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Abstract

Abstract: Green hydrogen, produced using renewable energy sources, is poised to
play a pivotal role in global decarbonization efforts. However, hydrogen’s unique
properties — including its wide flammability range, low ignition energy, buoyancy,
and propensity for material embrittlement — pose significant safety challenges. This
Master’s thesis presents a comprehensive safety management framework covering
the full lifecycle of green hydrogen: Production, Storage, Transportation and
Distribution, and End-Use. Through an extensive literature review and analysis of
industry best practices, the thesis identifies key hazards at each phase and evaluates
strategies such as advanced leak detection, ventilation systems, pressure relief
devices, and robust materials to mitigate risks. The work also reviews relevant
regulatory standards (ISO, NFPA, etc.) and economic considerations of safety
investments. Four recent case studies — each corresponding to a lifecycle phase — are
analyzed using root cause analysis methodologies. These include a hydrogen
production facility explosion, a storage system failure, a distribution accident, and an
end-use (fueling station) incident. The case studies reveal common causes like
equipment failure, design shortcomings, and human error, echoing findings that
equipment breakdowns account for over one-third of hydrogen incidents. Lessons
learned emphasize the need for rigorous safety protocols, operator training, and
adherence to standards to prevent recurrences. The thesis concludes with a set of
recommendations for industry and policymakers to strengthen hydrogen safety
culture. Ensuring safety across the hydrogen value chain not only protects people and
assets but also builds public confidence crucial for the widespread adoption of green
hydrogen technologies.
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1. Introduction

Hydrogen has re-emerged as a cornerstone of the clean energy transition, particularly
green hydrogen produced via renewable-powered electrolysis. Unlike fossil-derived
"grey" hydrogen, green hydrogen offers the promise of near-zero greenhouse gas
emissions at the point of production and use. Yet, the very properties that make
hydrogen an attractive energy carrier also present significant safety challenges.
Hydrogen is colorless, odorless, and has an extremely low ignition energy (~0.02 mJ),
with a flammability range of about 4-75% in air [!]. Its flame is nearly invisible, and
it diffuses rapidly. Moreover, hydrogen can embrittle many metals, compromising the
integrity of pipelines and storage vessels. These characteristics mean that even small
leaks can create an explosive atmosphere and must be proactively managed.

Green Hydrogen Lifecycle: This thesis adopts the four-phase hydrogen lifecycle
model as widely accepted in recent literature. For example, Coelho et al.[**! define
the hydrogen value chain as consisting of “production, storage, transportation and
distribution, and end-use” [**]. A similar four-stage hydrogen lifecycle is also applied
in Osman et al.!*®], who frame their analysis around “production, storage, distribution,
and utilization” 6 The hydrogen value chain spans multiple stages — production,
storage, distribution, and end-use — each with distinct hazards and operational
conditions. Figure 1 illustrates these stages in the context of a typical hydrogen value
chain from production to end use. Ensuring safety requires a holistic, lifecycle
approach because a failure in any single stage can have cascading effects on the
others.
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The Need for Comprehensive Safety Management: With governments and industries
investing heavily in hydrogen, safety management has become a critical concern.
Incidents such as explosions at hydrogen facilities have garnered public attention and
could erode trust in hydrogen as a safe energy solution. For instance, a study of
hydrogen incidents notes that "hydrogen safety is an obstacle that must be overcome
on the road towards a future hydrogen economy", underscoring that safety is pivotal
for public acceptance. Early 21st-century incidents in industrial hydrogen handling
(e.g., in petroleum refining and fertilizer production) have provided valuable lessons,
but the deployment of hydrogen in new contexts — like fueling stations and consumer
vehicles — introduces new scenarios that must be studied and addressed.

Objectives: This thesis aims to develop a comprehensive safety management
framework for green hydrogen that spans its full lifecycle. Key objectives include: (1)
identifying hazards and failure modes in each phase (production, storage,
transport/distribution, end-use); (2) reviewing and proposing safety strategies and
technologies to mitigate those hazards; (3) examining the regulatory and standards
landscape governing hydrogen safety; (4) analyzing the economic implications of
safety measures; and (5) learning from real-world incidents via case studies to extract
practical lessons and recommendations.

Scope: The focus is specifically on green hydrogen derived from renewable energy.
However, many safety considerations are common to all forms of hydrogen. The
analysis will cover both gaseous and liquid hydrogen where applicable, though
gaseous hydrogen (GH2) is more prevalent in current renewable hydrogen projects.
Each major chapter addresses one facet of safety management, culminating in four
detailed case studies of recent incidents — one for each lifecycle stage — to ground the
discussion in real-world events. These case studies are based on incident reports from
the past decade to ensure relevance to modern technologies and practices.

Importance of Safety Culture: A consistent theme is the importance of cultivating a
safety culture across the hydrogen value chain. Technical solutions alone are not
sufficient; training, standard operating procedures, emergency planning, and
organizational learning from near-misses and accidents are equally vital. Statistics
from hydrogen incident databases reveal that human and organizational factors (like
improper maintenance and operational errors) contribute significantly to accidents.
Therefore, this thesis not only addresses engineering controls and technologies but
also managerial and procedural strategies for risk reduction.

In summary, this research is motivated by a singular vision: enabling the scaling up
of green hydrogen in a manner that prioritizes safety at every step. By systematically
analyzing each phase of the hydrogen lifecycle and learning from past mistakes,
stakeholders can better anticipate risks and implement effective safeguards. The next
section reviews existing literature and frameworks on hydrogen safety to establish
the knowledge foundation for this study.
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2. Literature Review

2.1 Hydrogen Properties and Hazard Implications

Fundamental research on hydrogen’s physical and chemical properties provides the
basis for understanding its risks. Hydrogen’s wide flammability range (4—75% in air)
and detonation range (roughly 18-59% in air) mean that a broad spectrum of leak
concentrations can be ignitable[?!. Its auto-ignition temperature is around 585°C, but
due to its low ignition energy, hydrogen leaks can be ignited by very small sparks,
including static electricity. Studies highlight that hydrogen flames burn quickly and
with a nearly invisible pale-blue color, complicating detection and firefighting!!l.
Additionally, the buoyancy of hydrogen (being 14 times lighter than air) causes leaks
to rise rapidly; while this can aid dispersal outdoors, it poses a threat in enclosed
spaces if not properly vented, as hydrogen can accumulate at ceiling levels.

Another key hazard is hydrogen embrittlement of metals. Prolonged exposure to
hydrogen, especially under high pressure, can cause certain metals (like
high-strength steels) to become brittle and crack. This has implications for pipeline
and tank material selection, requiring use of hydrogen-compatible alloys or
composites for long-term durabilityl'l. The literature suggests rigorous material
testing and the implementation of inspection regimes for hydrogen infrastructure to
detect embrittlement or fatigue cracks before they lead to failures.

Hydrogen versus Other Fuels: Comparatively, hydrogen is often perceived as more
dangerous than conventional fuels due to famous historical incidents (the
Hindenburg disaster is frequently cited as an example of a hydrogen fire!?)). However,
comprehensive reviews (e.g., by Swain, 1998, and others) note that hydrogen’s
buoyancy can allow it to disperse upward and away, potentially reducing hazard
under open-air conditions, whereas gasoline fumes, being heavier than air, pool near
the ground. Hydrogen also has no toxicity (it’s asphyxiating only by oxygen
displacement), whereas many hydrocarbons are toxic or form toxic smoke on
burning®?l. The literature thus frames hydrogen safety not as an insurmountable
barrier, but as a different set of challenges that require tailored solutions.

2.2 Overview of Lifecycle Safety Approaches

A lifecycle safety management approach means evaluating hazards at each phase
from production to end use, rather than in silos. A key framework in literature is the
"incident chain" concept, where an incident in production can propagate downstream
(e.g., contaminating hydrogen with air, which later leads to an explosion in storage).
Risk assessment methodologies like HAZOP (Hazard and Operability studies),
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FMEA (Failure Mode and Effects Analysis), and Bow-Tie analysis have been
applied to hydrogen systems in various studies.

In their review of hydrogen safety issues, Yang et al. collected incident statistics and
found that equipment failures and design deficiencies were leading causes of
accidents, more so than purely human errors®’. Approximately 35.8% of 120
analyzed hydrogen incidents were primarily caused by equipment breakdown (piping
rupture, seal failure, etc.). This underscores the importance of engineering design and
maintenance in safety management. At the same time, nearly an equal share of
incidents involved human or organizational factors such as improper procedures and
lack of training. A recent review by Guo et al. (2024) emphasized that overcoming
safety challenges is essential for the hydrogen economy, pointing out gaps in current
safety knowledge especially in newer applications (e.g., hydrogen trains and
ships)2!l,

2.3 Production Phase Safety in Literature

Hydrogen Production (via electrolysis, biomass gasification, etc.): The literature on
production safety focuses largely on electrolyzers and reformers. Electrolysis
(particularly alkaline and PEM electrolyzers) involves high currents and
hydrogen/oxygen gas generation, introducing electrical and flammability hazards.
Reported incidents in production facilities often involve electrolyzer failures, such as
cell ruptures or seal leaks. An analysis by Sun et al. (2023)notes that incidents in
production are often caused by failures in electrolyzer cells or hydrogen generation
units, frequently due to equipment malfunctions, overheating, or corrosion, though
interestingly such failures have rarely led to fatalities in recent years!!l. However,
older incidents (e.g., a 1980s accident in a hydrogen plant) have caused significant
damage, which has driven improvements in design like incorporation of blast walls
and improved ventilation in electrolyzer halls.

One specific hazard in renewable-powered electrolysis is fluctuations in power input.
Intermittent renewable energy can cause an electrolyzer to operate outside ideal
conditions, potentially producing hydrogen with higher oxygen impurity if not
carefully controlled. A case in South Korea (2019) involved a trial hydrogen
production where low power input led to oxygen carryover into hydrogen storage!*l.
Literature highlights the need for purge and gas quality monitoring systems in such
setups — for instance, installing oxygen sensors and catalytic recombiners in the
product gas stream to ensure hydrogen purity.

Safety strategies identified in production include: inerting systems (purging
electrolyzers with nitrogen during shutdown/startup to prevent O»/H> mix), robust
ventilation (to dilute any leaks), explosion-proof electrical equipment (per
ATEX/IECEXx standards for hazardous areas), and automated shutdowns on detection
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of anomalies (pressure spikes, hydrogen in oxygen line, etc.). Standards like IEC
60079 address electrical safety in hydrogen-producing environments (classifying
zones where flammable gas may be present). Additionally, regular maintenance and
inspection of pressure vessels, pipes, and valves in production units are emphasized
in guidelines (e.g., the EU’s PED — Pressure Equipment Directive).

2.4 Storage and Distribution Phase Safety in

Literature

Hydrogen can be stored as a compressed gas, a cryogenic liquid, or in chemical
carriers (like metal hydrides or ammonia). Compressed gas storage (in cylinders or
tanks up to 700 bar for vehicle fueling) carries the risk of high-pressure release and
subsequent jet fires or explosions. Literature reviews of storage incidents show that
while the frequency of storage accidents is low relative to distribution, the severity
can be high. A comprehensive analysis by Wen et al. (2022) of 576 hydrogen events
found that the storage phase bore the brunt of fatalities (45% of the 100 deaths in
their dataset occurred during storage)!®). This is often because storage involves large
quantities of hydrogen, such that any ignition can release massive energy. One
scenario of concern is a BLEVE (Boiling Liquid Expanding Vapor Explosion) with
liquid hydrogen — rare but catastrophic, as detailed in a review by Aziz (2021)?2],

Key failure modes in storage include: pressure relief device (PRD) failures, tank
rupture due to over-pressurization or impact, and external fires impinging on tanks.
For example, a study of accidents notes that in several cases, inadequate thermal
relief (PRDs failing to open or not present) led to tank explosions in fire scenarios!!l,
Consequently, modern standards (ISO 19884 for stationary storage, NFPA 2, etc.)
require PRDs on hydrogen storage that vent safely under abnormal conditions.
Materials compatibility is another focus: storage vessels must resist hydrogen
embrittlement, which has spurred the use of composites (carbon fiber wrapped tanks)
and austenitic stainless steels over traditional high-strength steels.

Transportation and Distribution of hydrogen includes pipeline transport, tube trailers
(for compressed gas delivery by road), and cryogenic liquid hydrogen tankers.
Pipeline transport of hydrogen, while similar to natural gas, faces issues like
hydrogen’s ability to permeate and embrittle pipeline steel, and the difficulty of leak
detection (since hydrogen is invisible and odorless — adding odorants is not yet
common practice due to purity requirements). Incident databases (like HIAD 2.0 in
Europe) indicate that many historical hydrogen pipeline incidents were due to
third-party damage (accidental digs) or material failure at welds. Mitigation includes
using fiber-composite wraps, implementing real-time leak detection sensors along
pipelines, and establishing buffer zones to prevent unintended interference.
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For road transport, accidents have occurred involving hydrogen tube trailers — for
instance, a well-known incident in Santa Clara, CA (2019) where a trailer at a filling
facility exploded and caused a multi-month disruption of hydrogen fuel supply®..
Analyses of that incident and similar ones stress training and procedures (in Santa
Clara, an improper attempt to fix a leak and miscommunication during trailer filling
were root causesPl) as well as engineering controls like fail-safe breakaway
couplings and blast shielding on trailers. Hydrogen refueling stations themselves are
a critical part of distribution (or end-use, depending on perspective). They involve
on-site storage and handling of hydrogen at high pressures, and have been the site of
incidents (including the Kjorbo, Norway station explosion in 2019, discussed later).
Literature suggests station safety is generally high if codes are followed, and a study
by the Canadian Hydrogen Safety Program concluded that hydrogen fueling, when
properly regulated, can be as safe as or safer than gasoline fueling?.. However,
continuous improvement is needed as new station designs (e.g., for 700 bar fills)
push technical limits.

2.5 End-Use Phase Safety in Literature

End-use applications vary widely — from fuel cell electric vehicles (FCEVs) and
buses, to stationary fuel cell power systems, to industrial hydrogen usage (e.g.,
hydrogen burners or as a feedstock in processes). Fuel Cell Vehicles store hydrogen
on-board (typically 5—10 kg in pressurized tanks at 700 bar for cars). These tanks are
designed with multiple safety features: carbon-fiber construction, thermally activated
pressure relief devices (TPRDs) that release hydrogen in a controlled manner if the
tank is in a fire, and sensors to detect leaks in the vehicle’s hydrogen system. Testing
standards (like ISO 19881 for fuel containers) subject tanks to gunfire, drop, and
bonfire tests to ensure they won’t rupture violently. To date, there have been very
few incidents of on-road hydrogen vehicles; a notable case in the literature is a bus
fire in Germany (2016) where the hydrogen system properly vented and avoided
explosion. However, a more recent incident in South Korea involved a hydrogen bus
explosion during maintenance in 2020, raising questions about maintenance
protocols for FCEVs¢l,

Stationary fuel cells (for backup power, etc.) often use hydrogen stored in cylinders.
These systems must be installed per safety codes (NFPA 853 and others) with
ventilation and gas detection. A lab incident in 2023 in Korea, where a hydrogen
fuel-cell R&D lab explosion injured several peoplel”, highlighted that even
small-scale end-use systems can pose risks if safety protocols (like purging hydrogen
lines before maintenance) are not followed.

Hydrogen Refueling Stations (HRS): While part of distribution, they directly
interface with end-users (drivers fueling vehicles). Safety studies dedicated to HRS
(such as per the EU’s H2Safe and HySafe projects) indicate that the highest risks at
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stations are accidental hydrogen releases during dispensing and storage, and
subsequent ignition. As mitigation, stations have an array of sensors, emergency
shutdown systems, and defueling protocols. Simulation research on HRS shows that
ventilation can prevent accumulation of gas in enclosures, and deflagration vent
panels can mitigate pressure in event of an ignited leak. A 2024 analysis by Catalano
et al. examined 224 relevant incidents in the hydrogen value chain for insights into
HRS safety, concluding that robust safety management in production, storage, and
delivery phases provides a critical foundation for HRS safety®]. In other words,
preventing hydrogen with contaminants or unsafe conditions from ever reaching the
station is as important as the station’s onsite safety measures.

Industrial End-Uses: In industrial settings where hydrogen is used (e.g., as a reactant
or heat source), traditional chemical industry safety practices apply. Many such
facilities (like oil refineries) have decades of experience handling hydrogen and
adhere to strict standards (API standards, industrial gas standards). Key lessons from
industrial use include the need for static electricity control, as hydrogen-air mixtures
can be ignited by static discharges; hence, bonding and grounding of equipment is
mandatory®. Additionally, when using hydrogen in combustion (e.g., hydrogen-fired
turbines or boilers), flame detectors must account for hydrogen’s flame
characteristics (using UV/IR detectors since flames are not visible)?!,

2.6 Summary of Gaps and Challenges

The literature reveals that while many technical measures exist and numerous
standards are in place, challenges remain in integrating these into a coherent safety
management strategy. Some identified gaps include:

Data and Experience: Hydrogen as a vehicular fuel is relatively new, meaning the
statistical basis for risk is less mature than, say, for gasoline. Sharing of incident data
(via databases like HIAD, H2Tools) is crucial for industry-wide learning.

Harmonization of Standards: There are many codes (ISO, NFPA, SAE, etc.) — one
review pointed out over 30 relevant standards for hydrogen systems!?. Ensuring
consistency and that users (engineers, authorities) can navigate these is an ongoing
task. For example, aligning vehicle tank standards (ISO vs. SAE J2579) and station
protocols (ISO 19880 vs. local regulations) is needed for international projects.

Public Perception and Training: Public concerns over hydrogen safety (often rooted
in historical events or the term "hydrogen bomb") mean that transparent safety
demonstration is important. Several papers note that outreach and first-responder
training can improve acceptance. For instance, safety demonstration projects (like
Hydrogen Town demonstrations) incorporate public education on how hydrogen
systems are made safe.
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In conclusion, the literature provides a solid foundation of known hazards and
mitigation techniques for hydrogen systems. However, as the hydrogen economy
evolves, continued research and proactive safety management will be needed. This
thesis builds on these insights, moving next to the research methodology used to
deepen the analysis, particularly in examining real-world cases and current practices.

3. Research Methodology

3.1 Research Design and Approach

This research adopts a multi-method qualitative approach, combining literature
analysis, case study investigation, and application of safety analysis techniques. The
goal is both descriptive (mapping out safety strategies across the hydrogen lifecycle)
and analytical (identifying root causes and lessons from incidents). Key components
of the methodology include:

Literature Review: As presented in Chapter 2, an extensive review of academic
papers, industry reports, and safety guidelines was conducted. This established the
state-of-the-art knowledge on hydrogen safety and identified common themes (e.g.,
frequent causes of incidents, recommended practices). It also helped pinpoint
knowledge gaps and areas needing further investigation.

Case Study Method: Four case studies were selected, each corresponding to one
phase of the hydrogen lifecycle (production, storage, distribution, end-use). The
cases were chosen based on criteria of recency (to ensure contemporary relevance),
data availability (incident reports or investigations accessible), and
representativeness of typical hazards in that phase. The selected cases are:

Production Safety: 2019 explosion at a renewable hydrogen pilot facility in
Gangneung, South Korea.

Storage Safety: 2007 hydrogen storage explosion at Muskingum River Power Plant,
Ohio, USA.

Transportation/Distribution Safety: 2019 hydrogen trailer explosion in Santa Clara,
California, USA.

End-Use Safety: 2019 hydrogen refueling station blast in Kjerbo (Sandvika),
Norway.

Each case study is analyzed in a structured manner (described in Section 3.3).
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Accident Analysis Techniques: To dissect the case studies, standard accident
investigation tools were employed. This includes Root Cause Analysis (RCA), where
we identify underlying causes rather than just immediate triggers. Techniques such
as the "5 Whys" and fishbone (Ishikawa) diagrams were conceptually utilized to
trace how and why each incident occurred. Additionally, the Tripod Beta model
(which looks at latent failures, active failures, and missing barriers) informed the
analysis to ensure we consider technical, human, and organizational factors.

Regulatory and Economic Analysis: Regulatory documents (standards, codes, and
policy papers) were reviewed to identify what safety requirements are mandated or
recommended in different jurisdictions. Economic analysis was conducted
qualitatively by gathering data on costs of safety systems and costs of accidents
(where available) and using cost-benefit reasoning to discuss investments in safety.
For instance, if an accident caused a certain monetary loss, that is contrasted with the
cost of preventive measures that could have averted it.

3.2 Data Sources

Secondary data forms the backbone of this research. Key sources included:

Accident reports and investigations: e.g., U.S. Chemical Safety Board reports, the
Hydrogen Tools (H2Tools) "Lessons Learned" database, academic case studies (like
WHA International’s case study on the Muskingum incident), and press releases or
news articles for incident details.

Industry standards and guidelines: ISO standards (accessed via summaries or
excerpts due to full-text restrictions), NFPA codes (via code handbooks), and
government publications (such as the EU directives and U.S. DOE guidelines) were
consulted.

Academic journals: Journals such as International Journal of Hydrogen Energy,
Process Safety and Environmental Protection, International Journal of Hydrogen
Safety, and Safety Science provided many of the contemporary research findings.
Conference proceedings from the International Conference on Hydrogen Safety
(ICHS) were also mined for relevant papers on specific technical issues (e.g.,
hydrogen sensor performance, vent sizing, etc.).

News and trade publications: For the most recent incidents (especially those in
2023-2025), news sources (e.g., Reuters, Hydrogen Insight) offered up-to-date
information which might not yet be in academic literature. These were cross-verified
when possible (for example, comparing multiple news reports or checking statements
from official agencies).

11
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All data used was cross-validated across multiple sources when possible. In the case
studies, if an official report was available, it was given higher weight than media
reporting; where only media sources existed, multiple outlets and any available
statements from authorities were used to ensure accuracy.

3.3 Case Study Analysis Procedure

Each case study in Chapter 9 follows a consistent structure:

Incident Description: A factual recount of what happened, when, and where. This
includes the sequence of events leading up to the incident, the incident itself (e.g.,
explosion, fire), and the immediate aftermath (casualties, damage).

Root Cause Analysis: Using available information, the analysis drills down to root
causes. This is often divided into:

Technical causes: equipment or material failures, design flaws, etc.
Human causes: operator errors, maintenance mistakes, protocol violations.

Organizational causes: inadequate training, poor safety culture, lack of procedures or
oversight.

We employ the notion of barrier failure — identifying which safety barriers failed or
were absent that allowed the incident to occur.

Lessons Learned: This part generalizes the findings into lessons or principles. For
example, an incident might teach the importance of installing hydrogen detectors in
enclosed areas, or the need for thorough training on emergency shutdown
procedures.

Mitigation and Recommendations: Based on the root causes and lessons,
recommendations are made. These may include engineering measures (e.g., use a
different valve type, add a fail-safe), administrative measures (develop a
maintenance checklist, change operating procedure), and any code/standard
implications (e.g., update a standard to address a gap revealed by the incident).

This systematic approach ensures each case yields actionable insights that feed into
the overall safety strategies discussed.

3.4 Limitations of Methodology

It is important to acknowledge limitations. First, the availability of detailed data for
incidents varies. For some, we rely on published analyses (e.g., the Santa Clara

12
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incident had a thorough public report), while others might have only sparse
information (perhaps due to legal/confidentiality issues). This could bias the depth of
analysis per case. Second, the research leans qualitative; no new experimental data
was generated. Thus, recommendations are based on existing reported evidence and
best practices, but they haven’t been physically tested within this project.

Another limitation is the evolving nature of hydrogen technology. The literature and
standards are quickly updating in this field (for instance, new sensor technologies or
the latest revisions of standards). The thesis captures the state of knowledge up to
early 2025. Future developments may change certain risk profiles (e.g., if odorants
for hydrogen become standard, leak detection approaches might shift).

Finally, the economic discussion is not a full cost-benefit analysis with precise
financial modeling, but rather a reasoned argumentation using case evidence. A
detailed quantification of risk reduction versus cost was beyond the scope, given the
complexities and the lack of granular failure probability data for some newer
hydrogen applications.

Despite these limitations, the methodology is sufficiently robust to draw meaningful
conclusions. By integrating diverse sources and methods, it provides a
comprehensive look at hydrogen safety that is grounded in real-world experience and
established knowledge. The next chapter presents the findings from the data gathered,
organized by each lifecycle stage and topic area (risk identification, mitigation
strategies, etc.), setting the stage for the deep-dives into the case studies thereafter.

4. Data Analysis and Findings

This chapter synthesizes the findings from the literature, data gathering, and initial
analysis, structured around the hydrogen lifecycle stages and key thematic areas (risk
factors, mitigation strategies, etc.). It essentially forms a baseline safety framework
before we examine the case studies in detail.

4.1 Hazard Identification Across Lifecycle Stages

Drawing from literature and reported incidents, we identify major hazards in each
stage of the hydrogen lifecycle. These include production hazards (e.g.,
high-pressure  electrolysis, leakage, flashback), storage hazards (e.g.,
over-pressurization, material embrittlement), transportation hazards (e.g., BLEVE,
pipeline leakage), and end-use hazards (e.g., nozzle fires, explosion in confined
FCEV environments).

13
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This categorization is based primarily on [Guo et al., 2024, pp. 1057-1060]2!, which
summarizes safety challenges across the hydrogen value chain. It is further supported
by [Yang et al., 2021]%, which together provide a comprehensive view of typical
failure modes. While no single source claims exhaustiveness, cross-referencing these
studies offers a sufficiently robust framework widely cited in academic and industrial
safety contexts.

Production Phase Hazards:

Leaks of Hydrogen and Oxygen: In electrolysis, both Hz and O: are generated; leaks,
if they mix, can create a detonable combination. Unintended hydrogen leaks in
production halls have led to fires/explosions historically. Oxygen enrichment of
hydrogen (as in the Gangneung case) is a subtle but dangerous hazard!*,

Overpressure and Equipment Failure: Electrolyzers and reformers operate under
pressure; failure of relief valves or blockage can cause pressure buildup and ruptures.

Electrical Hazards: High-power electrical systems (for electrolyzers) pose shock and
ignition risks; electrical faults can ignite leaked hydrogen.

Thermal and Chemical Hazards: Catalysts and electrolytes (like KOH in alkaline
electrolyzers) are corrosive; improper handling can cause chemical burns or reactive
incidents.

Storage Phase Hazards:

High-Pressure Gas Release: Rupture of a storage tank or a fitting can release a
high-pressure jet of hydrogen, which can ignite and cause a jet fire or explosion. Jet
flames are nearly invisible and can impinge on nearby equipment.

BLEVE (for Liquid Hydrogen): If a liquid hydrogen tank loses integrity in a fire,
rapid vaporization can cause a BLEVE, sending shrapnel and fireball over a wide
arealll,

Hydrogen Embrittlement: Over time, tanks or valves may weaken due to hydrogen
absorption, possibly causing cracks and leaks.

External Fire Exposure: A fire near a hydrogen storage (e.g., a warehouse fire) can
heat tanks and cause PRDs to vent or tanks to rupture if not properly protected.

Transportation and Distribution Phase Hazards:
Pipeline Leaks or Rupture: Caused by corrosion, embrittlement, ground movement,

or third-party damage (e.g., digging). A pipeline hydrogen leak, if in an enclosed
underground space or collecting under a roof, can explode. Above-ground pipeline
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leaks can form visible gas plumes only if an odorant or tracer is added, which is not
common.

Vehicle/Tanker Accidents: A road accident involving a hydrogen trailer or LH>
tanker can result in immediate release. If ignited, it can create large fireballs or
explosions. If not ignited, it presents a leak scenario that responders must handle
carefully to avoid ignition.

Refueling Interface Failures: At HRS, failures of hoses or nozzles (e.g., drive-away
incidents where a vehicle drives off with the nozzle connected) can lead to leaks.
Modern designs use break-away couplings that seal upon disconnect, but if these fail,
a significant release can occur.

Compressor Failures at Stations: Distribution often involves compressing hydrogen
to high pressure for storage or dispensing. Compressor malfunctions can cause leaks
or even disintegration (a piston failure could ignite oil/hydrogen mix).

End-Use Phase Hazards:

Vehicle Tank Rupture: Although rare due to robust design, a manufacturing defect or
unforeseen damage in an on-board tank could cause failure. Fire impingement on a
vehicle’s tank could also cause TPRDs to open — if they work correctly, hydrogen
will vent and burn in a controlled flare; if not, tank rupture and explosion are
possible.

Fuel Cell System Leaks: Leaks in fuel cell appliances (vehicles or stationary) may
accumulate in enclosed spaces. For instance, a car parked in a closed garage with a
leaking tank could fill the space with hydrogen.

Industrial Use Incidents: If hydrogen is burned or used in processes, flashback (flame
propagating back into a hydrogen line) is a hazard — flame arrestors must be used. In
labs, hydrogen experiments without proper ventilation have led to explosions.

Table 1 summarizes key hazards and corresponding safety strategies at each stage,
compiled from various sources and incident analyses:
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- External fire heating
tanks

Lifecycle Stage |[Key Hazards Primary Safety Strategies
- Gas leaks (H2/O|- Ventilation of H2/O- areas; interlocks to
mix) prevent dangerous mixing
- Overpressure  in|- Pressure relief devices (PRDs) and
Production systems ‘ burst discs‘ with proper Vent‘ing
- Electrical faults|- Explosion-proof electricals; proper
(ignition sources) grounding
- Chemical electrolyte||- Personal protective equipment and spill
hazards containment for electrolytes
_ High-pressure tank|" Use of Cf)mposite or steel alloys rated
rupture or leak for H, service
) I])BLEVE (for liquid|” PR]?S on tanks to vent gas in controlled
Hs) way if overpressure
Storage o - Regular inspection for embrittlement
-Material
. damage
embrittlement

- Firewalls, thermal protection and safety
distances around storage; pressure relief]
for cryogenic tanks

- Leak detection systems along pipeline;
automatic shut-off valves!®

garage or enclosure
- Fuel cell system
malfunctions

- Flashback in burners

- Pipeli leak ) ) ..
{petneTed Ol Robust trailer design and training for
rupture . .
. drivers; use of hydrogen-specific safety
. -Trailer/tanker
Transportation &| . valves
.. accident )
Distribution . . |- Break-away couplers on dispensers;
- Refueling connection . .
: routine inspection of hoses
failure .
. - Redundant safety circuits on
- Compressor failure .
compressors; blast containment for
compressor units
-Vehicle tank|- Vehicle tank safety per ISO/SAE
damage/rupture in|standards (drop tests, TPRDs for fire)
crash - In-vehicle H: detectors and automatic
- Undetected leak in|tank shut-off valves
End-Use

- Regular maintenance and health
monitoring of fuel cells
- Flame and flashback

preventers in any hydrogen burners

arrestors

Table 1: Summary of hazards and safety strategies across the hydrogen lifecycle.
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These hazards and controls set the stage for deeper discussion. In the subsequent
sections, we discuss in more detail the safety technologies (Section 4.2), regulatory
requirements (Chapter 5), and economic aspects (Chapter 7) relevant to managing
these risks.

4.2 Common Safety Strategies and Technologies

According to the DOE Hydrogen Safety Best Practices Handbook, the Hydrogen
Tools (H2Tools) platform, and the European Hydrogen Incidents and Accidents
Database (HIAD) 2.1, several safety measures are consistently recommended and
implemented across multiple phases of the hydrogen lifecycle:

Leak Detection and Shut-off: Because hydrogen leaks are a primary concern, fast
detection and isolation is critical. Hydrogen detectors (electrochemical, pellistor, or
optical sensors) are deployed in production halls, storage areas, and fueling stations
to provide early warning. Best practice is that leak detection systems are tied to
automated shut-off valves, halting hydrogen flow to prevent accumulation!®. For
example, if sensors detect 1% hydrogen in air (25% of the lower flammable limit),
the system can activate alarms and close valves, and at 2% H-, initiate emergency
shutdown of hydrogen supply. In pipelines, technologies like fiber-optic sensing and
acoustic monitoring are used to detect leaks by sensing changes in acoustic signal or
pressure dynamics. Importantly, detectors must be placed strategically — since H:
rises, ceiling-mounted sensors or sensors in the highest points of enclosures are
recommended®!,

Ventilation: Ventilation dilutes any leaked hydrogen to safe concentrations. Design
guidelines (such as ISO/TR 15916 for basic hydrogen safety considerations)
emphasize minimum air exchange rates for rooms containing hydrogen equipment.
Forced ventilation at a rate of at least 12 air changes per hour is suggested for
enclosed areas with hydrogen to prevent any accumulation®®. Ventilation must be
upward and to outside air, since hydrogen should not be recirculated within a
building. Passive ventilation (vents at high points) is also effective for
lighter-than-air hydrogen. A key principle is to avoid any confined pocket where
hydrogen could gather — a lesson underscored by incidents like the Ohio power plant
explosion, where an overhead canopy trapped leaked hydrogen!®.,

Separation and Spacing: Distances between hydrogen systems and other facilities or
people provide a buffer in case of an accident. Standards specify setback distances
(for example, NFPA 2 Hydrogen Technologies Code provides minimum distances
for bulk storage from property lines and buildings, based on quantity and pressure).
These help ensure that if a storage vessel ignites, the radiant heat or blast wave is less
likely to impact occupied buildings. In practice, many hydrogen facilities use blast
walls or embankments as well to direct any explosion away from critical areas.
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Pressure Relief and Vent Systems: Any closed hydrogen system (electrolyzer,
storage tank, pipeline segment) should have pressure relief devices. As seen in Table
1, proper vent design is crucial — the relief must lead to a safe location, typically
vertical vent stacks that exhaust hydrogen high into the air. The Santa Clara incident
analysis noted that confinement of hydrogen due to inadequate venting contributed to
the explosion severity®l. Thus, vents need to be sized for worst-case flow (e.g., if a
large line ruptures) and oriented away from people/ignition sources. For liquid
hydrogen, multiple relief stages (for inner and outer tanks) and vacuum-jacket
integrity monitoring are used.

Inerting and Purging: In systems that can mix hydrogen and air (like reactors or
vessels during maintenance), using an inert gas purge (nitrogen or argon) is standard
practice. Before maintenance, hydrogen equipment is purged with inert gas to drive
out hydrogen, and conversely, when preparing to introduce hydrogen, air is first
displaced. This prevents forming a combustible H2/O-> mix inside equipment. The
Gangneung case effectively was a failure to ensure hydrogen purity (oxygen was not
purged out sufficiently), illustrating the importance of this practicell.

Materials and Components: Selecting components rated for hydrogen service is
fundamental. This includes using seals and gaskets that won’t deteriorate, avoiding
certain lubricants that can auto-ignite in high-pressure oxygen (for electrolyzer O:
lines), and ensuring mechanical components can handle hydrogen’s properties. Use
of components with international certifications for hydrogen (like EC79/2009 for
vehicle components in EU, or ISO 19880-3 for fittings) is a widely adopted strategy
to ensure quality. Additionally, many systems use redundancy — for example, two
shutoff valves in series (both must fail to have an uncontrolled release) and
double-walled piping in critical sections (the annular space is monitored for any
hydrogen, acting as a secondary containment).

Fire Detection and Suppression: In hydrogen facilities, standard fire detection
(smoke, heat detectors) is supplemented by flame detectors (UV/IR) tuned to
hydrogen flames, since a hydrogen flame might not trigger a traditional smoke
detector. Automatic fire suppression can be tricky for hydrogen fires — water can
cool adjacent equipment and prevent fire spread, but it doesn’t smother hydrogen
flames (which have no soot). Still, water deluge systems are used to protect tanks
from overheating in a fire. In indoor settings, water sprinklers or foam can douse
secondary fires (like if hydrogen causes other materials to burn). Some research is
exploring inert gas flooding systems for enclosed hydrogen areas, but since hydrogen
fires burn very fast, preventing ignition through ventilation and detection is the
primary strategy.

Control of Ignition Sources: Facilities follow strict controls per hazardous area
classification. Electrical equipment in areas with possible hydrogen presence must be
explosion-proof (enclosed such that any spark won’t ignite outside gas) or
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intrinsically safe (low energy). This includes lights, switches, and instrumentation.
Also, procedures forbid open flames, smoking, or even hot work (welding) unless the
area is confirmed free of hydrogen (gas tests are done). Static grounding for people
and vehicles is enforced — for instance, trucks delivering hydrogen must be grounded
before unloading to prevent static discharge.

Training and Procedures: Technology alone is insufficient; human factors are
managed via training, clear operating procedures, and safety drills. Operators are
trained to respond to alarms, perform emergency shutdowns, and follow checklists
for startup and maintenance. The need for such training was evident in the Santa
Clara case — lack of clarity on procedures and a miscommunication led to a wrong
control being activated®). Many companies implement a "Hydrogen Safety Manual"
and regular audits to ensure procedures are followed. Simulation training (using
computer models or physical mock-ups) helps prepare staff for rare events like a
hydrogen leak scenario.

Emergency Response Planning: Facilities coordinate with local emergency services,
providing information on hydrogen hazards and the layout of the site. Emergency
response plans detail evacuation routes, isolation distances, and firefighting strategy
(e.g., let a hydrogen fire burn if it’s venting upwards and not threatening other assets,
but cool the surroundings). Community outreach is often done for larger hydrogen
installations so that the public knows what to do (or not do) if an incident occurs (for
example, not to approach a venting hydrogen plume with a car, etc.).

4.3 Incident Statistics and Trends

Aggregating data from various reports provides insight into where efforts should be
focused. As mentioned, equipment failures (like valve or gasket failures) are leading
immediate causes. Drilling deeper, one study of 70 hydrogen accidents found the
following breakdown of primary causes: 38% equipment failure, 27% human error,
20% design deficiency, 15% unknown/other (Source: adapted from Yang et al. 2021
analysis!!'l). However, human and design factors often underlie the equipment failures
(e.g., design choice of a material that embrittles, or human lapses in maintenance
leading to equipment failure). This reinforces the layered nature of causal factors.

It’s also instructive to note outcome statistics. A European Hydrogen Safety Panel
analysis of 706 incidents recorded up to 2021 revealed that the majority of incidents
resulted only in minor damage or no ignition (which is encouraging), but a small
percentage led to serious accidents with fatalities!!”). The most common event type
was hydrogen release without ignition, followed by ignited fires; explosions were
less frequent but obviously more severe. This suggests that leak management (detect
and ventilate) is effective in many cases to prevent escalation, but when things go
wrong (ignition in a confined space), consequences are high.
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Interestingly, the distribution of incidents by sector (from the same dataset) shows
that chemical/petrochemical industry accounted for ~62%!!"of incidents historically
(since those industries have used hydrogen for decades), whereas specifically
hydrogen infrastructure (production, transport, refueling) incidents are a smaller
portion but growing as these systems are deployed. This underscores that we can
learn a lot from industrial hydrogen handling experience, but we must adapt those

lessons to new contexts like public fueling stations.

4.4 Synthesis of Safety Framework

Layer Key Strategies Hazards Example
Addressed Tools/Systems
Inherent Safety | Material Embrittlement, Hydrogen-compatible
(Design) compatibility, overpressure, alloys, passive safety
non-flammable ignition risk designs
designs,
low-pressure
system design
Prevention Leak detection, | Leaks, Hydrogen  sensors,
monitoring systems, | overpressure SCADA, interlocks,
control logic, | buildup, alarms
automated equipment
shutdown malfunction
Mitigation Ventilation, flame | Gas accumulation, | Mechanical
arrestors, explosion | fire spread, | ventilation, vent
suppression, deflagration stacks, blast walls
separation distance
Emergency Emergency Personnel injury, | Emergency drills, fire
Response shutdown asset loss, | extinguishing
procedures, fire | escalation of event | systems, signage

services, evacuation

protocols

Table 2 — Hydrogen Safety Management Framework

Combining the above, Table 2 presents a high-level safety management framework,
illustrating the layers of defense from design to operation. It shows: inherent safety
in design (material and process selection), prevention (monitoring, control systems),
mitigation (ventilation, suppression), and emergency response. Each layer addresses
certain hazards as detailed in prior sections. The idea of defense-in-depth is central:
even if a leak occurs (prevention failed), ventilation and gas detection (mitigation)
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can prevent an explosion; if an explosion happens, separation distance and proper
building design (another mitigation) can limit harm.

These findings will be referenced in the upcoming Regulatory and Technology
chapters where we align them with specific standards and innovations. Following
that, the Economic chapter will discuss the cost aspect of implementing these safety
measures versus the cost of potential incidents. Finally, the case studies in Chapter 9
will provide concrete examples illustrating how these safety strategies succeed or fail
in practice, tying everything together.

Before moving on, it is worth noting a key takeaway: hydrogen safety is achievable
through diligent application of engineering and management practices. Countries like
Japan, Germany, and the USA have been operating hydrogen systems (industrial and
experimental) for many years with strong safety records by following the kind of
measures outlined. The incidents that have occurred often trace back to lapses (a
missed hazard, a procedure not followed, a component not up to spec) rather than
something inherently unmanageable about hydrogen. This thesis builds on that
notion, aiming to ensure those lapses become ever more rare as we progress into the
green hydrogen era.

5. Regulatory Policies and Standards

A robust regulatory framework and adherence to standards are critical for hydrogen
safety. This chapter reviews the landscape of hydrogen safety regulations, codes, and
standards at international, regional, and national levels, and discusses how they apply
to the lifecycle stages.

5.1 International and Industry Standards Overview

The development of hydrogen-specific standards has accelerated in recent decades,
led by organizations like the International Organization for Standardization (ISO)
and industry associations. ISO Technical Committee 197 (ISO/TC 197) focuses on
hydrogen technologies and has published numerous standards covering production,
storage, and use. Some key ISO standards include:

ISO 19880-1:2020 — Gaseous hydrogen fueling stations: Specifies minimum safety
requirements for design and operation of hydrogen refueling stations. It covers
aspects like station layout, equipment, hydrogen purity, and emergency systems!?],

ISO 14687 — Hydrogen fuel quality: Ensures that hydrogen fuel (especially for fuel
cells) meets purity specs to avoid issues like catalyst poisoning, which also has safety
implications (e.g., impurities could affect sensors)41.
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ISO 26142:2010 — Hydrogen detection apparatus: Standards for hydrogen gas
[25]

detectors in terms of performance requirements

ISO 19884 (under development) on cylinders and tubes for stationary storagel?’! and
ISO 19885 on fueling protocols are also notable for safety!?8].

ISO/TR 15916 provides basic safety guidance (this is a technical report summarizing
hydrogen safety considerations)°l,

In parallel, the European Industrial Gases Association (EIGA) and its global
counterpart, the Compressed Gas Association (CGA), have long-established
standards for handling industrial hydrogen. For instance, CGA G-5 (Hydrogen) and
G-5.5 (Hydrogen vent systems) give detailed recommendations on system design and
venting!??130],

Automotive Standards: Hydrogen vehicles and components are governed by
standards such as SAE J2601 (fueling protocols for vehicles)*!! and SAE J2579
(hydrogen tank safety in vehicles)*?, as well as UN Global Technical Regulation No.
13 which addresses hydrogen vehicle safety (adopted in many countries)!*3l. These
ensure that, for example, all cars with hydrogen tanks can withstand crashes and have
standardized receptacles and fueling procedures.

5.2 National Regulations and Codes

Different countries incorporate hydrogen safety into their national codes:

United States: The main codes are from the National Fire Protection Association
(NFPA). NFPA 2: Hydrogen Technologies Code is a comprehensive code that
consolidates requirements for hydrogen generation, storage, piping, and use
(covering everything from labs to fueling stations)*4. It pulls from earlier standards
like NFPA 52 (vehicular fuel systems) and NFPA 55 (compressed gases).
Occupational safety regulations (OSHA) also include hydrogen in 29 CFR 1910.103,
which prescribes safety measures for hydrogen storage/use in workplaces!®l. The
U.S. DOE supports a Hydrogen Safety Panel that provides guidance and has
published a Hydrogen Safety Best Practices Manuall*%,

European Union: While the EU historically had more general directives (ATEX for
explosive atmospheres, the Pressure Equipment Directive, Seveso III for industrial
accident prevention), it is increasingly addressing hydrogen specifically in policy.
The Renewable Energy Directive (RED II), updated in 2023, includes provisions
encouraging safe production of hydrogen by setting standards that green hydrogen
producers must meet (though focusing on sustainability, it indirectly ties to safe
operation as a requirement)*’). The EU also launched the Clean Hydrogen
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Partnership (previously Fuel Cells and Hydrogen Joint Undertaking) which via the
European Hydrogen Safety Panel (EHSP) issues safety guidance®l. European
standards (EN standards, often mirroring ISO) are adopted by CEN/CENELEC; for
example, EN 17127 covers outdoor hydrogen refueling points?l,

Asia: Japan has stringent regulations given its leadership in hydrogen fuel cell
deployment. The High Pressure Gas Safety Act in Japan governs production, storage,
and general handling of hydrogen as a pressurized gas. Japan also instituted rules for
hydrogen refueling stations (e.g., specifying separation distances, mandatory
sensors)!% through its Fire and Disaster Management Agency (FDMA). South Korea,
after incidents like the Gangneung explosion!*!); has been bolstering oversight; the
Korea Gas Safety Corporation (KGS) sets technical standards and conducts safety
inspections on hydrogen facilities. In China, standards and guidelines are being
rapidly developed (such as GB standards for hydrogen, and guidance from agencies
like the China Hydrogen Alliance)?.

Others: Canada’s approach aligns with NFPA and ISO standards; the Canadian
Hydrogen Installation Codel*¥ adapts international codes for local use. In Australia,
the ATCO Hydrogen Refueling Standard™#! and others are emerging as the industry
grows. Many countries use NFPA or ISO standards as the basis for their regulations
to maintain consistency.

5.3 Codes and Standards in Practice (By Lifecycle
Stage)

Production: For large hydrogen production (like electrolyzer farms), regulations
often fall under generic industrial plant safety and pressure safety. In the EU, such
facilities may require a Safety Report under the Seveso III Directive if inventory is
above thresholds (Seveso has threshold quantities for flammable gases). ISO is
developing standards for electrolysis (ISO 22734 covers electrolyzers for industrial
and residential usel?!). Compliance means implementing redundancies, emergency
stops, and gas monitoring. Many jurisdictions require hydrogen production sites to
get permits that demonstrate risks are ALARP (as low as reasonably practicable).

Storage: Compressed hydrogen storage is typically treated under gas storage
regulations. For example, U.S. OSHA 1910.103 sets limits on indoor versus outdoor
storage amounts and requires safety measures (like ventilation for indoor cylinder
storage, clearance distances, etc.). NFPA 55 (now part of NFPA 2) gives venting
requirements and separation distances for bulk hydrogen storage (like storage must
be X feet from a property line or building depending on quantity). For liquid
hydrogen, there are additional requirements because of the cryogenic aspect (for
instance, NASA and industrial gas companies have internal standards that often
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exceed code minimums, given LH.’s hazards). In Europe, compliance with the
Pressure Equipment Directive ensures any storage vessels are built and inspected to
high standards (with CE marking). Regular inspection and re-certification of tanks
(per ISO/EN or DOT standards) is mandated for transportable cylinders and tanks.

Transportation/Distribution: Pipeline safety laws (like U.S. 49 CFR for pipeline
transport!?)) apply to hydrogen pipelines, and newer initiatives are working on
updating natural gas pipeline codes to account for hydrogen blending or pure
hydrogen service (ASME B31.12 code for Hydrogen Piping and Pipelines in the US
is one such standard). For road transport, the UN Model Regulations for transport of
dangerous goods classify hydrogen as a flammable gas and prescribe how tankers
should be designed and operated. In practice, companies follow standards like ADR
in Europe for road transport (which includes hydrogen), requiring features such as
pressure relief and crash protection on trailers.

Hydrogen refueling station standards combine multiple areas: electrical, pressure,
fire safety. ISO 19880 and NFPA 2 are central. In Norway, for example, stations
must be approved by DSB (Directorate for Civil Protection), following these codes.
The 2019 Kjerbo station accident led Norway to revisit regulations, increasing
scrutiny on assembly procedures and requiring third-party inspection of critical
components!!?l. Regulators may now require station developers to provide detailed
safety assessments (often using tools like HAZOP and quantitative risk assessment)
before granting licenses.

End-Use: For vehicles, regulatory approval follows standards from UNECE (United
Nations Economic Commission for Europe) if in those countries, or equivalent
FMVSS in the US, which ensure vehicle hydrogen systems meet safety criteria
(bonfire tests, etc.). Stationary fuel cells often fall under building codes for
installation — for instance, NFPA 853 in the US covers stationary fuel cell
installations including clearances and ventilation. In laboratories, hydrogen use is
subject to lab safety standards and often the local fire code (which might limit
cylinder sizes in buildings, etc.).

5.4 Regulatory Case — Lessons from Incidents

Major incidents often trigger regulatory updates. A case in point: the Gangneung
explosion in 2019 led to legal action and findings that oversight was insufficient!!!],
As a result, South Korea’s government agencies, like KETEP and KGS, were held
liable for not enforcing proper safety measures!!!l. This has led to calls (and moves)
to tighten requirements for R&D projects involving hydrogen — for example,
ensuring demonstration projects adhere to the same strict safety standards as
commercial operations. Regulators are now more likely to require redundancy in
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safety systems (like mandatory oxygen monitoring in electrolyzer output) and closer
review of designs by safety experts.

In Norway, after the Kjorbo station incident in 2019, although the technical cause
was identified (assembly fault of a high-pressure tank plug)!'?, the incident prompted
greater regulatory caution. Authorities temporarily closed similar stations until they
were checked, and Norway’s Directorate for Safety updated guidelines to emphasize
quality control and traceability of components. The European Hydrogen Safety Panel
also disseminated lessons to station operators EU-wide, effectively influencing best
practices if not law.

The role of insurance and industry codes should be noted: Even where government
regulations are not extremely detailed (since governments often rely on standards),
insurance companies and industry bodies may enforce safety by requiring
compliance with certain standards as a condition of coverage or membership. This
creates a quasi-regulatory effect.

5.5 Gaps and Ongoing Developments

Hydrogen technology is advancing faster than some codes. Identified gaps include:

Standards for new storage methods (like metal hydrides or liquid organic hydrogen
carriers) are not fully developed; these will need codes as they commercialize.

Refueling protocols for heavy-duty vehicles or new fuel types (like hydrogen
aviation) are still under development.

Harmonizing regulations for international hydrogen transport (e.g., shipping liquid
hydrogen by sea) is in early stages — IMO (International Maritime Organization) has
begun looking at rules for hydrogen carriers, but interim guidelines are in place
(often treating hydrogen similar to LNG with additional precautions).

Policymakers are also integrating safety into hydrogen strategies. For example, the
EU’s "Fit for 55" package and Hydrogen Strategy highlight safety as an enabling
factor, calling for the removal of safety-related barriers which includes developing
unified standards!!l. On the other hand, they stress that safety cannot be compromised
for speed of deployment.

In summary, the regulatory environment for hydrogen safety is comprehensive and
largely in place for current applications, though it continues to evolve. Adherence to
these codes and standards is not just a legal formality but a proven approach to risk
management. The case studies will further show the consequences when certain
requirements were not met or when oversight failed, reinforcing why these standards
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exist. The next chapter will delve into specific safety technologies that are guided by
these codes (for instance, how standards drive the design of hydrogen sensors, PRDs,
etc.), providing a more technical complement to this policy-focused discussion.

6. Safety Technology Analysis

Advancements in technology play a crucial role in enhancing hydrogen safety. This
chapter examines specific technologies and engineering solutions that address the
challenges identified in earlier chapters. These include detection systems, materials
science innovations, ventilation and containment solutions, and digital tools for
safety.

6.1 Hydrogen Leak Detection and Monitoring

Systems

Sensor Technologies: Traditional combustible gas detectors (catalytic bead or
electrochemical sensors) have been adapted for hydrogen. However, given
hydrogen’s properties, specialized sensors are often used:

Electrochemical Sensors: These can detect hydrogen at low concentrations (ppm
levels) and are suitable for fixed installations. They require calibration and have a
finite lifespan, but are relatively low-cost and widely used.

Catalytic (Pellistor) Sensors: These detect flammable gases by catalytic combustion
on a bead causing a temperature change. They can detect hydrogen but need oxygen
present to function and can be poisoned by contaminants. They also draw a bit of
power (which in a hazardous area is a consideration).

Thermal Conductivity Sensors (Katharometers): Hydrogen’s thermal conductivity is
much higher than air. Sensors leveraging this property can detect hydrogen
concentration by measuring heat dissipation differences(?!.

Semiconductor (Metal-Oxide) Sensors: Certain metal-oxide semiconductors change
resistance in presence of hydrogen. They are sensitive but can be cross-sensitive to
other gases.

Optical Sensors: Emerging fiber-optic sensors or those using palladium thin films
(which absorb hydrogen and change optical properties) are gaining interest for
providing rapid and intrinsically safe detection (no electrical sparks). These can be
distributed along a fiber to monitor pipelines continuously.
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New research discussed in journals includes development of ultrasonic leak
dedetectors that "hear" the ultrasound hiss of high-pressure gas leaks (commonly
used for tecting any gas leaks in industrial plants), and machine-learning-enhanced
systems that can distinguish hydrogen leak signatures from other background noise
or benign releases. Infrared imaging for hydrogen is difficult (H: is IR inactive), but
novel UV cameras can sometimes visualize hydrogen flames by detecting the faint
UV from flames.

Fixed vs. Portable Monitors: Fixed detectors are installed in known hazard zones
(e.g., near compressors, ceilings of hydrogen storage rooms, etc.). Portable detectors
are carried by personnel for maintenance checks or by first responders. Modern
portable hydrogen detectors are pocket-sized and can alarm if a worker enters an area
with H> accumulation.

Integration and Automation: A key tech aspect is integrating detectors into control
systems. When a sensor detects hydrogen above a threshold, it can trigger:

visual/audible alarms,
ventilation fans (if they’re not continuously on),
automatic shutdown of hydrogen supply (via actuated valves) as mentioned earlier,

activation of fire suppression (if fire is also detected or as a precaution in enclosed
space).

Some systems use voting logic (to avoid single-sensor false triggers): e.g., if two out
of three sensors in an area detect hydrogen, then trip the shutdown.

Sensor Placement Optimization: Computational Fluid Dynamics (CFD) modeling is
sometimes used to predict how hydrogen would disperse in a given facility to
determine optimal sensor placement. A poorly placed sensor might miss a leak if
hydrogen doesn’t come into its vicinity. For instance, if there’s no airflow, hydrogen
might collect at a roof apex that is not exactly where a sensor is. Therefore, many
setups have multiple sensors at various heights and locations.

6.2 Materials and Components for Hydrogen Service

Metallurgy and Composites: Avoiding hydrogen embrittlement is a materials science
focus. Steels with high nickel or austenitic structure (like 316 stainless) are more
resistant to embrittlement than high-carbon steels. Research continues into coatings
and surface treatments that can act as barriers to hydrogen diffusion (for example,
electroplating or using polymers linings inside tanks). Composite Overwrapped
Pressure Vessels (COPVs) are the state-of-the-art for vehicle tanks, combining an
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inner liner (often polymer or thin metal) with carbon-fiber/epoxy wrap for strength.
These have excellent strength-to-weight and their failure mode tends to be
leak-before-break (gradual fiber cracking leading to slow leak rather than sudden
shatter).

Valve and seal materials also matter. Polymers like PTFE, perfluoroelastomers, or
certain rubbers are chosen for seal O-rings due to their compatibility. Some materials
may become brittle at liquid hydrogen temperatures, so LH2 systems use specifically
rated alloys (like certain stainless steels remain tough at cryogenic temps, and seals
might use teflon or specialized composites that don’t freeze-crack).

Advanced Components: Innovations include:

Excess Flow Valves: These valves detect if flow rate exceeds a set value (indicating
a pipe break) and automatically close, acting as a passive protection if a line ruptures.

Thermally Activated Pressure Relief Devices (TPRDs): As mentioned, these open
when ambient temperature is high (such as in a fire) to release hydrogen before a
tank can overheat and burst. The design of TPRDs (usually using low-melting alloy
that when melted, lets a spring open the valve) is critical — ongoing work aims to
make their activation more reliable and avoid inadvertent triggers. Failures of TPRDs
or lack thereof were noted in some accidents as an issue.

Hydrogen-Compatible Sensors: Electrochemical sensors for hydrogen sometimes use
Nafion membranes and special catalysts; these are being refined to be more selective
(to avoid false alarms from other gases).

Valve Materials: Sedlak et al. (2022) developed a new steel alloy for valve springs
that retains strength even after hydrogen exposure, addressing a failure mode where
standard springs weakened over time.

Additive Manufacturing: An emerging area is using 3D printing to produce
manifolds or components optimized for hydrogen service (e.g., reducing welds by
printing complex shapes in one piece, thereby eliminating weld-related weaknesses).
This is still new but being explored by companies like FuelCell Energy for hydrogen
equipment.

6.3 Ventilation and Building Design Technologies

Incorporating safety in facility design yields technologies like:

Explosion Vent Panels: For enclosed equipment (compressor houses, electrolyzer
containers), lightweight panels or sections of walls are designed to blow out and
relieve pressure in an explosion, directing the blast wave outward away from
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personnel. These prevent an enclosure from building excessive pressure. Standards
like NFPA 68 cover deflagration venting design.

Hydrogen Dilution Systems: In some buildings, rather than continuous ventilation,
they have a system that, upon hydrogen detection, will turn on high-powered fans to
quickly dilute the concentration. These can be combined with sensor networks (smart
ventilation that activates zones).

Computational Monitoring: Some advanced facilities have computational fluid
dynamics (CFD) models running in real-time with sensor inputs to predict how a leak
might develop (digital twin concept). If a sensor picks up a leak, the model simulates
dispersion to predict which areas will be impacted, and that information can be used
to guide which ventilation fans to ramp up or which areas to evacuate first.

Building materials that are less likely to create sparks (no ferrous nails exposed,
anti-static flooring, etc.) are preferred in hydrogen handling areas. Even paint can
matter: anti-static dissipative paint or flooring can bleed off static charge.

6.4 Fire Suppression and Protection

Directly fighting a hydrogen fire can be counter-intuitive (you typically don’t
extinguish a high-pressure hydrogen jet fire if it’s steadily burning, as the re-ignition
or unignited release risk is worse; instead you isolate fuel and let it burn out under
control). However, protecting surroundings is key. Water spray systems (deluge) are
often installed to cool tanks or equipment near a hydrogen flame. In facilities,
sprinkler systems are designed more to handle secondary fires from hydrogen
incidents (like if a hydrogen fire ignites nearby cables or structures). Special dry
powders and inert gases (like CO2, which also asphyxiates flame) are not effective on
a hydrogen jet flame but could snuff out a low-pressure confined Ha fire.

One technology employed is foam insulation that also acts as fireproofing on liquid
hydrogen tanks — it slows heat ingress drastically if there’s a fire, buying time for
pressure relief to work and for emergency response.

6.5 Control Systems and Digital Safety Management

Modern hydrogen plants and stations are automated with PLCs (Programmable
Logic Controllers) and safety instrumented systems (SIS). They use redundancies
(like dual sensors, dual solenoid valves) and perform safety integrity level (SIL)
analysis to ensure the probability of failure on demand for critical safety loops is
extremely low. For example, a SIL2 or SIL3 rated system might be used for shutting
off hydrogen supply on detection of flame or high concentration.
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Software Tools: Hydrogen-specific risk assessment software (like HyRAM+ from
Sandia National Labs) helps engineers quantify risks and simulate scenarios. These
tools incorporate hydrogen properties (e.g., diffusion rates, flammable limits) to
model consequences of leaks and size safety features accordingly.

Some operations centers use real-time monitoring that integrates gas sensors, tank
pressures, weather conditions (for outdoor plumes) to assess risk in the moment. For
pipelines, Supervisory Control and Data Acquisition (SCADA) systems track
pressures and flows; sudden drops can indicate leaks prompting immediate valve
isolation.

Al and Predictive Maintenance: A forward-looking technology trend is Al-driven
predictive maintenance — e.g., vibration sensors on compressors that use machine
learning to predict failures early, or analysis of valve operation over time to flag a
sticky valve that might later not close on command. The aim is to fix or replace
components before they fail in a dangerous way.

6.6 Case Example of Technology Integration

To illustrate, consider a modern hydrogen refueling station: It integrates many of
the above technologies. It will have a compound safety system: hydrogen sensors in
dispenser cabinets and storage areas tied to an SIS that can halt compressors and
isolate tanks; flame detectors monitoring the dispenser; TPRDs on storage tanks;
excess flow valves on lines so if a pipe breaks, gas flow stops; a vent stack to safely
release hydrogen vertically during routine or emergency PRD operation;
non-sparking ventilation fans in the equipment room; an impermeable hydrogen
barrier and distance separating the storage from the dispenser (so a fire in one
doesn’t immediately engulf the other). The station’s control system manages
cooldown and fill of vehicles precisely (to avoid overtemperature which can cause
pressure issues). All of this is guided by standards like ISO 19880-1 and SAE J2601,
which incorporate many years of R&D and field testing.

In the event of a small leak at the station, the sensors detect it, alarms sound, and the
system might automatically isolate that section and notify the operator. If a larger
event occurs (like a pipe rupture and ignition), the design features (e.g., blow-off
panels, distances) mitigate the consequences, hopefully preventing any injury.

6.7 Future Innovations

Research continues to yield new safety solutions:
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Odorants for Hydrogen: Adding a smell to hydrogen (like what’s done for natural gas)
is a complex challenge because odorant molecules can contaminate fuel cells and

embrittle tanks, but if solved, it could greatly enhance leak detection by humans.

Some experiments with organosulfur compounds at extremely low concentrations or

reversible odorants are underway.

Microsensors and IoT: Tiny, inexpensive hydrogen sensors that could be
ubiquitously deployed (even on individual pipe joints) and networked via the Internet
of Things (IoT) may become feasible, creating a dense mesh of monitoring.

Self-Healing Materials: Materials that can repair microcracks caused by hydrogen
are being explored. While early stage, imagine a pipeline steel that when a crack
forms, a secondary phase of the alloy fills it in or changes structure to blunt it.

Advanced Simulation for training: VR/AR (Virtual/Augmented Reality) for
hydrogen safety training is another tech application. Trainees can simulate walking
through a plant with a hydrogen leak in AR to practice finding and responding, or
VR can simulate the effect of various mitigations in an accident scenario for
planners.

In conclusion, technology provides the tools to handle hydrogen safely, but it must
be chosen and implemented correctly. Many of the case studies we will examine
involve either the absence of a known safety technology or its malfunction.
Understanding the capabilities and limits of these technologies is crucial — for
instance, no sensor can cover an entire facility alone, and no material is completely
impervious to hydrogen given the wrong conditions. Thus, a layered approach using
multiple technologies (as shown in the integrated station example) is the current best
practice. The next chapter will shift perspective to the economic side: how these
technologies and measures are justified and balanced against costs in real projects.

7. Economic Considerations

Safety measures often come with significant costs, and implementing comprehensive
safety management for hydrogen can impact the economics of projects. This chapter
explores the cost-benefit aspect of hydrogen safety: investing in prevention vs. the
costs of accidents, the economic drivers of safety regulations, and how safety
considerations fit into the broader hydrogen economy scale-up.

7.1 Cost of Safety Measures vs. Cost of Incidents

One way to view safety investments is as an insurance against the potentially
enormous costs of accidents. Hydrogen accidents can incur costs in several forms:
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Direct damage costs: repair or replacement of damaged equipment and property. For
example, the 2019 explosion at the Gangneung pilot plant caused an estimated 34
billion KRW (~$30 million) in property damage!'!l.

Business interruption costs: downtime of facilities or hydrogen supply chain
disruptions. The Santa Clara trailer explosion halted hydrogen deliveries to most fuel
cell vehicle stations in Northern California for about four monthsP®l, impacting
businesses and customers reliant on hydrogen fuel.

Injury and fatality costs: compensation, medical expenses, and the immeasurable
human cost. Legal liabilities can be substantial; in Gangneung, courts mandated over
10 billion KRW ($8+ million) in compensation to affected businesses apart from
human injury claims!*l.

Reputation and market impact: after a major incident, consumer confidence can drop.
In Norway, the Kjorbo station blast led to a temporary halt in sales of hydrogen cars
as the network was shut down!'?l, representing a setback to the hydrogen market in
that region.

In contrast, what are typical safety measure costs? Some examples:

Installing hydrogen detection and alarm systems at a station might cost on the order
of tens of thousands of dollars — a fraction of the station’s capital cost.

Upgrading a storage vessel from a lower grade to a higher grade material or adding
liners might increase its cost by 20-30%, but that may be on the order of a few tens
of thousands for a typical tank.

Implementing rigorous training programs and drills has an operational cost
(personnel hours, possibly hiring safety consultants), but again is relatively small
compared to overall project budgets.

A cost-benefit mindset is evident in industry: companies often perform quantitative
risk assessments (QRA) assigning probabilities and monetary values to possible
accident scenarios, then evaluate the reduction in risk from a safety measure. If the
expected value of prevented loss exceeds the cost of the safety measure, it’s
economically justified. For instance, if a particular interlock system costing $50k
could reduce the probability of a $10M accident from 1 in 100 to 1 in 1000 per year,
the expected annual savings (risk reduction) is $90k, making it worthwhile.

However, there is recognition that beyond the pure economic rationale, there’s also
compliance and corporate responsibility drivers — many safety measures are
mandated (so cost-benefit individually might not matter if it’s a requirement), and
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companies also invest in safety to protect their workforce and community as an
ethical imperative.

7.2 Impact on Project Economics and Scaling

When planning large-scale hydrogen projects (like gigawatt-scale electrolysis plants
or national hydrogen pipeline networks), safety costs need to be budgeted. They can
influence:

CapEx (Capital Expenditure): Safety systems (detectors, fire systems, robust
equipment) can add a percentage to the initial capital cost. If hydrogen production’s
baseline cost is, say, $500/kW for electrolyzers, an additional 5-10% might be
safety-related systems. While this is not trivial, it’s often a small proportion
compared to the core process costs. One study noted that for a hydrogen fueling
station, the safety equipment and compliance (ventilation, sensors, etc.) was roughly
5% of the total station cost — not a deal-breaker for project viability.

OpEx (Operating Expenditure): Ongoing costs include maintenance of safety
systems, periodic inspections (hydrogen tanks might require inspection every 5 years,
sensors calibrated every 6-12 months), and possibly higher insurance premiums if
safety is not proven. Conversely, good safety records can lower insurance over time.

As the hydrogen economy scales, there may be economies of scale in safety too. For
example, if demand rises for hydrogen sensors, mass production can lower their unit
cost. Large projects might spread the cost of, say, an on-site safety officer or
emergency equipment over greater hydrogen throughput.

Regulatory compliance costs also factor in. Obtaining permits and conducting
environmental/safety impact assessments can be costly and time-consuming. If a
project must incorporate extra safety measures to get approved (like community risk
reduction features), this can be seen as a local "cost" but necessary to proceed. In
some cases, companies might overspec safety in initial projects to assure regulators
and the public, then streamline once the safety is demonstrated in practice.

7.3 Insurance and Liability

The insurance industry looks closely at hydrogen projects. Insurance costs (for
liability and property) will reflect the perceived risk. A good safety design can lead
to lower premiums. After the Kjorbo station incident, insurers likely recalibrated
their view of hydrogen station risks. If incidents remain rare and minor, insurance
rates will stay manageable; a spate of incidents would do the opposite.
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Liability from accidents can financially cripple companies, especially smaller ones.
For example, if a company was found negligent and had to pay multimillion-dollar
damages (as with the Gangneung casel!!)), it could threaten their survival. Thus, from
a corporate risk management perspective, investing in safety is about preventing
large unbounded liabilities.

7.4 Balancing Safety and Feasibility

A challenge arises if overly stringent safety requirements drive costs up to a point
where hydrogen projects become uncompetitive. Regulators and industry must strike
a balance. This is often addressed through risk-based approaches: rather than blanket
rules that could be overly conservative in some cases, use detailed analysis to apply
the right level of safety.

For instance, requiring extremely large safety distances for all hydrogen storage
might make fueling stations impractical in urban areas. Instead, regulators might
allow shorter distances if mitigations (like protective walls or barriers) are in place.
This is essentially trading an engineering control for what would otherwise be cost in
land/space.

Modular and Standardized Designs are helping reduce costs: If a certain design of a
hydrogen station or electrolyzer module is pre-engineered with integrated safety and
gets widely deployed, the per-unit cost of safety features drops, and regulatory
approval is faster (thus cheaper) because authorities recognize the design.

There is also a concept of ALARP (As Low As Reasonably Practicable) used in
some regulations (notably the UK and some EU frameworks). It acknowledges that
beyond a certain point, the effort to reduce risk further may be disproportionate to the
benefit, thus not required. Companies can perform ALARP justification to say, for
example, adding a second blast wall would reduce risk by a negligible amount at
high cost, so it's not warranted if risk is already acceptable.

7.5 Economic Incentives for Safety

Some government programs and incentives indirectly promote safety by funding
R&D for safety tech or offering subsidies for early hydrogen projects that include
robust safety measures. For example, a government might fund deployment of
hydrogen refueling stations but require that they implement the latest safety
innovations as part of the program, absorbing some of that cost. This helps set a high
safety bar from the outset.
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Additionally, avoiding accidents has an opportunity cost dimension: a serious
accident can stall the entire sector’s growth (through moratoriums, loss of public
support). The economic loss from that could be huge in terms of delayed adoption of
hydrogen technology. Industry groups understand this, which is why they often
proactively create safety protocols beyond minimum requirements — a collective
investment to ensure the industry’s growth isn’t derailed by avoidable mishaps.

7.6 Case Perspective on Economics

Looking at our case studies through an economic lens:

In Gangneung (production phase), skimping on safety (no oxygen
monitoring/purging system) to save costs in a demo project ended up causing a
catastrophic accident!!!l. The immediate financial losses and legal liabilities vastly
outweighed whatever was saved by not installing the proper equipment. The incident
also likely led to increased regulatory scrutiny for future projects, raising costs for
everyone involved.

In Santa Clara (distribution phase), possibly there were procedural lapses in training
to save time or cost (unauthorized maintenance by a driver indicates lack of clear,
enforced protocol)!. That incident’s cost included not just facility damage but
disruption of hydrogen fuel sales in the region, a broader economic impact on
California’s fuel cell program.

On the other hand, consider hydrogen businesses like industrial gas suppliers (Air
Products, Linde, etc.). They handle hydrogen with very high safety standards and
incidents are rare; this safety track record is what allows them to operate profitably at
large scale. An accident in that sector can lead to lost production, regulatory fines,
and losing customer trust — directly hitting the bottom line. These companies often
justify the expense of redundant systems and rigorous training by the avoidance of
these costly downtimes/fines.

7.7 Investment in Safety Research

Economic considerations also extend to investing in R&D for safety. Who funds
hydrogen safety research? Often it's governments (for public safety interest) and
sometimes industry consortia. Such R&D might not have immediate profit, but it
lowers the risk and cost for future projects (for example, developing a cheaper sensor
or a more reliable valve through collective effort benefits all industry players).

The Hydrogen Council, a global industry body, in its reports emphasizes building the
hydrogen economy on safe foundations, implicitly recognizing that one major
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accident could lead to public backlash. Thus, there's a shared interest in pooling
knowledge (which is why incident databases are shared publicly, unlike some
competitive info), which is somewhat unique — companies see safety as a
precompetitive issue.

In conclusion, while safety measures add cost, they are generally a small fraction of
project costs and are economically justified by the high cost of failures. The phrase
"safety pays" often holds true: companies with strong safety performance avoid
losses and tend to have smoother project execution (fewer shutdowns or delays). As
hydrogen deployment grows, we can expect initial projects to perhaps err on the side
of extra caution (and cost) until confidence and experience allow optimization. Over
time, with innovation and learning, safety can become more efficient — doing more
with less cost — but it will always remain a crucial investment. The final analysis of
case studies next will illustrate both the economic consequences of failures and,
implicitly, the value of having had better safety measures in place.

8 Hydrogen Incident and Accident Database

8.1 Introduction to HIAD 2.1

The Hydrogen Incidents and Accidents Database (HIAD) is a comprehensive
repository of unwanted hydrogen-related events maintained by the Joint Research
Centre (JRC) of the European Commission!"”, HIAD was originally developed
during the HySafe Network of Excellence (2004-2009) with the aim of capturing
lessons learned from hydrogen incidents to improve safety practices!!3). Since then,
JRC has continually updated and expanded the database, with a major upgrade to
HIAD 2.0 in 2017 (supported by the Fuel Cells and Hydrogen Joint Undertaking)
and the latest version HIAD 2.1 released in 20230), HIAD 2.1 is financially
supported by the Clean Hydrogen Partnership (formerly FCH 2 JU) and is
maintained by JRC’s Hydrogen Safety and Batteries Unit in Petten, Netherlands!!3,
The database’s primary purpose is to "collect systematic data" on hydrogen
incidents/accidents across the entire supply chain — from production and storage to
distribution and end-use — in order to document their sequences of events, causes,
consequences, and lessons learned!!®). Crucially, HIAD serves as a knowledge tool
for safety experts, researchers, and industry, rather than as a means to assign blame
for incidents!!3,

Each HIAD entry is compiled from credible sources (e.g. incident investigation
reports, news articles, scientific publications) with traceable references wherever
possible!'’]. Submissions undergo a rigorous review and validation by JRC experts to
ensure quality and consistency!’™. A quality label is assigned to every event
description, indicating the level of detail and confidence in the information; only
events meeting minimum quality criteria are shared with users!!*). Where sufficient
information is available, JRC analysts add a root cause analysis and a "lesson
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learned" synopsis for the incident to aid knowledge transfer!’>l. As of the latest
update, HIAD 2.1 contains data on "approximately 954 hydrogen incidents and
accidents"l'*, The dataset is made available as a downloadable Excel file and is
periodically updated as new incidents occur or as additional historical events are
uncovered!!*), (Notably, the 2023 update to HIAD 2.1 included the integration of U.S.
Department of Transportation PHMSA records and other "vintage" data from the
1970s-1990s, which expanded the collection by nearly 200 events!!>l) To access
HIAD, users must request the file through JRC’s Major Accident Hazards Bureau
portal, since the online interface was secured and taken offline in 2020 for security
reasons!!®, In summary, HIAD 2.1 stands as the EU’s central database of hydrogen
safety events, providing a foundation for evidence-based safety management
strategies across the green hydrogen lifecycle.
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8.2 Overview of H2Tools Hydrogen Lessons Learned Database (US)

In parallel to HIAD, the United States has developed its own hydrogen incident
repository known as the Hydrogen Lessons Learned database, accessible via the
H2Tools portal. This H2Tools database (often abbreviated H2LL) is a "voluntary,
web-based reporting tool" supported by the U.S. Department of Energy!'él. It is
managed by the Pacific Northwest National Laboratory and the Center for Hydrogen
Safety, and serves to facilitate the sharing of lessons learned from hydrogen-related
incidents and near-misses globally!!®). Contributors from industry, government, and
academia can submit incident records to H2Tools, after which any identifying
information (company names, exact locations, etc.) is removed to encourage open
reporting without fear of reprisall’®l. The focus of the H2Tools lessons-learned
database is on "characterizing the incident scenarios and drawing out safety insights"
— for example, detailing the contributing factors and preventive measures — rather
than simply cataloguing events!!®],

H2Tools thus complements HIAD by providing an avenue for proactive, "voluntary
incident reporting and knowledge dissemination" in the hydrogen community. While
HIAD relies on published sources and forensic analyses compiled by experts,
H2Tools captures self-reported safety event narratives and near-miss reports that
might not reach formal literaturel'®. The two databases share a common goal of
improving hydrogen safety: H2Tools aims to ""improve safety awareness"" by
encouraging stakeholders to learn from others’ experiences and to contribute their
ownl'®l, Both databases anonymize sensitive details to foster a no-blame safety
culture, emphasizing that the objective is to learn and prevent future incidents, not to
point fingers!'®l. In practice, many hydrogen safety professionals cross-reference
H2Tools and HIAD. For instance, H2Tools provides a user-friendly portal and
aggregation of lessons, whereas HIAD offers a deeper, peer-reviewed dataset with
rigorous validation. Together, these resources act as complementary references:
"HIAD 2.1 provides a curated, comprehensive set of historical hydrogen incident
data (largely from Europe and published records)", and "H2Tools provides an
ongoing, community-driven log of hydrogen safety lessons (with strong participation
from North America)". For the purposes of this thesis on hydrogen lifecycle safety
management, insights will be drawn primarily from HIAD 2.1 (as the focus of this
chapter) while recognizing H2Tools as a valuable supplementary source of lessons
learned.

8.3 Analysis of HIAD 2.1 Data

Using the HIAD 2.1 database, a detailed analysis of hydrogen incidents was
conducted to identify common causes, event types, sectoral distribution, and
temporal trends. The analysis provides a data-driven overview of where and how
hydrogen accidents have occurred, which is essential for developing effective safety
management strategies across the full hydrogen lifecycle. In total, the dataset spans
hundreds of incidents worldwide, covering a broad range of hydrogen applications.
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Below, we discuss the breakdown of incident causes, the types of events that
occurred (e.g. leaks, fires, explosions), the sectors in which these events took place,
and their historical timeline.

8.3.1 Incident Causes — Technical, Human, and Organizational Factors

One of the most important insights from HIAD is that hydrogen accidents seldom
have a single cause; instead, they typically involve multiple contributing factors that
can be broadly categorized into technical failures, human errors, and organizational
(systemic) weaknesses. Analysis of the HIAD 2.1 records underscores the
"prominent role of human and organizational factors" in accident causation. In fact,
roughly "half of the recorded incidents have roots in organizational or management
deficiencies" (such as inadequate safety procedures, poor maintenance systems, or
lack of training). Human/operator errors (e.g. mistakes in following procedures or
lapses in judgment) are also significant contributors — studies report that on the order
of "40-50% of hydrogen accidents involve human errors or omissions as a causal
factor". Technical factors (such as equipment failures, design flaws, or material
defects) are the other major category, contributing to approximately "40%" of
incidents as primary causes. By contrast, external or natural factors (for example,
incidents initiated by unrelated external fires, earthquakes, or other external hazards)
are relatively rare, accounting for only \~"5%" of cases as root causes.

It is important to note that in many cases, accidents result from a "combination of
these factors". For instance, a hydrogen leak might occur due to a technical failure
(material fatigue or improper installation), but the leak only escalates into a
fire/explosion because of human/organizational lapses (such as failure to detect the
leak, or emergency procedures not being followed). An in-depth review by the
European Hydrogen Safety Panel (EHSP) found that a majority of incidents had
"multiple underlying causes per event", often spanning different categories. The
EHSP’s statistical breakdown of 706 HIAD incidents showed that among
contributing causes (multiple per incident): about "49% of incidents involved
deficiencies in safety management systems" (organizational factors), "29% involved
individual human errors", and "27-35% involved technical design or materials
failures" (with categories overlapping in many cases). This aligns with the idea that
"technical failures and human/organizational failures are frequently intertwined" in
hydrogen accidents. For example, a design flaw or component failure might initiate
an incident, but insufficient training or supervision can allow it to develop into a
full-blown accident. The data thus reinforce the need for a holistic safety approach
addressing technology, people, and process. In summary, "technical issues
(equipment/design faults), human mistakes, and organizational weaknesses all play
significant roles in hydrogen incident causation", with human and organizational
factors arguably tipping the scales in at least half of the events. Effective safety
management must therefore tackle all three dimensions — ensuring robust
engineering, competent personnel, and a strong safety culture/system.
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8.3.2 Event Types — Leaks, Fires, and Explosions

Hydrogen incidents can be categorized by their primary event type or outcome. The
HIAD 2.1 data shows that hydrogen releases often lead to ignition events, making
fires and explosions the most common incident outcomes. According to EHSP
analyses, approximately "84% of recorded hydrogen incidents involved ignition of
the hydrogen" (some form of combustion), whereas about "16% remained as
non-ignited releases or near-misses!!’". Among the incidents with ignition,
"explosions" were slightly more frequent than fires: roughly "56% of incidents
involved an explosion", and "28% involved a hydrogen fire (without an
explosion)!!”1", These figures include both confined deflagrations (such as vessel or
building explosions) and unconfined vapor cloud explosions, depending on the
scenario. The prevalence of explosions in the accident record reflects hydrogen’s
wide flammability and high combustion energy — if a leak accumulates in a confined
space or mixes to a flammable concentration and finds an ignition source, an
explosion is a likely outcome. "Fires" (jet fires, flash fires, etc.) make up the other
major share of ignition events; in many cases a hydrogen leak ignites immediately as
a jet fire or sustained flame rather than an abrupt explosion.

On the other hand, a minority of cases didn’t ignite. About "13%" of incidents were
reported as "hydrogen releases with no ignition" (i.e. pure leaks that were detected
and mitigated without catching fire)!!”). Additionally, roughly "3%" of the cases are
classified as ""near misses""['”] — scenarios where a hazardous condition occurred (or
was very nearly created) but fortunately did not result in an actual accident.
Examples of near misses might include a significant hydrogen leak detected and
isolated before any ignition, or an operational error that could have led to an accident
but was caught in time. These non-ignited events are critical to study as well, since
they often reveal latent safety issues and provide learning opportunities without the
severe consequences.

Overall, the dominance of fires and explosions (around four-fifths of incidents) in the
HIAD data highlights the "combustion hazards of hydrogen". Hydrogen’s invisibility
(flame is usually invisible in daylight), tendency to leak (being a small molecule),
and broad flammability range mean that any release can pose a fire/explosion risk if
not rapidly detected and controlled. The data also illustrate the importance of "leak
prevention and detection" — while many incidents do result in ignition, the fact that a
significant fraction remain as unignited leaks suggests that robust containment and
detection systems can keep an incident from escalating. In terms of safety strategy,
this implies a need for both "prevention" (prevent leaks via design and maintenance)
and "protection" (mitigate consequences via ventilation, gas detection, and ignition
source control). The HIAD event type breakdown supports focusing on measures to
avoid explosions (which have the most destructive potential) and to manage fires
safely when they occur. Later in this chapter, lessons learned related to controlling
ignition sources and designing for leak safety will be discussed (Section 13.4).
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8.3.3 Sector and Application Breakdown

Hydrogen technologies are employed across a range of sectors — from industrial
chemical processing to transportation and emerging energy applications — and the
HIAD database indicates that historical incident frequencies vary greatly between
these sectors. "The chemical and petrochemical industry has by far the highest share
of hydrogen accidents" recorded in HIAD. Nearly "two-thirds (\~62%) of all
documented hydrogen incidents" occurred in chemical/petrochemical settings!'®l,
This is perhaps not surprising, as the industrial sector (refineries, petrochemical
plants, fertilizer production, etc.) has handled large volumes of hydrogen for decades
and thus had more exposure to hydrogen-related hazards. Many of these incidents
involve hydrogen as a feedstock or by-product in processes like hydrocracking,
ammonia synthesis, or other chemical manufacturing operations. The petrochemical
sector’s dominance in the incident data underscores that "legacy industrial hydrogen
usage has a substantial incident history", from which valuable safety lessons have
been derived.

Outside of petrochemicals, the '"transportation and distribution sector"
(encompassing pipeline transport, cylinder trailers, liquefied hydrogen tankers, and
related infrastructure) accounts for the next largest segment of incidents, roughly
"10%" of the total. Hydrogen transport and distribution accidents include incidents
such as pipeline leaks or ruptures, cylinder storage explosions, and accidents during
road transport of hydrogen. The data shows that as the hydrogen supply chain
extends beyond fixed industrial sites, significant risks remain — for example, there
have been well-documented cases of hydrogen trailer explosions and pipeline
accidents which contribute to this statistic.

Other sectors each constitute much smaller slices of the incident pie. For instance,
"hydrogen use in nuclear power plants" (e.g. hydrogen-cooled generators or reactor
cooling systems) represents about "5-6%" of recorded incidents. Laboratory and
R\&D settings (including academic or corporate research labs using hydrogen)
contribute roughly "3—4%" of incidents. Incidents in power generation (outside of
nuclear) and hydrogen production facilities each appear as only a few percent of the
total — partly because pure hydrogen production sites (like electrolyzers or steam
methane reformers) have historically fewer recorded accidents in the public domain
compared to downstream chemical plants that consume hydrogen. Interestingly,
categories such as "hydrogen fuel cell vehicles and hydrogen refueling stations",
which are of great interest for the emerging hydrogen economy, constitute only a
very small fraction of the historical data (well under 1% in HIAD). This is largely
because widespread deployment of hydrogen fuel cell vehicles and stations is
relatively recent (mostly post-2010), so there are fewer incidents recorded in the
historical-focused HIAD dataset — though this is changing as more of these systems
come online (and indeed separate studies have begun analyzing HRS incidents
specifically). Another small category in the data — listed as "Entertainment" —
includes incidents such as the infamous "Hindenburg disaster (1937)" and other
hydrogen-in-balloon or airship incidents, but these are extremely few (less than 1%).
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Finally, about "10%" of incidents are classified as "Other/Unknown", which covers
miscellaneous cases not easily assigned to one sector, or where the sector was not
reported.

In summary, "the bulk of hydrogen accidents documented to date have occurred in
traditional industrial settings" (especially petrochemical plants), with a secondary
contribution from transportation/storage of hydrogen, and much smaller numbers in
newer applications like fuel cells. This sectoral distribution highlights the importance
of continuing safety vigilance in industry while also proactively learning from those
experiences to inform newer applications. For example, the dominance of
petrochemical incidents means there is a rich pool of safety knowledge from
industrial hydrogen handling that can be applied to emerging sectors like hydrogen
refueling stations and power-to-X facilities. It also indicates that "future growth of
hydrogen use (in transport, energy storage, etc.) must heed the hard-won lessons of
the chemical industry", even as the contexts differ.

8.3.4 Time Trends and Historical Distribution

The HIAD 2.1 database spans a long historical timeframe, with incidents ranging
from the early/mid 20th century up to the present. Analyzing the temporal
distribution of hydrogen accidents yields insight into how incident frequency
correlates with hydrogen usage over time (and how reporting practices have evolved).
A histogram of HIAD incidents by decade shows that "the 1990s had the highest
number of recorded hydrogen accidents", followed closely by the 2000s!'7]. In fact, a
large portion of the HIAD cases occurred in the period from roughly the 1970s
through the 2000s!'7). This can be attributed to the extensive use of hydrogen in
industry during those decades (especially in oil refining and ammonia production,
which expanded in the late 20th century) combined with increasingly diligent
reporting in later years of that period. The 1980s and 1970s also show significant
counts of incidents, though lower than the 1990s peak!!”). Earlier decades (pre-1960s)
have relatively few entries in HIAD, reflecting both fewer industrial hydrogen
installations at that time and sparse documentation — one notable early incident in the
database is the 1937 Hindenburg airship fire, but such early cases are rare.

Interestingly, the data for the "2010s and 2020s" in HIAD appear to show a decline
in incidents compared to the 1990s/2000s. For example, preliminary counts for the
2010s are lower than for the 1990s. However, this should be interpreted with caution.
As the EHSP experts note, part of this apparent decline is an artifact of data
collection — many recent hydrogen projects (especially new applications in energy
and transport) are still in relatively early stages or their incident data are not yet fully
captured in public databases!!’. Moreover, HIAD data entry for newer incidents
often lags a few years behind as investigations conclude and reports become
available. Indeed, the compilers of HIAD have been actively seeking sources on
recent events (and have noted underrepresentation of some regions in the latest
data)['®), Therefore, the lower count in the 2010s does not necessarily mean hydrogen
has become dramatically safer than in the 1990s — it may partly reflect
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under-reporting or the fact that the hydrogen economy was smaller in that decade
compared to the heyday of petrochemicals. That said, one could speculate that
improved technology and safety practices have helped reduce accident frequency
over time. For instance, industry safety standards have tightened and lessons from
past accidents have led to safer designs (as discussed later in Section 13.4), which
likely contributed to a genuine reduction in major accidents in recent years, even as
new applications arise.

The geographical reporting bias is another aspect of the historical data: HIAD entries
predominantly come from regions with established hydrogen industries and
transparency in incident reporting. Nearly half of the incidents in HIAD occurred in
Europe and about one-third in North America, whereas only a small fraction (a few
percent) are from Asial'”l. This is not necessarily proportional to actual hydrogen use
in those regions, but rather reflects differences in documentation and openness. As
hydrogen use globalizes (with Asia, for example, now investing heavily in hydrogen),
improving international data sharing will be key. The JRC and EHSP have noted the
importance of sourcing reports from historically underrepresented regions to make
the database truly comprehensivel!7],

In summary, the "historical trend" of hydrogen incidents shows a peak in the late
20th century and possibly a downward trend into the 21st century, though the data
must be interpreted in context. The temporal analysis reinforces that we are now
benefitting from decades of learning — many of the worst accidents happened in the
past, spurring improvements. The challenge going forward is to "ensure that the
lessons from those past incidents are not forgotten as we enter a new era of hydrogen
technologies". HIAD 2.1 serves as a bridge between past and present: by chronicling
what went wrong over 50+ years of hydrogen experience, it provides today’s
engineers and safety managers with a vital historical foundation to prevent repeating
mistakes.

8.4 Lessons Learned from HIAD Data

A core purpose of HIAD is to derive and disseminate "lessons learned" from
hydrogen incidents — that is, to translate accident data into knowledge that can
improve safety. The data analysis in Section 13.3 has already hinted at some broad
lessons (e.g. the critical role of human factors, the importance of leak prevention to
avoid fires/explosions, etc.). In this section, we summarize key lessons learned as
documented in HIAD 2.1 and related analyses, and discuss how these lessons inform
safety management strategies for the green hydrogen lifecycle.

The European Hydrogen Safety Panel’s review of HIAD 2.0/2.1 events distilled the
documented lessons into "four main categories": "(1) System Design", "(2) System
Manufacturing/Installation/Modification", "(3) Human Factors", and "(4) Emergency
Response"!'7l. This categorization acknowledges that improvements are needed on
multiple fronts — from engineering design through operational practices to response
planning — to manage hydrogen risks. An overarching insight from the HIAD lessons
is that "even minor issues can align to cause major accidents", echoing the "Swiss
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Cheese" model of cumulative barriers and failures!!”). In other words, catastrophic
events often result not from one huge error but from a "combination of small
failures" across design, maintenance, and human operation that line up in an
unfortunate sequence. This reinforces the need for a "defense-in-depth approach":
multiple layers of safety such that no single failure (or even two or three) can easily
lead to disaster.

Some recurring technical lessons in the "System Design" category include: the
necessity of designing hydrogen systems to avoid confinement of leaks (to prevent
explosive concentrations), providing adequate ventilation in hydrogen-containing
enclosures, eliminating ignition sources near potential leak points, and incorporating
fail-safe and redundancy features. For example, several incidents involved hydrogen
accumulating undetected in enclosed spaces — a lesson learned is that "continuous
hydrogen monitoring" and proper ventilation are indispensable in any hydrogen
facility!!”]. Another design lesson is ensuring that pressure relief devices and vent
systems are properly sized and directed to safe locations; multiple accidents occurred
when relief valves or vents discharged hydrogen towards equipment or enclosed
areas, leading to ignition or overpressure. Thus, "safe venting and dispersion" must
be considered in design. Materials compatibility is another design lesson: hydrogen
embrittlement and seal failures have caused leaks, highlighting the importance of
selecting materials that can withstand hydrogen service and cyclic pressures. In short,
good design can eliminate many inherent hazards — and HIAD provides numerous
real-world examples of design shortcomings to avoid.

Under "System Manufacturing, Installation, and Modification", HIAD lessons
emphasize quality control and change management. A number of accidents have
been traced to "installation errors", such as improper welding, incorrect assembly of
components, or use of the wrong parts, resulting in weak points that later failed. The
lesson here is that rigorous inspection and testing should accompany any installation
or maintenance work on hydrogen systems. Similarly, when systems are modified or
repaired, "re-commissioning procedures" must be thorough — several incidents
occurred on startup after maintenance, when, for example, purge lines were not
properly reconnected or residual hydrogen remained in equipment!!”). One notable
lesson is to "never reuse equipment or piping that previously contained flammable
gases or liquids without proper purging and cleaning". HIAD contains incidents
where tanks or pipes thought to be "empty" still had flammable residues, leading to
explosions upon welding or cutting!!”l.  Therefore, strict protocols for
decommissioning and recommissioning equipment are crucial. Overall, the
manufacturing/installation lessons learned revolve around "attention to detail and
adherence to procedures" — ensuring that what is built and modified in the field
matches the intended safety design.

The "Human Factors" lessons are perhaps the most pervasive. HIAD case studies
repeatedly illustrate how human mistakes or organizational failings turned
manageable situations into accidents. Common themes include "lack of training or
clear instructions for operators", complacency or normalization of deviance (ignoring
alarm signals or skipping steps), and inadequate supervision or safety oversight. For
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instance, one HIAD event narrative describes how operators ignored an increasing
oxygen concentration in a hydrogen system (a dangerous condition) because they
were focused on completing a test on schedule — this human/organizational lapse led
to an explosion that could have been prevented by halting the experiment when the
alarm threshold was passed!!”). The lesson is the importance of a strong safety culture
where following safety protocols "trumps production pressures". Another frequent
lesson is the need for "regular maintenance and inspection", particularly of
safety-critical devices like hydrogen detectors, relief valves, and shut-off systems!!”),
Several accidents occurred because safety devices that could have prevented or
mitigated the event were not functional (e.g. in one case, a flame arrestor was
mistakenly omitted during construction, and in another, hydrogen detectors had been
out of service)!'”l. Human factors also extend to management decisions: insufficient
hazard analysis and emergency planning by organizations have exacerbated incidents.
The EHSP’s analysis concluded that human/organizational issues contribute to the
majority of incidents, thus "training, clear procedures, and a robust safety
management system are absolutely essential". Investing in human factors engineering
— such as ergonomic design of controls, comprehensive training programs, and
fostering a safety-first mindset — is a direct recommendation from the lessons
learned.

Finally, "Emergency Response" lessons focus on preparedness and response actions
when an incident does occur. Many HIAD entries document what happened "after"
an incident initiated — how responders acted and what could be improved. Key
lessons include the need for specialized training of first responders for hydrogen fires
(which are invisible and require different tactics than hydrocarbon fires), the
importance of "communication and coordination" during emergencies, and having
proper emergency equipment on site (such as hydrogen-capable fire extinguishers,
water deluge systems, and personal protective equipment)!'”). In some incidents,
emergency response was delayed or ineffective because responders were not
informed that hydrogen was involved, leading to inappropriate actions. Thus, a
lesson learned is to "integrate hydrogen-specific scenarios into emergency planning"
and drills, ensuring that both facility staff and local fire services understand hydrogen
hazards. Another lesson is that "crisis communication" with the public and
authorities is vital — transparent sharing of incident information can prevent panic
and allow for more effective response (this ties back to the ethos of lessons-learned
databases themselves, which promote openness). Overall, the emergency response
category of lessons teaches that even with all preventive measures, incidents may
still happen, so being prepared to respond swiftly and correctly can significantly
reduce the consequences.

In synthesizing the above, the overarching message from HIAD’s trove of lessons is
that "safety management must be proactive and multi-layered". Minor technical
failures should be anticipated and prevented through design and maintenance; human
operators should be well-trained, alert, and supported by a positive safety culture;
and robust emergency plans should be in place to control incidents that do occur!!”),
The HIAD data demonstrate real cases where these elements were lacking and the
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results were costly — but also cases where good practices averted disaster, reinforcing
their value. For example, there are incidents recorded where automatic shutdown
systems or hydrogen detectors functioned as designed and prevented a small incident
from becoming a large fire, exemplifying the payoff of investing in safety systems.
There are also reports where informed operators took correct emergency actions,
saving their facility — underscoring the importance of training and drills. Each lesson
learned in HIAD effectively provides guidance for "risk mitigation strategies" in the
hydrogen lifecycle. Table 13.1 (in a full thesis, one might include such a table) could
map sample incidents to their corresponding lessons and recommended preventive
measures. By internalizing these lessons, stakeholders can better ensure that as the
green hydrogen economy grows, it does so "with safety at the forefront", avoiding
repeat of past accidents.

8.5 Conclusion and Synthesis

In this chapter, we have examined the HIAD 2.1 hydrogen incident/accident database
and its insights for safety management in the hydrogen lifecycle. Several key
findings emerge:

"HIAD as a Knowledge Tool:" HIAD 2.1, managed by the JRC, is an invaluable
repository of hydrogen safety knowledge, encapsulating nearly a thousand incidents
from diverse sources. Its structured data on causes, consequences, and lessons
provides a foundation for evidence-based safety strategies. The existence of
complementary resources like the US H2Tools lessons-learned database further
strengthens the knowledge base, enabling a global perspective on hydrogen safety
events.

"Cause Analysis — The Human/Technical Nexus:" The data reveal that hydrogen
accidents are rarely "purely technical" in cause — human and organizational factors
are implicated in roughly half of all incidents!!”l. Conversely, technical failures
(equipment/design issues) underlie a large portion of incidents as well, often in
combination with human errors!’l. This underscores that a successful safety
management strategy must integrate "engineering controls, human reliability, and
organizational safety culture". It is not enough to have good technology in place;
competent operation and strong management systems are equally critical.

"Incident Typology — Managing Fire and Explosion Risk:" The predominant incident
outcomes in HIAD are fires and explosions (accounting for over 80% of accidents),
meaning that "ignition control" is a central theme in hydrogen safety!!”). Preventing
leaks from igniting (through ventilation, detection, and removal of ignition sources)
is paramount, as is designing facilities to withstand and vent potential blasts. The
relatively small fraction of unignited leaks and near-misses indicates that while many
incidents do escalate, there are also opportunities where timely interventions can stop
an incident from becoming a disaster — a strong case for robust detection and
response protocols.

"Sectoral Insights — Focusing on High-Risk Domains:" Historically, the
petrochemical and chemical processing sector has generated the majority of
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hydrogen accident data (over 60%!!®), highlighting the high hazard potential in those
large-scale industrial uses. As hydrogen applications diversify (e.g. into
transportation, energy storage, and public refueling infrastructure), it is crucial that
the safety lessons from industry are transferred and adapted to these new domains.
Sectors like transportation and emerging energy applications should proactively
implement the best practices learned from decades of industrial hydrogen handling.
The data-driven identification of high-risk scenarios (for example, the prevalence of
incidents during normal operations rather than only during startups/shutdowns)
allows safety efforts to be prioritized where they will have most impact.

"Historical Trend — Learning from the Past to Secure the Future:" The analysis of
HIAD over time suggests that many severe accidents occurred in past decades, and
that the rate of major incidents may be lower today — thanks in part to improved
technology and safety measures. However, as the hydrogen economy enters a rapid
growth phase, we must "remain vigilant" and avoid complacency. Every new
hydrogen facility should be designed and operated with the past lessons in mind,
effectively "preloading" decades of experience. The Swiss-cheese alignment of small
failures is always a possibility, but with a robust safety management strategy
informed by databases like HIAD, the holes in the cheese can be kept misaligned. In
practical terms, this means rigorous hazard identification, risk assessment, and
incorporation of redundancies and safety layers in all hydrogen projects (themes that
resonate with other chapters of this thesis).

In conclusion, the HIAD 2.1 database offers a rich evidence base that reinforces
fundamental principles of safety management for hydrogen systems. It highlights that
"safety is a continuous learning process" — as new incidents occur, they should be
investigated and added to the collective knowledge. Chapter 13 has thus served to
integrate HIAD’s empirical findings into the thesis’s broader narrative on managing
safety across the green hydrogen lifecycle. By applying the lessons learned — from
technical design safeguards to human factors and emergency planning — stakeholders
can significantly reduce the risks associated with hydrogen and build a resilient, safe
hydrogen energy ecosystem. In the next chapter (Chapter 14), we will translate these
insights into specific recommendations and strategies for safety management in
future green hydrogen projects, ensuring that the mistakes of the past are not
repeated as we scale up hydrogen solutions for a sustainable energy future.

9. Case Studies

In this chapter, four case studies are presented to illustrate safety challenges and
management strategies (or failures) in each phase of the hydrogen lifecycle. Each
case study provides a narrative of the incident, followed by analysis of causes,
lessons learned, and recommendations for future prevention. These real-world
examples serve to ground the theoretical discussions in previous chapters in actual
events.
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9.1 Case Study 1: Production Safety — Gangneung
Hydrogen Incident (2019)

Incident Description: On May 23, 2019, a catastrophic explosion occurred at a
government-supported pilot hydrogen production facility at the Gangneung Science
Industrial Complex in Gangwon Province, South Koreal®. The facility was part of a
renewable energy project, producing hydrogen via water electrolysis using solar
power and storing the hydrogen in tanks for use in fuel cells. On the day of the
incident, during a test run of the system, a massive blast tore through the facility. The
explosion resulted in two fatalities and six injuries!), and caused extensive damage
not only to the hydrogen production site but also to surrounding businesses in the
complex. Witnesses reported hearing a loud bang and seeing debris; the blast was
strong enough to shatter windows of buildings in the vicinity.

Following the explosion, emergency responders cordoned off the site. Fires caused
by the blast were relatively small and quickly managed, implying the main event was
a sudden detonation rather than a prolonged fire. Initial suspicion fell on the
hydrogen storage tanks at the site.

Root Cause Analysis: Investigations by South Korean authorities (including the
National Forensic Service and later court deliberations) revealed a chain of failures
largely rooted in technical mismanagement and oversight lapses!*I!!:

The immediate physical cause was a flammable mixture of hydrogen and oxygen in
one of the storage tanks that ignited. Normally, hydrogen storage tanks should
contain virtually pure hydrogen. In this case, oxygen was present at a significant
concentration, creating an explosive environment inside the tank!'!,

How did oxygen get there? The facility’s electrolyzer was powered by variable
renewable energy. It was discovered that due to an inadequate power supply (voltage
below the optimal level), the electrolyzer’s performance was subpar, leading to
reduced hydrogen purity!'!l. Essentially, the electrolyzer was producing a hydrogen
stream that still contained a higher-than-acceptable level of oxygen.

Moreover, critical safety equipment that could have mitigated this issue was missing
or not operational: specifically, no effective system was in place to remove oxygen
from the hydrogen (no purifier or catalytic recombiner), and no oxygen monitoring
sensors were installed on the storage tank!!'!l, These devices, had they been present,
would have detected rising O: levels and either eliminated them or alarmed
operators.
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The ignition source of the hydrogen-oxygen mixture was not determined with
certainty (as is often the case in such explosions, the initiating spark or heat might be
destroyed by the event). Potential sources include static electricity or an electrical
device in the area. Regardless, with an explosive gas mix in the tank, any spark
would cause a detonation.

Organizational causes: The project was a collaboration between public and private
entities (overseen by the Korea Institute of Energy Technology Evaluation and
Planning, KETEP). The court found that KETEP failed to implement and enforce
basic safety precautions!!'!. Furthermore, they had allowed the project to proceed
with organizations that perhaps lacked hydrogen experience, and when the project
changed hands to a new company, they did not rigorously vet that company’s safety
capabilities!*],

The Korea Gas Safety Corporation (KGS), which should have inspected and advised
on such installations, was also found negligent for not catching these safety gaps!*. It
appears that safety oversight was minimal—possibly hydrogen being a newer field
for those inspectors, or this being seen as a small R&D project and thus not subject to
stringent checks that a large industrial facility would have.

In summary, the root cause can be summarized as a systemic failure to ensure
hydrogen purity and safe storage conditions, compounded by the absence of critical
safety systems and oversight. Technically, the underlying event was an internal tank
explosion due to combustible gas mixture (a chemical combustion within the tank),
which then likely caused the tank to rupture catastrophically (like a BLEVE without
the fire, since pressure would spike from the combustion).

Lessons Learned:

Never assume small-scale or pilot projects are inherently safe. This incident showed
that even an R&D or demonstration project can have industrial-scale hazards. Proper
engineering and safety reviews must be applied regardless of scale. Every hydrogen
system, no matter how experimental, needs basic safeguards (like gas purging,
monitoring).

Importance of Gas Purity Management: Electrolyzers must operate within design
parameters to produce hydrogen at expected purity. If using variable power, one
must ensure either the electrolyzer design can handle it safely or add systems (like
buffer power supplies or gas purifiers). Installing oxygen analyzers on the hydrogen
output and in tanks is a must for production facilities. Had an O: sensor been in the
tank, it could have alerted operators to the dangerous condition before it reached
explosive levels.
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Mandating Critical Equipment: Devices like recombiners (which catalytically
recombine H- and O: into water) or purifiers should be mandatory for systems where
hydrogen and oxygen might co-exist, especially in storage. The absence of such
devices here was a glaring omission!!!,

Organizational oversight and safety culture: The fact that multiple agencies and
companies overlooked these safety basics indicates a lapse in safety culture. It’s a
lesson that strong oversight (internal and external) is needed. Safety should be
evaluated at design, installation, and commissioning stages by competent experts. A
hazard analysis (like an HAZOP) likely would have identified "oxygen in hydrogen
tank" as a deviation to avoid and recommended interlocks or sensors — indicating
perhaps such a study was not rigorously done.

Regulatory Enforcement: This case set a precedent in Korea for holding agencies
accountable!!!l. Tt teaches that regulatory bodies must step up expertise in new tech
areas like hydrogen. For project proponents, it shows that compliance is not just
paperwork — missing safety elements can lead to legal consequences, not to mention
loss of life.

Recommendations:
For future hydrogen production setups, especially those integrating renewables:

Implement a "hydrogen quality safety chain": continuous purity monitoring, alarms
at thresholds (e.g., if O: exceeds 2%), automatic vent/purge if purity drops
dangerously.

Require a safety certification for hydrogen projects. An independent hydrogen safety
expert panel review might have caught these flaws. Now, one might recommend that
any public-funded hydrogen project undergo an independent safety audit.

Install redundant safeguards: For example, two separate types of oxygen detection or
limiting systems (so if one fails, the other still prevents hazard).

Provide thorough training to operators about the dangers of partial loads and unusual
operations. In Gangneung, operators might not have realized the risk of running the
system at low power without proper scrubbing of gases.

Strengthen codes: The incident pushed Korean authorities to likely update guidelines
for demonstration plants. Globally, sharing this lesson, standards like ISO 22734
(electrolyzers) could include more explicit requirements for situations of power
fluctuation and gas mixing prevention.

In conclusion, the Gangneung incident starkly demonstrates how a single overlooked
detail in hydrogen production can lead to tragedy. It underscores many of the points
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raised in earlier chapters: hydrogen’s unforgiving nature when mixed with oxygen,
the need for diligent risk management, and the critical role of proper equipment and
oversight. This case ultimately has spurred improvements — it is a somber but
valuable lesson for the global hydrogen community to ensure production of green
hydrogen is as safe as it is clean.

9.2 Case Study 2: Storage Safety — Power Plant
Hydrogen Explosion (Muskingum River, 2007)

Incident Description: Although this incident occurred in 2007, it remains one of the
most illustrative hydrogen storage accidents and offers timeless lessons. The
Muskingum River Power Plant in Ohio (USA) used hydrogen gas to cool its
electricity generators (a common practice in large power generators, as hydrogen is
an excellent coolant). Hydrogen was delivered to the plant by tube trailer and
transferred to on-site storage tanks daily. On January 8, 2007, during what should
have been a routine refill, a catastrophic explosion occurred®. A tube trailer was
parked near the storage area, and as hydrogen was being transfilled into the
stationary storage tanks, hydrogen gas leaked and accumulated under an adjacent
metal awning. The gas found an ignition source, leading to an explosion and
secondary fires.

Consequences were severe: The explosion killed the driver of the delivery truck and
injured ten plant personnel®. It also caused extensive damage to the facility — the
blast wave and fire tore apart structures, and parts of the storage system were hurled
by the force. The incident prompted an in-depth investigation by WHA International
(a hydrogen safety consultancy) in collaboration with plant owners to determine what
went wrong.

Root Cause Analysis: The investigative team identified a series of compounded
failures that aligned tragically (often referred to as the Swiss cheese model of
accident causation, where holes in multiple layers line up)®!:

Premature Rupture Disk Failure: One of the on-site storage tanks was equipped with
a rupture disk (a safety device meant to relieve pressure if it gets too high). However,
this disk burst at a pressure far below its design pressure, during normal filling®l. It’s
believed that improper installation and maintenance led to this malfunction —
specifically, an incorrect type of disk (with a lower rating, or possibly a degraded one)
was installed about six months prior without proper review, and evidence of
corrosion was found on it. Water ingress (from rain, due to uncapped vent pipes)
might have corroded the disk!.
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Vent System Design Flaw: When the rupture disk blew, it should have vented
hydrogen safely via a vent stack to atmosphere. Instead, the vent system itself failed
— hydrogen was released into the immediate area under an overhead weather canopy
(awning)P]. The vent pipe was made of thin copper and was not sturdy enough for
the sudden flow; it ruptured at an elbow joint!). This meant hydrogen did not go up a
safe vent path but rather escaped near ground level.

Accumulation under Awning: The plant had an overhead metal awning sheltering the
storage area (to protect equipment from weather). Unfortunately, this awning was not
ventilated or designed to let hydrogen escape if it leaked®). Hydrogen released from
the failed vent accumulated rapidly in the confined space under the roof. Essentially,
the awning acted like a trap, containing the gas right where it could reach an
ignitable concentration.

Ignition Sources Under Awning: Investigators identified several potential ignition
sources in the vicinity — these included ordinary electrical equipment and possibly
static. The area was not treated as a Class I hydrogen hazardous location (perhaps an
oversight in classification), so ignition sources were present’®’. Once enough
hydrogen built up, it found a spark and ignited.

Explosion and Secondary Fires: The ignition of the confined hydrogen-air cloud
caused an explosion under the awning (a deflagration that likely transitioned to a
local detonation given the confinement). The blast wave pressure was amplified by
the confinement, causing heavy damage. Simultaneously, the burning hydrogen
caused "jet fires" from the points of releasel*! — basically flames shooting from the
broken pipe and other leaking points (as other connections failed). These fires ignited
diesel fuel from the truck (once it was damaged) and other combustible materials,
leading to additional fires (tires, etc.)! .

Maintenance and Management Factors: Underpinning these technical issues were
procedural and management failures: there was no Management of Change (MOC)
process followed when the rupture disk was replaced; an incorrect part was used and
no one reevaluated the vent design for the new diskl®). Also, the use of unsuitable
materials (copper vent line, which corroded and failed, and the lack of weather
protection for the vent outlet) pointed to design gaps. The canopy’s effect on
hydrogen dispersion was clearly not considered in the original design.

In essence, the root causes break down into:

Inappropriate equipment and maintenance (rupture disk and vent piping not fit for
duty, lack of MOC).

Poor facility design for hydrogen release (unventilated canopy that allowed H:
buildup).
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Ignition control failure (ignition sources present where there should have been none
or the gas should never have been there).]

Lessons Learned:
This incident has become a textbook case in hydrogen safety literatureKey lessons
include:

Proper Venting of Hydrogen: Always vent hydrogen to the outside atmosphere, away
from any enclosures. Even if something like a rupture disk fails, it should ideally
vent harmlessly. This means designing vent lines robustly (taking into account shock
from sudden discharge) and avoiding any configurations where gas can accumulate.
The canopy should have either been designed with large openings or not existed; at
minimum, passive vents at the top of the canopy could have reduced confinement.

Management of Change (MOC): Any change in safety-critical components (like a
pressure relief device) must go through a formal review. Using the wrong rupture
disk or assembly directly set the stage for failurel®’. MOC processes are an industry
best practice to catch such issues — skipping that step was disastrous.

Regular Inspection and Maintenance: The presence of corrosion on the disk and the
vent linel® indicates maintenance lapses. Facilities using hydrogen need routine
checks on PRDs, vents, valves, etc. Something as simple as ensuring vent outlets are
capped or have drain traps to prevent water ingress could have prevented corrosion.

Hazardous Area Classification and Explosion Protection: This area likely should
have been classified as a potential hydrogen atmosphere during transfer. If it had, the
electrical equipment under the awning might have been explosion-proof rated, or not
present at all, and ignition might have been avoided. It highlights reviewing even
"normally safe" operations (like connecting a trailer) for abnormal scenarios (like a
failed disk) in hazard analyses.

Physical Barriers and Layout: The severity was compounded by the proximity of
people (the driver) and other equipment. After this incident, many similar facilities
revised layouts: e.g., not parking trailers under or near structures, or ensuring
separation (distance or barriers) between storage and occupied areas. The driver died
heroically attempting to close valves on the trailer’® — a reminder that human instinct
is to intervene. Automated shut-offs (remote emergency stop the driver could’ve hit
from a safe distance) are safer.

Training and Procedures: The event happened during a routine procedure, which can
breed complacency. Training must emphasize that even routine transfers carry risk.
The driver possibly didn’t realize a hydrogen cloud was forming until ignition. If
there had been hydrogen detectors at that location, an alarm could have sounded to
warn personnel to evacuate.
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Recommendations:
In the wake of this analysis, WHA International and others made concrete
recommendations to the industry:

Remove or ventilate canopies over hydrogen equipment unless absolutely necessary
(if weather protection is needed, use high vents and make the sides open).

Upgrade all similar installations to have robust vent systems. For example, replace
copper vents with steel, add supports, and direct them vertically upward well above
any structures. Also, ensure rupture disks are properly specified and installed with
OEM parts.

Implement formal Management of Change procedures for any modifications on
hydrogen systems, no matter how minor they seem.

Install hydrogen detection in areas where accumulation is possible (like under an
existing canopy, if it can’t be removed).

Incorporate emergency shutoff buttons that can quickly isolate hydrogen supply from
a safe location (the report suggests that by the time the driver noticed the leak, it was
too late — an automated or remote shutoff could mitigate that).

Conduct periodic emergency drills for such a scenario — e.g., a drill where a rupture
disk fails and hydrogen leaks — to ensure staff know to evacuate and not approach
(unless properly trained and equipped).

Share the lessons with other power plants. (Indeed, after this event, many power
plants re-evaluated their hydrogen systems. The investigation also found that another
plant with a similar design had a near-miss that wasn’t learned from™ — underscoring
the need for industry-wide communication.)

In conclusion, the Muskingum River incident is a sobering case of how multiple
small issues (a corroded disk, a poor vent design, an unnoticed accumulation) can
align to cause a deadly accident. It reinforces fundamental design principles: give
hydrogen a safe path to vent, keep it away from confinement and ignition, maintain
your safety devices, and anticipate failure modes. These principles are now far better
known in the industry thanks in part to the widespread dissemination of this case
study®. Modern hydrogen storage installations, if designed with these lessons in
mind, are significantly safer and less likely to repeat such an event.

9.3 Case Study 3: Transportation and Distribution
Safety — Santa Clara Trailer Explosion (2019)
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Incident Description: On June 1, 2019, an explosion and fire erupted at the Air
Products hydrogen distribution facility in Santa Clara, California, USA™. This
facility was a major transit point for distributing high-pressure hydrogen via tube
trailers to hydrogen refueling stations in the San Francisco Bay Area. On that day, a
routine operation to refill (transfill) a trailer with hydrogen from an onsite supply
went awry. Workers were in the process of filling a multi-tube trailer (which carries
compressed hydrogen in many large cylinders) when a significant hydrogen leak
occurred. Within moments, hydrogen gas accumulated around the trailer’s front
module and ignited, resulting in an explosion. The blast blew off panels of the
trailer’s storage compartment and led to multiple secondary hydrogen fires as the
trailer’s pressure relief devices activated and some failed!.

Remarkably, there were no serious injuries reported from this incident — the facility
workers on site managed to escape, though one may have had minor injuries.
However, the consequences for hydrogen supply were substantial: The facility was
the hub for hydrogen fuel deliveries to local stations, and the damage forced a halt in
operations. As noted earlier, nine out of eleven hydrogen stations in the region were
shut down for up to four months until supply was restored®. This caused a hydrogen
fuel shortage for fuel cell vehicle drivers and was widely reported in media, raising
concerns about hydrogen infrastructure reliability.

Root Cause Analysis: A detailed investigation was conducted, including by the
facility owner and shared with the Hydrogen Safety Panel. The findings revealed a
combination of mechanical failure and human factors!*):

Initial Leak Cause: The event began with a hydrogen leak at a valve connection on
the trailer — specifically, the hydrogen isolation valve on the front module had either
a cracked O-ring or a leaking fitting!¥. This suggests that either a seal failed (material
issue, wear, or improper installation) or a fitting wasn’t tightened properly (could be
maintenance or manufacturing issue).

Unauthorized Maintenance Attempt: The trailer driver noticed the leak (likely
hearing hissing or seeing sensors) and attempted to fix it on the spot without
following proper lockout/tagout procedures!*l. He did not fully isolate the trailer from
the hydrogen supply line. This is labeled "unauthorized maintenance" because
normally, only qualified technicians should service such components, and only after
depressurizing the system. His quick fix effort might have been well-intentioned to
stop the leak, but it was a dangerous move as hydrogen flow had not been safely shut
off upstream.

Miscommunication & Operator Error: Compounding the situation, there was
miscommunication between the senior driver and a trainee who was assisting. The
senior instructed the trainee to stop the fill, but apparently the filling had already
been paused. The trainee, perhaps confused, tried to take action and inadvertently
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pressed the "Purge/Enable Trailer" button, which reopened valves and allowed
hydrogen to flow into a disconnected pipe manifold®. In essence, the trainee
activated a control that re-enabled hydrogen flow, not realizing that part of the
system was open/leaking. This was a critical error: hydrogen that had been contained
now flowed freely out of the broken/leaking assembly.

Design/Equipment Factor — Confinement in Trailer Module: The leaked hydrogen
collected inside the front module of the trailer, which had walls and vessels that
prevented dispersion!¥. The trailer’s design had an open roof, but it wasn’t enough to
vent the gas effectively, especially with equipment inside — this partial confinement
led to a build-up of flammable mixture before it found an ignition source.

Ignition and Explosion: The accumulated hydrogen ignited. The ignition source is
not definitively stated in the summary, but likely candidates include static discharge
or an electrical component. The design of the trailer didn’t provide adequate
ventilation to avoid overpressure on ignition*l. Thus, when ignition occurred, the
combustion caused a pressure rise that blew out part of the trailer module
(explosion).

Secondary Fires and PRD Activations: The explosion and initial fire caused damage
to multiple cylinder pressure relief devices (PRDs). Some PRDs opened fully or
partially releasing hydrogen (which ignited as jet fires), others cracked and leaked™.
So multiple cylinders on the trailer started venting hydrogen, feeding flames. These
jet fires then impinged on the tractor (truck cab) fuel tanks and tires, causing
subsequent diesel fuel and tire fires!*. The emergency shutdown (ES) likely kicked
in, closing some valves when it sensed issues, but by then many leaks were already
in progress.

Emergency Response: The facility’s emergency response did manage to eventually
stop the flow and extinguish secondary fires (firefighters let hydrogen fires burn out
while cooling surroundings, then doused the diesel/tire fires)! .

The chain of causation here highlights that human error (in attempting a quick fix
and pressing the wrong button) turned what could have been a minor leak incident
into a major explosion. The equipment design (lack of robust venting in the trailer
module, confusing control labeling) and maintenance (why did the O-ring or fitting
fail?) were underlying issues.

Lessons Learned:

Strict Adherence to Procedures: Maintenance or adjustment on pressurized hydrogen
systems must follow formal procedures (lockout, etc.). The trailer driver’s
unauthorized attempt to fix a leaking valve while the system was still pressurized
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was a critical mistake!*). The lesson: do not attempt ad-hoc fixes under pressure.
Isolate, depressurize fully, then repair with proper tools and expertise.

Clear Communication and Training: The miscommunication between the senior and
trainee, and the trainee hitting the wrong control, points to training gaps and possibly
interface design issues. Training should emphasize exactly what each control does
and when (and when not) to use it. Also, any confusion in procedure needs to be
eliminated — perhaps the senior thought the fill was still on when it was off. Using
checklists or clear signals (like "filling stopped" indicator) could help. Also, the
incident was conceptually similar to known operator errors in industry (one analogy
given was a chemical plant incident where an operator opened a wrong valve due to
confusing labeling!*!). Therefore, simplifying and mistake-proofing controls is vital
(e.g., using interlocks that prevent enabling purge if things are disconnected).

Design Trailers for Ventilation and Minimal Confinement: The trailer module acted
like a partial confined space for gas. Future designs could ensure more open structure
or incorporate vent panels. Indeed, in reviewing this, Air Products likely examined
how to vent a leak safely in their trailer design. Perhaps adding hydrogen detectors in
the trailer module could also give early warning to operators.

Redundancy in Safety Interlocks: There was an emergency shutdown system, but it
didn’t prevent the trainee’s manual override action. Ideally, critical actions like
enabling flow should require confirmation or have logic to detect anomalies (like "is
everything connected properly?"). Since that’s hard to automate fully, the human
factors approach is key — make dangerous actions less accessible.

Importance of PRD performance: It was noted that some PRDs didn’t function as
intended (cracked but not fully relieving)*, which prolonged the fire. Ensuring
PRDs are robust and don’t fail from blast impact is a lesson. There might be need to
shield PRDs or use designs that are less likely to be damaged by an initial blast or
heat.

Emergency Planning for Supply Disruption: A broader lesson: this single point of
failure in the supply chain had widespread impact. While not a direct safety point, it
highlights the need for contingency planning — e.g., having alternative supply or
reserve storage so that if one facility goes down, it doesn’t cripple an entire region’s
hydrogen fueling capability.

Recommendations:
After the Santa Clara incident, several measures were taken by the company and
recommended to others!*!:

Improved Training and Re-training of Drivers: Ensure all personnel, especially those
in field operations like trailer filling, are regularly trained on emergency procedures,
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what not to do (no unauthorized repairs), and how to communicate clearly in an upset
condition.

Revised Operating Procedures: Specifically, Air Products implemented improved
trailer filling procedures and likely changed the control logic or labeling
("Purge/Enable Trailer" was called out as confusing*). A recommendation is to
redesign such controls to be fool-proof — maybe separate Purge and Enable, and
require sequential steps.

Equipment Upgrades: The company evaluated modifications to trailers and facility
equipment. This might include more robust valve designs (to avoid leaks), better
sealing technology, or adding automatic leak detection that can shut off flow without
human intervention if a leak is detected (like a sudden pressure drop triggers
immediate isolation).

Installing Fire/Leak Detection in Trailers: Although not explicitly stated, a likely
recommendation is adding sensors on the trailer itself. If a trailer had a built-in
hydrogen detector that could wirelessly alert the operator or automatically close
trailer inlet valves when a leak is detected, it could prevent accumulation.

Close the Gaps identified: The analysis noted gaps like absence of fire protection
systems near the trailer and close trailer spacing!*!. Addressing those — maybe having
a fixed water spray or remote-controlled monitor that can cool a trailer if a fire starts,
and spacing trailers farther apart to prevent domino effect.

Industry-Wide Lesson Sharing: This event was shared through the Hydrogen Safety
Panel, meaning other companies operating hydrogen trailers could take heed. A
recommendation is for all similar transfill operations to examine their practices: Are
employees tempted to do quick fixes? If so, fix that culture and provide proper tools
(like quick-closing valves that can stop a leak without manual wrenching).

This case underscores how active human supervision of hydrogen transfers is a point
of vulnerability — automation and fail-safes can limit reliance on perfect human
action. The scenario of a trainee mistake resonates with many industries (similar to
aircraft disasters that led to cockpit redesigns). Likewise, hydrogen operations can
benefit from human factors engineering.

In summary, the Santa Clara incident, though not resulting in casualties, had serious
economic and confidence repercussions. It demonstrated the complexity of
distribution safety — involving equipment integrity, procedural discipline, and design
considerations. By analyzing this chain of events, hydrogen distributors around the
world have improved their systems (for instance, Canada and Europe’s suppliers
likely reviewed their own trailer filling SOPs). It’s a clear example that small
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mistakes (a leaking O-ring, a button press) can cascade — reinforcing that every layer
of defense (equipment, human, design) must be robust.

9.4 Case Study 4: End-Use Safety — Kjerbo
Hydrogen Station Incident (2019)

Incident Description: On June 10, 2019, an explosion rocked a hydrogen refueling
station at Kjerbo, in Sandvika near Oslo, Norway!!3l. The station, operated by Nel
Hydrogen (a leading hydrogen technology company), had been in service providing
fuel to hydrogen fuel cell vehicles. In the early evening, a hydrogen leak from the
station’s storage unit led to a powerful blast that was reported to have shattered
windows of nearby buildings and was heard several kilometers away. Two people in
the vicinity (not station workers, but passing by in their cars) were injured by the
shockwave — notably, their car airbags deployed due to the pressure wave, causing
minor injuries!!?, A third person had minor injuries as well. There were no fatalities,
and fortunately, no one was refueling at that exact moment (which could have been
worse).

The station had onsite hydrogen production (electrolyzer) and high-pressure storage
tanks, as well as dispensing equipment. Following the explosion, a fire burned at the
site which emergency services contained. As a precaution, all other hydrogen stations
in Norway (and some in Denmark, operated by the same company) were temporarily
closed pending investigation, which caused a complete stop in hydrogen fuel sales in
those countries for a period!!?. The incident drew global attention as it cast doubt on
the safety of hydrogen stations, leading some consumers to hold off on buying
hydrogen cars.

Root Cause Analysis: Investigations by Nel and authorities determined the primary
cause to be a technical assembly error in the high-pressure storage unit!!%):

A specific plug (threaded fitting) in one of the hydrogen storage tanks was
improperly installed during assembly, likely at the manufacturing stage. This
assembly error meant that over time (or due to pressure/temperature cycles), the
fitting failed or loosened, causing a significant hydrogen leak!?],

The leak from the storage tank released hydrogen into the storage compound. The
station’s safety systems detected a drop in pressure, which triggered an automatic
shutdown of the station’s systems (stopping the electrolyzer and closing supply
valves). However, by the time of shutdown, a large quantity of hydrogen had already
vented into the environment near the storage.
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The hydrogen cloud found an ignition source. It’s not publicly confirmed what
ignited it; possibilities include an electrical spark or even a hot surface. Given it was
outdoors, ignition might have been delayed until the gas found a confined spot or
mixed to the right concentration near an ignition source.

The resulting explosion was substantial. It was effectively an unintended release and
vapor cloud explosion. The station’s design did include features like a light roof
designed to vent upward, but apparently the ignition might have occurred at a point
that still generated a strong blast.

Nel’s internal investigation noted that aside from the assembly fault, everything else
at the station functioned normally. In fact, the design was such that hydrogen sensors
were installed, but surprisingly, reports indicate the sensors did not detect the leak in
time (possibly the gas initially leaked upward away from the sensors, or the release
was so rapid that ignition occurred almost concurrently with detection).

It's important that no vehicles or dispenser equipment were directly involved; the
incident was localized to the storage section. This suggests that if not for the
assembly flaw, the station’s operations were safe.

Lessons Learned:

Quality Control in Manufacturing and Assembly: The incident hammered home that
even a tiny component (a plug) if not assembled correctly can have huge
consequences!!’l. Hydrogen systems operate at high pressures (~900 bar in some
storage for 700 bar fueling) so even minor flaws can lead to leaks. Manufacturers
need stringent quality assurance, including perhaps redundant inspection (two sets of
eyes) or even new techniques like using torque-marking paint or imaging to verify
assembly correctness of every fitting.

Routine Inspection and Maintenance: If assembly was faulty, ideally it would be
caught by leak tests. Stations do undergo commissioning tests and regular
maintenance. It’s unclear if the plug issue could have been detected earlier (it might
have been fine initially but vibrated loose over time). This highlights the need for
periodic comprehensive leak checks at stations — perhaps using high-sensitivity
sniffers or imaging (e.g., using a sensitive hydrogen camera or ultrasound detection).

Station Safety System Performance: The station did shut down automatically when
abnormal conditions were sensed (pressure drop) — that’s good, but why sensors
didn’t alert pre-ignition is a question. Possibly they did and triggered the shutdown,
but ignition was just very fast. If sensors weren’t effective due to placement, then
re-evaluating sensor placement is a lesson: ensure coverage of all potential leak
points, maybe add more sensors or a different type (e.g., acoustic leak detectors that
respond instantaneously to high-pressure leak noise).
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Emergency Response & Public Communication: The injuries sustained were indirect
(from airbags) which is a bit unusual; it underscores that even people not in the
immediate station can be affected by a blast wave. After the incident, local
authorities handled evacuation well, and Nel took responsibility, cooperating with
investigators!!”, A lesson here is transparency — Nel openly published findings,
which helped maintain trust that the root cause was identified and addressed
(assembly procedures were changed afterward!!%).

Regulatory Oversight: Norwegian authorities fined Nel about $3 million for this
incident!'%), emphasizing that companies are held accountable. Regulations already
required sensors and safety distances, which did mitigate harm (station was sited
such that no buildings were extremely close, limiting damage largely to the station
itself). Regulators might consider requiring even more fail-safe assembly verification
for pressure vessels.

Impact on Hydrogen Adoption: This incident taught that public perception can be
fragile. The immediate reaction halted hydrogen fuel cell vehicle progress in Norway
(sales paused)!'?. The industry learned that one high-profile accident can have
outsized impact, so there’s a collective responsibility to achieve near-zero incidents.
In response, station operators globally checked similar equipment (indeed, some
stations in the U.S. temporarily closed for inspections).

Recommendations:
Post-incident actions and general recommendations include:

Revise Assembly Protocols: Nel announced it changed its assembly procedures to
ensure such a plug error won’t recur!®. This likely involves torque specifications,
perhaps physical locking mechanisms for plugs, and better documentation of
assembly. A recommendation is that all manufacturers of high-pressure hydrogen
equipment do the same — review even small components’ assembly processes.

Enhanced Testing: Implement more extensive testing regimes. For instance, after
assembly, perform pressure cycle tests and use helium leak testing (more sensitive
than hydrogen testing) to find even very tiny leaks that could indicate improper
sealing.

Station Design Additions: Consider adding blast barriers or venting structures around
storage. The Kjeorbo station had a light roof that likely directed the explosion mostly
upwards (limiting ground-level impact), which was good. In dense areas, one might
incorporate barriers to shield nearby public areas from blast waves. Also, ensuring
break-away panels direct force away from fuel dispensers or control rooms to keep
people safe.
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Sensor Redundancy: Use multiple types of detection — maybe a fast pressure wave
detector (if a tank suddenly depressurizes, that itself can trip alarms prior to ignition)
in addition to hydrogen concentration sensors.

Public Education and Backup: Assure the public that hydrogen stations have multiple
safety layers. After the fix, Nel reopened stations and there have been no further
issues, helping restore confidence. Perhaps providing visible indicators (like a digital
sign saying "Station OK" or "In emergency shutdown") could reassure users if
something ever triggers a shutdown without incident.

Incident Response Plan: Hydrogen station operators should have a very clear
emergency response plan. Kjerbo’s incident had people injured in cars — a thought is
whether sending a public alert (e.g., via SMS or radio) in real-time could warn
people to stay clear. Realistically, for fast events it’s tough, but in a broader sense,
having liaison with local emergency services and a plan to manage road traffic
(police closed off the highway nearby temporarily) are important.

The Kjorbo station explosion has since become a key case study that safety experts
cite to reinforce the notion that no detail is too small to ignore in hydrogen safety. It
also demonstrated the efficacy of inherent safety features: despite a massive leak and
explosion, no one was killed, and the built environment largely withstood the shock
(credit to safety distances and perhaps the upward venting design). In the aftermath,
Nel’s hydrogen stations and others globally improved their systems, and confidence
has been largely restored with Norway resuming hydrogen fuel sales after thorough
checks!!4l,

In conclusion, while hydrogen end-use (fueling stations) is generally safe, the Kjorbo
incident reminds us that rigorous engineering and continuous improvement are
needed to maintain that safety record. As hydrogen stations proliferate, lessons from
Kjorbo are influencing new station designs: more modularization with pre-tested
assemblies, better leak detection, and fail-safe architectures.

10. Conclusion and Outlook

Hydrogen as an energy carrier presents a paradox: it is at once a clean,
transformative fuel and a substance requiring utmost respect for its hazards. This
thesis set out to explore safety management strategies across the full lifecycle of
green hydrogen, and through our comprehensive analysis, several overarching
conclusions emerge:

1. Safety is Achievable with a Layered Defense-in-Depth Approach: The incidents
analyzed, from production to end-use, consistently show that no single failure should
be allowed to cause catastrophe. In each case, multiple failures lined up. A robust
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safety management strategy builds multiple layers of defense — engineering controls,
administrative procedures, emergency systems — such that even if one layer fails,
others prevent escalation. Modern hydrogen facilities that implement redundant leak
detection, automatic shutdowns, proper venting, and strong training have
demonstrated excellent safety performance. The technology and knowledge to handle
hydrogen safely exist; success depends on diligent application.

2. The Importance of Organizational Safety Culture and Competence: Technical
fixes alone are not enough. The Gangneung and Santa Clara cases especially
highlighted human and organizational factors (neglecting to install safety devices,
attempting unauthorized repairs, miscommunication). A culture that prioritizes safety,
from the executive level to the technician, is essential. This means continuous
training, clear procedures, empowerment of workers to stop operations if unsafe, and
learning from near-misses. It also means organizations must invest in expertise —
given that hydrogen is a newer area for many, ensuring the presence of skilled
hydrogen safety engineers in projects can bridge knowledge gaps.

3. Learning from Incidents and Near-Misses: The hydrogen sector has embraced a
refreshing openness in sharing incident learnings (through databases and reports).
This transparency accelerates safety improvements. Each incident dissected in
Chapter 8 has directly led to enhancements: revised standards, new best practices,
design modifications. For example, the Kjeorbo incident has globally influenced
station designs regarding component quality and testing. Continuous improvement is
part of the safety lifecycle — every project should begin by reviewing historical
lessons and end by contributing any new lessons back to the community.

4. Regulatory and Standards Frameworks are Fundamental Enablers: We conclude
that the existing body of codes and standards (ISO, NFPA, etc.) if rigorously
followed, provides a solid safety net. The case studies often showed what happens
when either standards were lacking or not adhered to. Going forward, regulators
should keep standards updated with latest knowledge (e.g., incorporate case study
learnings into code revisions) and ensure enforcement. Likewise, uniform standards
worldwide will help maintain consistent safety levels as hydrogen infrastructure
expands. International cooperation via bodies like the Hydrogen Safety Panel and
EHSP should continue to harmonize and raise the bar for safety.

5. Economic Viability and Safety are Complementary, Not Contradictory: Safety
measures add cost, but as shown, they prevent far greater losses. A hydrogen project
built with safety in mind is more likely to be reliable and gain public acceptance,
which is invaluable for long-term economic viability. Conversely, an accident can
incur huge costs and set an entire industry back. Therefore, early investment in
robust safety is a wise strategy both financially and strategically. As the hydrogen
economy scales, economies of scale and innovation are expected to further reduce
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the relative cost of safety (sensors will get cheaper, designs will standardize), making
it even easier to implement comprehensive safety without heavy cost burden.

6. Public Communication and Emergency Preparedness: The success of hydrogen
technologies will also depend on public trust. Proactive communication about safety
measures, comparisons that contextualize hydrogen risks versus familiar fuels, and
engaging first responders in training will strengthen societal readiness. The thesis
finds that communities respond well when they are informed and see that proper
safeguards are in place (for instance, local fire departments involved in station
planning feel more confident responding if needed).

Outlook:
Looking ahead, the deployment of green hydrogen is expected to accelerate globally
in the 2020s and 2030s. This will mean:

New Applications: Beyond current uses, we will see hydrogen in trains, ships,
perhaps airplanes, and in wider industrial applications. Each brings new safety
challenges (e.g., maritime hydrogen storage will need addressing issues of confined
ship compartments).

Large-Scale Storage: Strategies like underground hydrogen storage (in salt caverns)
are being piloted. These introduce geological and long-term containment safety
questions that require research and careful risk assessment.

Hydrogen Blends: Blending hydrogen into natural gas pipelines could make
pipelines a ubiquitous part of the hydrogen lifecycle. Managing the transition of
infrastructure and ensuring integrity (avoiding embrittlement) will be key; this could
actually improve overall gas network safety if done right (since hydrogen has
different leak and ignition behavior).

Technological Innovation: Ongoing improvements such as better sensors (maybe
miniaturized arrays), smarter control systems (Al that can predict and prevent
failures), and smarter control systems (e.g., Al for predictive maintenance and leak
detection) will enhance prevention. The hydrogen safety community is actively
incorporating these innovations.

Overall, the trajectory is positive: hydrogen technologies can be deployed safely at
scale by applying the hard-earned lessons and rigorous strategies discussed in this
thesis. A hydrogen future, underpinned by strong safety management, is not only
possible but already unfolding. Continual vigilance, learning, and improvement will
ensure that safety remains the cornerstone of the green hydrogen economy.
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