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Abstract

The Japanese government has long supported efforts to achieve a hydrogen society, but it is yet to be seen if
hydrogen can achieve large-scale deployment. This study aims to analyse the current attitudes of Japanese
society towards the realization of a hydrogen economy through a community survey and compare the results
from a previous survey in 2015 to understanding of changing attitudes over time. The results show a gap in
public understanding of hydrogen, with actual knowledge lower than self-reported. The Japanese community
is divided on green vs. grey hydrogen production, with cost and environment being key factors. Public
perception is neutral with positive inclination but understanding of production and utilization differs from
reality. Acceptance for hydrogen applications varies, with transportation receiving the most support. This
study serves as basic information in establishing an operational and inclusive hydrogen economy that aligns

with the collective desires and needs of all stakeholders.
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1. Introduction

The hydrogen economy refers to a vision of utilizing hydrogen as a transition pathway to an equitable
energy system that is clean, low carbon-intensive, and beneficial to society. Hydrogen is an energy
carrier that can be produced by a variety of energy resources and supports a multitude of end-use
applications, including energy storage, transportation fuel, industrial processes, and more. Historically,
the hydrogen economy has attracted the attention of many and resulted in multiple surges of interest
over the years [1]. The hydrogen economy transition is a dynamic system that consists of economic,
technological, and social structures that are constantly evolving. This dynamic system is affected by
endogenous factors by stakeholders with different agendas and exogenous factors outside of a hydrogen
economy's system boundary. The diversity of hydrogen as an energy solution inadvertently allows people
to interpret it based on their agendas, resulting in competing interpretations of what a future hydrogen
economy may look like [2]. This has created a gap between the public and scientific community
understanding of the status of hydrogen economy and raised false expectations in the past [3]. It is widely
accepted In socio-economics that the success of emerging technology depends to a great extent on public
acceptance [4,5]. Emerging technologies such as hydrogen technology have received increased general

coverage through the media [6], but public perception and acceptance are still relatively unknown [7].

1.1. Japan and Hydrogen Economy



Japan has a long history leading hydrogen innovation with the initiation of the “Sunshine Project,” a program
introduced by the Japanese government in 1974 and implemented by the government corporation, New
Energy Development Organization (NEDO) in 1980 [8]. The national program objective is to develop new
energy technology - mainly solar energy, geothermal energy, coal energy, hydrogen energy, and supporting
research [9]. In 1993, The New Sunshine Project was established, integrating the existing Sunshine Project
(development of new energy technology) and the Moonlight Project (development of energy-saving
technology) to promote sustainable growth and concurrently solve the energy crisis and environmental issues.
The New Sunshine Project includes multiple programs that focus on hydrogen, including the “World Energy
Network” (WE-NET), which ran from 1993 to 2002. The WE-NET project is a long-term plan to create a global
energy network by using hydrogen produced by renewable energy [10,11]. The WE-NET project was
succeeded by the “Fundamental development of technologies for safe use of hydrogen infrastructure" which
ran from 2003 to 2007, and subsequently the “Development of technologies for hydrogen production, delivery
and storage systems”, which ran from 2008 to 2012. In 2014, the Ministry of Economy, Trade and Industry
(METI) announced the “Strategic Roadmap for Hydrogen and Fuel Cells” to accelerate realizing a hydrogen-
based society [12]. In the subsequent year, the ratification of the Paris Agreement further bolsters Japan’s
plan of a hydrogen-based society to address critical climate change issues by limiting global warming to well
below 2°C [13].

As the energy sector continues to evolve, the roadmap along with technology milestones have been revised in
2016 [14] and 2019 [15] to establish achievable targets considering international cooperation, technology
advancement, and societal needs [16]. Despite the continuous effort by the Japanese government to drive the
hydrogen transition, the realization of a hydrogen-based economy is still far off in terms of cost-effective and
wide-scale deployment [17]. There are significant mismatches between the present situation surrounding the
hydrogen economy and previously proposed milestones that are far from being reached. In 2002, the Fuel
Cell Commercialization Conference of Japan (FCCJ) [18] projected five million fuel cell vehicles (FCV) by
2020, while the Japanese government, in a more conservative projection, forecast forty thousand FCV by 2020
in their 2017 report [19]. However, the International Energy Agency (IEA) only reported over six thousand six
hundred FCV on the road in Japan in 2021 [20].

1.2. Aim

The implementation of an operational hydrogen economy will require both the technical infrastructure and
public support. Assessing society's acceptance of a hydrogen economy is important to understanding public
support and ultimately avoiding unwillingness for hydrogen technology and infrastructure deployment.
However, most of the survey-based studies on public perception or acceptance tend to focus on hydrogen end
use applications such as fuel cell vehicles and fail to address hydrogen from a system perspective [21,22].
Hydrogen is an energy carrier, which needs to be produced, stored, transported, and distributed in an energy
network [3]. Public perception and acceptance may be impacted by each process in the hydrogen supply chain,
as there are different methods to produce and store hydrogen. There is therefore a lack of national studies
evaluating public perception and acceptance of hydrogen from a system perspective. Within this context, this
study aims to analyse the current attitudes of Japanese society towards the realization of a hydrogen economy
through a community survey and compare the results from a previous survey in 2015 [7]. The questionnaire
survey is designed to assess the public's perception, knowledge, and acceptance of hydrogen as an energy carrier,

hydrogen infrastructure, and fuel cell technologies in Japan, as well as their personal values. This community
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survey is part of a parallel study (forthcoming work by the authors) with an expert panel survey that aims
to quantify the different yet overlapping interpretations of hydrogen economy among different groups of
society, mainly academic, industry, government, and the general public. It is crucial to understand the various

interpretations of society and bring them together to exploit the diversity of hydrogen fully.

The paper is structured as follows. Section 2 presents and summarizes the available literature on hydrogen
survey-based studies while section 3 introduces the methodological approaches in the evaluation of public
perception and acceptance towards a hydrogen economy. Section 4 presents the survey results and their
implications under key themes. The paper concludes by summarizing the findings and a discussion of possible

directions for future research using the knowledge gained.

2. Literature Review

Over the past few decades, various studies have investigated the technical and economic aspects of hydrogen
as a promising energy carrier to solve global climate issues and increased concerns in the fossil fuel-based
energy economy [23,24]. However, the social aspects, particularly the study of public perception or acceptance

of hydrogen, has been significantly less frequent [25].

Country-specific studies such as for Germany [4,26,27], USA [28,29], England [30,31], and Spain [5] have
investigated the acceptance and implementation of hydrogen technology. In a more localized study, Heinz &
Erdmann [32] conducted a questionnaire survey in eight different European cities to compare public attitudes
towards hydrogen technologies. In a similar study, Ingaldi and Klimecka-Tatar [33] conducted a survey in
three Eastern Europe countries (Poland, Czech Republic, and Slovakia) to investigate public perception of
hydrogen energy and fuel cell vehicles. Although they use varying survey designs, the results concluded that
the public seems to have a positive impression of hydrogen technology. However, the studies also reveal that
the public is largely unaware of hydrogen beyond the automotive sector, and most individuals do not have
firsthand experience with hydrogen technology. Aside from perception, personal experience with hydrogen

technology can greatly influence the acceptance of hydrogen in daily life [26].

In addition, there are many hydrogen demonstrations or pilot projects involving different sectors and
technology types. In some cases, the projects are conducted in parallel with a community survey to evaluate
public reactions in experiencing hydrogen in action or as a preliminary assessment of public acceptance for
future investment in hydrogen technology. Notable projects include Clean Urban Transport for Europe
(CUTE), the largest demonstration project of fuel cell buses in nine different cities within Europe [31,34,35],
Sustainable Transport Energy for Perth (STEP), an initiative by the Government of Western Australia's
Department for Planning and Infrastructure to test three hydrogen fuel cell buses in the city of Perth [36]
and Ecological City Transport System (ECTOS), a demonstration project in Reykjavik, Iceland, using fuel
cell buses as well [37,38]. However, the respondents of these studies are often made aware of hydrogen and
its benefit, thus leading to potentially biased opinions and selective sampling compared to a random sampling

of the entire population [21].

Given the long history of Japan with hydrogen, there have been surprisingly few studies focusing on public
perception of hydrogen to date. The few available studies (in Japanese) were carried out by NEDO and

Mizuho Information & Research Institute as a nationwide survey conducted in 2008 [39] and 2009 [40],
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investigating social acceptance of hydrogen. Their results indicated that the public perspective of hydrogen
technology 1s relatively high, although most respondents do not have actual experience using hydrogen
technology. Itaoka et al. [7] conducted an updated survey in 2015, comparing the results to those of previous
surveys and focusing more on hydrogen in the transportation sector. The study concluded that public
knowledge of hydrogen energy, hydrogen infrastructure, and fuel cell vehicles increased significantly
compared to previous surveys. In a different study, Ono et al. [41] evaluated the public acceptance of hydrogen
stations in Japan using a risk perception scale. Their results showed that providing risk-related information

to the public will lead to a higher rate of acceptance.

At present, the majority of studies focus on a single aspect of hydrogen, mainly transportation, often
overlooking aspects such as production and storage, which also form the basis of a hydrogen-based economy.
This is partly because hydrogen technology is not widely available yet, and most are at prototype or pilot
stages, which leads to less public engagement. Furthermore, the potential transition to a hydrogen economy
is predominantly discussed among the scientific community [21]. Although hydrogen has been covered
extensively by the media over the years, the interest has featured recurring hype, often associated with
futuristic technology, environmental issues, and most recently COVID-19 post-economy recovery in the

energy sector [42].

Numerous surveys have been undertaken as integral components of research programs supporting the
development of regional or national hydrogen pilot studies. Among such programs is the ACCEPTH2 project,
a collaboration between four cities across the globe, including London, Munich, Luxembourg, and Perth. The
ACCEPTH2 study primarily focused on the attitudes and preferences of bus users [34]. However, the London
study encompassed fuel cell vehicles [30] and hydrogen refueling stations [31]. Thesen and Langhelle [43]
further extended the ACCEPTHZ2 study by employing the same set of questionnaires used in the London
study [30], but adapted them to the specific objectives of their study, which aimed to compare attitudes
towards hydrogen vehicles and refueling stations between Stavanger and London. Another noteworthy
program was the U.S. Department of Energy (DOE) Fuel Cell Technologies Program (FCT), which aimed to
evaluate individuals' understanding and awareness of hydrogen. This study specifically aimed to determine
whether any changes had occurred since the baseline survey conducted in 2004 [28]. To achieve this objective,
a second survey was conducted in 2008 and 2009 to provide insights into any shifts or trends that may have
occurred since the original survey [29]. The current study follows a similar approach, in that it seeks to

compare the results of previous surveys in Japan with the present.

Despite significant efforts made to explore the potential of a hydrogen economy, there remain notable gaps
in research. One such gap is the limited number of studies evaluating public perception and acceptance of
hydrogen from a system perspective, considering all stages from production to end-use applications.
Therefore, more comprehensive studies that take a holistic approach to examining public attitudes toward a
hydrogen economy are needed. Another gap in current research is the limitations of survey-based
methodology in providing a comprehensive understanding of changing attitudes over time. Aside from the
study conducted by the DOE, all other studies only capture public attitudes at a single point in time without
being compared with similar studies conducted in the same location. Survey-based methods tend to rely on
a static snapshot of public opinion and may not capture the dynamic changes in attitudes over time [44],

which are essential for understanding the evolution of acceptance of hydrogen and its technologies. Thus, a
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need exists for more longitudinal and in-depth research that considers various factors influencing public

attitudes toward a hydrogen economy.

Numerous comprehensive reviews have analysed public attitudes towards hydrogen and its technologies by
summarizing findings from previous studies considering the perspectives of the general public, experts, and
early adopters of hydrogen technologies. [21,22,45,46]. In this paper, 23 studies were selectively included for
comparison to ensure relevance to our study boundary. Over the years, 11 studies have used the interview
method, while 12 studies have used the questionnaire method. The majority of the studies were concentrated
in Europe, with 11 studies conducted in various European countries. Two studies were carried out in the
United States, and Japan was the only Asian country represented in the studies. Other countries that were
included in the studies were Iceland, Sweden, Norway, and Turkey. Table 1 presents a comparison of these
studies, including their method, survey year, location, and summary of their findings on different aspects of

the hydrogen economy.



Table 1: Summary of Literature Review — Studies analysing public perception or acceptance of hydrogen economy

Technology Socio-Economic
Ref | Survey Year Location Respondent Method Production | Storage End use | Knowledge Value Perception | Acceptance
[37] 2001 Iceland 1154 Interview . . . .
[30] 2003 414 Interview . . . . .
London
[47] 2003 Netherlands 612 Questionnaire . . . .
[31] 2003 London 346 Questionnaire . . . .
[34] | 2003-2004 1358 Interview . . . . .
4 cities®

[35] 2004 Sweden 541 Questionnaire . . . .
[38] 2004 Iceland 200 Questionnaire . . . .
[28] 2004 USA 2224 Interview . . . . . . .
[43] 2006 Norway 1000 Interview . . . . .
[32] 2006 Europe 3353 Interview . . . .
[29] | 2008-2009 USA 2825 Interview . . . . . . .
[39] 20082 Japan 1188 Questionnaire . . . . . .
[40] 20092 Tokyo 800 Questionnaire . . . . . .
[48] 2009 Norway 1000 Interview . . . . .
(4] 2010 Germany 1011 Interview . . . . .
[49] 2010 Netherlands 1214 Questionnaire . . .
(26] 2013 Germany 1000 Interview . . .
(41] 2014 Japan 2069 Questionnaire . . . . .
(5] 2015 Spain 1005 Questionnaire . . . . .
(7] 2015b Japan 3133 Questionnaire . . . . . .
[27] 2016 Germany 141 Questionnaire . . . .
[50] 2018 Turkey 10 Interview .




[33]

2019 - 2020

Europe

766

Questionnaire

2022

Japan

2880

Questionnaire

a Indicates studies used for comparison

b Indicates current study

¢ The 4 cities are London, Munich, Luxembourg, and Perth




3. Methodology

This study uses a questionnaire survey for data collection. Surveys are an effective and simple method

to gather descriptive data about public opinion, especially at the individual level. If the proper sample

techniques are used, they can offer a general assessment of the population under study. Based on an

earlier social acceptance study on hydrogen [25], a theoretical model was adapted to guide the

formulation of the survey questions. The following model in Figure 1 was designed to evaluate and

visualize various aspects that influence an individual’s opinions toward the acceptance of a hydrogen

economy. The three aspects are described as follow:

a.

b.

Knowledge on the Hydrogen Economy

The literature review has indicated the discussion of hydrogen is still novel among the public
audience. The level of knowledge is a good indicator to measure public understanding of hydrogen
as individual opinion may be vulnerable to media hype reporting when access to hydrogen related
knowledge is still limited. In addition, there are multiple interpretations or configurations of a
possible hydrogen economy [2]. Each of these different hydrogen futures are being explored by
different hydrogen supporters with their own agendas, characterized by different technology
configuration, economic feasibility, and environmental sustainability. The different yet
overlapping image of hydrogen economy is still a topic of substantial discussion and disagreement
among experts in the field and a consensus has not been reached [51]. This raises the questions

on how to inform the public on the innate complexity of this socio-technical transition.

Value

Personal values represent individual beliefs that serve as a guide in everyday life, motivate
actions, decision making and ultimately in improving the quality of life [52]. Every individual
holds various values with varying degrees of priority. As such, individuals with a stronger sense
of environmental value (for example) would be expected to play a more active role in solving

climate issues relative to those without [53].

Perception of Hydrogen Economy

The nuances of “Hydrogen Economy” are debatable. Hydrogen is typically regarded as an energy
carrier, not an energy source because it needs to be produced, stored, and distributed to the end-
user, similar to electricity [3]. Public perception and acceptance may be impacted by each process in
the hydrogen supply chain, as there are different methods to produce and store hydrogen. Fossil fuels,
renewable energy sources, or nuclear energy can all be used to make hydrogen. Given that each
production method has advantages and disadvantages, will people accept them all equally?
Similar questions can be made about various phases of the hydrogen supply chain. Therefore, a
specific image must be established to influence the acceptance of hydrogen in daily life. The
association of hydrogen with everyday life can serve as an indicator of how the public perceives

the issues with the technology[22].
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Figure 1° Theoretical Model of Public Acceptance of Hydrogen

The current study was conducted from a social-economic perspective rather than a technical-economic
focus. The questions and structure of the survey were designed to allow comparison with a previous
survey conducted in 2015 [7], using the same key questions in the questionnaire but also adapted to the
specific objectives of the current study. In total, 23 closed-ended questions were formulated under four
main aspects: () knowledge of hydrogen technology and various environmental policy; (ii) personal
values and energy concerns; (iii) perception of hydrogen economy; and (iv) acceptance towards the
establishment of hydrogen infrastructure in the community. In addition, social-demographic variables
were included in determining the general characteristic of respondents and influences towards
acceptance of hydrogen. Respondents were asked questions regarding their age, living location,

educational background, and personal income.

The survey was conducted in March 2022 using an internet-based survey, with respondents being
panelists of a Japanese marketing research company. The respondents were selected using a stratified
random sampling method to ensure our results were representative of the Japanese population. A total
of 2880 respondents were proportionally selected from the eight administrative regions of Japan based
on Japan’s 2020 population census [54]. The average age of the respondents was 42.8, and the majority of
respondents had completed an undergraduate education (n=1071). One of the key differences between
online surveys and traditional surveys is that online surveys may have a sample-biased towards younger
sample populations [55]. In the present case, the traditional surveys conducted in 2008 and 2009 had an
average age of respondents of 49.0 and 48.1, while the online surveys conducted in 2015 and 2022 had an
average age of respondents of 45.4 and 42.8 respectively. Table 2 summarizes the social demographics of

respondents.



Table 2: Social Demographics of Survey Respondents conducted in March 2022

Demographic of respondents (N=2880)
Age Distribution (%)

18-29 14.7
30-39 22.8
40-49 30.0
50-59 29.7
60 2.8
Regional Distribution (%)
Hokkaido 3.5
Tohoku 6.5
Kanto 35.1
Chubu 16.3
Kansai 18.1
Chugoku 6.6
Shikoku 3.4
Kyushu 10.5
Education (%)
Middle School 2.5
High School 29.8
Vocational School 15.6
Junior College School 10.4
Undergraduate School 37.2
Graduate School 3.8
Others 0.7
Personal Income (millions yen, %)
0-2 36.0
2.4 21.5
4-6 13.3
6-8 8.2
8-10 4.4
Above 10 3.4
Unknown 13.2
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4. Results & Discussion

The following section presents the descriptive analysis of the survey results and their implications under
four key aspects: knowledge of hydrogen technology and various environmental policies; personal values and
energy concerns; perception of hydrogen economy; and, acceptance towards the establishment of hydrogen
infrastructure in the community. The current survey results are mainly compared with 2015 but also with
surveys from 2008 and 2009 when applicable. The basic data implementation and the sample characteristics
of all surveys are shown in Table 3.

Table 3: Basic data implementation and sample characteristics of survey

2008 2009 2015 2022
Survey Period Feb 2008 Oct 2009 Mar 2015 Mar 2022
Survey Area Japan Tokyo Japan Japan
Traditional Traditional
Survey Method Online Online
(random walk) (random walk)
Two stage
Sampling Stratified Stratified Stratified
stratified
Method sampling sampling sampling
sampling
Sample Size 1188 800 3133 2880
Average age 49.0 48.1 45.4 42.8
Average years
13.1 134 14.1 13.9
of education
Percentage of
51.0 50.3 45.4 55.1
female
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4.1. Knowledge

A series of questions were asked to assess the public knowledge of various energy resources & technologies,
hydrogen technologies, and environmental policies. The 2022 survey used a four-point likert scale comprising
of "I know it well", "I know it fairly well", "I have heard of it", and "I have never heard of it". However, to
facilitate comparison with the results from previous years, the scale was converted into a three-point scale
by combining the options "I know it well" and "I know it fairly well" into a single option labeled "I know it".
As a result, the final three-point scale included the options "I know it", "I have heard of it", and "I have never

heard of it".
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Figure 2: Self-reported knowledge of various energy resources & technologies

Figure 2 shows the results regarding the self-reported knowledge of various energy resources and
technologies within the Japanese community. In 2022, self-reported knowledge of hydrogen was high, with
46% of respondents saying they had heard of hydrogen energy and 43.5% of respondents saying they knew
the topic well. Additionally, the results comparison reveals that from 2008 to 2015 to 2022, public knowledge
of hydrogen energy increased. It is noteworthy to highlight that public knowledge of hydrogen energy is
comparable to that of hydropower, a well-known renewable energy. But compared to more popular types of
energy like solar, wind, and nuclear, knowledge of hydrogen energy is lower. Geothermal and biomass energy
are less well-known than solar and wind energy. Compared to biomass and geothermal energy, solar and

wind energy are widely reported in mass media.
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Figure 3: Self-reported knowledge of various hydrogen-based technologies

The prior experiences that people have had with a specific new technology play a significant role in how they
perceive it. Respondents were therefore questioned about their familiarity with various hydrogen
technologies. Due to its relevance to people's everyday lives, hydrogen end-use applications are more well-
known as compared to hydrogen production and hydrogen storage, as shown in Figure 3. Since they are more
frequently mentioned in the media for the production of renewable hydrogen and refueling stations, water

electrolysis and liquid hydrogen are more recognized.
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Figure 4: Objective knowledge on the properties of hydrogen and fuel cell vehicles

Six questions about the properties of hydrogen and fuel cell vehicles were specifically developed to gauge
public knowledge on hydrogen, as shown in Figure 4. Apart from the question of whether ‘hydrogen is an
energy source’, around 30% of the respondents correctly answered all the properties of hydrogen. Compared
to the 2009 and 2015 surveys, fewer people in the 2022 survey answered each question correctly. The question
with the lowest percentage of correct responses (7%) asked whether hydrogen is an energy source (as opposed
to an energy carrier). The majority of the respondents are aware of hydrogen's use as a fuel for vehicles, with
42.4% indicating that the byproducts of fuel cell vehicles are water and heat. In contrast, only 10.9% of
respondents are knowledgeable about know how fuel cell technology works, especially how it's used together
with electric motors.. Compared to previous surveys, wherein approximately 30% of respondents answered
the question correctly, the percentage of knowledgeable respondents in the current study was notably lower,
at 10.9%. However, a significant proportion of respondents opted for the "I don't know" option (48.3%), which
was a prevalent response across all questions in the survey. For comparison, removing those who did not give
a correct or incorrect answer, the ratio of correct to incorrect answers was still higher across all categories in
previous studies. For FCV operation, the ratio was approximately 1.4 in 2009, 1 in 2015, but only 0.27 in
2022, meaning that while in the 2009 study more respondents selected the correct answer than the incorrect
one, in 2022 only one in five respondents was correct. It is difficult to argue for any clear reason that this

would occur outside of sample variability.

The measure of objective knowledge, as opposed to self-reported knowledge, reveals gaps in public
understanding towards hydrogen. Despite objective knowledge being lower in the 2022 survey than in prior
years, self-reported hydrogen knowledge was greater in 2022. This discrepancy between objective and self-
reported knowledge could be due to a variety of reasons. While the respondents may be aware of hydrogen
and its potential applications, their understanding may be limited to a surface level due to a lack of exposure

or educational opportunities. For instance, respondents may overestimate their understanding of hydrogen
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and its technologies, and there are limited opportunities for individuals to truly interact with hydrogen
technologies, leading to a lack of familiarity and understanding. Moreover, the public's limited knowledge
could potentially be attributed to a perceived lack of relevance rather than a lack of understanding of energy
supply chains, which are often integrated into daily life and operate in the background, making them largely

unnoticed by the average user, except during energy crises.
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Figure 5: Self-reported knowledge of various energy-relatedpolicy

Figure 5 presents the self-reported knowledge of respondents towards various environmental or energy
policies. The three policies that people are most aware of by considerable margins are "The Paris Agreement
(74.1%)," "The Kyoto Protocol (69%)," and "The Sustainable Development Goals (65.6%)" which we can expect
to be a result of continuous media coverage. Despite the Japanese government's promotion of a society based
on hydrogen since the 1970s and its regular support for demonstration projects across the nation [56], policies

pertaining to hydrogen are relatively unknown in the Japanese society.
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Figure 6 Sources of energy-related information for the respondents

In a follow-up question, respondents were then asked to rank the top three media sources they utilized to
keep up with news relating to energy. As shown in Figure 6, the most common sources of information include
TV news (78.9%), internet (41.4%), and newspapers (20.1%). It is important to determine the source of a
person's information since it is likely to influence their perspective. By emphasizing certain parts of a topic
and ignoring others, which is called specific framing [57], the media can influence public perception of
hydrogen in a non-neutral way, as well as how these perceptions are evaluated [26,58]. For example, the
majority of media reports positively on the environmental benefits of hydrogen, often ignoring the actual
situation surrounding hydrogen production [6]. This may result in people having a perception that differs
from the actual situation (see Figure 10). Therefore, fundamental and accurate framing of hydrogen in media

coverage is crucial to the communication process.

The public's knowledge and understanding of hydrogen and hydrogen-related technologies appears to be
quite limited, which is consistent with the findings of previous survey studies [7,22]. The rare exceptions are
located in a few specific locations where the demonstration project or campaigns increased knowledge and
generated public interest [21]. With the exception of a few niche products that are currently available on the
market, hydrogen technologies are still in the laboratory or prototype stage, thus there are few opportunities
for individuals to really interact with them [21]. When they do, it is most commonly in the form of
demonstration projects, which may or may not eventually develop into full-scale, commercial technologies.
Furthermore, the potential transition to a hydrogen economy is predominantly discussed among the scientific
community, while the coverage of hydrogen in the mainstream media, such as television and news articles,
has tended to be sporadic. In addition, the data suggested a general lack of understanding concerning
hydrogen properties and related technologies, since very few people were able to answer the questions

correctly.
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Low levels of public knowledge might reflect a lack of relative importance rather than a lack of understanding
of energy technology [44]. Energy is frequently unseen to the average user, especially those who reside in
developed countries, apart from during times of energy crises. These crises can be sudden and impact whole
populations, as was the case with the energy crisis in the 1970s, or affect the most vulnerable groups, such
as people living in energy poverty [59]. Continuing from the last point, energy production stages are
frequently remote and unknown, while routes of transportation are often hidden from the public’s view, and
consumption is integrated into ordinary everyday activities. In addition, energy cost has historically been
reasonable for the average user under normal circumstances, and there are rarely any immediate or apparent
environmental repercussions [44,60]. In summary, energy consumption is a common yet mostly unnoticed

event for the average user, with the exception of supply disruptions or price increases.

4.2. Value

Values and identities at the personal level are critical determinants that drive individuals' actions on
environmentally or socially relevant issues such as climate change [53]. Understanding the connection
between personal values, identities, and environmental action is important in designing effective
communication and engagement strategies that can effectively motivate individuals to take meaningful and

sustained action.
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Figure 7: Personal priority in solving energy concerns

Figure 7 presents the results of a survey question where respondents were asked to rank their top three
energy concerns that the government should prioritize. This question was designed to align with Japan's
"3E+S" energy policy objectives, which aim to balance energy security, economic efficiency, environmental
protection and safety in the country's energy mix. An additional statement was included in the survey to
assess the respondents' opinions on achieving equity in both social and economic participation within the
energy system. The results indicate that adopting cleaner technology to protect the environment is the

primary concern among the Japanese community, with 59.3% of respondents prioritizing it as their number
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one concern. Maintaining energy security, or a stable supply of energy, is a close second, with 57.5% of

respondents, while reducing the cost of energy through increased economic efficiency ranks third with 47.6%.

Note
Green Hydrogen: higher cost but lower emissions
Grey Hydrogen: lower cost but higher emissions

Figure 8 Preference of hydrogen production

In a follow-up question, respondents were asked to select their preferred method of hydrogen production:
green hydrogen (described as higher cost but lower emissions) or grey hydrogen (described as lower cost but
higher emissions). Green hydrogen is often considered more environmentally friendly than grey hydrogen
due to its clean production method, which is produced by electrolysis of water molecules using renewable
sources such as wind, solar, and hydropower [3]. This results in significantly lower carbon emissions and a
smaller overall environmental impact. However, the production costs of green hydrogen are higher due to the
more energy-intensive process and the need for specialized equipment and infrastructure. On the other hand,
grey hydrogen, while less environmentally friendly, is currently the most cost-effective method for producing
hydrogen [3]. Grey hydrogen is produced using non-renewable sources such as natural gas or coal, resulting
in a higher carbon footprint. However, due to the low cost of these resources and the well-established
infrastructure for grey hydrogen production, it remains the most widely used method for producing hydrogen

on a large scale. Both methods have distinct costs and benefits that will likely impact their acceptance.

It is worth noting that there are also other methods for hydrogen production that seek to balance cost-
effectiveness and environmental impact, such as blue hydrogen. This method uses fossil fuels but
incorporates carbon capture and storage technology to reduce carbon emissions [3]. As the demand for
hydrogen grows, blue hydrogen may become an increasingly viable option as an intermediate phase before
transitioning to green hydrogen. However, the option of blue hydrogen was omitted from this question as the
objective was to examine the factors of cost and environmental impact of producing hydrogen. The option of
blue hydrogen will be included in a future survey to allow for a comparison of different hydrogen production

methods.

The results showed a division among the respondents, with 55% opting for grey hydrogen production, and

45% choosing green hydrogen production, as shown in Figure 8. An interesting observation is that among
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those who prioritized 'adopting cleaner technology' as a government energy concern (n=1401) (see Figure 7),
55.5% favored grey hydrogen production, while 44.5% selected green hydrogen production. This suggests that
the consideration of environmental impact alone does not guarantee that individuals will choose the more

environmentally friendly method of producing hydrogen, as cost considerations also play an important role.

Although most individuals are aware of the reality of climate change and the importance of environmental
conservation, a lack of conversion of this into awareness into action is hindering progress in addressing these
pressing issues. In the context of a future hydrogen-based economy, the Japanese community remains divided
on the best method of hydrogen production. The findings indicate that both cost considerations and
environmental values are of equal importance in determining the most sustainable method to hydrogen
production. To drive more action on climate change mitigation, raising knowledge of the strong environmental
values held by others can be an important tactic, especially for those who are not personally highly motivated
to take action [53]. This recognition of shared values can be a powerful motivator for individuals to act on the
pressing issue of climate change. Furthermore, government and industry must collaborate to lower the cost
of green hydrogen production. Governments can establish policies and incentives to promote environmentally
friendly, cost-effective methods, while industries can invest in R&D to improve production processes and

minimize costs.

4.3. Perception
The perception of a hydrogen economy refers to the widespread understanding and outlook on the role and

potential of hydrogen as an energy carrier in meeting energy demands and reducing reliance on fossil fuels.
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It includes beliefs, attitudes, and opinions of individuals towards the viability, feasibility, and sustainability
of using hydrogen as an energy carrier. The perception of a hydrogen economy is shaped by various factors,

including technical advancements, economic viability, environmental impact, and media influence.
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Figure 9° Public perception towards future hydrogen-based economy

In Figure 9, respondents were asked their opinions on five future hydrogen-based economy statements. Three
statements were adapted from a previous study by Itaoka et al. [7], while two statements were created
specifically for this study. Through all the questions, the public's perception of a future hydrogen-based
civilization was predominantly neutral compared to previous years (ranging up to 50% in some cases). The
perception of respondents that hydrogen is dangerous when used in daily life has declined marginally (26.9%),
however more people responded neutrally (57.7%) than disagreed (15.4%). At the same time, a decline in
optimism can be observed over the reduction of reliance on fossil fuels (38.7%) and the use of more hydrogen
energy to combat global warming (39.1%). As for economic factors, almost half of the respondents (45.9%)
believe hydrogen technologies are still too costly, making it difficult for consumer adoption. On the other hand,
hydrogen is often touted by governments as a catalyst for job creation and economic growth in sectors like
energy, transportation, and manufacturing [61]. Despite its potential benefits, the responses to the idea of a
hydrogen-based economy are mixed. People are cautious about the high costs involved in the transition, with
57.3% having a neutral stance, 30.3% agreeing, and 12.4% disagreeing. In short, the perception of hydrogen
economy varies, with some people viewing it as a promising solution to reducing greenhouse gas emissions
and dependence on fossil fuels, while others view it as having significant technological and economic

challenges that need to be addressed.
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Figure 10° Comparison of public perceptions and reality of hydrogen production and usage

How the general public perceives the technology can be determined by what they associate with hydrogen.
In a recent survey conducted in 2019, New Energy and Industrial Technology Development Organization
(NEDO) examined Japanese citizen’s about their first image associated with the term “hydrogen” [62]. The
survey reveals that they were mostly neutral and centered on topics such as “hydrogen water [63]”, water
(H20) and the chemical element “H”. People's perception of hydrogen's environmental friendliness is mostly

because its byproduct is water, which they believe is not harmful [62].

In Figure 10, respondents were asked to rank the top three production and usage methods of hydrogen from
a list of answers. A report published by the IEA in 2021 details the actual production and utilization of
hydrogen [64]. Many individuals believe that, in addition to natural gas (43%), electrolysis using either
renewable (69%) or non-renewable electricity (61%) produces hydrogen. The results are not aligned with the
actual production of hydrogen, which consists primarily of natural gas (59%), industrial byproducts (21%),
and coal (19%). An interesting finding is that 40% of respondents believe that the supply of hydrogen is
derived by capture from the atmosphere. Similarly, many individuals believe that hydrogen is primarily
employed in clean technologies such as fuel cell vehicles (74%), residential fuel cell (50%), and energy storage
(48%). In actuality, hydrogen is utilized in oil refineries (44%) and in the manufacture of ammonia (37.9%)
and methanol (12.6%). Although people generally have a neutral perception with a positive inclination
towards hydrogen, their perceptions of its production and application diverges from the actual reality. This
discrepancy further reinforces the knowledge gap in public understanding of hydrogen, as demonstrated by
the comparison between self-reported knowledge and objective knowledge of the respondents. It can stem

from a lack of accurate information or an incomplete understanding of the hydrogen economy, which leads to
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a skewed view of hydrogen that does not accurately reflect the reality.

According to this survey, most people's perceptions toward hydrogen as a part of the energy system were
neutral, with the majority of remaining respondents leaning towards a positive perception, indicating
acceptance. However, these favorable responses were accompanied by a lack of experience, familiarity, or
knowledge as indicated in the previous section. This finding contradicts the assumption that the public holds
mainly negative opinions about hydrogen [21]. Acommon dynamic seen in emerging technologies is the initial
positive perceptions combined with a low level of knowledge, such as in the case of renewable or hydrogen-

based technologies [65].

Public perceptions are formed by the combination of individual experiences, internal values, and external
viewpoints [26]. Modern society enables individuals to choose which media outlets to follow and how to
acquire information. However, the accuracy and reliability of mass media are a matter of global concern,
given that most mass media may emphasize deliberated and hype reporting to attract people’s interest [27,66].
As a result, the viewpoints shaped by mass media may contribute to forming public perceptions in a biased,
non-neutral way [67]. This raises fundamental questions regarding how to engage the public in meaningful
communication about the complexities surrounding hydrogen, such as the various methods of production. It
is essential for stakeholders in the energy sector to engage with the public and provide clear and accurate
information about hydrogen to bridge the knowledge gap and build trust and support for its wider adoption

and integration into the energy mix.

The studies of public perceptions are to comprehend, characterize, and explain what the public understands
and believes about emerging technologies, as well as how they have responded or may respond to their
implementation. This will facilitate communication between governments, industry, academics, and the
public in providing accurate and reliable information about the current state of the technology. Although
understanding public perceptions is not a guarantee of acceptance, the absence of such information will likely

result in failure [44].
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4.4. Acceptance

Public acceptance of the hydrogen economy refers to the level of support and willingness of the general public
to adopt hydrogen as an energy carrier [27]. The level of public acceptance may be influenced by various
factors such the availability and accessibility of hydrogen infrastructure, the utilization of hydrogen-based

technologies and the perception of its safety.
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Figure 11° Public acceptance towards hydrogen-based economy

The acceptability of a future hydrogen-based economy was assessed by surveying respondents on their
perspectives regarding hypothetical scenarios, as depicted in Figure 11. To comprehend historical acceptance
of hydrogen, the results were compared with previous surveys using the response options "Support,"
"Oppose," or " Can't say either." Compared to previous years, the current survey shows a shift towards a more
neutral stance on public acceptance of hydrogen economy, mirroring a shift in public perception (see Figure
9). This change may be due to a growing understanding of the hydrogen economy's potential benefits, as well
as increased knowledge of its limitations and challenges. The level of acceptance for various hydrogen-based
applications showed variability. The most positive response was observed for fuel cell buses and fuel cell
vehicles, with 41.3% and 43.6% of respondents showing support, respectively. This is likely due to the
perceived benefits of hydrogen vehicles (fuel cell vehicles & fuel cell buses), such as being environmentally
friendly, quiet, and clean. On the other hand, the implementation of hydrogen stations and the conversion of
existing gas stations to sell hydrogen received a generally acceptable response with 32.3% and 35% support
respectively. However, the proposal to install hydrogen pipelines and storage tanks in communities faced
more resistance compared to other hydrogen-based technologies, with roughly equal levels of support and

opposition among respondents.

The level of acceptance for hydrogen vehicles is notably higher than the acceptance for the installation of
hydrogen stations and gas stations that sell hydrogen. The deployment of hydrogen stations and gas stations

that sell hydrogen is critical for facilitating the widespread adoption of hydrogen vehicles, given that these
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vehicles require a source of hydrogen to power their fuel cells. Nonetheless, some respondents have shown
resistance to the installation of such infrastructure due to safety concerns, as highlighted in Figure 12. These
concerns often arise from the perceived risks of hydrogen leakage, explosions, or fires, leading some
individuals to be hesitant in supporting the installation of hydrogen stations and gas stations that sell

hydrogen in their communities.
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Figure 12 Risk perception of hydrogen infrastructure

Figure 12 shows that approximately half of the respondents had a neutral stance (were unable to say that
they agreed or disagreed), while twice as many of the remaining respondents considered that there were
safety risks associated with hydrogen infrastructure (hydrogen stations, hydrogen pipelines, hydrogen
storage tanks). These respondents believed that hydrogen infrastructure is not considered to be reliable
(29.3%) and may cause widespread damage in the event of an accident or malfunction (31.9%). This highlights
the need for improvements in related policies and regulations to address public concerns and ensure the

safety and reliability of hydrogen infrastructure, an issue that 38% of respondents agree on.

Risk perception is an important topic when considering large scale technology change. However, from a risk
perspective, there is the perceived risk, as well as the actual risk. Perceived risk of hydrogen refers to the
general public's perception of the safety of hydrogen and its use, which is often influenced by media coverage
and past incidents. The public is likely to overestimate the risk of hydrogen due to unfamiliarity with the
technology, resulting in a perception that is higher than the actual risk due to the reputation of hydrogen
being highly flammable and explosive, leading to fear of its use [68]. Actual risk of hydrogen, on the other
hand, refers to the real and quantifiable risks associated with hydrogen and its use. Hydrogen can be a safe
fuel when properly handled and used with appropriate safety measures and guidelines in place [69]. In
comparison to traditional fossil fuels, hydrogen has the potential to be much safer, as it is non-toxic and
disperses quickly in the atmosphere in the event of a leak [70]. It's important to note that the actual risk of
hydrogen can be further reduced through proper handling, storage, and transportation, making it a safe
option for various applications, including transportation, energy storage, and industrial processes.
Furthermore, improving public understanding of the safety of hydrogen and addressing these concerns
through education and communication efforts can help to improve the risk perception of the hydrogen

economy and increase its public acceptance.
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Public acceptance of the hydrogen economy varies across different technologies but tends to be positive,
except for cases of neutral stance.. The transportation sector has shown particular interest in using hydrogen
to reduce greenhouse gas emissions, reflecting a growing recognition of the need for clean energy solutions.
In addition, support for the hydrogen economy is also being driven by government policies and investments

in research and development, as well as private sector investments in fuel cell technology and infrastructure.

One of the most critical aspects to note is hydrogen-based technologies distinguish themselves from other
energy technologies by their multi-stage acceptance criteria, as the concept of a hydrogen economy
encompasses the entire energy supply chain [3]. To explain this further, renewable energy and end-use
technologies such as photovoltaic panels and electric vehicles only require public acceptance at their
respective stages of production or usage. Furthermore, both energy technologies utilize the familiar energy
carrier, electricity. As a result, creating a successful hydrogen economy presents a unique challenge, where
any shortfall in public acceptance at any stage can affect the entire supply chain. A lack of support for a
particular method of hydrogen production can lead to negative consequences for the acceptance of hydrogen
storage, transport infrastructure, and hydrogen-based applications, and the reverse is also true. High levels
of public acceptance can lead to increased investment and development in the hydrogen economy, while low
levels of acceptance can hinder its growth and adoption. In order to further advance public acceptance of the
hydrogen economy, it will be important to continue to educate the public and address any concerns they may

have, while also advancing the technology to make the hydrogen economy a more viable and attractive option.

5. Conclusion and Policy Recommendations

This study assesses public knowledge, perception, and acceptance of hydrogen technologies by comparing the
results of a community survey conducted in March 2022 to previous surveys. It provides a different
perspective by examining the hydrogen technologies from a system perspective, an aspect that is often
overlooked in other studies. Additionally, surveys only capture public attitudes at a single point in time [44],
so comparing surveys addresses the limitations of survey-based methodology in providing a comprehensive
understanding of changing attitudes over time. The results indicate some variations resulting from the

survey sample and reference year, and can be summarized as:

e The objective knowledge of hydrogen is lower than self-reported knowledge, indicating a gap in public
understanding. The objective knowledge of hydrogen has decreased in the 2022 survey compared to
previous years, but self-reported knowledge has increased.

o The public's limited knowledge might be attributed to a lack of perceived relevance instead of a lack
of understanding. Energy supply chains are often integrated into daily life and operate in the
background, making them largely unnoticed by the average user, except during energy crises.

e The Japanese community is split on the choice between green hydrogen and grey hydrogen production.
Cost and environmental factors both play a crucial role in determining the most suitable method for
hydrogen production.

e In the short term, blue hydrogen may be a viable option to balance cost-effectiveness and
environmental impact as an intermediate phase before transitioning to green hydrogen.

e Public perception of hydrogen is neutral, with a positive inclination, but their understanding of its

production and utilization diverges from the actual reality, which leads to a skewed view of hydrogen
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that does not accurately reflect the reality.

e The level of acceptance for different hydrogen-based applications varied. Among end-use applications,
transportation received the most support, followed by refueling infrastructure and storage
infrastructure.

e The results of the current survey showed a predominantly neutral response compared to previous
years, leading to inquiries about the necessary strategy to educate the public and provide reliable

information on the status of the technology.

The results of the survey, which was a representative sample of the Japanese population, indicate that
respondents are generally more accepting of the use of hydrogen in the transportation sector. This aligns
with the Japanese government's plans to expand the use of fuel cell vehicles in the near future [12]. However,
fuel cell vehicles face stiff competition from battery electric vehicles in the passenger sector due to the rapidly
declining cost of batteries [71]. Opportunities may exist in the long-haul trucking sector, which faces
significant challenges in decarbonisation due to factors such as long distances, unpredictable routes, and
strict regulations. Battery electric trucks are not yet a practical option for this sector due to the heavy weight
of batteries, slow charging speeds, and lack of infrastructure for electrification on remote routes [72]. Fuel
cell trucks present an opportunity to decarbonize the long-haul trucking sector due to faster refueling speeds
and lower weight compared to batteries, which can increase payload capacity. Furthermore, the
establishment of refueling infrastructures along long-distance routes in addition to urban areas is expected

to have a positive impact on the adoption of fuel cell vehicles in the passenger sector [71].

Another important point concerns the production of hydrogen. Currently, hydrogen is predominately
produced by non-renewable sources with high carbon emissions [64]. Green hydrogen has not yet reached a
stage where it can compete with grey hydrogen on a cost basis, and only represents a small proportion of the
market [64]. If there is an increase in demand for hydrogen, this will result in the challenge of sustainably
producing cost-efficient and environmentally-friendly hydrogen. Therefore, investment policies can be
focused on blue hydrogen in the short term to balance between cost-effectiveness and environmental impact,
which are significant considerations in the Japanese community (according to the survey). This could serve
as an intermediate stage before making the transition to green hydrogen. However, it is important to set a
timeline to phase out blue hydrogen to transition to green hydrogen and avoid the technology lock-in of blue
hydrogen production infrastructure. After all, the ultimate objective of a hydrogen economy as it was

originally conceived by John Bockris, is to generate hydrogen from renewable energy sources [73].

In recent years, there have been increasing investments and research into the development of hydrogen
technologies globally and in Japan, and there are signs that the hydrogen economy is starting to take shape.
However, there is also recognition that it will take time and significant effort to fully realize the potential of
hydrogen. The current status of the hydrogen economy is optimistic but cautious. There is growing
recognition of the potential for hydrogen to play a significant role in the transition to a more sustainable
energy future. However, a significant portion of respondents remain neutral or undecided (ranging up to
50% in some cases), reflecting a general unfamiliarity with hydrogen and its potential applications. The
question arises, what information the public needs and who they trust as a credible source. The survey
reveals the preferred media sources used by the Japanese community to understand energy related news,

which can differ from those used in other countries. To effectively disseminate information, the Japanese
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government should focus on utilizing these preferred media sources and address two key issues. Firstly,
addressing the knowledge gap that is prolonging the lack of understanding surrounding hydrogen's actual
situation. Secondly, addressing public concerns about the safety of hydrogen to differentiate between
perceived and actual risks associated with hydrogen. Addressing these issues will enable consumers to make
informed decisions regarding hydrogen technologies, which is crucial in promoting wider acceptance and

understanding of hydrogen as a future energy carrier.

This study is one of the first to analyse and describe, using a qualitative approach, the evolving attitudes of
the Japanese community towards the hydrogen economy. However, the current study has limitations in
exploring complex and unfamiliar topics within the community in depth. Surveys typically rely on closed-
ended questions and multiple-choice answers, which can result in limited information and a lack of nuance
in the responses. To address the limitations, two approaches can be taken. Firstly, by expanding the scope of
the study by incorporating methods such as interviews or focus group discussion to gain a deeper and more
detailed understanding of the subjects being studied. Secondly, by conducting quantitative studies that utilize
explanation-focused analyses, such as regression models, to determine the impact of specific factors on
acceptance. This approach can provide a more data-driven and systematic evaluation of the topic and provide
insights into underlying relationships and patterns. Although explanation-focused analyses have been
undertaken to examine the public acceptance of fuel cell vehicles [7] and refueling stations [41] in the
Japanese community, the public acceptance of the hydrogen economy from a system perspective requires

additional evaluation.

In conclusion, understanding public acceptance of hydrogen, therefore, allows for potential objections to be
identified early on and to influence the development and diffusion of the technology. The acceptance of the
hydrogen economy is a multi-faceted and multi-stage challenge, encompassing a range of actors including
community, market, and government acceptance. The success of the hydrogen economy will require
addressing and overcoming these challenges at each stage of the hydrogen value chain, including production,
storage, transportation, and application. The results of this study are expected to improve the current state
of knowledge and serve as basic information in establishing a strategy for a future hydrogen economy
transition. The goal is to establish an operational, equitable and inclusive hydrogen economy that aligns with

the collective desires and needs of all stakeholders.
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