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Abstract

This study examines perspectives on the transition to a hydrogen economy, incorporating views from 65
experts across 22 countries. The results are categorized based on the experts' experience levels, the net
energy import or export status of their respective countries, and by contrasting perspectives from both past
and present. Amid intensified efforts to combat climate change, nations are shifting towards carbon
neutrality, rekindling interest in a hydrogen-based energy system. Despite past waves of interest in
hydrogen that have not seemingly produced progress, experts anticipate a significant future role for
hydrogen, spurred by strategic initiatives and technological progress. They expect the emergence of a
hydrogen trade landscape, akin to the fossil fuel market, with countries acting as exporters, importers,
or transit hubs. In the short term, experts are divided on the preferred hydrogen method. However, in
the middle and long term, there is a clear consensus among experts that the transition should move
towards green hydrogen. Furthermore, recognizing that the shift towards a hydrogen economy requires
a multi-dimensional approach, policymakers must adeptly balance technological, economic, political,
environmental, and social factors to overcome persistent barriers and fully capitalize on hydrogen's

unique potential.
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1. Introduction

As global efforts intensify to limit anthropogenic climate change [1], there has been a worldwide shift
towards carbon neutrality [2,3]. This involves a combination of initiatives such as reducing greenhouse
gas emissions [3], transitioning to renewable energy sources [4], implementing carbon capture
technologies [5], and promoting sustainable practices among both industries and individuals [6]. The
pledge towards carbon neutrality has been gaining significant momentum, with major nations like the
United States, China, and the European Union, as well as smaller emerging nations, committing to
achieve a net-zero target by 2050 in mitigating global climate change [7]. However, achieving this will
require decarbonization across various sectors [8,9], including power [10], transportation [11], buildings
[12], and industry [13].

Given its versatility in various sectors, hydrogen is a potential option for decarbonization. While not
new [14], it has garnered significant attention again in recent years [15]. The prospect of a hydrogen
economy has been incorporated into national energy policies in numerous countries [16]. Yet, the
interpretation and proposed implementation of hydrogen varies significantly from one country to
another [17]. For instance, Japan has incorporated the prospect of a hydrogen economy into its national
energy policy [18], seeing hydrogen as a means to achieve carbon neutrality by 2050. In contrast,
Australia perceives hydrogen differently, viewing it mainly as an export commodity [19], indicating the
potential for a growing hydrogen export industry. Despite these differences, the varying interpretations
and implementations of hydrogen usage underline its potential to revolutionize the global energy
landscape. Some view it as a key component for power generation [20], others see it as a strategic
resource to store excess renewable energy [21], and some emphasize its role in transitioning towards a

greener transportation sector [22].

The wide array of approaches to hydrogen reflects the unique energy landscapes of each country, but
they also hint at the potential for international synergies in forging a hydrogen economy. Recognizing
the strengths and limitations of each country in the development of a hydrogen economy could pave the
way for global collaboration. Reflecting on the journey of the hydrogen economy thus far [23,24], it is
important to recognize that most previously declared milestones have been missed [25,26], and the pace
of progress has been slower than initially anticipated [27]. To understand the reasons behind these
delays, it 1s important to critically evaluate current progress of the transition to a hydrogen economy, as a

record for future reference to help the transition towards a hydrogen-based future remain on track.

1.1. Research Aim

The aim of this study is to evaluate multinational perspectives of the transition to a hydrogen economy
through an expert survey, categorizing results based on the experts' experience levels, the energy trade
status of their respective countries, and by contrasting perspectives from both past and present. The study
was structured as an exploratory framework with two key objectives. Firstly, it sought to gather expert
opinions on past drivers, and barriers to adopting hydrogen technology, as well as the current state of
the industry, in order to determine whether these factors have evolved over time. Secondly, the study
sought to clarify the different, yet overlapping interpretations of the hydrogen economy among experts
from academia, industry and policy making bodies. This expert survey is part of a parallel study with a

community survey in Japan [25]. The combined study aims to understand the varying perspectives on the
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hydrogen economy among diverse social groups, including academia, industry, government, and the general
public. The hydrogen economy was initially envisioned as a universal energy carrier that could
efficiently produce and distribute hydrogen from renewable energy sources [14]. Recently, the role of
hydrogen has evolved, leading to diverse interpretations of a future hydrogen economy and forging
connections with social movements such as the just transition [28], which promotes an equitable

transition towards a sustainable energy system, referred to as a just hydrogen economy [29,30].

The remainder of this paper is structured as follows. Section 2 provides the background, including a
summary of the available expert surveys on hydrogen. Section 3 presents the methodology used, and
Section 4 discusses the survey results. The final section summarizes the main conclusions and

recommends policy actions.

2. Literature Review

In recent years, a growing body of literature has examined community stakeholders' experiences
[31,32], perceptions and expectations regarding the development of the hydrogen economy [33-35].
Although these studies provide valuable insights, they often overlook the perspectives of experts who
play a critical role in shaping public policies, strategies, and investment in the hydrogen value chain.
Recognizing this gap in the literature, a critical review has been conducted to evaluate the academic
scholarship dedicated to understanding the hydrogen economy through expert survey-based studies. By
conducting a comprehensive analysis of peer-reviewed articles using Scopus document analysis, the
literature review established the current state of knowledge on the topic, identifies the key themes and
findings of expert survey-based studies, and sheds light on the research gaps, providing a
comprehensive background for our study. The papers were classified into three thematic groups, which
are described in Tables 1 to 3 and the sections below. The studies denoted with an asterisk (*) in the
year column signify that survey questions were presented in those studies and have been used as a

reference for the survey questionnaire implemented in this study.

Insights from Hydrogen Economy Studies in National Context
The first set of thematic papers relate to national-level studies in specific countries. Table 1 summarizes
these studies, which focus on future expectations, characteristics, socially integrated risks, and

stakeholder perspectives in various countries.

Table 1:° National Level Hydrogen Economy Studies

Year Theme Description of Study Ref

2010* | Hydrogen Economy | Investigate the expectations for the future of the [36]

technological advancements in hydrogen in Turkey

2016* | Hydrogen Economy | Identify characteristics of hydrogen economy in [37]
China and recommend strategies for advancing its

progress

2020 | Hydrogen Economy | Evaluate the socially integrated risks related to the | [38]
adoption of a hydrogen energy system and compared

it to a gasoline energy system in Japan
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2022* | Hydrogen Economy | Comprehend the perspective of the primary [39]

stakeholders of the hydrogen economy in Brazil

The hydrogen economy has garnered increasing attention as a potentially sustainable alternative to
traditional energy systems [40]. Researchers across the globe have sought to understand the potential
of hydrogen as an energy carrier, as well as the challenges and opportunities it presents. For example,
Celiktas and Kocar [36] employed a two-round Delphi survey method to investigate the expectations of
sector representatives regarding the future of technological advancements in hydrogen in Turkey. The
survey involving 60 experts from 18 different locations revealed that the hydrogen economy has the
potential to foster innovation and economic prosperity if supported by appropriate policies. In a similar
study, Ren et al. [37] aimed to help stakeholders understand the current state of the hydrogen economy
in China by utilizing a two-round Delphi method with 67 experts in the first-round questionnaire and
10 experts in a second-round discussion. Through a strengths, weaknesses, opportunities, and threats
(SWOT) analysis, they identified 12 critical factors and subsequently employed multi-criteria decision
making (MCDM) to recommend and prioritize nine effective strategies in roadmap planning, budget

planning, and resource allocation for promoting the hydrogen economy in China.

While these studies focus on the prospects and strategies for hydrogen economies in different countries,
Hienuki et al. [38] surveyed 13 experts with engineering or social science backgrounds to examine the
social implications and potential risks of adopting a hydrogen energy system (HES), comparing it to a
gasoline energy system (GES). The results revealed notable differences between HES and GES in
terms of price and convenience, along with differing opinions among experts across engineering and
social sciences, and even disagreements within the same field. In a more comprehensive study in 2022,
Chantre et al. [39] utilized a combination of literature review, document analysis, interviews, and
questionnaire-based surveys involving 32 experts to comprehend the perspective of the primary
stakeholders of the hydrogen economy in Brazil. The study found that decarbonization is the main
driver for the development of the hydrogen economy in Brazil. However, there is a difference in opinion
between policymakers and the industry regarding the timeline for achieving a hydrogen economy, with
policymakers aiming for the medium term (6-10 years) and the industry predicting the long term (more

than 11 years) based on technical and economic projections.

Insights from Hydrogen Production Studies
This section, starting with Table 2, summarizes key assessments of different production methods,
benefits of cooperation, renewable hydrogen storage, and overcoming barriers to hydrogen technology

deployment.



Table 2: Hydrogen Production Studies

Year Theme Description of Study Ref
2014 | Hydrogen Assesses seven hydrogen production methods | [41]
Production considering technical features, -cost-effectiveness,

market potential, and local R&D status, for short,

medium, and long-term periods

2014 | Hydrogen Examines the potential benefits of cooperation among | [42]
Production Danish energy and electricity stakeholders,
considering their influence and the complex dynamics

in transitioning to a fossil-free society

2016 | Hydrogen Examines renewable hydrogen storage use in Europe, | [43]
Storage considering location, policy, and economic aspects to

optimize storage amid fluctuating electricity demand

2017* | Hydrogen Evaluates five non-economic barriers to the | [44]
Infrastructure deployment of hydrogen technology in Europe, and

propose appropriate measures to overcome them

2022 | Hydrogen To reach a basic agreement on strategically enabling | [45]

Production large-scale green hydrogen demonstrations, followed

by commercialization, in China

As the global interest in hydrogen production intensifies [46], it is crucial to examine the multitude of
factors that contribute to the development and adoption of hydrogen technologies in different regions.
Enevoldsen et al. [42] conducted an initial study in the Danish energy and electricity industries,
identifying 35 stakeholders and assessing their influence while exploring potential cooperation
between the sectors. The study found that stakeholders with the most significant impact on the
hydrogen industry were either complementors or customers for developing electrolysis plants,
indicating support for efficient electrolyzer plants within the Danish electricity industry. In the context
of hydrogen production technologies in Korea, Chung et al. [41] surveyed 32 experts, comprising R&D
professionals and policy professionals, using the analytic hierarchy process (AHP) to evaluate various
technologies in terms of technical characteristics, economic efficiency, marketability, and domestic R&D
conditions across different timeframes. The study found that natural gas reforming (NGR) was
expected to lead the technology market in the near term due to its cost competitiveness. However, there
was a difference of opinion between the professional groups in the mid-term. While R&D professionals
predicted that water electrolysis (WE), thermochemical hydrogen technologies (TCH), and
photoelectrochemical (PEC) technologies would continue to be enhanced and rapidly replace NGR,
policy experts predicted that NGR would maintain its competitive edge and share the hydrogen
production market leadership with WE in both the mid-term and long-term. Meanwhile, Li et al. [45]
aimed to address knowledge gaps surrounding the development of a strategic roadmap for large-scale
green hydrogen demonstrations and commercialization in China, surveying 83 experts from
government, industry, and academia using the Delphi method and SWOT analysis. The survey,
conducted in 2021, suggested that although green hydrogen is not expected to be cost-competitive

within the next five years, its large-scale implementation is crucial for decarbonizing China's economy.
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This requires significant technological advancements across the supply chain, as well as the

establishment of flexible regulations and appropriate standards.

Bridging these regional studies, it is apparent that the landscape of hydrogen production and
utilization varies significantly across countries, which necessitates a tailored approach to overcome
unique challenges and capitalize on opportunities within each region. Similarly, research into the
European context for renewable hydrogen storage offers valuable lessons on effectively integrating
hydrogen technologies into existing energy systems, while addressing the potential barriers that may
impede their widespread adoption. Garcia et al. [43] conducted an expert opinion survey, consulting 33
organization members from the European Hydrogen and Fuel Cell Association (EHA) and Distribution
System Operators (DSOs), comprising academics and industrial experts. The study aimed to identify
potential uses of renewable hydrogen storage systems in Europe, analyzing factors such as location,
regulatory frameworks, government perspectives, and economic concerns. It emphasized strategies and
actions to optimize hydrogen storage from renewables to mitigate the adverse impact of fluctuating
electricity demand and generation due to rising shares of renewables in European countries' energy
mix. In a follow-up study with the same expert panel, Astiaso Garcia [44] evaluated the impact of five
non-economic barriers (NEBs) potentially hindering the deployment of hydrogen technologies and
infrastructures in Europe, and proposed suitable measures to address them. The survey results
indicated that a top-down approach, in which experts such as academics and industrial professionals
play a pivotal role in communicating hydrogen's potential to decision-makers at local and national

levels, is the most effective strategy for promoting hydrogen use in current and future energy markets.

Insights from Hydrogen End-Use Studies
The third thematic set of papers are summarized in Table 3. This section examines studies on fuel cell
technologies, implementation, and barriers to hydrogen-based end-use technologies, such as hydrogen

transportation.

Table 3° Hydrogen End-Use Studies

Year Theme Description of Study Ref
2004 | Polymer Assess R&D investment's effect on reaching | [47]
Electrolyte Fuel performance and cost goals for stationary and

Cells automotive PEFC applications

2008 | Hydrogen Determine barriers hindering the widespread | [48]
Transportation adoption of hydrogen transportation technology in
Technology* China, Japan, North America, and Europe

2021* | Fuel Cell Vehicles | Compare the drivers and barriers affecting the | [49]
production and adoption of fuel cell vehicles and

electric buses

2022* | Fuel Cell Identify and categorize the barriers hindering the | [50]
Technologies advancement of hydrogen fuel cell energy in South
Korea

* refers to hydrogen storage, fuel cell, small scale hydrogen transportation
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In recent years, fuel cell technology has been garnering increased interest among researchers [51],
leading to numerous studies aimed at understanding the barriers and challenges that hinder its
widespread adoption. In 2003, Kosugi et al. [47] investigated the impact of R&D investment on the time
required to achieve performance and cost targets for polymer electrolyte fuel cells (PEFC) in both
stationary and automotive applications. Surveying 71 experts, they found that the estimated time to
reach these targets was around 17 years, or by 2020. In a 2008 study, Hart et al. [48] focused on the
potential obstacles to the widespread adoption of hydrogen technology in transportation across China,
Japan, North America, and Europe. In a single round of interviews designed to resemble the Delphi
methodology, 49 experts identified the most significant barriers as: the need for coherent policy
development, the performance of hydrogen storage technologies, and cost. Despite these challenges,
experts believed that hydrogen fuel cell vehicles could be on the road in tens of thousands within 5
years, with full commercialization achievable within 10-15 years. Trencher and Edianto [49] similarly
used a two-stage Delphi method to compare the drivers and barriers affecting the production and
adoption of fuel cell vehicles (FCEVs) and electric buses (FCEBs). Their study, involving 28 respondents
in the questionnaire stage and 17 in the interview stage, found that high costs of vehicle production and
refueling stations, limited vehicle supply, and inadequate availability of refueling stations were key
challenges, despite strict environmental regulations and government-funded programs promoting
innovation. Lastly, Lee et al. [50] utilized Delphi surveys and AHP techniques to identify five key
perspectives on the barriers to the development of hydrogen fuel cells, which included social,
technological, economic, ecological, and institutional and political factors. Among the 40 experts
involved, they determined that the most critical barriers were related to institutional and political

factors, with the cost of the fuel cell unit and infrastructure also posing significant challenges.

Addressing Research Gaps and Multinational Perspectives on Hydrogen Economy Transition

While the studies presented in this review provide valuable insights into the complexities and potential
of the hydrogen economy within various national contexts, several research gaps can be identified.
First, there is a need for a more comprehensive understanding of the global hydrogen economy by
comparing and contrasting findings from different countries. The only studies taking into account
multiple countries have been conducted by Garcia et al. in Europe [43,44] and Hart et al. [48] in four
different regions. Such international comparisons would enhance our understanding of the unique
challenges and opportunities faced by different countries, and aid in identifying best practices and
lessons learned from each one. Given that every nation has its own unique resources, opportunities,
and challenges, it is unsurprising that tailored strategies are essential to address specific barriers and

capitalize on potential advantages within each country.

The studies further demonstrate that there are diverging opinions and disagreements among experts
from various fields and within the same fields, emphasizing the multifaceted nature of the challenges
and opportunities associated with the hydrogen economy, as highlighted in our review of studies
[38,39,41]. Each expert brings a unique background and knowledge base, contributing to diverse
perspectives on the structure and implementation of a hydrogen economy [52]. Furthermore, the
discrepancies in projected timelines for the realization of the hydrogen economy, as identified in some

studies we reviewed [39,47,48], indicate the necessity for continuous research, collaboration, and
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dialogue among stakeholders to ensure a smooth and sustainable transition towards this emerging
energy landscape. Numerous other studies have also highlighted the mismatches between hydrogen

roadmap targets and the current state of fuel cell vehicle adoption [26,53].

Lastly, while some studies have explored expert opinions on the drivers and barriers to hydrogen
technology adoption [44,49,50], the dynamic nature of energy transition [54,55], including the
emergence of a hydrogen economy, requires ongoing investigation. Factors such as technological
advancements [56], policy changes [57,58], and shifts in public perception [59,60] can potentially alter
the landscape of hydrogen technology adoption over time. To gain a more comprehensive understanding
of the current situation, it is important to focus on examining how these factors have evolved or
changed since their last assessment, as well as identifying any new or emerging drivers and barriers.
In doing so, stakeholders can better anticipate and address the challenges and opportunities that lie

ahead for the successful integration of hydrogen technology into the global energy system.

This review emphasizes the importance of consolidating a multitude of perspectives when devising
strategies for the development and adoption of hydrogen technology. Such strategies must consider the
evolving dynamics across various regions and timeframes, reflecting the wvital role of global
collaboration in driving the hydrogen economy. Notably, the drivers, barriers and the very concept of a
hydrogen economy are not fixed, having transformed over the years in response to changing
circumstances. Therefore, our study seeks to explore these shifting factors through an expert survey,

aiming to provide a comprehensive understanding of the evolving factors within the hydrogen economy.

3. Methodology

The present study employed an online survey platform, SurveyMonkey®, for data collection. It invited
independent experts from various backgrounds including academics, industry professionals, and policy
makers from different geographic regions. The value of conducting expert surveys lies in the wealth of
knowledge and experience these experts possess [61], particularly in the field of energy and the
hydrogen economy. Their extensive experience allows us to understand the transition across different
time periods, as well as the motivations and challenges associated with the hydrogen economy during

those times.

The research is characterized as exploratory since it is one of the first studies to explore the global
perspective of the hydrogen economy, aside from the report conducted by IRENA in 2022 [16]. The
survey questionnaire was developed by referencing questions from previous studies, as detailed in our
literature review, which aligns with the objectives of the current research. In total, 15 closed-ended
questions and 2 open-ended questions were formulated, covering three main aspects: (i) respondents'
background and experience; (ii) interpretation of a hydrogen economy; and (iii) the evolution of drivers
and barriers towards a hydrogen economy. The survey consisted of quantitative and qualitative
questions designed to gather data on respondents' perspectives regarding different aspects of the
hydrogen economy. Additionally, demographic information was collected, including respondents'
expertise, knowledge level, and the country on which they based their knowledge about the hydrogen
economy. The quantitative questions utilized various response formats, such as Likert scales,

multiple-choice, and checkboxes. Furthermore, open-ended qualitative short answer questions were
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included in the survey to allow respondents the chance to express their opinions and provide additional
information that might have been overlooked in the questionnaire. In order to ensure a standardized
understanding between the author and respondents, a description for each answer choice was provided.
This was done to address the issue raised in previous studies [33,35], where it was noted that answer
choices were not clearly defined, leading to potential variations in interpretation among different
respondents. The survey required approximately 10 minutes to complete, and respondents had the

option to indicate whether they were willing to participate in further discussions.

The survey was targeted at experts through purposive sampling, and respondents were given the
option to recommend other knowledgeable individuals well-suited to participate (a technique known as
snowball sampling) [42]. The initial approach involved a prior systematic literature review conducted
by the authors [52], with a focus on authors who had contributed to papers related to the hydrogen
economy. The second approach involved the exploration of energy institutions' websites and
participation in hydrogen-related conferences, such as the World Hydrogen Energy Conference, which
provided additional prospects for respondent sourcing. Participation in the survey was voluntary and

carried out anonymously.

This study is part of a broader research effort that utilizes a two-stage Delphi Method involving a
first-round survey questionnaire and a subsequent round of discussions. To summarize and interpret
the characteristics of the data obtained from the first-round survey questionnaire, descriptive analysis
was conducted. This paper presents the findings derived from the first-round survey questionnaire,
while the findings from the subsequent round of discussions will be addressed in a separate paper as
the second part of the research. Our research approach employed mixed methods [62,63], encompassing
both quantitative and qualitative data to obtain a comprehensive understanding of the topic. Given
that the research questions did not involve measuring differences between variables, statistical tests
such as regression models were not used. It was not mandatory for respondents to answer every
question, so the values shown may not represent the total number of responses received. Unless stated
otherwise, the percentage values displayed are calculated based on the number of respondents who

provided an answer to the specific question.

4. Results & Discussion

This research aimed to gain insights into expert opinions regarding the development of the hydrogen
economy, as well as their perceptions of the drivers and barriers to its advancement. The subsequent
section presents a descriptive analysis of the survey results and discusses their implications. The
survey was conducted in June 2023 and received responses from a total of 65 participants, which is
considered a sufficient volume of data in comparison to other expert surveys reviewed in our literature

review.
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Figure 1’ (Left) Expertise Breakdown of Respondents (Right) Regional distribution of knowledge on the Hydrogen Economy
(n=65)

A total of five questions were asked to identify the respondents' professional backgrounds, their depth
of experience within the energy and hydrogen sectors, and their willingness to engage in a subsequent
interview. Rather than focusing on the respondents' places of origin, the survey explicitly inquired

about the country that shaped their knowledge or experience within the hydrogen economy.

As illustrated in Figure 1, the respondents' areas of expertise have been categorized and presented
along with a regional distribution that underscores the geographical influence on their understanding
of the hydrogen economy. The categories include:
e Academicians, which encompasses professors, researchers, scientists, and educators in
academia.
e Industry Professionals comprise engineers, energy consultants, technology developers, financial
analysts, manufacturing supervisors, and energy journalists.
e The Government or Policy-Making category includes government officials, regulators, policy

makers, and members of international organizations.

The survey primarily targeted authors who have contributed to journal papers and conferences, leading
to a respondent composition of 72% Academicians, 20% Industry Professionals, and 8% Government or
Policy Makers. This distribution differs from the global survey conducted by IRENA [16], which
primarily includes IRENA members and topical experts. A total of 65 experts from 22 countries
responded to the survey, with the highest regional distribution observed in the Asia Pacific region (46%),
followed by Europe (25%), North America (11%), the Middle East & North Africa (MENA) (6%), and
South America & the Caribbean (4%). Interestingly, 8% of respondents focused on the global trend of

the hydrogen economy rather than specific countries.
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Figure 2: Comparison of experience levels in energy and hydrogen among respondents (n=65)

Figure 2 illustrates the comparison of experience levels among respondents within the energy and
hydrogen fields. The findings reveal a diverse range of experience levels among the surveyed experts.
In the hydrogen field, a significant number of respondents (51%) have less than five years of experience,
indicating the representation of emerging experts. Conversely, the energy field exhibits a higher
proportion of seasoned experts, with approximately 31% of respondents reporting 20 or more years of
experience, compared to only 12% in the hydrogen field. The inclusion of respondents with varying
experience levels contributes to the study's comprehensiveness and relevance, capturing insights from
both seasoned experts and individuals new to the field. The mean experience level of the 65 experts who
participated in the survey on the energy field was 16.8 years, while in the hydrogen field, it was 9.3

years.

As may be expected, the years of experience in the energy field are distributed across a wider range,
with the majority of experts having around 10 years of experience or more. In contrast, the hydrogen
field shows a different pattern, with most experts have significantly fewer years of experience, with the
highest frequency being around 5 years or less. This likely reflects the recent growth and investment in
the hydrogen industry compared to the broader energy sector, despite the long history of the hydrogen
economy and various sectors utilizing or producing hydrogen [52]. The length of time in the field is
important for understanding the time period which the experts are familiar with and that they would

be expected to reflect on in their responses.
Current Progress and Future Projections

The first key question to the experts was to try to understand the extent to which the hydrogen economy has

made actual progress to date (as of 2023), and the expectation of its potential in the future.
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Figure 3° Evaluating progress of the hydrogen economy (n=65)

Figure 3 illustrates the opinions of experts regarding the progress of the hydrogen economy to date. The
results are divided into five distinct categories: “Real Progress”, “Moderate Progress”, “Mixed Progress”,
“Limited Progress”, and “Hype”. Less than one quarter of the experts hold a positive view on the
progress of the hydrogen economy. Specifically, 14% see "moderate progress," acknowledging
meaningful developments but recognizing the challenges that still need to be addressed. Only a small
fraction (6%) believe there has been "real progress," indicating significant advancements that position

the hydrogen economy as a rapidly developing and viable alternative to fossil fuels.

On the other hand, an equal number of experts (6%) dismiss the hydrogen economy as being more
"hype" than reality. This suggests that the attention it has received has not been matched by
substantial development, making it unlikely to become a significant player in the global energy
landscape. The majority of experts perceive either "limited progress" (40%) or "mixed progress" (34%) in
the development of the hydrogen economy. Those who believe in "limited progress" see the hydrogen
economy as largely underdeveloped, with minor improvements in production, storage, distribution, and
utilization. Those with the "mixed progress" view acknowledge advancements in certain areas but note
stagnation or challenges in others, making it difficult to determine the future implementation of
hydrogen as a dominant energy carrier. This suggests that the majority of experts feel that the

hydrogen economy has not advanced as much as it could or should have.

Overall, the data implies a degree of skepticism or caution among experts regarding the advancement
of the hydrogen economy. While a small proportion see substantial progress or view current discussions
as hype [64,65], the majority perceive progress as limited or mixed. This perspective is supported by
numerous studies mentioned in the literature review section, highlighting the gaps between hydrogen

roadmap targets and the current state of hydrogen technology adoption. It's important to note that many set
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milestones have been missed, and progress has been slower than expected. This suggests that more work
needs to be done for the hydrogen economy to fully realize its potential [66]. This may call for focused
research, investment, and policy support to overcome the existing challenges and speed up the

development and adoption of hydrogen technologies.
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In Figure 4, the scatter plots visualize the relationship between years of experience in the energy and
hydrogen fields and the perceived progress level of the hydrogen economy among the experts. Observations
from both plots show that there is no clear correlation between years of experience in either the energy or

hydrogen fields and the perceived progress level. The data points are evenly distributed across the
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experience ranges, indicating that perception of progress is not significantly dependent on the years of
expertise in either field. The majority of experts, regardless of their experience, perceive the progress of the
hydrogen economy as "Limited Progress" or "Mixed Progress." Only a few experts perceive it as "Real
Progress," and these individuals have diverse years of experience, further suggesting that perception of
progress is not strictly tied to experience. Furthermore, some experts with extensive experience (more than
20 years) perceive the progress of the hydrogen economy as "Hype" or "Limited Progress," highlighting that
despite the longer timeframe of reference, there was not an overall perception of progress. There may indeed
be some difference in the frame of reference over which individuals are considering progress, which could

affect the responses, but this survey is not able to explicitly obtain such a relationship.
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Figure 5° Evaluating the role of hydrogen in future by the year 2050 (n=65)

Figure 5 depicts expert opinions on the projected role of hydrogen in the energy sector by the year 2050.
The results are categorized into four distinct groups: “Major Role”, “Moderate Role”, “Minor Role”, and
“No Role”. Each category reflects the level of impact the experts anticipate hydrogen will have in the

future.

A majority of experts, 53%, predict that hydrogen will play a "moderate role" by 2050, operating as one
of several clean energy resources. This suggests a majority consensus that hydrogen will be an
important component of the energy sector, but it might not necessarily dominate or replace other
energy resources [67]. 32% of experts believe that hydrogen will play a “major role” by 2050. These
experts foresee hydrogen as a crucial, potentially dominant, part of the energy mix, possibly indicating
a significant shift toward hydrogen-based technologies and applications. A smaller proportion, 15%, of
the experts believe that hydrogen will have a "minor role," serving as a niche technology with limited

applicability. These experts likely see other clean technologies as more viable, scalable, or cost-effective.
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It is evident that experts believe hydrogen will play a role in the future of energy, although the extent of

its impact varies [68]. Most experts see it playing a moderate role, contributing to a diversified and

multifaceted approach to renewable energy. However, a significant number also believe it has the

potential to take a leading role, indicating that the potential of hydrogen should not be underestimated.
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illustrates the expert opinions on the above two related aspects of the hydrogen economy: its

current progress and its future role by the year 2050. The results have been categorized into two levels

of hydrogen experience: those with 5 years or less, and those with 6 years or more, roughly correlating

with the

recent surge in hydrogen interest and splitting the respondents into two almost-equal groups.

Despite the different views about the current state of progress, which is mostly limited or mixed, opinion
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remains positive of a future where the hydrogen economy plays a moderate or major role, especially among
experts with higher levels of experience. This could indicate a shared belief that while the hydrogen
economy might be in its early stages now, it has significant potential to grow and become important by 2050
[7]. None of the experts expect hydrogen to play no role in the future energy landscape (Figure 5). Thus, "No
Role" is not indicated in the progress spectrum. Moving from “Hype” to “Real Progress” along the progress
spectrum, a clear trend emerges, showing that more experts believe in the hydrogen economy's significant
future role. The categories of "Limited Progress" and "Mixed Progress" demonstrate a substantial number of
experts envisioning a major or moderate role for hydrogen. This suggests that as the perception of progress
grows, so does the optimism for the hydrogen economy's future role. It is also worth noting that the category
"Hype," usually associated with inflated expectations, has only four experts (12%) selecting this category.
Interestingly, these experts, who have five years or less of experience, seem to perceive that hydrogen's role
is significant in the future. A key point from this data is the correlation between the level of expertise and
optimism about the future. More experienced experts appear to have a more optimistic view of the hydrogen
economy's future role, although it is unclear whether this is an unconscious bias due to long involvement in
the sector or a greater depth of insight into the technological progress and transformation that can be

translated into long-term potential.

Hydrogen Supply Chain: Trade, Production, Key Role
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Localized Market

No significant hydrogen - 4
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Figure 7: Status of countries as hydrogen develops into an internationally traded commodity (n=60)

Figure 7 presents expert opinions on the potential role of different markets and players as the hydrogen
economy develops into an internationally traded commodity. However, five responses were omitted from
this result as the experts had selected 'global’ in the previous question. The survey categorizes countries
into five distinct categories, providing insights into their positions in the hydrogen market. As there are
insufficient respondents to analyze the responses on the basis of individual countries, the nations are
categorized into net energy exporters and importers based on their total energy self-sufficiency for all energy

sources, as derived from the IEA World Energy Balances 2021 [69] for the fiscal year 2020.

28% of experts anticipate their countries will become net importers of hydrogen. These countries might
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lack the necessary resources or infrastructure for hydrogen production or might have a high domestic
demand that cannot be met by local production alone, thus heavily relying on imports. Notably, each of
these countries is already a net energy importer. In contrast, 33% of experts believe that their countries
will become net exporters of hydrogen, indicating that these countries might have significant hydrogen
production capacities that exceed their domestic consumption, allowing them to export the surplus.
However, achieving net exporter status in hydrogen not only requires technical and economic capabilities for
large-scale hydrogen production but also reflects strategic decisions in energy policy. These countries face
the critical challenge of balancing the national energy security with the opportunities presented by
exporting hydrogen as a valuable commodity. Additionally, 10% of experts from current energy importing
countries consider that it may be possible for those countries to transition to become net hydrogen exporters.
The evolving dynamics of the hydrogen market present an opportunity for nations to reshape their energy
portfolios, with potential for strengthening their economies and reducing dependencies on external energy

sources (although these policies should be treated with caution [70]).

Only the net energy importing countries seem to serve as transit hubs for hydrogen, with 10% of experts
selecting this category. 25% of experts foresee their countries having a localized hydrogen market.
Within the current net energy-importing countries, 18% of experts anticipate the emergence of localized
hydrogen markets, higher than the 7% within the existing net energy-exporting countries. A small
proportion of experts (4%) predict that their countries will have no significant hydrogen use or

production.
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Figure 8 Classification of countries by net energy status in the emerging hydrogen trade (n=60)

Among the nations presented in Figure 8, eight countries, including Algeria, Australia, Brazil, Colombia,
Indonesia, Malaysia, Peru, and the United States, are recognized as current net energy exporters.
Conversely, fourteen countries, ranging from European nations such as Belgium, Denmark, and Germany to

Asian countries like Japan and Thailand, are identified as net energy importers.

All current net energy exporting countries are anticipated to become net exporters of hydrogen. However,
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some experts in Algeria, Brazil, and the United States lean towards the development of a localized hydrogen
market. In particular, experts in both Australia and Japan are mostly in agreement regarding their nations'
future in the hydrogen sector. In Australia, given its abundant resources and established energy export
infrastructure, there's a prevailing belief that the country is well-positioned to become a global leader in
hydrogen exports [19,71]. On the other hand, Japan, being an energy-dependent nation with limited natural

resources, is looking at hydrogen as a potential alternative to ensure energy security [18,72].

Among the current net energy-importing countries, the strategy appears to be diverse. Notably, in countries
such as Germany, Italy, Portugal, Thailand, and Vietnam, experts consider their nations as hydrogen transit
hubs. Specifically, experts from Denmark, Ireland, Spain, and Turkey are leaning towards exporting
hydrogen, despite their countries' current status as net energy importers. This interest is rooted in their
anticipation of substantial growth in renewable energy sectors, supportive policy frameworks, strategic
geographical positioning, and technological innovations [17]. These countries are keenly aware of the
potential of hydrogen as an export commodity and are positioning themselves not to miss out on this
emerging opportunity in the transition towards a more sustainable energy-based global economy. On the
other hand, experts in France, Italy, Japan, Poland, Portugal, Thailand, and Turkey are advocating for the

development of a localized hydrogen market.

Figure 8 suggests the growing importance of hydrogen in the global energy landscape and underscores the
strategic positions these countries hold in influencing its future trajectory. However, there is a lack of
representative experts for each country, which could potentially lead to gaps in understanding specific

regional nuances or may not capture the full spectrum of opinions and strategies in play.

The insights from Figure 7 and Figure 8 are meaningful in understanding the potential dynamics of the
emerging global hydrogen economy [73]. It suggests that as hydrogen becomes a globally traded
commodity, a new landscape of export-oriented, import-dependent, and transit hub countries may
evolve, reminiscent of the current fossil fuel market. However, from the varied expert responses, it is clear

that not all nations" prospective status in the global hydrogen market is clear (Figure 8).

Taking real case examples, Brazil and Italy are exploring collaboration on green hydrogen technologies,
leveraging Brazil's rich resources and Italy's expertise in industrializing new technologies [74]. The
discussions emphasize the opportunity for Brazil to realize its green hydrogen potential through
technological cooperation with Italy. Similarly, Australia and Japan are exploring potential pathways
for the production and import of hydrogen from Australia for electricity generation [75]. Hydrogen
production from Australian brown coal, combined with carbon capture and sequestration (CCS)

technology, as well as renewable energy, are being considered.

The diversity of roles also highlights the need for international collaboration in developing global
standards and practices for hydrogen production, transportation, and trade [76]. The distribution of
roles also has implications for national energy policies. Countries projected to be net exporters should
focus on efficient and sustainable hydrogen production technologies, while prospective net importers
might need to concentrate on establishing reliable and diverse import sources and strategies. Transit

hubs will need to prioritize infrastructure and logistical considerations, and countries with localized
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markets should balance their domestic production and consumption dynamics.
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Figure 9° Expected hydrogen production by time horizon and level of hydrogen experience (n=60)

Figure 9 presents expert opinions on the expected methods for hydrogen production across three time
periods: short-term (2030), middle-term (2050), and long-term (beyond 2050). It is important to note
that these categories are not mutually exclusive, and experts could select multiple production methods

for each period.

In the short-term (2030), grey hydrogen (produced from fossil fuel via steam methane reforming or
gasification, emitting carbon dioxide [77]) was the method expected to be most utilized with 60% of
experts selecting it, closely followed by blue hydrogen (grey hydrogen with carbon capture and storage
[77]) at 55%. Green hydrogen (produced through electrolysis of water using renewable energy [77]) was
selected by 46% of experts, the lowest among the three categories. In the middle-term (2050),
preferences shift significantly. Only 8% of experts selected grey hydrogen, a substantial drop compared
to the short-term. Preference for blue hydrogen rises to 67%, while green hydrogen emerges as the most
preferred method, with 78% of experts across all experience levels selecting it. In the long-term (beyond
2050), there's a clear consensus among the experts - all experts (100%) selected green hydrogen.
Meanwhile, support for grey hydrogen has almost disappeared (2%), and blue hydrogen also sees a

significant decline, with only 16% of experts favoring it.
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Figure 10° Expected change in hydrogen production (responses fractionally distributed across categories) (n=65)"

Figure 10 presents expert opinions on the expected changes in hydrogen production across three
timeframes, further highlighting a transition from grey to blue, and subsequently to green hydrogen
[78]. In the short term, grey hydrogen dominates with 41% of the total weight. Blue and green
hydrogen follow closely with 31% and 28%, showing a balance in the short term. This could be
considered to reflect a sense of the practicality of using lower cost and established technologies at the
present time, in order to support an emerging market for hydrogen, while for many experts carbon-free
hydrogen is the only option that can be strategically supported. By the medium term, green hydrogen
becomes the leading choice at 56%, while blue hydrogen increases to 41%. Grey hydrogen, which was
initially selected, drops to 3%. In the long term, green hydrogen remains dominant at 92%, whereas

blue hydrogen's support reduces to 7%. grey hydrogen's significance diminishes further to 1%.

Overall, Figure 9 & Figure 10 implies a transition in the hydrogen production methods over time.
Within the responses, there were a number of sub-groups of responses. Six experts considered that only
green hydrogen would be utilized, across all timeframes, which might argue that for hydrogen to be
worthwhile it must play a role in decarbonization and potentially in facilitating the uptake of
renewables through electrolysis. 13 experts considered a step-wise transition — grey hydrogen in the
short term, followed by blue, then green. Grey and blue hydrogen, which are currently easier and
cheaper to produce but less sustainable relative to green hydrogen [79], may be interpreted as more
practical in the short and middle term. However, as technology advances and the urgency to mitigate
climate change increases, experts expect a transition towards green hydrogen, the most
environmentally friendly among the three but currently more expensive method [80]. This transition
should be planned in a way that manages the economic, social, and environmental impacts at each

stage, considering factors like employment in the fossil fuel industry [81], potential technology lock-in

1 Experts could select grey, blue and green hydrogen (multiple responses accepted) — each expert's total
response was weighted as 1, with multiple responses distributed across categories (e.g. blue and green
selected = 0.5 applied to each category)
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of blue hydrogen production infrastructure [82], the infrastructure needs for green hydrogen [83], and
the global climate targets [84].
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Figure 11° Key sectors in which experts envision hydrogen playing a key role (n=65)

Figure 11 shows the responses regarding key sectors where experts envision hydrogen playing a role,

ranging from no usage to high usage.

In terms of "high usage," the chemical industry is perceived to be the leading sector, with 40% of
experts expecting a significant role for hydrogen. Hydrogen has long been used in the chemical industry
[85], particularly in the production of ammonia for fertilizers and methanol. In the steel-making
industry, a comparatively new role for hydrogen is emerging [86], with 34% of experts foreseeing high
usage. Steelmaking with hydrogen as a reducing agent can help replace coal in the direct reduction of
iron ore [87]. This technology, referred to as direct reduced iron (DRI), is gaining attention due to its
potential to significantly reduce the carbon footprint of steel production. Hydrogen has also been used
in the oil refining industry for a long time [88]. 56% of experts expect hydrogen to be utilized at medium
to high levels in this sector. Specifically within oil refining, hydrogen plays a crucial role in
hydrocracking and desulfurization processes. These processes are instrumental in breaking down
heavy components of crude oil and eliminating sulfur impurities, resulting in enhanced quality of the

end products.

Power generation is another area where hydrogen holds promise [89]. A combined 53% of experts
envision medium to high usage of hydrogen, primarily in fuel cells and combustion processes. In fuel
cells, hydrogen acts as a fuel source to generate electricity through an electrochemical reaction. This

electricity can be used to power various applications, ranging from small portable devices to stationary
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power systems. For energy storage, 43% of experts predict medium usage, and 31% predict high usage
for hydrogen. Hydrogen's capacity to store and generate electricity at a later time positions it as a
promising solution for managing surplus power from intermittent renewable energy sources, such as

wind and solar [90].

The transportation sector's expectations for hydrogen usage show significant variation depending on
the type of transport. Road freight transport is expected to have the highest hydrogen usage (26%),
indicating a strong potential for hydrogen fuel cell vehicles, especially in long-haul transport where
batteries may be less effective due to weight and charging time considerations [91]. Conversely, the
lowest anticipated use is in passenger road transport (8%), possibly due to the current prevalence and
advancing technology of battery-electric vehicles (BEV) [92] and the lack of clear advantages over
either BEV or conventional gasoline vehicles, as well as infrastructure impediments. The usage of
hydrogen in aviation and maritime transport strikes a balance, reflecting the growing interest in
hydrogen as a solution for decarbonizing these sectors, where direct electrification poses significant

challenges due to weight and range constraints [91].

As a commodity for export, hydrogen also shows some potential. The majority of experts from current
net energy exporting countries (95%) considered that hydrogen would either be used for export (74%) or
local markets (21%). Those who considered that there would be net exports of hydrogen from their
country mostly expected medium to high usage in exports (63%). Responses were more distributed for
experts from current net energy importing countries, although the largest number of experts (around
27%) considered that there would be no usage for exports if the country was a net importer of hydrogen.
As countries increase their focus on renewable energy and decarbonization, the export of green
hydrogen — produced using renewable energy — may become a significant industry, especially for
countries with abundant renewable energy resources [93]. This momentum is reinforced by the
consistent decline in solar and wind power costs. Between 2010 and 2019, solar photovoltaics
experienced the steepest drop in costs at 82%, followed by concentrated solar power at 47%, onshore
wind at 40%, and offshore wind at 29% [93]. Combined into green hydrogen production, this could open
new international energy trading relationships and pathways, similar to the role currently played by

natural gas and oil.

Figure 11 underscores hydrogen's potential role in decarbonizing various sectors of the economy,
particularly in hard-to-abate sectors like chemicals, steelmaking, and freight transport. However, it
also highlights that this role might not be equally significant or feasible across all sectors, depending on
the specific technological, economic, and logistical challenges involved. Thus, these insights suggest a
need for sector-specific strategies [16]. Policies should consider the specific needs and potential of each
sector, as well as the timing and sequence of decarbonization efforts. For instance, early efforts might
focus on sectors like chemicals or steelmaking where hydrogen usage is expected to be high and where
alternative decarbonization options are limited. Meanwhile, in sectors like transport, policies might
need to balance the promotion of hydrogen with other technological solutions, such as battery-electric
or biofuel technologies. Specifically, the introduction of green hydrogen could serve as a viable solution.
The utilization of green hydrogen not only provides an opportunity to significantly reduce their carbon

emissions, but also positions these industries at the forefront of sustainable manufacturing.
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Furthermore, as the role of hydrogen in the export market remains uncertain, policymakers should be
cautious about overly relying on hydrogen exports for economic or energy security reasons. They should
also actively engage in international collaborations to address the technical and regulatory challenges
around hydrogen transportation and trade and to shape the emerging global hydrogen market in a way

that aligns with their national interests and capabilities.

Drivers and Barriers for the Implementation of a Hydrogen Economy: A Past and Present Perspective

Figure 12 & Figure 13 illustrate the drivers and the barriers for the development of a hydrogen
economy are grouped into five broad categories: political & institutional, environmental, economic,
technological, and social. These encompass drivers such as positive public attitudes, technological
advancements, financial considerations, environmental impacts, and governmental policies, while also
presenting corresponding challenges in the form of barriers to overcome, including public acceptance,
technological limitations, financial constraints, environmental concerns, and governance issues.
Elaborative descriptions were provided for each category, facilitating a shared understanding for
experts in their decision-making processes. Experts ranked the importance of these drivers on a four
point scale ranging from "No Importance" to "High Importance". These categories present a holistic
overview of the factors contributing to and impeding the progress of a hydrogen economy. Figure 14 &
Figure 15 further delve into expert opinions by comparing past and present drivers and barriers
associated with the implementation of a hydrogen economy. Experts had the option to select the past,

the present, neither, or both.

Social Drivers 32 38 23

Technological Drivers 5 20 73

Environmental Drivers 12 37 50

Economic Drivers I 5 25 68

Political & Institutional Drivers I 10 25 63
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Figure 12° Importance of different drivers for developing a hydrogen economy (n=60)

In Figure 12, the results revealed that technological drivers are seen as the most critical, with 73% of
experts marking this driver as of high importance. This underscores the central role of technology in
the advancement of the hydrogen economy, with significant advancements required in hydrogen

production, storage, distribution, and utilization for it to become a viable energy option. Following
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closely behind, 68% of experts deemed economic drivers as highly important, reflecting the potential of
hydrogen technologies. The ability of hydrogen to compete with other clean technologies and contribute
to economic growth and job creation is paramount to its widespread adoption. Political and
institutional drivers, marked as highly important by 63% of experts, show the need for supportive
government policies and legislation to enable the hydrogen economy. This highlights the importance of
political will, strategic planning, and investment in research and development. Environmental drivers
were identified as highly important by 50% of experts. While this is lower than other categories, it still
indicates significant concern for the environmental impacts and potential benefits of hydrogen
technologies, such as reducing greenhouse gas emissions and air pollution. The least prioritized driver
was the social aspect, with only 23% of experts marking it as highly important. However, this does not
negate its ultimate significance, with social acceptance, understanding, and demand typically
considered crucial for the success of any emerging technology [94,95]. It may also reflect the
distribution of expertise among the experts — this could be further examined with the interview

component of the research.

Social Barriers . 42 33 20

Technological Barriers 12 32 57
Economic Barriers 7 22 72
Environmental Barriers - 32 37 23
Political & Institutional Barriers I 18 40 40
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Figure 13° Importance of different barriers for developing hydrogen economy (n=60)

Figure 13 shows that economic barriers are seen as the most significant obstacle to developing a
hydrogen economy, with 72% of experts marking them as of high importance. This suggests that high
production costs, the lack of a well-established hydrogen market, and the need for significant
infrastructure investments are key challenges that need to be addressed for the hydrogen economy to
become viable. Technological barriers were considered of high importance by 57% of experts, with
issues such as limitations in hydrogen production methods, inefficient storage and transportation
infrastructure, and the need for more research and development seen as significant obstacles to the
hydrogen economy's development. 40% of experts marked political and institutional barriers as highly
important, indicating that the lack of clear policies, inadequate regulatory frameworks, and

inconsistent government support are perceived as significant challenges. Environmental barriers were

24



marked as highly important by only 23% of experts, suggesting that concerns about the environmental
impact of hydrogen technologies might not be seen as the most pressing challenge, although they still
play a role. These concerns include the carbon intensity of hydrogen production methods, unsustainable
usage of water for hydrogen production, and the overall life cycle emissions [96,97]. Lastly, social
barriers, including public acceptance, awareness, and attitudes towards hydrogen technologies, were
seen as of high importance by just 20% of experts. This suggests that in the same way that social
drivers were considered less important, social aspects are currently not seen as a primary barrier to the

development of a hydrogen economy.

Technological factors were highlighted as the most significant driver and the second most significant
barrier to the development of the hydrogen economy. This demonstrates the pivotal role of technology in
the hydrogen economy, but also underlines the challenges that need to be overcome in terms of
efficiency and practicality of hydrogen production, storage, and use. The implication here is that
stakeholders should invest heavily in technological innovation and research & development to
overcome the current challenges. Economic factors, closely ranked to technological factors, are
significant both as drivers and barriers. The data shows that while hydrogen's potential for cost
competitiveness and economic growth was recognized, the high costs of production, infrastructure, and
the lack of a mature hydrogen market are substantial barriers. Thus, the emphasis on economic
feasibility is clear, suggesting that policymakers and industry leaders should focus on creating
economic incentives, such as tax breaks and subsidies, to stimulate investment and development in this

sector.

Political and institutional drivers and barriers are deemed moderately important in both contexts,
showing that supportive government policies and clear regulatory frameworks can facilitate the
transition to a hydrogen economy. However, the lack of these factors can also pose significant obstacles,
pointing towards the need for political commitment and strategic planning. Environmental factors
were interestingly ranked lower as both drivers and barriers. This may reflect a perception that the
environmental benefits of hydrogen, while important, are secondary to its technological and economic
potential. However, it could also indicate a general underestimation of the environmental impacts and
challenges associated with hydrogen production and usage. Finally, social factors were perceived as the
least important in both contexts. While social acceptance and public awareness are recognized as
necessary for the hydrogen economy's success, they are currently not seen as major drivers or barriers.
This may suggest a need to increase public education and engagement around hydrogen technologies to

ensure their successful integration into society [25].

Figure 12 & Figure 13 indicated a clear consideration by the majority of experts that technological,
economic, and political/institutional factors were more important than environmental and social ones
in either blocking or enabling a hydrogen economy. This can inform policymakers and industry leaders
about where to focus their efforts. The most effective approach, however, is likely a balanced one that
addresses all of these factors. As the hydrogen economy develops, it will be important to consider not
just the technical and economic feasibility of hydrogen technologies, but also their environmental
impacts, the policies supporting their development, and the social context in which they are introduced.

This will require a multi-disciplinary approach, integrating engineering and technology, economics,
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political science, environmental science, and social science.
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Figure 14° Comparison of past and present drivers for implementing a hydrogen economy (Top: Experts with 5 years or less

experience (n=28) Bottom: Experts with 6 years or more experience (1=32))

Figure 14 presents expert opinions on the comparison of past and present drivers influencing the
implementation of a hydrogen economy, spanning a wide array of considerations from environmental

concerns to economic aspects and strategic resource management.

In all categories, more experts selected the drivers as being currently relevant than in the past. The
experts reflected that in the past, “environmental concerns about carbon emissions” were the most
prominent driver for implementing a hydrogen economy in both the “5 years or less” and “6 years or

more” experience groups, with 61% and 66% selection, respectively. In terms of present drivers, both
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groups considered “global momentum towards a hydrogen economy” and “utilizing hydrogen as an
energy storage solution” as important, while “serving as an energy carrier in sectors difficult to
decarbonize” was slightly more important to the more experienced group. “Enhancing energy security”,
while important to both groups, was seen as more important by the less-experienced group in the
present, but more important in the past by the more-experienced. “Reducing dependency on fossil fuels”
was also seen as more important in the past by the more-experienced group. The key question is
whether these trends are reflective of the changing energy landscape. The concept of a hydrogen
economy was initially conceived during a period marked by escalating concerns about the imminent
depletion of fossil fuels [98] and increasing pollution levels [99]. Hydrogen was identified as a potential
solution to the global energy crisis in the 1970s [100,101], which encouraged the exploration of

alternative technologies. It may be argued that the responses reflect these changing emphases.

Two of the most notable increases relate to the drivers of “developing hydrogen as an export commodity”
and “global momentum towards a hydrogen economy”. This shift underlines a perception of global
acceptance and integration of hydrogen into economies as a commodity [73], and a broad-based

momentum towards hydrogen solutions [15].

The substantial rise in the perceived importance of these drivers from the past to the present signals a
heightened recognition of the multifaceted advantages a hydrogen economy can offer, beyond its mere
role as an alternative energy carrier. The perspective on a hydrogen economy has notably evolved over
time. While it was once primarily viewed as an environmental solution, it is now recognized for its
potential to foster economic growth, enhance energy security, and strategically position economies in

the global energy market.
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Figure 15° Comparison of past and present barriers for implementing a hydrogen economy (Top: Experts with 5 years or less

experience (n=28) Bottom: Experts with 6 years or more experience (n=32))

Figure 15 presents expert opinions comparing the barriers to implementing a hydrogen economy in the
past versus the present. The barriers range from resource constraints to technical challenges, economic
considerations, and issues with public acceptance and regulatory framework. Unlike the drivers,
barriers see a more diverse response. “Inadequate infrastructure” was seen as a highly important

barrier in both past and present, consistently between both groups of experts. As the potential benefits

of a hydrogen economy have become more recognized [15], the absence of necessary infrastructure is

becoming more apparent [102,103], highlighting it as a substantial hurdle in the pathway towards a

viable hydrogen economy.

Interestingly, the more-experienced experts” responses indicate a reduction in the importance of cost,

technological maturity and lack of regulatory frameworks, whereas the less-experienced group selected
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these as important now, but not as much in the past. This divergence underscores a contrast in
perception. While the less experienced group is becoming increasingly apprehensive about the economic
challenges of transitioning to a hydrogen economy, the more-experienced group seems to recognize
improvements in cost efficiencies. However, this barrier remains one of the top three obstacles for both
groups at present. This reflects the growing recognition of the economic challenges involved in
transitioning to a hydrogen economy. It's noteworthy that despite improvements in technology [104]
and knowledge about hydrogen [105], the issue of high costs is persistent, indicating that we still have

a considerable way to go to make hydrogen an economically viable option for a cleaner future.

The "absence of a comprehensive regulatory framework and standards for hydrogen" stands as the
third major barrier at present, with 86% of less experienced experts expressing concern, an increase
from their previous perspective of 61%. This underscores the increasing importance that the less
experienced group places on the necessity for a robust regulatory framework. However, for the more
experienced group, its importance now (59%) is viewed approximately the same as in the past (63%).
For this group, the significance of regulatory frameworks and standards for hydrogen remains

consistent, reflecting their perception of modest progress in this area.

Both "uncertain market potential" and "uncertainty in building hydrogen supply infrastructure
without assured demand" present contrasting perceptions among expert groups based on their
experience. "Uncertain market potential”" was considered less significant in the past, at 50%, by the less
experienced group, but it has increased to 71% in the present. In contrast, the more experienced group
shows a slight decrease in their concerns, with a decline from 66% to 63%. The contrast in perception
becomes even more pronounced when examining the “uncertainty in building hydrogen supply
infrastructure without assured demand". The less experienced group now regards this barrier as more
critical, shown by their concerns increasing from 57% to 82%. In comparison, the stance of the more

experienced group remains unchanged, consistently at 63%.

Figure 15 illuminates the varied ways in which experts, based on their level of experience, interpret the
evolving challenges, and highlight the balance between short-term and long-term progress in the
hydrogen sector. While there is much more that could be discussed, in particular it would be useful to

understand what time frame is considered “past” by experts, and how this is reflected in their opinions.
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5. Conclusion

This study employs an expert survey to thoroughly evaluate the hydrogen economy. We start by
assessing its current progress and projecting its potential role by the year 2050. The different aspects of
the hydrogen supply chain are also explored, with particular focus on trade, production, and key roles
within the industry. Lastly, the study analyzes the drivers and barriers for the implementation of a
hydrogen economy, providing both past and present perspectives. Notably, it offers a multinational
perspective of the hydrogen economy rather than focusing on a single country, an aspect that has yet to

be thoroughly explored in previous studies. The results can be summarized as follows:

o Most experts see only slow progress in the hydrogen economy as of now, but they remain optimistic
about the long-term potential of hydrogen in the energy sector by the year 2050.

e As hydrogen becomes a traded commodity, a new landscape of export-oriented, import-dependent,
and transit hub countries may evolve, reminiscent of the current fossil fuel market. Global
standards and practices for hydrogen production, transportation, and trade need to be established.

e For the short term, experts hold differing opinions on hydrogen production methods, while a
consensus emerges in the middle and long term. The anticipated shift from grey and blue to green
hydrogen requires policymakers to adopt a transition strategy that effectively manages economic,
social, and environmental impacts at each stage, considering factors like fossil fuel industry
employment, potential technology lock-in, green hydrogen infrastructure needs, and global climate
targets.

e Given the expected variation in hydrogen usage across different sectors, it is apparent that a
one-size-fits-all approach is unlikely to work. Policies should be tailored to the specific needs and
potential of each sector. Hard-to-abate sectors, where direct electrification poses significant
challenges, should be prioritized.

e [Experts prioritized technological, economic, and political factors (drivers and barriers) over
environmental and social aspects in the hydrogen economy. However, a balanced approach that
considers all these aspects, including the technical and economic feasibility of hydrogen
technologies, their environmental impacts, the policies supporting their development, and the social
context in which they are introduced, is recommended.

e The significant rise in the perceived importance of drivers over time reflects a growing recognition
of the diverse advantages offered by a hydrogen economy, extending beyond its role as a mere
environmental solution. It is now acknowledged for its potential to drive economic growth, enhance
energy security, and strategically position economies in the global energy market.

o Despite diminishing past barriers like technology maturity, risk perception, and public acceptance,
challenges like infrastructure development, regulatory issues, and market uncertainties persist or
have grown. Notably, high costs remain a significant barrier, despite advancements in hydrogen

technology.

History has witnessed multiple waves of interest in hydrogen without a significant impact. However,
the current wave of interest could be different. The urgent global commitment to achieving net-zero
emissions by mid-century, and the critical role hydrogen can play in hard-to-abate sectors, has emerged
as a key option for reducing emissions in these areas. This study emphasizes that while hydrogen's

contribution to the energy sector has been relatively slow until now, experts predict a significant
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acceleration driven by strategic decisions and advancements in technology. Acknowledging the
complexity of the global hydrogen supply chain, it becomes evident that a standardized framework of
international standards and cooperative practices is required, addressing production, trade, and usage
in diverse sectors. Additionally, understanding that the shift towards a hydrogen economy requires a
multi-dimensional approach, policymakers must balance technological, economic, political,
environmental, and social factors to overcome persistent barriers and capitalize on hydrogen's unique
potential. The result of this study is expected to instigate a dialogue that can inform and influence
researchers, policy makers, industry stakeholders, and the general public about the potential role and

impact of hydrogen in our transition to a more sustainable energy future.

Limitations & Future work

The current number of experts is sufficient to achieve the objective of showcasing diverse
interpretations of hydrogen, while also revealing consensus on certain aspects of hydrogen economy.
However, additional respondents are required to obtain a more comprehensive perspective. To gather
more data and facilitate ease of response, the survey will remain open and will be translated into
different languages. The results will be updated on our laboratory webpage [106] to facilitate the

sharing of knowledge.

Among the 65 experts who participated in the survey, 27 of them have agreed to participate in a
follow-up interview to discuss more in-depth insights and further expand upon the preliminary findings.
The interview will delve into a range of topics that include the technical and economic feasibility of
hydrogen production, its potential role in the energy transition, the policy landscape surrounding
hydrogen, and the perceived challenges and opportunities in the hydrogen economy. The interview
format will also provide an opportunity for a more nuanced discussion, allowing experts to express their
thoughts and ideas beyond what can be captured in the survey. The interview responses will be
synthesized into a separate paper as the second part of the research, supplementing the survey results
and providing a more comprehensive and in-depth understanding of the role of hydrogen in our future

energy systems.
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