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Abstract
Hydrogen is attracting increasing attention and investment in the low carbon energy transition. However, it is expected that any transition to hydrogen at a meaningful scale or rate, will be dependent on the industry obtaining a social licence, underpinned by public acceptance. This study analyses a public survey that asked 1824 residents of South Australia and Victoria (Australia) to indicate how important six characteristics of a hydrogen industry would be in their decision to support the development of such an industry, namely: (1) safety; (2) climate change mitigation; (3) affordability; (4) reliability; (5) accessibility; and (6) job creation. Overall, safety was rated as the most important characteristic, followed by climate change mitigation and affordability. Fractional multinomial logit model estimates found socio-demographic (e.g. age, location) and attitudinal characteristics (e.g. concern about climate change, hydrogen knowledge) statistically significantly influenced individuals’ importance ratings of hydrogen industry characteristics. This research indicates the trade-offs that individuals may—or may not be—willing to make in the transition to hydrogen energy. Such information can be used to align policy and investment decisions with public expectations for the further development of the hydrogen industry in Australia.
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1. Introduction

There is fast-growing international interest in a transition to hydrogen energy (International Energy Agency, 2019). This interest is driven by the need to decarbonise economies and prevent adverse impacts of climate change. However, the cost to decarbonise an economy is not trivial (Brear et al., 2020; García-García et al., 2020). The transition involves difficult choices that must be technically feasible, relatively safe, economically rational, and accepted by the public. While governments around the world are increasing investment into, and promoting, the transition to hydrogen based economies (Kosturjak et al., 2019), public acceptance of hydrogen and potential trade-offs required to achieve the transition to hydrogen, are not well understood. 

While public acceptance is in-part contingent on technical feasibility and costs, other influences affect acceptance of hydrogen energy and associated technologies (Flynn et al., 2009; Heinz and Erdmann, 2008; Ricci et al., 2008; Schmidt and Donsbach, 2016; Schulte et al., 2004). For example, trust in technology and governance as well as knowledge of hydrogen have been found to be important for public acceptance, and subsequently the establishment of a social licence (Ashworth et al., 2019; Lambert and Ashworth, 2018). An industry with a social licence enjoys the ongoing acceptance or approval of stakeholders affected by the industry and those able to affect its feasibility (Cooney, 2017; Graafland, 2002). Across the globe, the failure to gain a social licence for energy developments (including solar, wind, gas, coal) has led to costly disputes, regulatory restrictions and difficulty obtaining legal licences (Faruque, 2018; Langbroek and Vanclay, 2012; Luke, 2017; Measham et al., 2021). Consequences can also include project failures, delays and reputational and financial costs. The same ramifications confront the hydrogen industry should it fail to secure a social licence (Beck et al., 2019).  

In a systematic review of the social licence literature, Dumbrell et al. (2020) found that threats to a business or industry’s social licence emerge when the industry fails to meet stakeholders’ expectations. This is especially the case when stakeholders experience undesirable external effects of these industries (negative externalities). However, the threshold of what is acceptable differs across groups, time and space, and with the benefits (real or perceived) that can be expected. For example, the oil and gas industries in Australia have been shown to provide sufficient benefits (e.g. employment opportunities) for some stakeholders to tolerate the undesirable external effects of these industries, such as environmental damage (e.g. Marcos-Martinez et al., 2019; Richert et al., 2015). However, other stakeholders are not as tolerant (e.g. Luke, 2017). 

In particular, there has been increasing interest and investment in hydrogen in Australia (Australian Government Department of Industry, 2020; Commonwealth of Australia, 2019). However, questions have arisen regarding the probability that a hydrogen industry will gain a social licence, and indeed, how the industry can best position itself to gain a social licence (Bruce et al., 2018; Carr-Cornish et al., 2019). Hence, an understanding of the Australian public’s views towards hydrogen and the trade-offs they may, or may not be, willing to make to facilitate the transition to hydrogen energy are important to explore. Information on the public’s views can be used to: (1) signal support and long-term stability for different private sector hydrogen capital investments; (2) inform public policy decisions for regulating and/or supporting hydrogen industry development; and (3) inform effective communication and education campaigns for the hydrogen transition. Failure to understand and account for the public’s views in the development of a hydrogen industry could jeopardise any chance the industry has to obtain a social licence. On the other hand, identification of the public’s concerns at an early stage of hydrogen development may help to avoid path dependency and lock-in from government policy and investment, especially if alternative (and more socially acceptable) hydrogen development pathways or forms of energy exist (Cowan, 1990; Unruh, 2002). 

This research aims to identify the trade-offs residents of south-eastern Australia may be willing to make in the transition to hydrogen energy. Specifically, we address the research questions: What characteristics of a future hydrogen energy system will be most important to Australians, and what (if any) trade-offs are individuals willing to make to transition to hydrogen energy? How do socio-demographic characteristics and attitudes affect individuals’ hydrogen industry preferences? This research contributes to the social licence and hydrogen policy literatures by demonstrating the relative importance the public places upon different characteristics of the hydrogen industry that could be critical to understand as public and private investments continue to flow toward developing a hydrogen industry in Australia. 

2. Examining stakeholders’ preferences for various characteristics of a hydrogen industry 

International research has shown psychological, attitudinal, and socio-demographic determinants to be associated with public acceptance of hydrogen (e.g. Huijts and van Wee, 2015; O’Garra et al., 2008). Similar to other studies in the field of public acceptance of new scientific developments, key psychological determinants shown to influence public acceptance of hydrogen include trust and knowledge. For example, trust and confidence in government and regulatory institutions has been positively associated with public acceptance of hydrogen energy and infrastructure (O’Garra et al., 2008). Likewise, objective and subjective knowledge of hydrogen has been found to be positively associated with acceptance in some circumstances (Huijts and van Wee, 2015; O’Garra and Mourato, 2007; Thesen and Langhelle, 2008). However, many studies indicate that the general public is relatively supportive of hydrogen at the same time that knowledge is low (e.g. Achterberg et al., 2010; Carr-Cornish et al., 2019; Lambert and Ashworth, 2018; Martin et al., 2021; Ricci et al., 2008). Carr-Cornish et al. (2019) and Bogel et al. (2018) noted that attitudes formed on limited information are subject to change. While Achterberg et al. (2010) suggested that this finding may arise because cultural predispositions and previous experience and trust in governance and technology play a mediating role in knowledge translating to acceptance.

Given hydrogen is largely attracting attention as an energy source for a low carbon transition, environmental attitudes have also been associated with public acceptance of hydrogen (Achterberg et al., 2010; Thesen and Langhelle, 2008; Zimmer and Welke, 2012). Environmental attitudes were statistically significant contributors to hydrogen vehicle and fuel station acceptance in a Norwegian study (Thesen and Langhelle, 2008) and a study in London (O’Garra et al., 2008). Survey results from a Dutch study also showed that those concerned about the environment were more supportive of hydrogen (Achterberg et al., 2010). Alongside attitudes, socio-demographic determinants such age and lower income have also been positively associated with opposition towards hydrogen storage and fuelling stations in London (O’Garra et al., 2008). 

Noting the above influences on public acceptance, it is also anticipated that the energy industry’s ability to gain a social licence for hydrogen will be based on society’s perceptions of the affordability, reliability and environmental sustainability of hydrogen (Energy Networks Australia, 2019). The triple challenge of providing an energy system that is: secure/reliable, equitable (accessible and affordable) and environmentally sustainable is referred to as the energy trilemma (World Energy Council, 2020). The concept of the energy trilemma suggests that: (1) each of the dimensions are important and valued; and (2) investment and improvement in one dimension could have negative consequences for other dimensions, namely there are trade-offs to be made (Heffron et al., 2015). 

In the Australian context, the main influences on future acceptance and social licence prospects for hydrogen energy have been identified as perceptions of: (1) safety; (2) environmental benefit—especially in regard to renewable versus non-renewable hydrogen production; and (3) cost (Carr-Cornish et al., 2019). This research follows a wider literature that has identified the balance of benefits and costs as drivers of social licence outcomes (Dumbrell et al., 2020) and hydrogen-specific research showing expected social and environmental costs and benefits to be influential for acceptance (Thesen and Langhelle, 2008). In particular, this research follows from the broad exploration of the Australian public’s response to a potential transition to a hydrogen economy reported by Lambert and Ashworth (2018) and Martin et al. (2021). This study builds on their identification of hydrogen industry characteristics the public consider important by soliciting trade-offs between these characteristics. This research also frames the hydrogen industry characteristics of interest as the costs and benefits that stakeholders weigh up within the broader context of conditions that contribute to social licence outcomes (Dumbrell et al., 2020; Dumbrell et al., 2021). Consequently, the focus of this research is to test public willingness to make trade-offs between six key characteristics of a hydrogen industry: (1) safety; (2) climate change mitigation; (3) affordability; (4) reliability; (5) accessibility; and (6) job creation. The following sections briefly summarise research and issues relevant to each characteristic as well as evidence for developing a series of hypotheses to test.

2.1 Safety issues

[bookmark: _Hlk78286654]As with existing fuels such as petroleum and natural gas, safety risks related to hydrogen fuels are largely associated with combustion risks. Hydrogen can ignite more easily than petroleum and natural gas (Hord, 1978), and can cause some metals (used in existing energy infrastructure) to become brittle, increasing the risk of leaks. Consequently, ventilation, and leak and flame detection equipment are required for infrastructure designed to carry hydrogen (Rigas and Amyotte, 2012). Noting these potential safety issues, research that has asked the public to elicit spontaneous associations with the word hydrogen, has found mixed results. In most cases negative associations have been rare (Thesen and Langhelle, 2008; Zimmer and Welke, 2012), whereas others have found negative associations to be common (Montijn-Dorgelo and Midden, 2008). Public safety concerns identified in previous research tend to be intertwined with proximity to hydrogen infrastructure (and therefore potential combustion sites) and knowledge of hydrogen’s properties (Huijts and van Wee, 2015; Lambert and Ashworth, 2018; O’Garra et al., 2008; Scott and Powells, 2020). Indeed, Huijts and van Wee (2015) and O’Garra et al. (2008) found that distance from a hydrogen site was positively associated with acceptance of hydrogen. In the same research, opposition from residents in the vicinity of hydrogen refuelling stations also appeared to be determined in-part by a lack of trust in safety regulations (O’Garra et al., 2008). 

2.2 Climate change mitigation benefits

The key environmental consequences of a transition to hydrogen are related to greenhouse gas emissions. Hydrogen can be produced using fossil fuels (via steam methane reforming or coal gasification), or renewable energy to power electrolysis of water (Acar and Dincer, 2019). Only the production of hydrogen from renewable energy produces zero greenhouse gas emissions, even if the fossil fuel-based processes are paired with carbon capture and storage (Howarth and Jacobson, 2021). A clear social preference for renewable hydrogen was found in a German study with participants stating that there would be no incentive to purchase a hydrogen vehicle if the fuel was derived from fossil fuels (Zimmer and Welke, 2012). Climate change mitigation was also noted as an important benefit of hydrogen energy in recent Australian studies (Lambert and Ashworth, 2018; Martin et al., 2021). This is noteworthy because it is not yet clear which production pathway (fossil or renewable hydrogen) will be pursued, or incentivised in Australia. To date, the Federal government have adopted a technology neutral stance (Commonwealth of Australia, 2019). 

2.3 Affordability issues

Energy affordability is a critical issue for economically vulnerable groups (Willand and Horne, 2018). However, an ever growing literature suggests consumers are willing to pay more for renewable energy, but willingness to pay is also contingent on the source of energy, e.g. wind or solar (Ma et al., 2015). In the Australian context, some research suggests hydrogen made from fossil fuels paired with carbon capture and storage technology would be more cost-competitive than hydrogen made from renewable energy powered electrolysis of water (Milani et al., 2020). Whereas other research puts renewable hydrogen as cost competitive with other hydrogen production technologies in the short-term (Advisian, 2021; Longden et al., 2020). This could be critical given Lambert and Ashworth (2018) found less than half of their Australian survey sample were willing to trade off affordability of hydrogen energy and appliances/vehicles against environmental benefits. 

2.4 Reliability issues

A reliable energy system features continuous supply with few to no disruptions. Renewable energy systems such as solar and wind have been labelled as unreliable, and despite the advent of new technologies to support these systems, continue to be plagued by the unreliable narrative (Curran, 2012). Hydrogen can act as an energy storage medium to help overcome reliability issues (Eriksson and Gray, 2017). Although knowledge of this hydrogen attribute is low, the potential for hydrogen to contribute to energy reliability has been identified as advantageous by Australians who suffer from poor energy reliability or energy outages due to supply shocks (Lambert and Ashworth, 2018).

2.5 Accessibility issues

Energy accessibility is a critical consideration when assessing the distributional fairness of an energy transition (Goddard and Farrelly, 2018). Practical and affordable methods of storage, transport and conversion are required to ensure hydrogen energy is accessible to consumers, as are appliances/vehicles compatible with hydrogen gas (Milani et al., 2020). While accessibility can be improved by proximity to hydrogen storage and refuelling stations, the perception of safety risks associated with proximity to hydrogen infrastructure have been found to outweigh accessibility issues in some public acceptance studies (O’Garra et al., 2008). 

2.6 Job creation benefits

The energy transition (away from existing fossil fuel energy systems) has been framed by certain groups as an issue of “jobs versus the environment/climate” (Healy and Barry, 2017, p. 454). The situation in Australia is no exception to this framing (Goddard and Farrelly, 2018). Political barriers, as well as policy uncertainty have created an environment where the “jobs carnage” narrative has been able to thrive, particularly in reference to regional communities (Curran, 2012). In particular, the employment debate highlights that the transition will have employment consequences (positive and negative) that are not evenly distributed (García-García et al., 2020; Ram et al., 2020; Sharma and Banerjee, 2021). Indeed, in the absence of policies to support a just transition, stakeholders likely to lose their job in the current highly-regionalised fossil fuel based energy system have an incentive to hinder the development of new energy industries (Effendi and Courvisanos, 2012). However, stakeholders able to access new employment opportunities have been more willing to grant social licences to other energy developments, and could be expected to act similarly in a transition to hydrogen (Marcos-Martinez et al., 2019; Richert et al., 2015). 

Based on the literature summarised above, the following four key hypotheses were formulated for this research.
H1: Socio-demographic and attitudinal characteristics that have been associated with overall hydrogen acceptance will also influence the characteristics of a hydrogen industry that individuals consider most important. 
[bookmark: _Hlk76385358]H2: Individuals with greater self-rated knowledge of hydrogen, how it is produced and how it can be used, will be less likely to place greater weighting on safety as an important characteristic of a hydrogen industry. 
H3: Individuals who are more concerned about climate change (e.g. agree that climate change is occurring, that it is largely human-induced and likely to have negative impacts on their households) will be more likely to allocate greater weighting to climate change mitigation as an important characteristic of a hydrogen industry. 
H4: Individuals most likely to benefit from job opportunities in the hydrogen industry (e.g. individuals of working age, with trade qualifications, living in regional areas with potential for hydrogen production sites) will be more likely to allocate greater weighting to job creation as an important characteristic of a hydrogen industry.

3. Methods

3.1 Data and case study area

An online survey, deployed by a professional survey company, was used to capture individuals’ understanding of—and preferences for—a transition to hydrogen energy production and use in Australia. Ethics approval to conduct the survey, and research tasks for survey design, was provided by the University of Adelaide Human Research Ethics Committee (H-2020-101). A representative sample (age and gender), and a split of metropolitan/regional residents of South Australia and Victoria was provided by the professional survey company. A total of 2032 survey responses were received in October and November 2020. Because of missing responses to some questions, the analyses reported are based on the 1824 responses (897 from South Australia and 927 from Victoria) that had complete information.

There were three key reasons why south-eastern Australia (South Australia and Victoria) was chosen as a case study: (1) both states were relatively early movers with respect to supporting hydrogen developments (Government of South Australia, 2019; Victorian State Government, 2019); (2) South Australia’s move to adopt more renewable energy, and become a net exporter of electricity (McGreevy et al., 2021) presents an opportunity to capture the public’s experiences with this transition; and (3) there is a diverse (in terms of age, ownership and management) set of energy infrastructure (Australian Energy Regulator, 2021), across both states that present opportunities for comparisons of public experiences that may underpin a social licence for future fuels industries. 

The survey design was informed by a literature review, as summarised previously, plus a focus group and 22 personal interviews. Questions in the survey were designed to collect information about respondents’: (1) socio-demographic characteristics; (2) environmental attitudes and behaviours; (3) energy use behaviours; and (4) perceived knowledge of the hydrogen energy industry in Australia. The question in the survey that is most important for this study asked respondents to allocate 100 points among six characteristics that may be important in their decision to support (or not support) the development of a hydrogen industry in Australia. The six characteristics, as previously noted, were: (1) safety; (2) climate change mitigation; (3) affordability; (4) reliability and security of supply; (5) accessibility; and (6) job creation. These characteristics were tested prior to undertaking the online survey. Respondents were instructed to allocate more points to characteristics more important to them, and to allocate zero points to characteristics they considered ‘not at all important’. The question design was informed by similar weighting questions in survey based research by Loch et al. (2016) and Malek and Umberger (2021). The question, as administered in the survey is included as Figure S1 in Supplementary Materials.
Point allocation questions (sometimes referred to as budget pie or constant-sum scaling questions) have been shown to be a reliable way to ask respondents to indicate relative intensity of preference (Mullen, 1999). They are also relativity easy for respondents to complete  (Ryan et al., 2001). Constrained-choice methods such as the point allocation question are appropriate when, as in this situation, options are in competition and/or the objective is to understand respondents’ willingness to make, or not make, trade-offs. Constrained-choice methods also ensure inter-person equity when scores are aggregated for analyses (Mullen, 1999). For this survey, each characteristic was framed in reference to current energy circumstances because respondents’ answers are context-dependent (Louviere and Islam, 2008). For example, for ‘safety’ respondents were asked about the importance of safety of any future hydrogen energy industry relative to their perceptions of the safety of production, storage, transport and use of existing fuels.

By choosing six characteristics only, the choice task for respondents was easier than if more characteristics were provided. However, a consequence of this limited choice set is that the responses cannot provide preference information on a total comprehensive list of influential characteristics. The order that the six characteristics were presented to respondents in the online survey was randomised. This was done to remove any bias that could have been associated with respondents allocating greater points to the first listed characteristic.

3.2 Model specification

Given respondents were asked to indicate preferences and trade-offs by allocating a set budget of 100 points between six different hydrogen industry characteristics, the data for analysis is proportional. Proportional data has a set of unique traits that must be considered ahead of analysis (Aitchison, 1986; Cook et al., 2008). First, when more points are allocated to one characteristic, there are fewer points available to be allocated to the remaining characteristics, hence proportions are automatically negatively correlated (Buis, 2010). Second, point allocation choices are deliberate, especially at the extremes of zero and 1. A choice of zero or 1 (a corner solution) arises because the respondent is either unwilling or unable to make a trade-off. Third, given proportional data is bound by zero and 1, the variance decreases as the mean value is closer to either boundary (Cook et al., 2008; Loch et al., 2016). 

Given the above described characteristics of the data and important points raised by other authors analysing proportional data (especially by Cook et al., 2008), it was determined that a fractional multinomial logit model was the most appropriate for this analysis. The fractional multinomial logit model is a multivariate generalisation of the fractional logit model developed by Papke and Wooldridge (1996). The model has been used to analyse a number of economic and allocation problems that are represented by proportional data, such as the allocation of a fixed land area to different uses, and the allocation of a fixed allotment of time to different activities (Luo and Escalante, 2017; Mu et al., 2019; Mu et al., 2018; Mullahy and Robert, 2010). 

Given the dependent variable (proportion of importance weighting allocated to each of six characteristics of the hydrogen industry) meets the criteria 0 ≤ yij ≤ 1, we followed Papke and Wooldridge (1996, 2008) and Mullahy (2015) such that yij was structured as a logistic function Λ(.); of a set of explanatory variables (xi); observed for each individual, i; and the characteristic of the hydrogen industry to which weighting was allocated, j. The proportions allocated to each characteristic can be estimated using Equation 1:

	
	(1)



All estimates were computed using the fmlogit package (Buis, 2008) in StataSE 16. Results report the average marginal effects of the fractional multinomial logit model estimates. Robust standard errors were used in model estimates to in-part control for heteroskedasticity. Variance inflation factors (VIF) and correlation coefficients were calculated and showed no serious issues with multicollinearity. The mean VIF was 1.22 and the maximum was 1.43, and the highest correlation coefficient was 0.47. Additionally, the mean and median point allocation scores were also not statistically significantly different (p≤0.05) indicating, to some extent, the presence of few outliers or strategic responses influencing the model estimates (Clark, 1974; Ryan et al., 2001). 

3.3 Summary statistics

The six dependent variables are the proportion of points (out of 1) that respondents allocated to each of the six characteristics of a hydrogen industry, based on importance. The dependent variables are defined and presented with summary statistics in Table 1. The explanatory variables included in the analysis reflect the hypotheses outlined previously, namely the associations between importance weightings for hydrogen industry characteristics and influential variables identified in the literature (e.g. Achterberg et al., 2010; Bogel et al., 2018; Huijts and van Wee, 2015; O’Garra and Mourato, 2007; Ricci et al., 2008; Schmidt and Donsbach, 2016; Thesen and Langhelle, 2008). The explanatory variables included: state of residence (South Australia or Victoria); whether respondents lived in a metropolitan (urban) or regional area; gender (men); age; education; household characteristics; employment experience; attitudes, especially regarding environmental issues; and self-rated knowledge of the hydrogen industry (Table 2). Alternative variables and variable specifications, e.g. squared forms of continuous and semi-continuous variables, were also tested in a variety of sensitivity analyses before the final estimates were produced.

Table 1. Sample summary statistics, proportion of points (out of 1.00 from point weighting allocation task) allocated by survey respondents (n=1824), to each characteristic of the hydrogen industry.
	Dependent variables
	Mean
	St. Dev.
	95 % confidence interval
	Min
	Max
	Rated most important (%)†

	Safety
	0.215a
	0.167
	(0.207, 0.223)
	0
	1
	36.13

	Climate change mitigation
	0.192b
	0.177
	(0.184, 0.200)
	0
	1
	30.32

	Affordability
	0.184b
	0.131
	(0.178, 0.190)
	0
	1
	25.60

	Reliability 
	0.155c
	0.126
	(0.149, 0.161)
	0
	1
	18.31

	Accessibility
	0.130d
	0.111
	(0.125, 0.135)
	0
	1
	12.66

	Job creation
	0.124d
	0.117
	(0.119, 0.130)
	0
	1
	11.24


Note: † Rated most important (%) sum exceeds 100 because more than one characteristic could have equal highest importance weighting. Means denoted with different superscript letters were statistically significantly different at p≤0.05 based on Tukey’s Honestly Significantly Difference Test.

Table 2. Sample summary statistics, explanatory variables (n=1824).
	Variable
	Definition	
	Mean 
(std. dev.)
	Min
	Max

	State (Victoria) 
	1=Victoria; 0=South Australia
	0.51 (0.50)
	0
	1

	Urban
	1=Metropolitan Adelaide/Melbourne; 0=Regional area
	0.72 (0.45)
	0
	1

	Men
	1=Men; 0=Otherwise
	0.45 (0.50)
	0
	1

	Older respondents
	1=65 years and above; 0=18–64 years
	0.23 (0.42)
	0
	1

	University educated
	1=University education; 0=Otherwise
	0.40 (0.49)
	0
	1

	Household incomea
	Thousands of AUD per year
	86.76 (53.68)
	24.50
	222.30

	Household residents
	Number of residents in household
	2.57 (1.23)
	1
	8

	Employed energy industry
	1=Employed, formerly employed, or have family employed in energy industry; 0=Otherwise
	0.06 (0.24)
	0
	1

	Unemployed
	1=Unemployed; 0=Otherwise (i.e. employed or not in labour force)
	0.05 (0.23)
	0
	1

	Low socio-economic region
	1 = ≤20th percentile on Socio-Economic Advantage and Disadvantage Indexb; 0=Otherwise
	0.21 (0.40)
	0
	1

	Confidence in government decisions
	1=Agree or strongly agree Australian governments make policy and regulatory decisions based on scientific and economic evidence; 0=Otherwise 
	0.38 (0.49)
	0
	1

	Climate change is happening
	1=Agree or strongly agree that climate change is happening; 0=Otherwise 
	0.83 (0.37)
	0
	1

	Climate change is largely human induced
	1=Agree or strongly agree climate change is largely human-induced; 0=Otherwise
	0.74 (0.44)
	0
	1

	Climate change will have negative impact
	1=Agree or strongly agree that climate change will have a negative impact on household; 0=Otherwise
	0.54 (0.50)
	0
	1

	Index variables
	Construction variables
	
	
	

	Pro-environmental trade-offs (average index)
	To what extent do you agree:
(1=Strongly disagree; 2=Disagree; 3=Neither agree nor disagree or unsure; 4=Agree; 5=Strongly agree)

	
	A healthy, well protected environment and a prosperous economy go hand in hand
	3.65 (0.63)
	1.33
	5

	
	The environment needs to be protected even if it impacts economic prosperity
	
	
	

	
	In order to have economic prosperity, the environment is going to suffer a bit (reverse coded)
	
	
	

	Knowledge of hydrogen industry (additive index)
	Please indicate your knowledge of hydrogen production and its uses:
(0=Never heard of it; 1=Had heard of it; 2=Had heard of it and could explain to a friend)

	
	How hydrogen is produced 
	3.22 (2.63)
	0
	10

	
	The use of hydrogen in fuel cell vehicles
	
	
	

	
	Burning hydrogen as a replacement for natural gas
	
	
	

	
	Hydrogen as an energy storage medium for electricity
	
	
	

	
	The use of hydrogen fuel cells in homes
	
	
	


Note: a Household income is a semi-continuous variable; b As per the Socio-Economic Advantage and Disadvantage Index, 2016 for postcode nominated by respondent (Australian Bureau of Statistics, 2018).
4. Results and discussion

Safety was the most important characteristic upon which respondents’ willingness to support a hydrogen industry was contingent. This was followed by climate change mitigation and affordability, followed by reliability, then accessibility and job creation (Table 1). This result indicates that respondents are not necessarily willing to trade-off safety to meet other objectives, or pay more for energy to achieve climate change mitigation. The average marginal effects results of the fractional multinomial model estimates, are presented in Table 3, and the following describes the evidence to support our four hypotheses. 

4.1 Socio-demographic and attitudinal characteristics

While there were statistically significant associations between importance weighting allocations and some socio-demographic and attitudinal characteristics of respondents, the results revealed no statistically significant relationship between state of residence, gender, household income or employment status and importance weighting allocations across the six characteristics (Table 3). With this, the results show mixed statistically significant evidence to support H1: Socio-demographic and attitudinal characteristics that have been associated with overall hydrogen acceptance will also influence the characteristics of a hydrogen industry that individuals consider most important. However, there were notable differences between urban and regional respondents, for example urban respondents allocated statistically significantly more importance weighting points to safety, affordability and reliability. The difference in allocations for safety is possibly a consequence of perceived proximity to hydrogen infrastructure (we return to this point in the next section). As well as urban residents, the groups that allocated statistically significantly more importance to affordability and reliability included older respondents, those employed in the energy industry and those with confidence in government decisions. This finding could indicate demand for research to consider the affordability and reliability trade-offs of a hydrogen transition. This could be especially important given research has already indicated that it is possible for a transition to renewable energy without sacrificing energy affordability or reliability (Goddard and Farrelly, 2018). Other influences of socio-demographic and attitudinal characteristics on importance weighting allocations are highlighted in the subsequent sections.  

4.2 Knowledge characteristics and safety weighting

Respondents with greater self-rated knowledge of hydrogen (e.g. how hydrogen is produced, and how hydrogen can be used) allocated statistically significantly (p≤0.01) fewer importance weighting points to hydrogen’s relative safety. This result supports H2: Individuals with greater self-rated knowledge of hydrogen, how it is produced and how it can be used, will be less likely to place greater weighting on safety as an important characteristic of a hydrogen industry. Respondents confident that governments make decisions based on evidence and respondents with greater levels of self-rated knowledge about hydrogen allocated statistically significantly more importance weighting, than their counterparts, to accessibility (Table 3). This could indicate that individuals with greater knowledge about hydrogen recognise that new (or modifications to existing) infrastructure will be required to deliver hydrogen to end-users and as such, specific investments will be required to ensure accessibility is not sacrificed in the pursuit of other objectives. However, at the same time, it is not surprising that accessibility received relatively fewer importance weighting points in general given that accessibility has been sacrificed in order to minimise social costs, namely safety risks, associated with proximity to hydrogen infrastructure in other contexts (O’Garra et al., 2008). Further research will be required to understand whether these results hold if and when localised hydrogen infrastructure is installed in Australia. Current research reporting on public acceptance toward specific technology or infrastructure such as vehicles and refuelling stations has largely drawn on experiences in more advanced hydrogen economy contexts, e.g. Europe (e.g. Huijts and van Wee, 2015; Thesen and Langhelle, 2008). 

Alongside the associations detailed above, this research also shows low levels of self-rated knowledge in the survey case study area (Table 2). This finding aligns with other survey research across the globe (Achterberg et al., 2010; Huijts and van Wee, 2015; Ricci et al., 2008). Such results, coupled with recent policy interest and investment in developing a hydrogen industry in Australia, indicates that building the public’s objective and subjective knowledge of hydrogen could be critical for social licence outcomes, and therefore industry success and sustainability (Australian Government Department of Industry, 2020; Commonwealth of Australia, 2019).

4.3 Environmental attitudes and climate change mitigation 

Respondents that agreed climate change is happening (83%), largely human-induced (74%), and who expect climate change to have a negative impact on their household (54%), allocated statistically significantly (p≤0.01) more importance to climate change mitigation as an important characteristic of a hydrogen industry (Table 3). Respondents willing to make pro-environmental trade-offs allocated six percent more weighting to the importance of climate change mitigation (p≤0.01). This finding supports existing research that suggests there is a desire for hydrogen to be made using renewable energy to power electrolysis (Zimmer and Welke, 2012), and provides evidence for H3: Individuals who are more concerned about climate change (e.g. agree that climate change is occurring, that it is largely human-induced and likely to have negative impacts on their households) will be more likely to allocate greater weighting to climate change mitigation as an important characteristic of a hydrogen industry. 

Other studies show that while Australians consider climate change mitigation important, it is not always the most important issue when making decisions with inherent trade-offs (Colvin and Jotzo, 2021). The research reported here supports that finding: nearly a third of respondents rated climate change mitigation as the most or equal most important characteristic of a hydrogen industry but only 18 respondents (of 1824) assigned all of their available importance weighting points to climate change mitigation. The respondents that allocated statistically significantly (p≤0.05) less importance to climate change mitigation included residents of low socioeconomic regions, indicating they may be making trade-offs to prioritise other objectives. On balance, the relative importance of climate change mitigation from the transition to hydrogen appears to be an important consideration for at least a subset of south-eastern Australians to support the transition to a hydrogen industry. If seeking to maximise the likelihood that the industry gains a social licence, this result may be pertinent in any policy decision for Australia to maintain or abandon the current technology neutral status for hydrogen production.

Respondents willing to make pro-environmental trade-offs also allocated 1.5 percent fewer importance weighting points to reliability (p≤0.01; Table 3). Additionally, there were statistically significant relationships between environmental attitudes and importance weightings for safety and affordability characteristics. A possible explanation for these findings is that as respondents allocated more importance to climate change mitigation there were fewer importance allocation points to allocate to these characteristics, i.e. these were the characteristics that respondents were willing to trade-off. 

4.4 Job and regional economy characteristics

Job creation attracted relatively fewer importance weighting points from older respondents and respondents with a university education (Table 3). This result was expected as these groups are less likely to directly benefit from any increase in job opportunities created by the establishment of a hydrogen industry. For example, older people may already be, or may anticipate, that they will be retired before any meaningful progress is made toward scaling up the hydrogen industry. University educated respondents may be sufficiently confident in their job prospects regardless of the development or rate of development of a hydrogen industry. This result also largely supports H4: Individuals most likely to benefit from job opportunities in the hydrogen industry (e.g. individuals of working age, with trade qualifications, living in regional areas with potential for hydrogen production sites) will be more likely to allocate greater weighting to job creation as an important characteristic of a hydrogen industry. However, it must be noted that there was no statistically significant evidence for individuals living in regional areas allocating greater weighting to job creation. This is likely a reflection of the scope and timing of this study. The hydrogen industry is in its infancy in Australia and the job opportunities and where they may be located is largely yet to be determined. Further research aimed at understanding public acceptance of specific hydrogen demonstration plants or other infrastructure in the future may reveal different results. Further, respondents willing to make pro-environmental trade-offs allocated 1.5 percent fewer importance weighting points to job creation (p≤0.01), i.e. they were willing to trade-off job creation for environmental objectives (Table 3). These results are notable given that job opportunities and associated socioeconomic ramifications of the energy transition have been used as an argument for and against the transition to renewable energy (including renewable hydrogen) in the Australian context (Commonwealth of Australia, 2019; Curran, 2012; Garnaut, 2019; Goddard and Farrelly, 2018). 

4.5 Overall findings

This research builds on a growing body of literature that captures public views toward plans for our energy future (Ostfeld and Reiner, 2020). The results indicate that individuals are more likely to place importance on characteristics they are concerned about (e.g. safety risks, or climate change mitigation) or, likely to directly benefit from (e.g. job creation). This mirrors research findings in other energy contexts where those individuals likely to benefit from jobs or economic activity willingly (or due to other constraints) trade-off other objectives to access those benefits. The relative importance of safety and climate change mitigation (both public goods) also supports the argument that market failures underpin public concerns that are critical in the decision to grant or withhold a social licence (Dumbrell et al., 2020). 
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Table 3 Average marginal effects for fractional multinomial logit modelling of importance weighting allocated to six hydrogen industry characteristics by survey respondents (n=1824).
	Variable
	Safety
	Climate change mitigation
	Affordability
	Reliability
	Accessibility
	Job creation

	State (Victoria)
	-0.003
	(0.008)
	 0.004
	(0.008)
	-0.003
	(0.006)
	-0.001
	(0.006)
	 0.008
	(0.005)
	-0.005
	(0.006)

	Urban
	-0.020**
	(0.010)
	-0.011
	(0.010)
	 0.024***
	(0.007)
	 0.014*
	(0.007)
	 0.002
	(0.006)
	-0.008
	(0.007)

	Older respondents
	 0.003
	(0.010)
	-0.005
	(0.011)
	-0.013
	(0.008)
	 0.024***
	(0.008)
	 0.003
	(0.007)
	-0.013*
	(0.007)

	Men
	-0.003
	(0.008)
	-0.010
	(0.009)
	 0.009
	(0.007)
	 0.007
	(0.007)
	-0.001
	(0.006)
	-0.003
	(0.006)

	University educated
	 0.001
	(0.009)
	 0.013
	(0.009)
	-0.002
	(0.007)
	 0.008
	(0.007)
	 0.000
	(0.006)
	-0.016***
	(0.006)

	Household income
	3.0E-05
	(9.3E-05)
	-2.7E-05
	(8.6E-05)
	 1.7E-05
	(6.8E-05)
	-3.3E-06
	(6.6E-05)
	4.3E-05
	(6.0E-05)
	 2.6E-05
	(6.7E-05)

	Household residents
	 0.005
	(0.004)
	-0.003
	(0.004)
	-0.005*
	(0.003)
	 0.003
	(0.003)
	-0.001
	(0.003)
	 0.001
	(0.003)

	Employed energy industry
	-0.007
	(0.014)
	 0.020
	(0.018)
	-0.024**
	(0.011)
	-0.002
	(0.011)
	 0.007
	(0.012)
	 0.006
	(0.011)

	Unemployed
	 0.003
	(0.018)
	 0.000
	(0.017)
	-0.005
	(0.012)
	 0.013
	(0.015)
	-0.011
	(0.012)
	 0.001
	(0.012)

	Low socio-economic region
	 0.011
	(0.010)
	-0.021**
	(0.010)
	 0.009
	(0.008)
	 0.004
	(0.008)
	 0.000
	(0.007)
	-0.003
	(0.008)

	Confidence in government decisions
	-0.005
	(0.008)
	-0.036***
	(0.008)
	-0.003
	(0.006)
	 0.011*
	(0.006)
	 0.012**
	(0.005)
	 0.020***
	(0.006)

	Climate change is happening
	-0.003
	(0.014)
	 0.048***
	(0.014)
	-0.018
	(0.010)
	-0.004
	(0.010)
	-0.006
	(0.010)
	-0.017
	(0.010)

	Climate change is largely human induced
	 0.003
	(0.011)
	 0.047***
	(0.011)
	-0.023***
	(0.008)
	-0.006
	(0.008)
	-0.009
	(0.007)
	-0.011
	(0.008)

	Climate change will have negative impact
	-0.025***
	(0.009)
	 0.030***
	(0.009)
	 0.001
	(0.007)
	-0.005
	(0.007)
	 0.004
	(0.006)
	-0.005
	(0.006)

	Pro-environmental trade-offs
	-0.000
	(0.007)
	 0.058***
	(0.007)
	-0.025
	(0.006)
	-0.015***
	(0.005)
	-0.004
	(0.004)
	-0.015***
	(0.005)

	Knowledge of hydrogen industry
	-0.006***
	(0.002)
	-0.001
	(0.002)
	 0.001
	(0.001)
	 0.002*
	(0.001)
	 0.004***
	(0.001)
	 0.000
	(0.001)

	Number of observations
	1824
	
	
	
	
	
	
	
	
	
	
	

	Wald 2
	472.58
	
	
	
	
	
	
	
	
	
	
	

	Log pseudolikelihood
	-3193.33
	
	
	
	
	
	
	
	
	
	


Note: ***p ≤ 0.01, **p ≤ 0.05, *p ≤ 0.1; Robust standard errors in brackets.
5. Conclusions and policy implications

The need to decarbonise energy systems is a pressing issue attracting the attention of governments and businesses across the globe. Australia has started to explore and invest in an energy transition that uses hydrogen (Commonwealth of Australia, 2019). With a focus on technical feasibility and costs, this investment has largely occurred without in-depth understanding of whether the Australian public considers the transition to hydrogen acceptable, or what characteristics public acceptance would be sensitive to.

The research reported here shows the relative importance that 1824 residents of south-eastern Australia (namely South Australia and Victoria) placed on six characteristics of a future hydrogen energy system in 2020. Overall, safety was rated the most important characteristic, followed by climate change mitigation and affordability, reliability and then accessibility and job creation. This order of importance indicates that in general, individuals are not willing to trade-off safety to meet other objectives, or trade-off affordability for climate change mitigation. However, the weighting across each of the six characteristics, and different weightings made by various groups, indicates that policies prioritising one characteristic over others could be detrimental to any pursuit of public acceptance or high-level social licence outcome. The results of the fractional multinomial logit modelling indicated that individuals are more likely to allocate importance to characteristics they are: (1) concerned about; and (2) expect to benefit from. For example, individuals concerned about negative impacts of climate change on their household were statistically significantly more likely to allocate importance to climate change mitigation. 

Noting that trade-offs are complex, a clear understanding of society’s preferences for decarbonising the economy can guide both public policy and private investment. For example, the results of this research indicate that maintaining the current technology neutral approach to hydrogen production (i.e. supporting both renewable hydrogen and fossil hydrogen), could be costly to the industry’s chances of obtaining a social licence. The policy and investment implications of this research are also not limited to Australia. Australia has established various partnerships and agreements to further collaborate on hydrogen research and regulations and to build markets with countries such as Japan, South Korea, Singapore and Germany (Commonwealth of Australia, 2019; Prime Minister of Australia, 2021). Any impact that the Australian publics’ expectations and preferences have on shaping policy and investment in hydrogen in Australia will inevitably influence potential interactions with partner countries. Likewise, partner countries, particularly trading partners, can create (dis)incentives to influence the direction of hydrogen policy and investment in Australia (Muller et al., 2021). 

The findings reported here also indicate that self-rated hydrogen knowledge is relatively low among the public in south-eastern Australia. By understanding the characteristics of a hydrogen industry considered most important as done here, it is possible to tailor communication and knowledge campaigns to focus on areas of particular interest or concern. Indeed, information about the industry is likely to be critical to social licence outcomes given that information is required prior to any decision to consent. However, decisions to grant a social licence are not based on information and knowledge alone, rather this is one condition alongside other expected costs and benefits that have been shown to be associated with social licence outcomes in natural resource dependent industries (Dumbrell et al., 2021). To reflect this, continued growth in the hydrogen industry, including the construction of demonstration plants, would benefit from specific research to understand the local and broader community’s preferences and perceptions of the magnitude and distribution of costs and benefits and their willingness to accept any proposed trade-offs in the hydrogen transition.
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