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This study addresses challenges associated with hydrogen’s physio-chemical characteristics and the need for
safety and public acceptance as a precursor to the emerging hydrogen economy. It highlights the gap in existing
literature regarding lessons learned from events in the green hydrogen production value chain. The study aims to
use the documented lessons learned from previous hydrogen-related events to assist in enhancing safety mea-
sures and to guide stakeholders on how to avoid and mitigate future hydrogen-related events. Given the potential
catastrophic consequences, robust safety systems are essential for hydrogen economy development. The work

underscores the importance of human and operational factors as root causes of these events. The paper rec-
ommends establishing a specialized hydrogen-related event database to support risk assessment and risk miti-
gation, thus catering to the growing hydrogen industry’s needs, and facilitating quick access to critical
information for stakeholders in the private and public sectors.

1. Introduction

Hydrogen is an abundant element that is available for an infinite
period and can be produced and combusted without CO2 emissions, thus
making it suitable for use in the future net-zero economy. Furthermore,
hydrogen has a high ratio of energy per mass, which makes it an
excellent energy carrier [1]. Consequently, hydrogen production is
considered the backbone of a concept called Power-to-X (P2X).
Power-to-X is a term used to describe the production of fuels from
renewable energy sources with the aim of replacing the fossil fuels that
currently drive the energy economy [2]. Hydrogen is therefore expected
to contribute to significant emissions reduction via Power-to-X solutions
in which hydrogen is used directly or as an energy intermediate for other
products such as e-methane, e-methanol, or green steel [3]. Given its
unique properties, hydrogen is considered the missing link between
renewable energy production and decarbonization of fossil fuel-based
energy pathways [4]. A hydrogen-based economy will thus have a key
role in achieving the target of net-zero emissions by 2050 [5,6].

The versatility of hydrogen and its likely critical contribution to a
fossil-free economy could explain the forecast sharp rise in demand for

green hydrogen in Europe, with demand expected to increase by over
sixty million metric tons (Mt) annually through to 2050. Thus, by 2050,
the demand for hydrogen is projected to increase to 500-680 million
metric tons (Mt) from its current estimate of 87 million metric tons (Mt)
in 2020 [7]. Through to 2030, hydrogen demand is predicted to rise by
up to 9.2% per year according to an IEA report The Future of Hydrogen
published in 2019 [8]. This significant increase means that dramatic
development of the hydrogen infrastructure will be required to handle
the transition to volumes of this scale, which will pose significant
challenges. An example of the technical challenge involved in this
transition is the need to develop electrolysis from current MW scales into
GW scales by 2030.

Any future energy economy based on hydrogen must be economi-
cally, socially, and environmentally viable to be considered a realistic
replacement for conventional energy sources. In the current economic
environment, hydrogen is facing economic feasibility challenges. How-
ever, it is important to mention that geopolitical changes could easily
lead to green hydrogen having a lower production price than fossil fuel-
based grey hydrogen. For example, during the conflict in Ukraine, the
price of natural gas peaked at levels making the price of grey hydrogen
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in China almost double that of green hydrogen [6]. Limitations in uti-
lizing the current conventional energy infrastructure for storage —
hydrogen has lower energy density than petrol and diesel — and the
demanding logistics of hydrogen distribution are further challenges
facing green hydrogen.

Green hydrogen production cost depends mainly on the price of
electricity from renewable energy sources and the investment costs of
electrolyzes [9,10]. For example, a rapid increase in renewable elec-
tricity production could eventually lead to a dramatic reduction in
electricity prices [11], which would make hydrogen increasingly
competitive. Moreover, electrolysis production prices are also likely to
see a drop due to increased investment and scaling up of the technology
[12].

While such changes in the economic environment can lead to a sig-
nificant drop in hydrogen production cost in the coming decades,
nevertheless any extensive energy transition such as transformation
towards a hydrogen economy typically requires governmental support,
strategic planning, and public acceptance, particularly if the transition is
to occur quickly [13]. Governmental interest in the hydrogen economy
can be seen in the EU’s hydrogen strategy (COM,/2020/301). This
strategy, which was adopted in 2020, suggests policy action points in 5
areas: investment support, support for production and demand, creation
of a hydrogen market and infrastructure, research and cooperation, and
international cooperation [14].

Safety and public acceptance are also key aspects to take into
consideration when examining the prospects of a hydrogen economy.
Although hydrogen has been used safely for many years in many
different industries and applications [15-18], safety concerns, together
with economic aspects, have hindered its wider use as an energy source,
particularly since the Hindenburg disaster of 1937 [15], when a
diesel-propelled Zeppelin named Hindenburg, held aloft by hydrogen,
burst into flames, and crashed in Lakehurst, N.J., killing 36 people [15].
Industrial studies and reports substantiate hydrogen’s safe track record,
emphasizing stringent safety standards and protocols [16]. However,
transitioning from industrial to public use presents new challenges,
necessitating stricter safety criteria and regulatory oversight tailored to
public-facing applications [16-18], Comprehensive risk assessments,
robust safety protocols, and public education initiatives are essential to
foster confidence and ensure the safe integration of hydrogen technol-
ogies across different sectors [16,17]. Through collaborative efforts,
stakeholders can navigate these challenges and facilitate the safe and
successful transition to a hydrogen-based economy. The Hindenburg
syndrome is a term used to refer to a reflexive fear of hydrogen based on
a public perception related to the Hindenburg disaster. There are other
examples of technologies who’s technological and business develop-
ment has ceased when safety and sustainability concerns have arisen
[19]. For example, the Concorde supersonic flying project [20,21], the
shutdown of nuclear power facilities in parts of western Europe
following the Fukushima disaster, and opposition to wind turbines due
to harm they purportedly caused to locals in Germany [22,23].

Several studies have drawn attention to safety as the most important
determining factor after electricity prices for success of the hydrogen
economy [24].

Although some research has examined hydrogen events in synthesis
processes and other chemical production, there remains, to the authors’
best knowledge, a lack of literature that focuses specifically on lessons
learned and accidents in the hydrogen value chain [25].

Previous research on lessons learned and recommendations from
hydrogen events have relied on various industrial accidents and in-
cidents databases. The available databases are mostly designed for all
types of events that involve hydrogen, and many of the events included
in the databases do not necessarily relate specifically to hydrogen pro-
duction, distribution, storage, or end use. For example, in some of the
events recorded in the databases, hydrogen was merely present at the
production site or used as part of the production of other end-use
products. The role of limited operational experience and data on
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hydrogen-related accidents was highlighted as a factor hindering the
acquisition of fundamental knowledge of hydrogen safety systems in the
analysis by Campari et al. [25].

The goal of this study is to analyse hydrogen-related events with the
aim of presenting lessons learned and recommendations that relate
specifically to the hydrogen production value chain. In this work, past
hydrogen accidents and incidents are referred to as events. Learning
from past events has proven to be useful for improving safety systems in
many industrial fields, including the chemical and petrochemical in-
dustries. It should also play a major role in preventing future accidents.
The Seveso III Directive (2012/18/EU) mandates operators to review
past incidents, integrate lessons into safety reports, and implement
preventive measures. However, there is a gap in defining who should
learn and how this integration occurs in organizational structures. The
establishment of a structured management approach is essential for
fostering organizational learning [26]. Nevertheless, the industry often
neglects to utilize recorded industrial accidents and incidents, thereby
restricting the advantages derived from lessons learned and the potential
improvements in these processes [27]. Research, risk assessments, and
the provision of safety recommendations and guidelines, as well as
guidance to stakeholders and end users are a critical aspect of managing
the transition to a hydrogen economy [28].

2. Literature review of studies of hydrogen-related risks

Pioneering work in the accidentology of hydrogen started in 1974
when 96 hydrogen accidents were reviewed by the US National Aero-
nautics and Space Administration (NASA) as part of the space program
[29]. Since this time, work on recording hydrogen events has progressed
towards the creation of regularly updated, structured and searchable
databases [29]. Numerous incidents and accidents involving hydrogen
have been documented in various databases. Hydrogen events databases
are accessible to companies and authorities, who can input summaries of
an event. Events databases allow filtering of listed accidents by category,
date, causes, and consequences. While some databases supply details on
lessons learned and information about the primary cause of an event,
others are less comprehensive and do not include summaries of the
causes, lessons learned, or recommendations on how to prevent similar
accidents recurring [25]. One comprehensive database is the French
database ARIA of the Bureau for Analysis of Industrial Risks and
Pollution [30]. In addition, ARIA published a white paper in 2009 that
analysed over 215 recorded hydrogen-related accidents [30]. The ARIA
white paper named two main categories of root cause for these acci-
dents: first, the production or use of hydrogen in industries such as the
chemical, refining, transport, packaging, and nuclear industries; and
second, hydrogen accidently produced during industrial processes, for
example, in metal work operations, sanitation, waste treatment, and
recycling [30]. This study focuses on the first type of hydrogen use.
Studies of hydrogen events that have relied upon accidentology data-
bases are listed in Table .1, which also gives a brief overview of the
study.

3. Materials and methods

Hydrogen poses a significant safety problem due to its physio-
chemical characteristics, namely its wide flammability range, low igni-
tion energy, potential for causing hydrogen embrittlement, and sus-
ceptibility to leakage, which makes it difficult to store and use.
Prolonged exposure to hydrogen can harm storage bins, pipes, and
valves. Moreover, the clean burn of hydrogen flames makes leaks chal-
lenging to detect and increases the possibility of a fire spreading, which
can result in jet fires or explosions [45]. The characteristics of hydrogen
and their associated risks make the planning stage of hydrogen infra-
structure an important phase in the transition to a hydrogen (PtX)
economy, and thorough risk management is required to ensure that the
transition occurs without unnecessary setbacks.
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Table 1
Research on learned lessons and recommendations from hydrogen incidents and
accidents.

Research

Description

Statistics, lessons learned and
recommendations. From analysis of
HIAD 2.0 database [29].

Analysis of hydrogen incidents to support
risk assessment [31].

Lessons learned from recent process
safety incidents [32].

Using hydrogen safety best practices and
learning from safety events [33].

Lessons learned from infrastructure
operation in the CUTE project [34].

Comparative risk assessment with focus
on hydrogen and selected fuel cells:
Application to Europe [35].

Review of hydrogen safety issues:
Incident statistics, hydrogen diffusion,
and detonation
process [36].

Safety issues of the liquefaction, storage
and transportation of liquid hydrogen:
An analysis
of incidents and HAZIDS [37].

Critical review and analysis of hydrogen
safety data collection tools [38].

Assessment of risk factors and effects in
hydrogen
logistics incidents from a network
modelling
perspective [39].

HIAD hydrogen incident and accident
database [40].

A quantitative risk assessment of
hydrogen fuel cell forklifts [41].

Comparative risk assessment of liquefied
and gaseous hydrogen refuelling
stations [42].

Lessons learned from safety events [43].

Learning from HIAD 2.0 emphasizes
safety principles and developing
innovative strategies for safe hydrogen
handling.

The study recommends implementing
lessons learned to reduce future
incidents and support risk assessment.
The study emphasizes the importance of
process safety management in the
chemical and petrochemical industries,
supplying examples to prevent future
mishaps.

The article discusses the importance of
adhering to best practices for secure
management of hydrogen and the
availability of the online Hydrogen
Safety Best Practices document.

This paper examines the challenges
associated with operating on-site
hydrogen infrastructure, system
availability, downtime, hydrogen losses,
and other issues.

More safety procedures and guidelines
are needed for H2 and fuel cell systems,
and research is needed to improve
accident data, as well as investigation of
other country groupings.

The most common cause of hydrogen
safety occurrences was found to be
failures of pipes, valves, and filters, and
the paper assesses the risks of DDT, self-
ignition, hydrogen diffusion, and flame
acceleration.

The IDEALHY project aims to produce
liquid hydrogen more quickly and with
greater liquefaction efficiency by
conducting HAZID exercises and
reviewing mishaps involving LH2. Seven
occurrence causes were identified.

This study identifies best practices,
creates requirements, and collaborates
with stakeholders to validate QRA
(Quantitative Risk Assessment) for
hydrogen filling stations

Network analysis suggests that by
addressing the occurrence of a key
component and impact, accidents
involving hydrogen logistics can be
efficiently controlled and reduced.
HIAD is a web-based database created to
provide accurate information about
accidents and incidents involving
hydrogen. Its goal is to assist
stakeholders in understanding
hydrogen-related events, identifying
precautions, and facilitating the secure
adoption of hydrogen technology.

The study found that hydrogen forklifts
have a higher likelihood of fatal
accidents than industrial truck drivers
and other material handling
occupations, and that improving the
design and dependability of pressure
release mechanisms and other sections
could reduce risks.

Engineers can make better decisions by
analysing the likelihood and effects of
hazardous occurrences at hydrogen
refuelling stations and proposing a risk-
reduction plan.

The Hydrogen Incident Reports and
Lessons Learned website provides safety
lessons learned from hydrogen-related
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Table 1 (continued)

Research Description

incidents, and access to Hydrogen Safety
Best Practices. Initiatives are being
taken to increase the use of safety event
data and information, and tools for
learning about online safety can be
improved.

This research suggests an accident
modelling approach to evaluate the
safety of a hydrogen station in a
transportation network using Fault Tree
Analysis and Event Tree Analysis to
estimate failure rates.

HIAD 2.0 found that most hydrogen-
induced material failures are caused by
a lack of efficient inspection and
maintenance activities, leading to a
need for a multidisciplinary strategy.
RBI method may be a helpful way to
organize inspections of hydrogen
technologies.

Accident modelling and safety measure
design of a hydrogen station [44].

Lessons learned from HIAD 2.0:
Inspection and maintenance to avoid
hydrogen-induced material failures
[25].

Risk forecasting for a process usually starts with analysis of earlier
accidentology. In the case of a new emerging technology, it can start by
comparing the novel technology to the closest known technologies,
examining risks and safety procedures. Learning from well documented
accidents to prevent or mitigate damage from possible accidents can
save time, cost, and lives. For instance, Campari et al. [25] and Terum &
Svartdal [46]. highlight the importance of detecting failure precursors to
prevent accidents. They suggest that effective maintenance planning
and proper preventive measures could significantly reduce the likeli-
hood of undesired events. To help efficiently manage the risks related to
hydrogen production and use, this study analyses earlier hydrogen
related events recorded in accident databases. The overall workflow
adopted to provide the lessons learned and recommendations presented
in this study is illustrated in Fig. 1.

3.1. Databases used, data selection and filtering

This study selected major databases that were either mainly dedi-
cated to collecting information about hydrogen related events or events
in processes in which hydrogen was involved. Two criteria were used to
assess the suitability of a database for inclusion in this study. Namely,
the database should include hydrogen related events that occurred after
the year 2000, and the events found in the database should include one
of the following keywords: Hydrogen, hydrogen accident/incident,
learned lessons, and hydrogen learned lessons.

The hydrogen incident and accident databases used as data sources
for this study are listed in Table 2. The total number of events recorded
in the selected databases is over 70K, including events prior to the year
of 2000, as seen in column A. For example, the IChemE database has the
largest number of events, approximately 10.5K. However, the vast ma-
jority of the events happened before the year 2000. It should also be
noted that most events recorded in these databases were not related to
hydrogen. Moreover, some of the events were duplicated within the
same database or across the databases. Duplicated events are considered
as one event. Column B contains the total number of hydrogen events.
Column C shows the total number of events that are considered in this
study.

Data selection and filtering were applied to focus on the objectives of
the study. The hydrogen events included in the study were categorized
by name, location, and date (given in supplementary material). This
classification helped to cleanse any events that occurred outside the
study parameters.
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Fig. 1. Methodology for review and analysis hydrogen incidents and accidents databases.

3.2. Data categorization for identifying causes of events in the hydrogen
value chain

Transition to a hydrogen economy requires investment in hydrogen
infrastructure. Based on hydrogen related databases, such as H2TOOLS
and eMARS, and studies focusing on hydrogen value chains [52-55],
five main components related to hydrogen infrastructure were identified
as the focus of our study. These main components are electrolysers,
compressors, storage, distribution and transportation, and end use.

Countries with renewable energy and net zero targets, such as
Finland, are investing heavily in renewable energy, primarily wind and
solar power. One of the main challenges facing renewable energy is
energy storage. Hydrogen is a potential solution to the energy storage
problem as it can store significant amounts of energy, compensating for
extended periods of low wind and solar power supply and seasonal
variations [56]. Therefore, hydrogen derived from renewable energy
sources would be one possible practical solution to meet environmental
obligations [57]. However, infrastructure for electrolysis and power
transmission is required to produce e-hydrogen at the scales required.
Thus, it is important to consider electrolysis in this study as one of the
main components of the hydrogen value chain.

The events reviewed in this study should occur in at least one of the
components of the example hydrogen value chain in Fig. 2. Events that
have taken place in the same phases and with the same components as
those used for other hydrogen colours are likewise considered. To
further emphasize this point, investigations into incidents that involved
hydrogen as a byproduct of other chemical reactions or that occurred in
a pipeline or in storage facilities for blue or grey hydrogen were also
examined since hydrogen as an element does not change regardless of
the source of energy used to produce it. Furthermore, there are several
ways to transfer and store hydrogen depending on its amount, ultimate
use, and distance from the source of generation. These factors depend on
whether hydrogen is in liquid, gaseous, or blended form. The blended
method of delivering or storing hydrogen was not considered in this
study. To see, if differences exist in events when storing or distributing
hydrogen in a gaseous or liquid form, the events are divided into liquid
or gaseous hydrogen events.

Fig. 2 illustrates the hydrogen value chain, which typically comprises
five primary components.

- Electrolysis: In this phase, water (H20) undergoes electrolysis to
separate the water into its two primary elements, hydrogen (H2) and
oxygen (O), using electricity, which is Ideally from renewable energy
sources. There are three main types of hydrogen electrolysis: alka-
line, polymer electrolyte membrane (PEM), and solid oxide elec-
trolysis [58].

Hydrogen compression: To enhance the density of hydrogen pro-
duced earlier in the process, the hydrogen undergoes compression,
enabling more efficient distribution and storage. For instance, under
standard conditions, natural gas has a volumetric energy of
approximately three and half times that of hydrogen [56]. The
challenge lies in storing and transporting hydrogen effectively due to
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its highly compressible nature. For instance, in refuelling stations,
hydrogen compression is used to provide high-pressure hydrogen for
fuel cell vehicles [59].

Hydrogen storage: Hydrogen can be compressed and stored in two
forms: liquid and gas. Various storage methods exist, including un-
derground storage, above-ground storage, buffer storages, and
hydrogen cylinders. Gaseous hydrogen storage offers three ap-
proaches: 1) High-pressure (up to 700 bar) compressed hydrogen
storage (CH2); 2) High-pressure (up to 350 bar) and cooled cryo-
compressed hydrogen; and 3) Large-scale hydrogen storage
employing geological storage, spherical pressure containers, and
subterranean pipe storage (up to 200 bar) [56].

Hydrogen distribution and transportation: The method used for
delivering produced and stored hydrogen to end users varies
depending on several factors, including the type of hydrogen pro-
duced (gas, liquid, blended), production location, existing infra-
structure, volume of hydrogen produced, and cost-effectiveness.
Liquid hydrogen is often transported via tanker trucks, ship tube
tankers, or railway tankers. Gaseous or blended hydrogen can be
transported through pipelines, railway tube cars, or tube trailers.
Pipelines are generally the most cost-effective method for trans-
porting large quantities over long distances [60].

End use and conversion: The final stage of the hydrogen value chain
involves utilizing the hydrogen. Hydrogen can serve as a clean fuel
for power generation in various industrial processes or as a fuel for
hydrogen-fuelled vehicles [61].

The value chain consists also of power transmission lines, water
supply and byproducts such as heat, oxygen, and wastewater, which are
not considered in this study.

3.3. Cause identification and estimation of consequences

There are many different potential causes for incidents and acci-
dents. The ICHemE database classifies events by root cause as follows:
chemical, equipment, external, human, inadequate management sys-
tems, process, unidentified causes, and utility failure. The H2TOOLS
database lists 32 potential root causes and contributing causes, some of
which can be grouped under the same categories as in the ICHemE
database. Similar cause categories can be found also in other databases
such as the offline HIAD 2.0 database and eMARS. This study divides the
causes of the studied events into five major root causes (A to F) and 29
sub-causes and contributing factors, as shown in Table 3. This approach
thus adapts the approaches of the above-mentioned databases for cause
identification of hydrogen events.

Considering the five groups, the research primarily focuses on the
upkeep operations (Group A) addressing incidents arising from technical
issues, with a particular emphasis on human error (Group C) in the
discussion section. This emphasis stems from the significance and po-
tential fatality associated with errors when dealing with elements pos-
sessing unique and hazardous properties, such as hydrogen. Technical
accidents encompass structural failures like mechanical and pump
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Table 2

Hydrogen incident and accident databases. A: Number of events recorded in the
database, B: Number of hydrogen related events in the database, C: Number of
hydrogen related events in the database selected for inclusion in this study.

Source Scope of the source A B C

The French database
ARIA events [30].

All types of incidents, accidents 58390 341 12
and near misses that are harmful
to human health, public safety, or
the environment. The database
covers several decades and the
entire world. Most of its entries
are French cases and described in
French.

Chemical accidents and near
misses provided to the Major
Accident Hazards Bureau
(MAHB) of the European
Commission’s Joint Research
Centre (JRC).

Brief summaries of industrial
chemical accidents that have
occurred worldwide (the majority
are UK-related). The database
was active between 1997 and
2000, and it is now closed. Pdf
files of the events are available.
H2TOOLS Lesson Learned was set
up in 2017 by the US Department
of Energy to supply a publicly
available collection of hydrogen
incidents.

Tukes publishes information on
hydrogen accidents to prevent
future incidents, helping
companies and individuals find
and manage risks. Details are
available in the VARO register for
risk assessment and accident
prevention.

With over 700 events, HIAD 2.0 is
one of the largest collections of
hydrogen specific data. It has
been updated with new interfaces
and made freely accessible by the
Fuel Cells and Hydrogen Joint
Undertaking JRC [51].

HIAD 2.0 has a broad scope, while
H2TOOLS is primarily focused on
supplying detailed lessons
learned [29]. Access to HIAD 2.0
datasets can be obtained by
contacting JRC-PTT-H2

SAFETY @ec.europa.eu and
Pietro. MORETTO@ec.europa.eu.
Companies publish information
on hydrogen accidents on their
websites or in news articles and
online journals to communicate
incident details and keep the
public informed. These sources
serve as platforms for sharing
information about accidents.

The EU database
eMARS [47].

734 144

The database IChemE 10500 2

[48].

Hydrogen Tools Portal 221 221 33
H2TOOLS for
Lesson Learned

[49].

The Finnish Safety and
Chemicals Agency
(Tukes) [50].

146 14

HIAD 2.0 datasets [29,
51].

1005 45 27

Public released news
and statement

failures, while the Natural category encompasses incidents triggered by
natural hazards like heavy rain, floods, and earthquakes. Human error
encompasses accidents related to the staff’s lack of readiness in dealing
with hydrogen during operations or maintenance, which may result for
example from insufficient training and awareness. These factors can
directly or indirectly contribute as one of the root causes of accidents
and incidents [33].

It’s worth noting that the two event causes listed in Table 3 under the
Upkeep operations (A) root causes category, and marked (*) (Lack of H2
Detection Equipment and Flammable Mixture in a Confined Area), were
drawn from the database reports of Hydrogen Tools Portal H2TOOLS for
Lesson Learned, designating them as primary or contributing causes of
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events [49]. However, it’s essential to acknowledge that these two
causes may function more as symptoms or contributing factors to an
event.

The database identified 46 components and pieces of equipment that
have been involved in hydrogen value chain events. These components
were separated into ten main groups (see supplementary material). One
or more components may be present in the same event. Aside from
vehicle collisions and inadequate installation maintenance, this study
also investigated weather-related events, natural disasters including
earthquakes and lightning.

The study also discussed the severity of the hydrogen events direct
and indirect consequences using the European scale of industrial acci-
dents, which is based on 18 parameters divided into four categories:
hazardous material release, human and social impact, environmental
impact, and economic impact [30]. Each of the event’s consequences
was analysed and grouped into one of the four categories. This process
helps to identify the potential consequences for different events in the
hydrogen value chain components.

4. Results and discussion

The results of analysis of the 82 hydrogen events studied show that
distribution and storage processes have seen most events. Events
occurring during hydrogen storage accounted for 24% of total events,
while 40% of events occurred during hydrogen distribution. The total
number of events allocated to compression, electrolyzes and end use
were 11%, 9% and 16%, respectively. (Please see supplementary ma-
terial). Although compression involves high energy consumption and
pressure differences, the share of events was low compared to that of
storing and distribution. This could indicate that compression in the
current hydrogen value chain is better managed compared to other
components. As hydrogen production via electrolysis can still be
considered niche, the share of electrolysis-related events could change
as investment in electrolysis increases.

The events related to hydrogen, collected from databases listed in
Table 2, involve evetns in both gaseous and liquid forms during distri-
bution and storage processes (Fig. 3). However, the cost and energy
consumption associated with liquefying hydrogen, which can exceed
30% of its energy content, make liquid hydrogen storage and distribu-
tion over short distances less feasible [61]. Additionally, stored liquid
hydrogen is subject to partial loss through evaporation, or “boil off”
[61]. Consequently, the current infrastructure for localized hydrogen
storage and distribution primarily emphasizes the use of gaseous form
for short distances [61]. While this preference for gaseous hydrogen may
result in fewer events involving liquid hydrogen ship tube tankers or
railway tankers, it does not necessarily imply greater safety in handling.
Notably, gaseous hydrogen pipelines account for the highest number of
events, approximately 22% of the total, followed by gaseous hydrogen
storage (18%) and gaseous hydrogen tube trailers (16%). However, this
study did not investigate the comparison of which form of hydrogen is
safer for storing or distribution, while Fig. 3 illustrates the collected data
about the forms of hydrogen in the investigated events.

Cause identification shows that most incidents were caused by
maintenance operations, Fig. 4. Failure to follow instructions, issues
with training, or a lack of situational awareness were the main causes of
human error. It is reasonable to draw the conclusion that organizational
and human factors were responsible for 87% of the analysed hydrogen-
related events. However, there were also issues with installation and
maintenance in seven of the studied events. A single event might have
many underlying causes, which accounts for more than 100% of
detected causes in Fig. 4.

About half of the hydrogen events were related to organizational and
managerial issues, as can be seen in Fig. 4. Similar findings were
observed in the study of Wen et al. [29] using the HIAD 2.0 database.
However, some differences were noticed when investigating the causes
in detail. For example, only 11% of the incidents considered in Wen et al.
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Fig. 2. Example of the hydrogen value chain.

Table 3
Identified causes of hydrogen incidents and accidents.

Upkeep operations (A) Process management (B)

Equipment Failure

Design Flaw

Inadequate Venting Design

Material Incompatibility

* Lack of Hydrogen Detection
Equipment

Inadequate Equipment

Incomplete O&M Procedures

Lack of Protocol/SOP

Inadequate System Monitoring/Oversight
Inadequate Inspection

Deficiency in Procedures

Change in Procedures, Equipment, or

Materials
*Flammable Mixture in Confined Area  Inadequate Management of Change
Fatigue Communication
Tubing/Fittings/Hose Management Planning Deficiency

Improper Relief Valve Set Point
Human error (C)

Failure To Follow Procedures
Training Issues

Maintenance (D)
Inadequate Maintenance

Installation or Maintenance
Individual Actions
Situational Awareness
Assembly error
Poor Housekeeping

External (E)
Vehicle Collision
Weather and natural disasters

related to installation errors, compared to 21% in this study. Materi-
al/manufacturing errors accounted for 35% and human factors 29% in
Ref. [29], which was lower than found in this study. Similar findings

20

18

o

o

N

H2 Gaseous Pipeline H2 Gaseous Storage

H2 Gaseous Tube Trailer

were also reported in the publication of Spada et al. [35] and Witt et al.
[31]. It was determined in the study of Spada et al. [35] that most ac-
cidents were caused by human activity (52%) and technological
advancement (41%), while natural causes came in third place (5%). The
differences in percentages of events in the detailed causes between
studies could be explained by the differences of the scope, parameter,
and boundaries of each study. For example, in this study the focus is only
on events related to the hydrogen value chain, whereas other studies
have set their scope to study the hydrogen databases themselves or had a
wider range or events analysis parameters. Regardless of the relative
numbers of events, it can be seen that “Design Error,” “Technical,” and
“Operator Error” are the most serious issues because they are the ones
that most frequently occur as primary reasons. “Management” and
“Maintenance” appear equally as both “Primary Cause” and “Secondary
Cause.” [31]. Moreover, there have been external factors, including
weather phenomena and automobile crashes, that directly contributed
to the accidents, and such external factors accounted for 13% of the total
root causes of events.

When considering equipment in the hydrogen value chain, piping/
fittings/valves, storages and vehicle and fuelling systems had the most
events, Fig. 5. The category of piping, fittings, and valve pipework also
includes points of connection between the pipes or from the pipeline into
another process section. It was found, for example, that some events in
electrolysis or compression processes were a result of loose fittings in the
water electrolysis system or leaking hydrogen from a hydrogen relief

Liquid H2 Storage Liquid H2 Tanker Truck

Fig. 3. Gaseous and liquid hydrogen events occurring in the storage and distribution stages.
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= Upkeep operations

» Process management

= Human
Maintenance
= External
(1) i causes of inci and

Failure To Follow Procedures 14
Training Issue 10
Individual Action 6
Situational Awareness 4
Assembly Error 4
Poor Housekeeping 1l

(3) Events caused by human error.
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Equipment Failure
Design Flaw
Material Incompatibility
Inadequate Venting Design

Lack of Hydrogen Detectio...
Inadequate Equipment
Flammable Mixture in Confine...
Fatigue
Tubing/Fittings/Hose

Improper Relief Valve Set Point

(2) Events caused by upkeeping operations.

Incomplete O&M Procedures...
Inadequate System...
Lack of Protocol/SOP
Inadequate Inspection
Deficiency in Procedures
Change in Procedures,...

Management Planning...

w o o v v 5 5

Communication

Inadequate Management of ..

~

(4) Events caused by process maangement.

Fig. 4. Identified causes of hydrogen incidents and accidents.

= Piping/Fittings/Valves
= Hydrogen Storage
= Vehicle & Fueling Systems
Safety Systems
= Compressor
= Hydrogen Production/Water Electrolysis System
= Hand Tools
= Pressure Relief Devices
= Ventilation System Venting System
= Others

Fig. 5. Equipment in hydrogen value chain with major events.

pipe and subsequent fire in the discharge line of a hydrogen compressor
[62,63]. Eight or more hydrogen occurrences were related to compres-
sors, safety systems and pressure relief equipment. The high number of
repeated events in the equipment used and components such as pipes
fittings, storages and vehicles could indicate a need for greater under-
standing and the development, for example, of more compatible mate-
rials or operational and organizational processes. To give an example, an
incident was caused by a hydrogen vehicle driver when the fueller drove
away without disconnecting the fuelling hose from the vehicle. In this
event, the root cause could be identified as being both human error from

the driver but also organizational issues since the event suggested a lack
of guidelines and training regarding the handling of dangerous elements
like hydrogen [64]. Another example where the root cause was a com-
bination of factors such as equipment failure, material incompatibility,
and design flow occurred at an outdoor hydrogen compressor facility
when the diaphragm of a pressure transducer (PT) unexpectedly
ruptured and released hydrogen to the atmosphere from the compressor
discharge line [65]. Further examples of the root causes of hydrogen
events can be found in the supplementary material.
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4.1. Estimation of consequences

The consequences of the studied hydrogen events fall into four broad
categories: social, economic, environmental, and dangerous material
release. Dangerous material release occurs most frequently, Fig. 6. It is
important to note that hydrogen produced during events is regarded as
hazardous to humans if they are directly exposed to it, even though it has
no negative effects on the environment. Additionally, there have been
events where a hydrogen leak caused an explosion in another building or
affected the storage site of more hazardous goods. An example is an
accident that occurred at an ammonia plant when a hydrogen leak led to
a fire causing a flaming jet that spread to nearby equipment, igniting oil-
containing equipment. The event resulted in considerable equipment
damage and losses of around €9 million [66].

The analysis also shows that the hydrogen events resulted in human
and social consequences either directly in the form of death or injury or
indirectly as social disturbances. In some cases, a large area needed to be
evacuated, and in other cases, traffic on highways was stopped for a
while, windows of surrounding residence broken etc. Indirect social
consequences are far more dangerous for the hydrogen economy as a
whole due to the severe harm caused to public opinion and acceptance of
the energy transition [15].

The economic consequences vary depending on various factors. The
nature of the event had a major effect, for example, whether the accident
led to an explosion or was controlled before or during the hydrogen leak.
Hydrogen events with explosions usually lead to high economic losses
such as property damage, closure of facilities, operational delays, or
interruptions in hydrogen supply to other industries. Events can also
result in sizable fines. An example is the Kjgrbo hydrogen filling station
incident in Norway. In addition to property damage, this hydrogen
incident resulted in Toyota suspending the sale of hydrogen cars in
Norway. Moreover, the fuel station chain Uno-X closed its three
hydrogen stations in Norway and stopped the sale of hydrogen in other
EU countries. The authorities fined two Nel ASA units a total of 25
million Norwegian crowns ($2.97 million) for the hydrogen fuel station
incident [67].

4.2. Lessons learned and recommendations

The lessons learned have been categorized based on the identified
root causes within the main components of the hydrogen value chain.
This section presents 120 learned lessons and recommendations, which
are summarized in Table 4. It should be noted that some of the more
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significant events have already prompted changes in laws and hydrogen
handling standards, aiding in the prevention of hydrogen-related in-
cidents, and reducing the impact of any accidents or incidents (please
see supplementary material). The summarized lessons presented in this
study serve as a tool for stakeholders to generate development plans
aimed at addressing the root causes of hydrogen-related events and
mitigating any possible consequences.

Maintenance operations emerge as a significant cause of hydrogen
events, with equipment failure being the most common root cause,
particularly during the distribution of hydrogen via gaseous pipelines
(details in the supplementary material). Thus, the lessons learned
include detailed recommendations on maintenance operations to pre-
vent or mitigate future events related to pipeline equipment failure. For
instance, one recommendation involves mounting a flame arrestor at the
end of the exhaust pipe on top of the building housing the gaseous
hydrogen.

Another valuable lesson pertains to safety distances for hydrogen
storage. Given the potential drastic consequences of hydrogen events, it
is crucial to ensure that hydrogen storage is not located near other
critical facilities (see Section 4.2). Recommended distances for placing
hydrogen storages to minimize possible consequences from leaks or
hydrogen events are listed in an EIGA online document [68].

Table 4 summarizes learned lessons and recommendations following
hydrogen events, encompassing various aspects such as safety measures
and protocols, maintenance and inspection, human error prevention and
training, communication and collaboration, regulatory compliance and
standardization, emergency preparedness and response, and overall
system optimization and improvement.

4.3. Learning from the past, limitations, and future research

Learned lessons should promote understanding of what could go
wrong throughout a value chain with the goal of learning from previous
accidents and accidents to mitigate and prevent catastrophic events
(Fig. 7). Identifying root causes of events can assist in the construction of
green hydrogen production value chains. The lessons learned from this
study included important risk assessments and risk management systems
for green hydrogen production value chains. The events examined in this
study also provided examples of preventative factors that, if not
adequately implemented, can result in further damage and
consequences.

However, there are some limitations as regards how the events are
analysed. The focus of this study is on hydrogen events; studies on

Estimation of Consequences

GH2 Pipeline H2 Gaseous Storage Trailer Hydrogen Utilizatic H2 Liquid Storage  Hydrogen compressior Electroly H2 Tanker Truck

Fig. 6. Consequences of hydrogen events.

1210



R. Alfasfos et al.

Table 4
Summarized learned lessons and recommendations following hydrogen events.

International Journal of Hydrogen Energy 60 (2024) 1203-1214

Safety Measures and Protocols

Maintenance and Inspection

> Improve cylinder pressure relief standards and fire protection for high-pressure hydrogen

cylinders.
Encourage the use of flow-limiting devices and water spray cooling provisions.

Install automatic extinguishing systems and refined alarm systems.

Provide guidance for improved fire protection for trailer/tanker trans fill stations.
Enhance physical protection and shielding of transported hydrogen components.
Review transportation regulations and safety protocols for handling hydrogen.

YVYVYVYVYYVYVY

Implement automated leak detection and route pressure relief device discharges to safe locations.

> Establish maintenance procedures and training for hydrogen pump
systems.

>Periodically replace seals and O-rings on regulator bodies.

>Conduct periodic inspections and maintenance operations.

>Document all maintenance work and inspections in the maintenance

system.

Develop emergency response plans and conduct safety reviews for hydrogen installations.

Human Error Prevention and Training

Communication and Collaboration

>Provide training and retraining for personnel on hydrogen handling and emergency response

procedures.

>Conduct worst-case scenario training and drills for employees and first responders.
>Equip control rooms with added audio systems for faster alarm response.
>Institute combustible gas monitoring and employee training to avoid accidents.
>Provide refresher training for laboratory personnel on hydrogen hazards.
>Update job safety analysis sheets and train staff on new procedures

>Promote communication of hydrogen incident reports/data to relevant
stakeholders.

>Share incident reports and best practices with other company entities.
>Conduct risk assessments and involve all personnel in incident review and
discussion.

Regulatory Compliance and Standardization

Emergency Preparedness and Response

>Revise standards to address fire resistance and explosion hazards associated with hydrogen

installations.

>Provide guidance for hydrogen process and transfer controls in industry recommendations.

>Ensure compliance with CGA standards for hydrogen storage and supply systems.

> Develop emergency procedures and response plans for potential hydrogen leaks or
incidents.

>Ensure formal written accountability and communication during emergencies.

> Conduct risk assessments to support revisions and adjustments to emergency
procedures.

Overall System Optimization and Improvement

>Optimize relief pipe rendering, valve inspection, and replacement procedures.
>Improve assembly, verification, and documentation procedures for equipment.
>Enhance plant control systems with additional interlocks and monitoring systems.

>Develop daily/weekly/monthly check sheets to verify critical purges and system operations.

utilization of the current energy infrastructure in a hydrogen economy,
in addition to comparison of safety system requirements and costs, could
provide further insights that would be valuable for development of the
hydrogen economy. Although hydrogen has unique properties, learning
from events in other industries and energy sectors is essential, and ex-
amination of energy markets such as LNG and methane could bring
valuable perspectives. In addition, study of different safety and risk as-
sessments, management systems and equipment could offer concrete
guidance for handling hydrogen. An extension to current research that
could be considered in future work is the development of a ranking/
scaling system for each event based on the severity or seriousness of its
consequences. This information would provide valuable information
enabling efforts to be directed to events with the greatest potential for
catastrophic consequences.

In addition, another limitation of this study is the lack of investiga-
tion into the trustworthiness of the data presented in the original data-
bases or event sources. However, within the realm of incident and
accident reporting, databases play a crucial role in capturing and
disseminating valuable information [29]. Nonetheless, the reliability of
such databases can be compromised by inherent uncertainties associated
with the provided information. Often, incidents are reported based on
limited or potentially biased sources such as press releases or news ar-
ticles, which may not offer a comprehensive view of the event. This
limitation becomes particularly evident in cases where detailed accident
investigation reports are not publicly available, leading to potential
inaccuracies in databases like HIAD 2.0. Despite efforts to ensure
confidentiality and encourage unrestricted reporting, incomplete or
misleading information hampers the effectiveness of risk assessment
processes, as crucial details necessary for validation are often missing
[28]. To address these challenges, adopting best practices from estab-
lished databases like OREDA could enhance data collection and improve
safety measures within the hydrogen industry [38].

One major risk that has received limited consideration is energy
cybersecurity. For instance, according to the World Economic Forum’s
Global Risks Report 2020, cyberattacks are ranked in ninth position of
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the most likely global risks for the next 10 years. The report also em-
phasizes that cyberattacks are not only a danger to individuals but are
ranked in the top fifth of risks to critical infrastructure [69]. Such threats
to energy systems, including the clean hydrogen value chain, need
strong action from governments and organizations to implement policies
that enhance cyber resilience, and cyber resilience should be integrated
into organizational culture as advised by the International Energy
Agency [70]. This study does not examine causes of hydrogen events
that are related to digital failure of safety systems in the hydrogen value
chain, which is an aspect that should be addressed in future study.
The lessons learned can be used for further studies considering var-
iables such as location, local regulations and standards, value chains and
end products. The information gained can form the basis of recom-
mendations and guidance for stakeholders in the areas of hydrogen
storage and distribution, safety systems and measures, and their related
costs. The knowledge gained in this study can help to identify and fill
gaps related to current hydrogen risk assessment and management.
Moreover, enhanced machine learning clustering techniques from local
and worldwide hydrogen event databases could serve to establish stra-
tegies for greater resilience [9]. One other crucial aspect that future
studies should focus on is the issue of cybersecurity in energy systems.

5. Conclusion

Lessons learned and recommendations can provide valuable infor-
mation to mitigate the consequences of possible events in the hydrogen
production value chain. This study performed a detailed investigation of
hydrogen events since the year 2000 as recorded in various databases.
The analysis ascertained the root causes of these events and found that
most occurred in the storing and distribution processes and components.
Additionally, the study presents the root causes for each event and
considers details related to sub-causes to be able to identify possible risk
factors. Examination of hydrogen events showed that human and
operational aspects should be prioritized in training. The study also
gathered information on the possible consequences of each event and
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_Name | | Location Date Industry
Event
| processing |
Excluded fromithis study
Electricity Electrolysis Hydrogen Hydrogen Hydrogen Hydrogen
source Y compression Storages Distribution utilization
Upkeep Process ) |
Human Error Operation management Maintenance External
EventID
No Ignition Fire Explosion
T E
Learnt lessons and Risk 1ISO ATEX and
rec dations Management Standers Legislations . o . I
. . . Human and angerous materia :
social released Environmental Economic
Learned —— . R Standers
s Mitigation actions Legislations creation/update
Fig. 7. Procedure applied for mitigating measures from lessons learned to prevent adverse consequences.

explained how some major events result in a minor failure of the safety
system are. Incidents and accidents are undesired in any industry, and
the consequences can go beyond the merely financial. Identifying risks
related to hydrogen events can help to develop robust safety systems for
a future hydrogen economy.

The study was based on events collected from various databases.
These databases adopt diverse ways to gather, input, share and even
access hydrogen related events. Given the expected rapid expansion of
hydrogen businesses in the coming years, a specialized database for
gathering and evaluating hydrogen events is of importance. There is,
therefore, a need to establish a common database based on locally
collected hydrogen events. This database should feature an easy-to-use
platform providing quick access to information about the events. It
should also allow hydrogen end-users in both the private and public
sectors to create an event report. More detailed hydrogen events data
and more thorough examination of root causes can lead to new insights.
Such knowledge can support risk assessment efforts and risk
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management. Establishing local hydrogen events databases can help to
speed up the gap between the fast-growing clean hydrogen industry and
authorities that are formulating standards and issuing permits for
hydrogen infrastructure. More efficient knowledge exchange can speed
up permit processes and reduce risk-related costs.
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