 Given the parameters

of the trust-based model, a sample size of 1845 was more than

adequate for detecting a small effect size (f2 = 0.02) at a 95%

signicance level (r < 0.05), as conrmed via G-Power soware

analysis293,294 (see SN6†). Commonmethod bias was checked for

using Harman's single factor test,295 which returned an overall

variance of 36.65%, comfortably under the threshold value of

50% (see SN7†). As a further check for CMB,296 the model was

rerun with a new random variable functioning as the (sole)

endogenous construct,297 which returned variance ination

factor (VIF) scores below the threshold of 3.0.296 Finally,

normality was assessed by measuring skewness and kurtosis

tests,298,299 which adhered to the recommended threshold of ±1

(see SN8†). As a result, the initial checks validated data integrity,

supporting the decision to conduct PLS-SEM (see SN9†).

6.2.1 Measurement model assessment. The trust-based

component of the model is composed of ve lower-order

(exogenous) constructs which together shape public trust,

while the remainder of the model consists of six constructs

(three exogenous: PP, SP, and TP; and three endogenous: PCB,

DHA, and WTA). Each construct is measured reectively since

Table 4 Summary of descriptive statistics for model constructs and indicators

Construct and scale Indicators and question framing Mean Standard deviation

Technology

perceptions 11-point

➢ Perceived performance compared to a natural gas

boiler or a natural gas hob

� TP1: higher level of thermal comfort from a hydrogen boiler 6.69 2.45
� TP2: higher energy efficiency from a hydrogen boiler 7.83 2.43

� TP3: smarter heating system provided by a hydrogen boiler 7.33 2.51

� TP4: more efficient performance from a hydrogen hob 6.75 2.40

� TP5: smarter cooking system provided by a hydrogen hob 6.32 2.38
Safety perceptions

11-point

➢ Compared to natural gas

� SP1: hydrogen boilers 5.93 2.01

� SP2: hydrogen hobs 5.92 2.04
� SP3: hydrogen pipeline transport 5.80 2.03

� SP4: underground hydrogen storage 5.68 2.14

� SP5: overall safety level 5.96 1.94
Production perceptions

11-point

➢ Support for hydrogen production pathways over

different time-horizons

� PP1: blue hydrogen up to 2030 5.57 2.00

� PP2: blue hydrogen aer 2030 6.78 2.04
� PP3: green hydrogen up to 2030 7.28 2.06

� PP4: green hydrogen aer 2030 6.44 1.74

� PP5: the twin-track production approach 5.68 1.82

Perceived community
benets 11-point

➢ In locations that switch to hydrogen homes

� PCB1: economic benets such as job opportunities

and income security

6.28 2.02

� PCB2: social benets such as reduced level of energy

poverty and improved health

6.23 2.13

� PCB3: environmental benets such as lower carbon

emissions and better air quality

7.02 2.07

Domestic hydrogen

acceptance 11-point

➢ Socio-political, community, and household-level acceptance

� DHA1: hydrogen becoming a critical part of the UK's energy future 6.43 2.10

� DHA2: hydrogen replacing natural gas in your local area before 2030 6.34 2.23
� DHA3: switching your home to both hydrogen heating

and cooking before 2030

6.38 2.28

Willingness to adopt a

hydrogen home 5-point

➢ Before the year 2030

� WTA1: hydrogen boiler 2.94 1.00

� WTA2: hydrogen hob 2.90 1.01

� WTA3: hydrogen home 2.87 1.04
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all indicators are affected by an individual latent construct.144,300

For the higher-order construct, public trust, the repeated indi-

cators approach is employed.145,301 When assessing reective

constructs, the following four conditions should be met, while

acknowledging that indicators of each construct should be

closely correlated:143 item reliability, internal consistency reli-

ability, convergent validity, and discriminant validity.300

Item reliability was established since the proposed

constructs explain more than half of the variance in their

respective indicators,141 as reected by Cronbach Alpha (CA)

values above 0.708 (see Table 5).141,302 In two cases (TP1 = 0.657;

PP1 = 0.555), CA fell below the more stringent threshold but

still exceeded the guideline of 0.50 for exploratory research.143,303

Both indicators were incorporated into the model to uphold

content validity, since other reliability and validity require-

ments were satised. Internal consistency reliability is achieved

when composite reliability (CR) values exceed 0.70,143 which was

satised for all constructs (see Table 5). Although four

constructs (DHA, PT, TP, WTA) exceeded the preferred

threshold of 0.90, indicator redundancy was ruled out since

each CR (rA) value fell below 0.95.141

Next, convergent validity was supported given that the

average variance extracted (AVE) exceeded 0.50 for all constructs

(Table 5),143,304 which suggests each construct explains the

variance of its indicators.141 Lastly, discriminant validity was

satised in view of the heterotrait-monotrait (HTMT) ratio of

correlations (all values <0.80),305 as well as the Fornell Larcker

criterion306 (see SN10†), thereby verifying that each construct

could be considered empirically distinct (see Table 6).141

With the exception of components of the trust model (NRG=

3.645; ST = 4.854), VIF scores were below the recommended

threshold of 3.0 (see Table 5), which indicated limited risk of

multicollinearity issues.302 For trust in the energy sector (NRG),

the VIF value was well below themore stringent threshold of 5.0,

while social trust (ST) presented a higher value but still within

limits, as reported in SN11.†

6.2.2 Structural model assessment.Hypotheses formulated

in Section 4 were tested using the bootstrapping procedure (10

000 sub-samples) in SmartPLS 4.1. Each path relationship

proved highly signicant (p < 0.001) and demonstrated a posi-

tive effect, with complementary partial mediation supported

where tested.307,308 Firstly, all predictors of public trust (PT) had

a strong inuence, ranging from b = 0.205 for trust in R&D to

b = 0.263 for social trust (M = 0.230), which conrmed H1a–

H1e. Additionally, H2a–H2e were supported since PT positively

and signicantly mediated the relationship between each trust

dimension and perceived community benets (PCB), as re-

ported in Table 7.

PT had a small effect on PCB (b = 0.173, f2 = 0.047), whereas

technology perceptions (TP) had a moderate effect (b = 0.354, f2

= 0.234). Production perceptions (PP: b = 0.277, f2 = 0.135)

proved more signicant than safety perceptions (SP: b = 0.232,

f2= 0.084) and PT, but less inuential than TP. As a result, H7a–

H10a were supported, while PCB had a large effect on domestic

hydrogen acceptance (DHA: b = 0.674, f2 = 0.833). PCB also

positively mediated the relationship between PT, TP, SP, and PP

in predicting DHA, thus conrming H12a–H12d, in addition to

H11a. Compared to the direct effect of PT, TP, SP, and PP on

PCB, the indirect effect of each construct on DHA decreases by

∼32%.

Finally, DHA had a large effect on willingness to adopt

a hydrogen home (WTA) (b = 0.628, f2 = 0.650). Consequently,

DHA positively mediates the relationship between PCB and

WTA (b = 0.423, p < 0.001), conrming support H13a and H14.

Table 5 Assessment of reliability, convergent validity, and multicollinearitya

Construct CA CR (rA) CR (rC) AVE VIF

Trust in the government (GOV)* 0.889 0.893 0.932 0.819 2.370

Trust in energy sector (NRG)* 0.887 0.890 0.931 0.818 3.645

Trust in product service and quality

(QUAL)*

0.862 0.863 0.916 0.784 2.784

Trust in research and development

(R&D)*

0.832 0.833 0.899 0.749 1.978

Social trust (ST)* 0.842 0.846 0.894 0.678 4.854

Public trust (PT)**b 0.916 0.928 0.936 0.747 1.437
Technology perceptions (TP) 0.810 0.824 0.868 0.569 1.219

Safety perceptions (SP) 0.918 0.920 0.939 0.754 1.463

Production perceptions (PP) 0.816 0.843 0.871 0.578 1.302
Perceived community benets (PCB) 0.808 0.808 0.886 0.722 1.000

Domestic hydrogen acceptance (DHA) 0.922 0.923 0.951 0.865 1.000

Willingness to adopt H2 home (WTA) 0.934 0.934 0.958 0.883 n/a

a
*Lower-order constructs. **Higher-order construct. b Results for validating the higher order construct (PT) are reported in SN5.

Table 6 Heterotrait-monotrait results for assessment of discriminant

validity

DHA PCB PP PT SP TP WTA

DHA

PCB 0.779

PP 0.673 0.638

PT 0.631 0.574 0.508
SP 0.518 0.640 0.413 0.516

TP 0.437 0.692 0.333 0.290 0.453

WTA 0.675 0.514 0.418 0.389 0.368 0.278
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The modelling approach provides a robust theoretical and

empirical starting point for understanding the dynamics of

domestic hydrogen acceptance and adoption, as supported by

graphical outputs displayed in Fig. 8a and b (see SN12†).

6.2.3 In-sample predictive power. The coefficient of deter-

mination (R2) measures how much variance is explained by all

predictors in relation to the outcome variable, thus providing

a measure of in-sample predictive power.298,309 Guidelines in the

literature suggest R2 values of 0.25, 0.50, and 0.75 represent

weak, moderate, and substantial effect sizes.310 However,

substantial effect sizes are less common when examining novel

research areas such as hydrogen energy acceptance, therefore,

conclusions should be drawn according to the technology

case.311,312

In predicting perceived community benets, the trust-based

model demonstrated moderate levels of explanatory predictive

power (R2
= 0.561). However, in-sample predictive power was

somewhat lower for domestic hydrogen acceptance (R2
= 0.454)

and willingness to adopt a hydrogen home (R2
= 0.394). By

comparison, the DHAM demonstrated stronger predictive

power by operationalising ten exogenous constructs (R2
=

66.9%), as did the STEEEP Framework when measuring

perceived adoption potential via ve exogenous predictors and

a higher-order construct for technology perceptions (R2
=

61.2%). However, both frameworks incorporated the emotional

dimension into the modelling approach, among other

constructs, which largely explains the discrepancy in results.

Overall, the trust-based model performs comparably or

outperforms similar approaches in the literature,287 as further

discussed in Section 7.

6.2.4 Out-of-sample predictive power. In addition to eval-

uating explanatory predictive power, measuring out-of-sample

predictive power helps establish whether the modelling

results can reliably inform decision-making processes.137

Shmueli and colleagues313 developed the PLSpredict tool, which

employs a blindfolding procedure††† to calculate the Stone-

Geisser's Q2 value for each endogenous construct.314,315 Q2

measured 0.558 for perceived community benets, suggesting

substantial predictive relevance (i.e. >0.50), whereas predictive

relevance proved moderate for domestic hydrogen acceptance

(Q2
= 0.434) and small for willingness to adopt a hydrogen

home (Q2
= 0.178).141

The cross-validated predictive ability test (CVPAT)‡‡‡ is

a recommended technique for statistically assessing out-of-

sample predictive power.137 The trust-based model demon-

strated predictive validity by outperforming the indicator

average (IA) prediction benchmark, as reected by a negative

and signicant difference for all endogenous constructs and the

overall model (see Table 8).137 However, renements are needed

to raise predictive accuracy since themodel failed to outperform

the more conservative linear model (LM) prediction bench-

mark,316 following a positive average loss difference in all cases.

Accordingly, research innovations are required to increase the

predictive power of trust-based, hydrogen technology accep-

tance models, as highlighted in Section 7.

6.3 Results from importance-performance map analysis

To further examine the antecedents of public trust in the

domestic hydrogen transition, importance-performance map

Table 7 Results of path analysis and hypothesis testing for PLS-SEMa

Hypothesis b coefficient (SD) t-Statistic r-Value f2 Result

H1a: GOV/ (+) PT 0.214 (0.003) 65.892 <0.001 n/a Supported

H2a: NRG/ (+) PT 0.236 (0.003) 74.764 <0.001 n/a Supported

H3a: QUAL/ (+) PT 0.233 (0.003) 68.683 <0.001 n/a Supported

H4a: R&D/ (+) PT 0.205 (0.003) 59.609 <0.001 n/a Supported
H5a: ST/ (+) PT 0.263 (0.003) 90.284 <0.001 n/a Supported

H6a: GOV/ PT/ (+) PCB 0.037 (0.005) 7.968 <0.001 n/a Supported

H6b: NRG/ PT/ (+) PCB 0.041 (0.005) 7.953 <0.001 n/a Supported

H6c: QUAL/ PT/ (+) PCB 0.040 (0.005) 7.841 <0.001 n/a Supported
H6d: R&D/ PT/ (+) PCB 0.035 (0.005) 7.726 <0.001 n/a Supported

H6e: ST/ PT/ (+) PCB 0.045 (0.006) 7.969 <0.001 n/a Supported

H7a: PT/ (+) PCB 0.173 (0.022) 7.890 <0.001 0.047* Supported
H8a: TP/ (+) PCB 0.354 (0.022) 16.272 <0.001 0.234** Supported

H9a: SP/ PCB 0.232 (0.022) 10.537 <0.001 0.084* Supported

H10a: PP/ PCB 0.277 (0.021) 13.172 <0.001 0.135* Supported

H11a: PCB/ (+) DHA 0.674 (0.016) 43.138 <0.001 0.833*** Supported
H12a: PT/ PCB (+)/DHA 0.117 (0.015) 7.582 <0.001 n/a Supported

H12b: TP/ PCB (+)/DHA 0.238 (0.015) 16.020 <0.001 n/a Supported

H12c: SP/ PCB/DHA 0.157 (0.016) 10.087 <0.001 n/a Supported

H12d: PP/ PCB/DHA 0.187 (0.015) 12.297 <0.001 n/a Supported
H13a: DHA/ (+) WTA 0.628 (0.015) 41.656 <0.001 0.650*** Supported

H14: PCB/ DHA (+)/ WTA 0.423 (0.015) 27.511 <0.001 n/a Supported

a
***Large effect size (f 2 $ 0.35). **Moderate effect size (0.15 # f 2 < 0.35). *Small effect size (0.02 # f 2 < 0.15).

††† A holdout-sample-based procedure that generates case-level predictions on an

item or a construct level to reap the benets of predictive model assessment in

PLS-SEM.313

‡‡‡ The CVPAT performs “a pairwise comparison between theoretically derived

competing models,” and then selects “the model with the highest predictive

power based on a prespecied statistical signicance level”.137
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analysis (IMPA) is undertaken at both the construct and indi-

cator level (see Fig. 9). Following the structural model, social

trust has the largest effect size (i.e. importance) while trust in

R&D has least importance, as reected by a degree of separation

on the matrix.

In terms of both importance and performance, there is

negligible difference between trust in the energy sector and

trust in product and service quality. However, trust in R&D

outperforms trust in the government, therefore, more resources

should be allocated towards improving trust in the central

government, regional authorities, and local councils, as

compared to trust in NGOs, universities, and other research

institutes or organisations.

At the indicator level, alongside trust in the central govern-

ment (LV = 39.653), trust in the media (LV = 40.336) has the

lowest performance. By comparison, the mean performance

level across all 16 indicators is 51.609 (SD = 6.38), with seven

indicators falling below the mean (3 for GOV, 2 for NRG, 2 for

ST). However, there is less variance in terms of importance (M=

0.082, SD= 0.006). The largest effect sizes are attributed to trust

in boiler manufacturers (b = 0.091), electricity and/or gas

suppliers (b = 0.089), and fuel/gas supply companies (b =

0.088). The nding signals the importance of raising condence

in the energy sector and supply chain to support the deploy-

ment of hydrogen home appliances.

Fig. 8 (a) Structural model path coefficients and indicator loadings. (b) Structural model path coefficients and t-statistics.
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Additionally, improving the credibility of the media would

help support the domestic hydrogen transition through

stronger public trust. Furthermore, raising social trust calls

for a combined strategy to improve public perceptions of

GDNOs, nancial institutions, and Ofgem. Overall, the systems-

oriented dimension of public trust should be raised rst and

foremost (i.e. ST), followed by the industry-, supply-chain-,

institutionally-, and knowledge-oriented dimensions (i.e. NRG,

QUAL, GOV, and R&D).

Table 8 CVPAT benchmark and results for predictive ability test

Target construct

PLS-SEM vs. indicator average (IA)

PLS loss IA loss Average loss difference t-Value p-Value

Domestic hydrogen acceptance 3.046 4.874 −1.828 18.541 <0.001
Perceived community benets 2.580 4.316 −1.736 17.55 <0.001

Public trust 2.346 5.534 −3.188 30.878 <0.001

Willingness to adopt H2 home 0.875 1.039 −0.164 11.875 <0.001
Overall 2.282 4.769 −2.488 31.798 <0.001

Target construct

PLS-SEM vs. linear model (LM)

PLS loss LM loss Average loss difference t-Value p-Value

Domestic hydrogen acceptance 3.046 2.471 +0.575 9.491 <0.001

Perceived community benets 2.580 2.433 +0.146 5.796 <0.001
Public trust 2.346 0.000 +2.346 52.707 <0.001

Willingness to adopt H2 home 0.875 0.823 +0.052 4.539 <0.001

Overall 2.282 0.687 +1.594 52.819 <0.001

Fig. 9 Importance-performance map analysis for public trust. Blue = trust in the energy sector (NRG); red = trust in the government (GOV);

brown = trust in product and service quality (QUAL); mauve = trust in R&D; grey = social trust (ST).

Table 9 NCA parameters for public trust in the domestic hydrogen transition (CR-FDH line)a

Construct Accuracy (%)

Number of observations

above ceiling zone Slope Intercept Effect size

H1b: GOV 99.512 9 0.410 58.58 0.184*
H2b: NRG 99.187 18 0.655 35.89 0.293*

H3b: QUAL 98.753 23 0.751 26.76 0.337**

H4b: R&D 98.916 20 0.712 33.42 0.291*

H5b: ST 99.079 17 0.629 36.67 0.296*

a
**Medium effect size. *Small effect size.
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6.4 Necessary condition analysis

6.4.1 Preconditions for enabling public trust in the

domestic hydrogen transition. Following PLS-SEM and IMPA,

the ceiling regression free disposal hull (CR-FDH) line is

employed to evaluate the preconditions for enabling public

trust in the domestic hydrogen transition (see Table 9). The

results show that all necessary condition hypotheses (H1b–H5b)

are supported, with a near medium effect size on average (M =

0.280, SD = 0.06). In one case, for trust in product and service

quality, a medium effect size is observed (d = 0.337, p < 0.001),

while the effect size for trust in the energy sector (d = 0.293, p <

0.001), trust in R&D (d = 0.291, p < 0.001), and social trust (d =

0.296, p < 0.001) is marginally below the threshold suggested by

Dul.156 However, trust in the government presents a relative

outlier among the predictors, since the effect size is more

moderate (d = 0.184, p < 0.001). The results are depicted via the

NCA ceiling charts for each construct, whereby the larger empty

space in the upper le of the scatterplot corresponds to a more

signicant necessary condition (see Fig. 10a–e).

Following the NCA signicance test, Table 10 displays the

level each (sub-)factor must reach to enable specic levels of

public trust (i.e. necessary conditions in degree).120 According to

the bottleneck analysis, reaching up to 20% of PT requires no

minimal level of trust in the government, energy sector, product

and service quality, R&D, or ST (see SN13†). However, at the 30%

level of public trust, QUAL becomes a necessary condition,

while at the 40% level all factors except for GOV are precondi-

tions for enabling the target outcome. Notably, GOV only

becomes a prerequisite factor at the 70% level, where 18.65% of

respondents fell short of meeting this threshold. By contrast,

once public trust reaches 60%, the failure rate (FR) for NRG,

QUAL, and ST already reaches over 20% (M = 21.79%, SD =

0.27).

It follows that at medium levels of public trust, three of the

must-have factors largely converge as necessary conditions,

while GOV is the least critical factor followed by QUAL.

However, at the maximum level of public trust, all ve factors

show strong levels of convergence, wherein few respondents

satised the threshold level for realising the desired outcome

(M = 98.48%, SD = 1.20).

In view of the observed patterns up to the 60% level and at

the 100% level, Fig. 11 provides the bottleneck chart results for

70–90% of public trust, which may prove feasible to secure

through strategic interventions.§§§ Building on the observations

reported for the 70% level, once public trust reaches 80%, social

trust becomes the most critical factor, followed closely by trust

in product and service quality, and the energy sector. However,

trust in R&D and the government remain comparatively less

critical, although more than half of the sample already fail to

meet the required threshold (M = 52.30%, SD = 4.94). The

result underscores the extent to which the domestic hydrogen

transition is currently constrained by an underlying decit in

public trust, which cuts across multiple dimensions.

Fig. 10 (a) NCA scatterplot for trust in product and service quality as

a predictor of public trust. (b) NCA scatterplot for trust in the energy

sector as a predictor of public trust. (c) NCA scatterplot for trust in

product and service quality as a predictor of public trust. (d) NCA

scatterplot for trust in research & development as a predictor of public

trust. (e) NCA scatterplot for social trust as a predictor of public trust.

§§§ Whereas maximising public trust may prove unfeasible.
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While the variance between trust factors is similar at the 60–

80% level of public trust (60%: M = 15.63%, SD = 9.57; 70%: M

= 35.24%, SD = 11.53; 80%: M = 64.15%, SD = 10.96), critical

thresholds begin to converge more closely at the 90% level (M =

88.49%, SD = 5.11). At this level, social trust is the most

important prerequisite for securing public trust (FR = 94.91%),

while trust in R&D is the least important precondition (FR =

81.90%).

In summary, it emerges that public trust in the domestic

hydrogen transition will be disabled when social trust, in

addition to trust in the government, energy sector, product and

service quality, or R&D are absent. At present, achieving

a medium-to-high level of public trust is constrained by

a substantial decit across each of the ve dimensions pre-

sented Fig. 7, which operate as both should-have andmust-have

factors for enabling public trust in domestic hydrogen

futures,33,106 as described in Table 11.

6.4.2 Preconditions for enabling perceived community

benets in the transition to hydrogen homes. The results for

necessary condition hypotheses examining perceived commu-

nity benets show a split outcome: H8b and H10b are sup-

ported, while H7b and H9b are unsupported, as reported in

Table 12. Foremost, perceived community benets rests on how

the public perceives respective hydrogen production pathways

(d = 0.143, p < 0.001), while technology perceptions has a small

effect size on the target outcome (d = 0.106, p < 0.001). By

contrast, consumers may perceive community benets in the

absence of safety perceptions (d = 0.083, p < 0.001). Addition-

ally, public trust is not a precondition for establishing public

perceptions of local socio-economic and environmental bene-

ts in the context of the domestic hydrogen transition (d =

0.061, p < 0.001). Consequently, the largest empty space in the

upper le of the NCA scatterplots corresponds to production

perceptions, followed by technology perceptions, safety

perceptions, and lastly, public trust (see Fig. 12a–d).

To further unpack the dynamics for enabling specic levels

of perceived community benets, Table 13 presents the bottle-

neck results for each construct. Firstly, it emerges that no

specic level of public trust, technology perceptions, safety

perceptions or production perceptions is needed to enable

perceived community benets up to the 20% level (see SN14†).

However, by the 30% level, a fraction of respondents fail to

satisfy the required threshold for safety and production

perceptions to enable perceived community benets. However,

technology perceptions only becomes critical to enabling the

60% level, while public trust is inuential at the 70% level,

which reects the insignicant nding in Table 12.

Table 10 Bottleneck tables showing percentile results for enabling

public trust (CR-FDH)

Target outcome Failure rate per construct (%)

PT GOV NRG QUAL R&D ST

0 NN NN NN NN NN
10 NN NN NN NN NN

20 NN NN NN NN NN

30 NN NN 0.76 NN NN

40 NN 2.44 3.14 1.62 1.70
50 NN 8.29 8.29 4.93 7.97

60 NN 21.79 21.52 12.79 22.06

70 18.65 38.21 45.37 28.67 45.31
80 49.49 67.86 70.35 56.48 76.59

90 85.47 88.40 91.76 81.90 94.91

100 99.19 98.48 98.37 96.59 99.78

Fig. 11 Bottleneck charts for public trust in the domestic hydrogen transition.
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In view of these dynamics, Fig. 13 presents the bottleneck

chart results for the 70% level of perceived community benets

through to the maximum level. By visualising the bottleneck

results, areas of convergence and divergence can be high-

lighted. For example, the average failure rate at the 70% level is

comparable across all metrics (M= 1.10%, SD= 0.13), while the

difference remains negligible at the 80% level (M = 2.10, SD =

0.59). However, at the 90% level, the failure rate is above the

mean (M = 4.37, SD = 2.23) for public trust (FR = 6.40%) and

technology perceptions (FR = 6.18%). At the maximum level of

perceived community benets, this pattern is partially

preserved since public trust (FR = 10.57%) and technology

perceptions (FR = 17.51%) fall above the mean value (M = 9.20,

SD = 6.32).

Accordingly, bottleneck analysis provides a more nuanced

interpretation of the role of public trust, technology, safety, and

production perceptions in shaping perceived community

benets. While the permutation test indicates that production

perceptions and technology perceptions have a small effect size,

the signicance of public trust and safety perceptions should

not be overlooked outright since both factors constrain the

potential for maximising perceived community benets.

Notably, compared to production perceptions, close to twice

as many respondents fell short of the required threshold level of

public trust to maximise the target outcome. Most strikingly,

more than three times as many cases failed for technology

perceptions compared to production perceptions, which

demonstrates the necessity for improving consumer attitudes

towards the technological dimension of hydrogen heating and

cooking. Nevertheless, it should be emphasised that other

factors can potentially compensate for the absence of public

trust and positive safety perceptions, which emerge as should-

have factors. By contrast, positive technology and production

perceptions are preconditions for facilitating perceived

community benets, as summarised in Table 14.

6.4.3 Combined importance-performance map analysis for

perceived community benets. Integrating the bottleneck

results for 100% perceived adoption potential (see Fig. 13)

alongside dimensions of importance and performance for

perceived community benets (see SN15†) yields Fig. 14. In

terms of increasing the perceived socio-economic and envi-

ronmental benets of transitioning to hydrogen homes, the

technological dimension carries the most importance, followed

by the environmental and safety dimensions, while public trust

has the least inuence.

Additionally, and supplementing the path analysis (see

Fig. 8), the four constructs present a linear relationship in terms

of performance whereby technology perceptions outperforms

public trust by a signicant margin (+17.625). Nevertheless,

there is still relatively large scope to improve technology

perceptions (LV = 69.627), which should be the foremost policy

and managerial priority, followed by raising production

perceptions (LV = 63.849). While public trust contributes

comparatively less signicantly to perceived community bene-

ts, decision-makers should nevertheless recognise the under-

lying opportunity to raise consumer condence in the prospect

of hydrogen homes through awareness campaigns and public

engagement.

Accordingly, strengthening public trust may be viewed as

a more long-term strategic intervention for fuelling hydrogen

futures, which is necessary to counteract risk perceptions and

community concerns.317 Importantly, at the maximum level of

perceived community benets, public trust presents a larger

bottleneck than production and safety perceptions, reecting

the dynamics observed in Fig. 6 and 7.

Table 11 Results for combined use of PLS-SEM and NCA for public trust

Construct

PLS-SEM results

(path coefficient; p-value) NCA results (d; p-value) Combined result

Trust in the government (GOV) H1a: signicant determinant

(0.214; <0.001)

H1b: necessary condition

(0.184; <0.001)

� Signicant determinant

and a necessary condition

Trust in the energy sector (NRG) H2a: signicant determinant
(0.236; <0.001)

H2b: necessary condition
(0.293; <0.001)

� Signicant determinant
and a necessary condition

Trust in product and service quality

(QUAL)

H3a: signicant determinant

(0.233; <0.001)

H3b: necessary condition

(0.337; <0.001)

� Signicant determinant

and a necessary condition

Trust in research and development
(R&D)

H4a: signicant determinant
(0.205; <0.001)

H4b: necessary condition
(0.291; <0.001)

� Signicant determinant
and a necessary condition

Social trust (ST) H5a: signicant determinant

(0.263; <0.001)

H5b: necessary condition

(0.296; <0.001)

� Signicant determinant

and a necessary condition

Table 12 NCA parameters for perceived community benefits of transitioning to hydrogen homes

Construct Accuracy (%)

Number of observations

above ceiling zone Slope Intercept Effect size

H7b: PT 99.675 6 1.340 60.19 0.061

H8b: TP 99.675 6 0.766 59.78 0.106*

H9b: SP 98.621 7 3.439 24.94 0.083
H10b: PP 98.729 5 1.986 22.02 0.143**
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6.4.4 Preconditions for enabling domestic hydrogen

acceptance and willingness to adopt hydrogen homes. Neces-

sary condition analysis demonstrates that perceived community

benets plays an enabling role in supporting domestic

hydrogen acceptance (d = 0.104, p < 0.001), conrming support

for H11b. However, in comparative terms, domestic hydrogen

acceptance is a stronger prerequisite for facilitating willingness

to adopt a hydrogen homes (d = 0.147, p < 0.001), which

conrms the nal necessary conditions hypothesis, H13b (see

Table 15). Accordingly, the empty space in the upper le scat-

terplot is smaller in Fig. 15 than 16.

The bottleneck analysis expounds the dynamics of each

relationship, as captured in Table 16 (see SN16†). Perceived

community benets becomes a precondition for enabling social

acceptance at the 60% level, while social acceptance is required

to facilitate adoption willingness at the 50% level. In response,

the bottleneck charts presented in Fig. 17 focus on the 60% level

of each target outcome through to the maximum level. The

following dynamics are observed: the failure rate for domestic

hydrogen acceptance as an enabler of adoption willingness is

7.6, 5.1, 4.3, 2.6, and 2.4 times greater at the 60, 70, 80, 90, and

100 percent level than for perceived community benets as an

enabler of domestic hydrogen acceptance. This translates to

27.0% of respondents failing to meet the threshold for social

acceptance to maximise adoption willingness, compared to

11.4% for perceived community benets when maximising

social acceptance.

The combined use of PLS-SEM and NCA suggests that

perceived community benets is both a should-have (b = 0.674,

p < 0.001) andmust-have factor (d= 0.104, p < 0.001) if domestic

hydrogen acceptance is to manifest across society. The same

holds true when considering the role of domestic hydrogen

acceptance in shaping adoption prospects, however, the suffi-

ciency relationship is marginally weaker (b = 0.628, p < 0.001)

compared to PCB / DHA, while the necessity relationship is

somewhat stronger (d = 0.147, p < 0.001).

These observations enable key stakeholders to reect on the

relative importance of securing economic, social, and environ-

mental benets for local communities directly involved in the

transition to hydrogen homes. In parallel, the results underline

Fig. 12 (a) NCA scatterplot for public trust as a predictor of perceived

community benefits. (b) NCA scatterplot for technology perceptions

as a predictor of perceived community benefits. (c) NCA scatterplot for

safety perceptions as a predictor of perceived community benefits. (d)

NCA scatterplot for production perceptions as a predictor of perceived

community benefits.

Table 13 Bottleneck tables showing percentile results for enabling

perceived community benefits of transitioning to hydrogen homes

(CR-FDH)

Target outcome (%) Failure rate per construct (%)

PCB PT TP SP PP

0 NN NN NN NN

10 NN NN NN NN

20 NN NN NN NN

30 NN NN 0.05 0.05
40 NN NN 0.11 0.05

50 NN NN 0.27 0.16

60 NN 0.49 0.76 0.43
70 1.19 1.19 1.08 0.92

80 2.93 2.06 1.57 1.84

90 6.40 6.18 2.01 2.87

100 10.57 17.51 3.31 5.42
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the importance of social acceptance as a stepping-stone towards

market acceptance and potential technology diffusion.

7 Discussion

This study set out to answer four distinct research questions by

examining the antecedents of domestic hydrogen acceptance

and adoption via a sufficiency- and necessity-based perspective.

The presented evidence bridges a research gap on the dynamics

of public trust, while consolidating understanding on the

interactions between perceived (community) benets, social

acceptance, and potential technology adoption for supporting

the energy transition.

7.1 Unpacking the antecedents of public trust in hydrogen

homes

Regarding the rst research question, the modelling results

underscore the extent to which public trust is an inherently

multi-dimensional process, shaped by aspects of institutionally-,

industry-, supply-chain-, knowledge-, and systems-oriented trust

(see Fig. 5). NCA suggests trust in product and service quality for

hydrogen appliances is the most important precondition for

enabling public trust. This result is validated within the model

since technology perceptions has the largest inuence on

shaping perceived community benets (see Fig. 8), in addition to

functioning as a necessary condition (see Fig. 12b). While trust in

the hydrogen supply chain presents a potentially critical bottle-

neck to establishing public trust, institutional trust is compara-

tively less imperative (see Table 12). However, in terms of

increasing public trust, the systems-oriented dimension carries

the most weight (see Fig. 8) and presents the largest bottleneck

(see Fig. 11).

It follows that building social trust, as characterised within

the context of this study (see Section 5), is the most direct

measure for increasing public trust in hydrogen homes, which

aligns to the multi-country ndings captured by Smith and

Mayer242 when examining public engagement with climate

change. Nevertheless, public trust is also contingent upon

sufficient levels of trust in the energy sector, and to a lesser

degree, entities involved in R&D-related activities. Importantly,

Emmerich and colleagues245 highlighted that trust in industry is

signicant for generating both general and local acceptance in

Fig. 13 Bottleneck charts for perceived community benefits of transitioning to hydrogen homes.

Table 14 Results for combined use of PLS-SEM and NCA for perceived community benefits

Construct

PLS-SEM results

(path coefficient; p-value) NCA results (d; p-value) Combined result

Public trust (PT) H7a: signicant determinant
(0.173; <0.001)

H7b: not a necessary condition
(0.061; <0.001)

� Signicant determinant
but not a necessary condition

Technology perceptions (TP) H8a: signicant determinant

(0.354; <0.001)

H8b: necessary condition

(0.106; <0.001)

� Signicant determinant

but not a necessary condition

Safety perceptions (SP) H9a: signicant determinant
(0.232; <0.001)

H9b: not a necessary condition
(0.083; <0.001)

� Signicant determinant
but not a necessary condition

Production perceptions (PP) H10a: signicant determinant

(0.277; <0.001)

H10b: necessary condition

(0.143; <0.001)

� Signicant determinant

but not a necessary condition
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HFSs across the German population. The crucial role of the

energy sector as brokers of public trust is reected in the

modelling results since production perceptions emerged as the

most important precondition of enabling perceived community

benets. Relatedly, in the UK context, Lee and Reiner213

observed that pro-renewable respondents assign more impor-

tance to the role of companies compared to the government

when it comes to addressing climate change.

Fig. 14 Combined importance-performance map analysis for 100% level of perceived community benefits. Construct's average importance =

0.259. Constructs' average performance = 61.036. Bubble size = percentage of cases that have not met the critical threshold.

Table 15 NCA parameters for perceived community benefits of transitioning to hydrogen homes

Construct Accuracy (%)

Number of observations

above ceiling zone Slope Intercept

Effect

size

H11b: PCB (/DHA) 99.837 3 1.022 53.798 0.104

H13b: DHA (/WTA) 99.837 3 1.065 43.989 0.147

Fig. 15 NCA scatterplot for perceived community benefits as a predictor of domestic hydrogen acceptance.

This journal is © The Royal Society of Chemistry 2025 Sustainable Energy Fuels

Paper Sustainable Energy & Fuels

View Article Online



Notably, the largest decits in public trust stem from nega-

tive perceptions of the central government and media (see

Fig. 6), which is consistent with national survey data collected in

2022 (N = 3162)318 and reective of the political challenges

facing deep decarbonisation.243 Consolidating social trust will

hinge on both sets of actors, since national media coverage

frequently reects the sub-par performance of the UK govern-

ment and its energy policy representatives.319–321 It follows that

media narratives and discourses may impede public trust in the

domestic hydrogen transition.322–324

7.1.1 Recent trends in the UK based on the Edelman Trust

Barometer. Empirical insights gathered via the Edelman Trust

Barometer325–327 further validate the ndings of this study.

Edelman's barometer categorises a score of 1–49 as corre-

sponding to ‘distrust’, 50–59 as ‘neutral’, and 60–100 as ‘trust’,

which applied to just one datapoint between January 2020 and

November 2023 for the UK (Government trust = 60 in May

2020). Coinciding with the timing of this study, data collected

by the Edelman Trust Institute reports notable levels of distrust

in both the government and media (37/100), while this study

reported respective scores of 3.97 and 4.03 on an 11-point scale

(see Fig. 6). On the other hand, Edelman's tracker showed

moderately higher levels of trust in the business sector and

NGOs, which is also consistent with the results of this study.

Fig. 18 relays the extent to which trust in the government,

and by proxy public support for net-zero technologies such as

hydrogen appliances, may be contingent on the political cycle

and macro-economic events.64 It can be deduced that trust in

the government and media is quite closely correlated, although

historically the UK public has proved more trusting of the

government. Recent trends caution that political mistrust may

present a signicant bottleneck to enacting net-zero

mandates,79 while public trust in the business sector and

NGOs has declined slightly since 2020.

Interestingly, average trust levels were lowest In February

2022 (M = 33), likely due to the ramications of COVID-19

alongside the energy crisis but recovered somewhat by

November 2022 (M = 43) before declining again in 2023 (M =

37). Overall, November 2022 is closely representative of the four-

year period (M = 42.0, SD = 5.7; interquartile range (IQR) =

37.0–44.5), highlighting the relevance of analysing the current

dataset (i.e. also collected in Q4 of 2022). Moreover, public trust

levels were higher between 2020 and 2021 (M = 47, M = 44),

which coincided with a period of relative political momentum

towards advancing hydrogen homes (see Fig. 1). By contrast, the

collapse of planned village trials for the North of England

transpired during a year of underlying distrust. Extrapolating

these observations, it can be concluded that trialling hydrogen

Fig. 16 NCA scatterplot for domestic hydrogen acceptance as a predictor of willingness to adopt a hydrogen home.

Table 16 Bottleneck tables showing percentile results for enabling

domestic hydrogen acceptance and willingness to adopt a hydrogen

homes (CR-FDH)

Target outcome

(%)

Failure

rate

Target outcome

(%)

Failure rate

(%)

DHA PCB WTA DHA

0 NN 0 NN

10 NN 10 NN

20 NN 20 NN

30 NN 30 NN
40 NN 40 NN

50 NN 50 0.71

60 0.33 60 2.49

70 1.03 70 5.20
80 2.01 80 8.62

90 4.82 90 12.74

100 11.38 100 26.99
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homes may prove more socio-politically feasible under condi-

tions of stronger public trust.

7.1.2 International trends observed via the Edelman Trust

Barometer. As argued by Gupta et al.214 in the emerging context

of nuclear fusion energy, institutional trust is a powerful indi-

cator of public support for emerging technologies, which may

be strengthened via transparent and adaptive regulatory

processes. Regarding institutional trust, this study indicates

that the UK public has comparatively higher levels of condence

in local councils, followed by regional authorities for steering

the domestic hydrogen transition (see Fig. 6). This pattern

deviates from the Australian context where ‘public trust for

acting in the best interests of consumers if a hydrogen economy

were to develop’ proved highest at the State government level (M

= 4.94) and lowest at the local government level (M= 4.84), with

the Federal government falling in between (M = 4.89).45

Kitt et al.211 also found higher levels of competence-based

and integrity-based trust in the Federal government compared

to the provincial government when evaluating public attitudes

towards low-carbon transportation policies in Canada. Whereas

trust in the nationwide energy transition among Dutch home-

owners{{{ fell more comfortably above the mid-point (M =

3.96 on a 7-point scale),328 this study reveals lower levels of

public trust in hydrogen homes across the UK population.

Given the evidence presented in Section 4.2, this study further

motivates the need for cross-national comparative research on

trust mechanisms shaping hydrogen-fuelled futures.329,330

Given that the Edelman Trust Barometer331 ranked the UK as

having the fourth lowest (43/100 points) and lowest trust

ranking (39/100 points) out of 28 countries for 2023 and 2024,

respectively, this analysis reects trust dynamics in the

hydrogen transition under unfavourable socio-political condi-

tions (see Fig. 18). Notably, ten other countries in addition to

the UK were allocated a ‘distrust’ rating for 2023 and 2024

(Sweden, Ireland, United States, France, South Africa, Germany,

Spain, Argentina, Japan, and the Republic of Korea).331 Along-

side the UK, most of this group has advanced national hydrogen

strategies, with several members taking a leadership position in

the emerging global hydrogen economy.kkk25

Fig. 19 provides additional comparative insights by incor-

porating average trust ratings for the six countries reviewed in

Section 2, wherein three countries qualify for the ‘neutral’

category (i.e. trust index >50), namely, the Netherlands (M= 57),

Canada (M= 54), and Australia (M= 51). Alongside the UK (M=

43), Japan and Germany correspond to the ‘distrust’ category.

Japan ranks below the UK (M = 40), while Germany performs

marginally better (M = 47). Cumulatively, the small sample

averages a distrust rating of 48.5 (SD = 6.7; IQR = 43.0–54.0),

while Edelman331 report higher levels of public trust in devel-

oping countries (M= 63) compared to developed countries (M=

49). Foremost, China (M = 80) and India (M = 75) enter the

‘trust’ category, although China had a democracy index of 2.1 in

2023 compared to 7.2 for India, reecting the pronounced

political distinction between the world's most populous

countries.

The countries composing the small sample rank closely on

the 2023 Democracy Index (M = 8.7, SD = 0.3; IQR = 8.4–8.9),

while the Kendall's tau-b (sb) (non-parametric) correlation test

returns a statistically insignicant result when evaluating the

association between democracy and public trust (sb= 0.527, r=

0.207). Although the two variables hold a weak positive associ-

ation (inferring that stronger democracies may partially

encouraging higher levels of public trust), the non-signicant

nding is supported in view of China's leading position in the

Fig. 17 Bottleneck charts for domestic hydrogen acceptance and willingness to adopt a hydrogen home.

{{{ In the context of willingness to invest in a sustainable heating system.

kkk Notably, among the hydrogen frontrunners, Australia also ranked in the

distrust category in 2023 (48 points) but reached the neutral category in 2024

(52 points).
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Edelman Trust Barometer and also aligns with Jordan et al.‘s

perspective of public trust in climate policy.243

While the Edelman Trust Barometer is but one source of

information and not without its limitations,332 it is notable that

Japan and South Korea were the rst countries to launch

national hydrogen strategies67 but continue to face social

acceptance challenges in this domain.22,333 In April 2020, the

Netherlands became the rst European country to publish its

national hydrogen strategy and like the UK has ambitious plans

for developing an industrially-based hydrogen economy.334

Notably, hydrogen acceptance research has been pioneered by

Dutch scholars since the early 2000s335,336 and substantially

extended thereaer.248,337,338 Crucially, the Netherlands has

experienced greater success in trialling hydrogen homes

compared to the UK.339,340 Given that UK government funding

has also supported social science research on hydrogen accep-

tance,280,341,342 one explanatory factor for this divergence could

be public trust (see Fig. 19).

7.1.3 Comparative insights based on observations in the

literature. As emphasised in the preceding sub-sections, public

Fig. 18 UK trust index, January 2020 to October 2023. Source: authors' illustration based on Edelman Trust Barometer.325–327 Dotted black line=

time of data collection for this study (Oct–Dec 2022).

Fig. 19 Edelman Trust Index, 2019–2024. Source: authors' illustration based on the Edelman Trust Barometer.331,343–346
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trust in hydrogen-based energy futures is yet to be explored at the

cross-national level, motivating recourse to secondary sources

such as the Edelman Trust Barometer to help situate the results

of this study beyond the UK context. Nevertheless, as demon-

strated in Section 4.2.1 (see Table 2), some initial comparative

insights can be gleaned from the literature to further evaluate

trust-related dynamics. However, deriving the results presented

in Table 17 is not without its limitations. For example, while trust

is measured in relation to 16 actors and stakeholders in this

analysis (see Fig. 6), four items are dropped for the purpose of

comparative analysis due to data limitations (i.e. for trust in

renewable energy producers, gas engineers and technicians, gas

distribution network operators, and nancial institutions).

Additionally, only four countries compose the small sample,

namely, Australia (N = 3), Germany (N = 2), the Netherlands (N

= 1), and Scotland (N = 1), leaving a specic research gap on

public trust dynamics in Canada and Japan. Whereas over-

representation from Australia provides a longitudinal

evidence base on trust in hydrogen between 2018–2021,44,45,250

the Dutch study dates to 2014 and provides just two data points,

albeit for both hydrogen ‘supporters’ and ‘opponents’ of fuel-

ling stations.248 Critically, trust in industry (fuel station owner

and supplier) and in the municipality is signicantly higher

among supporters, reecting the positive relationship between

public trust and hydrogen acceptance.248

Overall, from a maximum potential of 108 data points, only

60 measures are provided across the sample (∼55.6%) and no

study engages directly with residential hydrogen as an end-use.

A further drawback is the use of a range of Likert scales, which

deviate in their descriptions by incorporating options such as

‘neither agree nor disagree’ or ‘don't know’ as mid-points,

whereas this study employs an 11-point scale measuring from

‘No trust’ (0) to ‘Total trust’ (10). Accordingly, all results have

been converted to a 10-point scale (1–10) for uniformity.

At the national level, Table 17 shows that public trust in

various stakeholders is highest, on average, in Australia (M =

6.93), followed by Germany and Scotland (M = 6.70), and the

Netherlands (M = 6.60), compared to a mean score of 5.51 for

this dataset. Put into context, the results suggest comparatively

higher levels of public trust under the following conditions: (1)

stakeholder communication regarding the risks and benets of

hydrogen in Australia, as gauged during 2018;44 (2) whether key

actors will act in the best interest of consumers in respect to

developing Australia's hydrogen economy, as measured in 2019

and 2021.45,250 In the German context, the earlier study (similar

to the Dutch example) takes HFSs as its use case, while the more

recent study asked respondents to evaluate the “extent to which

they consider different actors to be generally trustworthy sour-

ces of information about energy technologies”, as framed to the

context of green hydrogen production.347

Finally, the Scottish study249 focuses on green hydrogen as

a power source for outdoor festivals, while also adopting

a generic approach by asking survey respondents to evaluate

“trust in organisations to communication with the public reli-

able and accurate information about energy technologies.”

Thus, the comparative results provide initial proxies for judging

whether public trust in hydrogen-based energy futures mayT
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differ according to socio-economic and cultural dynamics, and

other contextual factors. While serving as useful indicators, the

results should not be extrapolated beyond reason given the

signicant variance in time-periods, research designs, and

hydrogen use cases, which may also vary in terms of their

current activities in each country (see Section 2).

In summary, the following patterns can be observed in the

data when considering how the UK public compares interna-

tionally (including Scotland as a single entity): (1) the trust

decit is most pronounced in relation to trust in the govern-

ment, which is consistently higher across all three levels; (2)

trust in the media is also signicantly lower in the UK; (3)

independent organisations in other countries are more trusted

compared to Ofgem in the context of this study; (4) trust in R&D

is also lower but varies minimally between NGOs, universities,

and other research institutions (M =−0.97, SD = 0.01); (5) trust

in fuel/gas suppliers, electricity/gas suppliers, and trade bodies

is lower and clustered closely, but less pronounced by

comparison (M = −0.71, SD = 0.04); and nally, (6) there is

limited difference regarding trust levels in different hydrogen

appliance manufacturers (i.e. boiler industry and car industry).

The latter observation suggests trust in industry remains

slightly higher compared to trust in the energy sector, which

aligns with the results presented in Fig. 7.

One of the key takeaways is that public trust across different

regions of the UK may differ substantially, with evidence sug-

gesting that hydrogen applications may encounter less social

resistance in Scotland348,349 compared to England and

Wales.324,350,351 Similar dynamics could also prevail between

different autonomous regions in other countries, motivating

the need to evaluate trust dynamics at the sub-national level in

future research.

7.2 Insights on public trust from a multigroup perspective

The need to account for distinct consumer proles has been

emphasised by Huan et al.317 when examining risk perceptions

of hydrogen infrastructure in the Japanese context. Specically,

the researchers performed a multigroup comparison between

accident-aware and accident-unaware groups, which detected

ve statistically signicant differences from 14 hypotheses.

However, the path relationships involving trust in hydrogen

technology failed to demonstrate group-specic differ-

ences.**** By contrast, in respect to the second research

question, evidence suggests that the antecedents of public trust

vary signicantly across parts of the UK population, as repre-

sented within this sample (see Section 3.1).

The multigroup analysis presented in Section 6.1 under-

scores the degree to which higher levels of technology and

environmental engagement strengthens consumer condence

across all ve sub-dimensions of public trust. Moreover, given

the consistency of the trends observed in Fig. 7, it is suggested

that fuel stressed citizens are not distinct from non-fuel-

stressed citizens, provided both sub-groups have a less than

moderate level of engagement in technology and the

environment.

The observed disparity between specic sub-groups may

support the notion that income inequality diminishes the

capacity for trust,352 since the VEG had a higher proportion of

respondents with an annual income greater than £41 500

(+13.4%) compared to the sample average and foremost the FSG

(−6.9%).†††† The literature has also identied a largely

universal pattern regarding the positive effect of age on gener-

alised trust, which could translate to the current context since

the FSG was signicantly under-represented by respondents

aged 55+ (−7.4%), whereas both the MEG (+5.7%) and VEG

(+2.8) were over-represented compared to the sample average

and the BLG (−1.1%).

While several variables could potentially moderate the trust-

based relationships in domestic hydrogen futures, the model-

ling results suggest public perceptions regarding the role of

different stakeholders in supporting ‘a cost-effective, efficient,

and fair transition to hydrogen homes’ may depend on pre-

existing levels of climate change awareness, engagement in

renewable energy technologies, and consumer innovativeness.

In response, policy makers and key actors including GDNOs can

respond more directly to the underlying decit in public trust101

by targeting improvements across specic areas such as trust in

the central government and energy industry, while ensuring

direct outreach towards fuel stressed households is prioritised.

The presented ndings have marked implications for deep-

ening understanding of trust dynamics in hydrogen futures353

and associated governance mechanisms pertaining to public

trust.354 The ndings motivate further investigation regarding

the mediating effect of technology and environmental engage-

ment in shaping trust levels and social acceptance. Optimally,

researchers should test the combined and individual effect of

technology engagement and environmental engagement to

discern clearer insights, while recognising the need to gather

longitudinal evidence on how trust and social acceptance

dynamics change over time,355,356 in line with macro-level events

such as political elections and economic crises.101

Ultimately, further research should be conducted to verify

the extent to which raising technology and environmental

engagement levels across the general population may precipi-

tate increased trust and optimism towards domestic hydrogen

futures.91,357 A case in point is the laggard diffusion of smart

meters in the UK (∼57% in 2023),358 which has seen the 2019

target for nationwide deployment missed by a sizeable

margin.359 In response, the government has extended legislative

powers up to 2028 for enacting the smart meter rollout.360,361 To

date, consumer resistance has originated from a lack of

perceived benets and heightened nancial concerns for at-risk

consumers, which has instilled a sense of scepticism and

mistrust in the rollout.359,362 In the context of this research, the

foremost priority should be to extract lessons from the smart

meter rollout for navigating deployment challenges in the

**** Objective knowledge / (+) trust in hydrogen technology (TH); subjective

knowledge / TH; TH / (+) positive feelings towards neighbouring HFSs; TH

/ negative feelings towards neighbouring HFSs.

†††† The MEG was marginally over-represented, while the BLG was

under-represented (−3.5%) for annual income above £41 500.
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residential context,363 while broadening the cross-national

evidence base on the relationship between energy transition-

related consumer engagement, public trust, and (domestic)

hydrogen acceptance.

7.3 Unpacking the antecedents of perceived community

benets in hydrogen homes

Tackling the third research question, this study suggests the

perceived community benets of domestic hydrogen will be

shaped strongly by technology and production perceptions, and

to a lesser extent safety perceptions and public trust. However,

production perceptions is the foremost necessary condition for

manifesting perceived community benets, followed by tech-

nology perceptions. By contrast, safety perceptions and public

trust, while having a small effect size from an NCA perspective,

are not prerequisites for facilitating perceived community

benets. By integrating PLS-SEM and NCA, the study elucidates

critical insights regarding the antecedents of perceived

economic, social, and environmental benets, which are crys-

tallised via cIMPA (see Fig. 14).

It follows that perceptions of hydrogen boiler and hob

performance translate strongly into how consumers view

potential socio-economic and environmental benets, which

may be anticipated due to presumed energy efficiency

improvements and reduced carbon emissions. Relatedly, public

support for hydrogen production pathways – vis-à-vis the twin-

track production approach – contributes towards expectations

for better air quality and improved health, which may be asso-

ciated with boosting local (hydrogen) economies, reducing

energy insecurity, and alleviating fuel poverty pressures. Safety

is paramount to deploying hydrogen homes,33 with positive

attitudes towards hydrogen appliances, pipeline transport, and

underground storage serving to strengthen perceived commu-

nity benets, thus bolstering social acceptance.34 Nevertheless,

safety perspectives are non-essential to securing perceived

community benets as a target objective. As highlighted in

Table 14, the same relationship holds true for public trust,

despite its underlying contribution towards raising domestic

hydrogen acceptance.34

A likely explanation for the dichotomy observed in Fig. 14 is

the lower extent to which safety-related aspects and public trust

map directly on to socio-economic or environmental benets at

the community (or individual) level. While both factors

constrain perceived community benets to an extent, neither

safety perceptions nor public factor is essential for ensuring the

target outcome. Thus, alongside technology and production

perceptions, other factors can compensate for the absence of

positive safety perceptions and public trust regarding hydrogen

homes. It is probable that perceptions of procedural and

distributional justice will play a critical role in shaping and

strengthening the perceived community benets of hydrogen

homes,102,251 as recognised in the context of low-carbon retro-

tting in Wales,364 HFSs in the Netherlands and Germany,245,248

and CCS,365,366 among other technologies and contexts.367–369

In view of the presented evidence base, stakeholders should

dedicate resources towards solidifying the environmental

credentials of the twin-track production approach. However,

this important course of action may call for clearer distinction

between the merits of a blue and green hydrogen production

pathway when relaying policy plans and decarbonisation targets

to local communities.25,99 The technological and environmental

dimensions of domestic hydrogen futures are inextricably

linked,33 motivating energy suppliers, appliance manufacturers,

and other supply-chain actors to take stock of whether con-

verting to hydrogen homes can secure a relative advantage over

natural gas,103 in addition to supporting net-zero ambitions.14,15

Absent of overcoming well-documented techno-economic

barriers,84,86,91 the stark reality is that hydrogen heating and

cooking technologies will continue to face seemingly insur-

mountable social acceptance challenges to being trialled in UK

homes.

Prior research has distinguished between the perceived

individual and collective benets shaping behavioural accep-

tance for low-carbon energy technologies.105,370–372 Surveying the

German public, Korcaj et al.373 found that collective benets

(perceived environmental benet and perceived economic

benet) and individual benets (perceived social status benet,

perceived autarky benet, perceived nancial benet, and

perceived overall cost) explained 68% of the variance in

consumer attitude towards solar PV. However, attitude,

subjective norm, and perceived behavioural control explained

nomore than 42% of the variance in purchase intention. Amore

recent model applying an extended theory of planned behaviour

(TPB) approach explained 63.3% and 46.6% of the variance in

behavioural attitude towards solar PV and adoption inten-

tion.287 By contrast, while behavioural attitude was explained to

a similar extent for energy efficient appliances (66.4%), the

model explained just 25.2% of the variance in adoption inten-

tion, underlining the need to move beyond a TPB-based

research lens. Accordingly, this study further highlights the

challenge posed by the behaviour-intention gap, while drawing

attention to the importance of perceived individual and

collective benets in shaping technology acceptance and

adoption.

7.4 Distilling the dynamics of domestic hydrogen

acceptance adoption potential

Regarding the remaining research question, perceived

community benets explains 45.4% of the observed variance in

domestic hydrogen acceptance, which in turn explains close to

40% of the variation in willingness to adopt a hydrogen home

(see Fig. 8). Thus, when operationalised as a mediator within

the trust-based framework, the inuence of perceived commu-

nity benets (b = 0.674, f2 = 0.833) increases substantially

compared to the DHAM (b = 0.276, f2 = 0.111).34 Additionally,

this study aligns to prior results in nding perceived environ-

mental benets to be a more signicant predictor than

perceived socio-economic benets, while further underscoring

that social acceptance and adoption intention will be strong

shaped by individual motivations.373

Crucially, if perceived community benets for hydrogen

homes fail to materialise, domestic hydrogen acceptance will
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not transpire. Similarly, and to a more signicant extent, social

acceptance must be secured to enable prospects for technology

acceptance, as demonstrated across a range of energy deploy-

ment contexts.187,214,238,248,263,266 At the dimensional level, it

follows that community acceptance must rst be established

vis-à-vis perceive benets to facilitate the trialling of hydrogen

homes. Community acceptance would help reinforce the

necessary conditions for enabling social acceptance, which is

a prerequisite for realising market deployment and behavioural

acceptance.341

A priority list of actionable steps or ‘target interventions’ for

increasing domestic hydrogen acceptance is detailed in Gordon

et al.,104 which should be internalised by policymakers and key

stakeholders alongside the presented ndings on public trust.

Ultimately, ahead of prescribing measures to help build public

trust and community-level support for emerging hydrogen

technologies, it is necessary to rstly evaluate how trust

dynamics are unfolding across the actor-network,91,101,102 as

advanced within this analysis. Adopting a holistic perspective of

how trust mechanisms operate across multiple dimensions (see

Fig. 6 and 7) can help support a two-fold objective: (1) increasing

the feasibility of achieving a more optimal allocation of

resources to support the national hydrogen economy by stra-

tegically strengthening trust decits; (2) enacting measures to

correct areas that undermine social trust and thus leveraging

opportunities to strengthen hydrogen acceptance by tackling

these ‘at risk’ dimensions.

8 Conclusion

Following several years of policy interest in converting the

natural gas grid to hydrogen, the UK government is approach-

ing a critical juncture for deciding whether hydrogen homes

should support net-zero ambitions in some capacity. Alongside

industrial decarbonisation,13,14 reducing household emissions

in gas-dependent nations is among the most challenging

aspects of the net-zero agenda. Hydrogen technologies could yet

prove fundamental to delivering climate change objectives in

countries such as the UK, but this possibility will remain highly

precarious if public resistance persists. Failure to secure social

acceptance for community-level trials in the North of England

has cast signicant doubt over the future of domestic hydrogen,

which can be seen to reect a climate of public mistrust in the

government and energy sector.101

This study enhances the discourse on trust mechanisms

underlying domestic hydrogen futures by capturing consumer

perceptions following the release of the UK Hydrogen Strategy26

and subsequent British Energy Security Strategy;374 but prior to

the collapse of planned hydrogen trials for Whitby village93 and

Redcar,94 which has curtailed momentum for deploying

hydrogen homes.92 It follows that public trust in the domestic

hydrogen transition may have decreased since the end of 2022

(see Fig. 18), which should be veried in follow-up research.

The results are noteworthy in demonstrating areas of

convergence and divergence when evaluating trust dynamics in

a novel context, whereinmultiple stakeholders and actors shape

public trust levels.214 It follows that social acceptance should be

prioritised to a similar level as techno-economic factors (e.g. low

capital costs and net energy gain),375 while neutral intermedi-

aries may be needed to engender public trust in emerging

technical solutions to environmental challenges.376 As argued

by Hanusch and Schad,377 “expertise on the societal effects of

the hydrogen transition is in its infancy,” but will prove indis-

pensable to realising desirable visions for national hydrogen

economies,378–380 as underscored by industry, policy, and

research experts.381

Public trust may partly determine the trajectory of national

energy transitions,382 which are shaped by systemic drivers383

and countervailing forces.384 Evidently, a decit in institutional

trust is somewhat pervasive in the UK, with national survey data

indicating that 49% of the population do not trust the national

government, compared to 35% expressing trust, whereas

average trust levels are somewhat higher across the Organisa-

tion for Economic Cooperation and Development (OECD).318 As

a globally-relevant mechanism shaping the clean energy tran-

sition (see Table 2),187,243 researchers should aim to dissect how

different components of public trust can be restored, preserved,

and strengthened over time. Accordingly, a future research

agenda grounded in the approach of this study should incor-

porate a direct focus on key technologies such as heat pumps

and electric vehicles, alongside other use cases beyond the

domain of the hydrogen economy.

Although rich in data analysis and supported by an explicit

conceptual foundation grounded in the literature, this study is

not without its limitations. As noted, survey responses were

gathered during a specic time-period (October to December

2022) to support a cross-sectional study engaging with a poten-

tial scenario of hydrogen adoption before 2030. It is well

documented in the literature that consumer attitudes, percep-

tions, and intentions may fail to translate into specic real-

world behaviours385,386 such as low-carbon technology adop-

tion.105,387 Nevertheless, an interim opportunity for enhancing

the evidence base lies with surveying the residents of Whitby

village and Redcar following the cancellation of planned

hydrogen trials.

Insights from citizens previously engaged in, affected by, or

simply exposed to and familiar with hydrogen-related develop-

ments in such locations would shed clearer insights on the

dynamics of public trust under examination in this study. As

already established to a degree in Japan22 and Australia,45

disseminating such studies to the public domain would add

momentum towards developing a more explicit longitudinal

evidence base, which can be targeted directly in subsequent

research projects. Expounding this evidence base has time-

sensitive implications, as a hydrogen village trial for Fife in

East-central Scotland remains under development,388,389 while

similar activities are underway internationally,390–392 as identi-

ed in Section 2.

In the context of climate change risk perception, Smith and

Mayer242 recognise that trust may entail non-linear dynamics

(see Fig. 18 and 19), which warrants signicant attention in the

context of emerging low-carbon energy technologies such as

domestic hydrogen. In response, a public trust tracker is rec-

ommended for monitoring citizen perceptions of national
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hydrogen economies. Qualitative research engagement with

different segments of the population is also needed to enrich

observations extracted from quantitatively-driven analysis,

thereby maximising the benets of a mixed-methods research

paradigm.386,393

Regarding the technological dimension, this study incorpo-

rated a dual focus on hydrogen heating and cooking, as re-

ected by three and two measurement items, respectively. An

alternative approach lies with evaluating each aspect indepen-

dently or otherwise ensuring that an equal number of indicators

are employed to support a more balanced representation of

hydrogen boilers and hobs in the model. The predictive capa-

bilities of the proposed framework can be further enhanced by

integrating additional constructs such as perceived nancial

benets287,373 and emotional response239,394,395 into the model-

ling approach. Supporting this direction, Scheller et al.287 found

that product-specic benets (perceived nancial benets and

perceived environmental benets) had the strongest inuence

in shaping attitudes and intentions toward low-carbon tech-

nologies in the German context. Furthermore, as homeowners

progress through the innovation-decision making process,106

perceived nancial benets proved a more salient predictor of

adoption intention than perceived environmental benets for

each technology case (rooop photovoltaic systems, energy

efficient appliances, and green electric tariffs),287 which has

been observed in related case studies.396–398

Future research should also explore different loci of

hydrogen trust and validate newmeasurement items to improve

the predictive performance of the model. Alternative models

can be explored and compared in follow-up studies, which may

include examining the relationship between cognitive factors

(objective and subjective knowledge), trust in hydrogen tech-

nology, emotional response (positive and negative affect), safety

perceptions, and behavioural response, as discussed in the

context of HFSs.317 Critically, Huan et al.317 also underlined the

importance of supporting “a continuous and constructive civic

discourse to address public concerns and cultivate a milieu of

trust for all relevant stakeholders” involved in the Japanese

transition to HFCVs, which is a clear imperative for deploying

hydrogen homes in the UK.

In addition to pursuing the outlined research direction in

the UK context, resources should be allocated towards estab-

lishing a cross-national evidence base on public perceptions of

the hydrogen homes in relevant countries such as the Nether-

lands. To date, research on the societal dimensions of hydrogen

remains scarce, as well as fragmentary in terms of its

geographical scope.377 This trajectory would mark an important

step towards understanding cultural differences in perceptions

of hydrogen technologies for the residential sector399,400 and can

be expanded to compare attitudes across different use cases

such as road transport, aviation, and industry, as initiated to an

extent in Table 17.

Leveraging a multi-stage empirical analysis, this study

enriches the body of knowledge on the trust dynamics of low-

carbon energy futures,353 enhances awareness of the need for

common but differentiated consumer engagement strategies,401

develops critical insights on the role of perceived community

benets in shaping energy acceptance,402 and advances under-

standing of the innovation-decision process shaping technology

adoption.106,287 By virtue of its scope, novelty and rigour,403 this

analysis contributes towards recent efforts to advance

a balanced representation of developments in the global

hydrogen economy.14,91,404 As tensions in the energy transition

continue to be navigated,405,406 accounting for parallel tensions

in public trust and associated implications for social acceptance

will prove fundamental to fuelling hydrogen-based energy

futures.
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