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A B S T R A C T   

Hydrogen has the potential to make countries energetically self-sufficient and independent in the long term. 
Nevertheless, its extreme combustion properties and its capability of permeating and embrittling most metallic 
materials produce significant safety concerns. The Hydrogen Incidents and Accidents Database 2.0 (HIAD 2.0) is 
a public repository that collects data on hydrogen-related undesired events mainly occurred in chemical and 
process industry. This study conducts an analysis of the HIAD 2.0 database, mining information systematically 
through a computer science approach known as Business Analytics. Moreover, several hydrogen-induced ma-
terial failures are investigated to understand their root causes. As a result, a deficiency in planning effective 
inspection and maintenance activities is highlighted as the common cause of the most severe accidents. The 
lessons learned from HIAD 2.0 could help to promote a safety culture, to improve the abnormal and normal 
events management and to stimulate a widespread rollout of hydrogen technologies.   

1. Introduction 

The fuel of the future should be versatile, efficient, environmentally 
friendly, affordable, and safe (Vezirolu and Barbir, 1992). In light of this, 
hydrogen has the potential to outclass its competitor fuels and thus has 
been recently promoted by the European Commission as one of the most 
promising solutions to minimize greenhouse gas emissions (European 
Commission, 2018). The increasingly widespread rollout of hydrogen is 
reflected by its expected share in the global energy scenario: 0.1% in 
2020 (International Energy Agency, 2021a), 2% in 2030, and 10% in 
2050 (International Energy Agency, 2021b). Nevertheless, one of the 
major bottlenecks for a massive application of hydrogen is represented 
by the safety aspects: along with its broad flammability range and its 
explosion potential (Sánchez and Williams, 2014), the capability of 
permeating and embrittling most of the containment materials makes its 
transportation and storage challenging (Abohamzeh et al., 2021). In 
fact, hydrogen-induced material damages are still responsible for several 
equipment failures and consequent releases of hazardous substances 

(Khare et al., 2017; Woodtli and Kieselbach, 2000). These safety issues 
must to be addressed with specific preventive strategies, such as in-
spection and maintenance activities aimed at guaranteeing the physical 
integrity and the fitness for service of equipment operating in a 
hydrogen environment (Campari et al., 2022a), along with mitigation 
strategies. Hydrogen-induced material degradations, also referred as 
Hydrogen Damages (HDs), could negatively affect the mechanical 
properties of a variety of materials and may result in failures, also of 
equipment which are not directly exposed to pure hydrogen (Ustolin 
et al., 2020b). It is proven that 99% of equipment breakdowns are 
preceded by certain signs that a failure or accident is going to occur; if 
correctly and timely detected, such failure precursors would allow the 
application of efficient maintenance planning and the implementation 
of appropriate preventive measures against accidental releases of haz-
ardous substances (Geitner and Bloch, 2012). In fact, the likelihood of 
undesired events could be dramatically reduced through prevention (e. 
g., proper inspection and maintenance activities) (das Chagas Moura 
et al., 2015; Leoni et al., 2021). 
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A beneficial strategy used to improve safety for specific industrial 
fields refers to the usage of the lessons learned from past accidental 
scenarios (Weiner et al., 2007). This strategy has been largely adopted, 
for instance, in the chemical and petrochemical industries (Paltrinieri 
et al., 2012; Tamascelli et al., 2022). Moreover, in the case of 
hydrogen-related process systems, the amount of data necessary to 
obtain probabilities of failure for hydrogen-specific components cannot 
be provided due to their low market penetration. In addition, the limited 
operational experience with this energy carrier hinders the achievement 
of the required fundamental knowledge around hydrogen-related acci-
dents, incidents, and near-misses. Hence, safety reporting systems col-
lecting and structuring available information on hydrogen-related 
accidents and failures are of the utmost importance to maximize the 
lessons learned from previous events and to develop effective preventive 
strategies. Later, these strategies can be implemented in new guidelines 
and regulations specifically tailored for hydrogen technologies. In this 
perspective, Hydrogen Incidents and Accidents Database (HIAD) was 
designed as part of the European Commission-funded Network of 
Excellence on Hydrogen Safety (HySafe) by the Joint Research Center 
(JRC) in 2006 (Kirchsteiger et al., 2007) and upgraded to HIAD 2.0 in 
2017 (Melideo et al., 2019). 

Given these bases, this study presents the results of consistent and 
systematic analyses of 628 undesired events reported in HIAD 2.0. 
Business Analytics (BA) techniques have been used as computing and 
information services technologies to mine data distributed across the 
events, transforming them into information useful to obtain an under-
standing of previous events, and empower flexible and advanced ana-
lyses (Benson et al., 1989; Nakhal et al., 2021a). BA has the potential to 
improve the decision-making process by integrating different data 
sources into a single environment for safety analysis (Patriarca et al., 
2016), even in case of large datasets. The application of BA is still 
relatively novel in Safety & Process Management Systems (Nakhal et al., 
2021a, 2021b; Wu et al., 2014). This tool has never been used to analyze 
the HIAD 2.0 database or to mine information from any other repository 
of hydrogen-related undesired event reports. This approach enables a 
systematic and automatic analysis of the accidents in terms of applica-
tion stage, temporal and geographical distribution, causes and conse-
quences. The dynamic and user-friendly interface allows for rapidly 
screening the information collected by the database and for mining data 
efficiently. Moreover, the model developed can be easily updated with 
additional records by simply modifying the source database. Further 
incident reports included in HIAD 2.0 are automatically provided to the 
BA data model, thus enabling continuous learning from past events to 
improve safety management in every stage of the hydrogen value chain. 
This dynamic analysis is a continuous process of identifying hazards, 
determining risk, suggesting preventive strategies to mitigate risk, 
monitoring, and reviewing the process by considering new knowledge 
from the increasing operational experience in this technological field 
(Khan et al., 2016; Paltrinieri et al., 2013). Despite the importance of 
inspection and maintenance activities to guarantee integrity and fitness 
for service of hydrogen equipment or hydrogen-related industrial pro-
cesses, an effective policy for planning preventive safety measures for 
hydrogen technologies is still not available. The lack of previous studies 
on this domain is reflected by the absence of regulations, codes, and 
standards (Campari et al., 2022a). In this regard, the article aims to 
provide an essential contribution with the perspective of learning about 
different past accidents involving equipment for handling and storing 
gaseous and liquid hydrogen. The lessons learned from the analysis of 
HIAD 2.0 may also be used as a basis for risk assessments in the chemical 
and process industry and as an input to inform researchers and industrial 
stakeholders about promoting and developing a safety culture in their 
organizations. 

The paper is structured as follows. The “Overview of accidents da-
tabases and previous analyses” section is a summary of the most relevant 
works regarding the lessons learned from previous events in various 
industrial fields, the available databases of hydrogen-related accidents, 

and the existing regulatory system regarding incident and accident 
reporting. Then, “Exploring HIAD 2.0” section provides a brief overview 
of the structure of the database HIAD 2.0. In addition, the “Methodol-
ogy” section aims to explain step by step the approach adopted in this 
work, while the “Results” section summarizes the study of the database 
through the creation of BA solution to perform a descriptive analysis of 
the main findings. Toward the end, the “Discussion” provides a thorough 
analysis of the reports highlighting their root and secondary causes and 
formulates safety recommendations to avoid or prevent similar acci-
dents in the future. The focus has been placed on losses related to the 
material failures of equipment operating in a hydrogen environment and 
incidents resulting from the lack of effective inspection and maintenance 
programs. Finally, the “Conclusion” summarizes the outcome of this 
work, as well as limitations and strengths linked to BA for managing 
safety data, with the intention to foster future research in the area. 

2. Overview of accidents databases and previous analyses 

A variety of structured databases and repositories for major accidents 
are already publicly available for several industrial sectors and societal 
activities. The French database Accident Reporting Information Analysis 
(ARIA) (BARPI, 2022), created by the Bureau for Analysis of Industrial 
Risks and Pollutions (BARPI) of the Ministry of Environment, collects all 
types of incidents, accidents, and near-misses which are deemed as 
dangerous to human health, environment, or public safety occurred 
worldwide over several decades. The French Authority for Nuclear 
Safety maintains a public list of all its investigations of nuclear accidents 
(ASN, 2022). The European Major Accident Reporting System (eMARS) 
(European Commission, 2020), provided by the Major Accident Hazards 
Bureau (MAHB) of the European Commission’s Joint Research centre, 
includes chemical accidents and near-misses covered by the Directive 
2012/18/EU, also known as Seveso III Directive. In the UK, the former 
Institution of Chemical Engineers created a database (IChemE, 2022) 
containing brief summaries of industrial undesired events that occurred 
worldwide; the database was online between 1997 and 2000, but the 
events’ reports are still available. In Japan, the Institute for Advanced 
Industrial Science and Technology developed the Relational Information 
System for Chemical Accidents Database (RISCAD) (AIST, 2022) to 
collect industrial accidents, but it is currently unavailable to the public. 
The Japanese repository named Accident and Disaster Information 
Center (ADIC) (CRED, 2022) contains any type of undesired event that 
occurred in Asia. In the US, the Occupational Safety and Health 
Administration (US OSHA, 2022), the Chemical Hazard Investigation 
Board (US CSB, 2022), the National Transportation Safety Board (US 
NTSB 2022), and the Nuclear Reactor Commission (NRC, 2022) main-
tain public lists of all their investigations of accidents, providing the 
description and the causal factors. 

Historically, several incidents’ databases and accidents reporting 
systems have been analyzed to learn from the past and better understand 
the undesired events that already occurred in a variety of industrial 
fields, preventing them from being repeated. For instance, Capelli- 
Schellpfeffer et al. (Capelli-Schellpfeffer et al., 1998) examined 500 
electrical incidents to highlight the benefits of heavily populated acci-
dent databases to improve process safety. Yoon et al. (Yoon et al., 2000) 
proposed a quantitative method to support decision-making in priori-
tizing safety-relevant investments and avoiding most of the possible 
hazards. In particular, the authors considered more detailed classifica-
tion beyond frequency and severity when assessing the risk. In 2000, 
Carol et al. (Carol et al., 2000) analyzed several undesired events that 
occurred in the chemical process industry (reported in Major Hazard 
Incident Data Service and Marsh-McLennan Report) with a focus on the 
economic assessment of accidents by applying update rates of industrial 
prices. Kirchsteiger (Kirchsteiger, 2001) applied a quantitative method 
to assess the frequency of major industrial accidents in Europe. 
Analyzing the abovementioned eMARS database, the author concluded 
that the 419 events reported following the Directive 96/82/EC, also 
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known as Seveso II Directive, are not sufficient to come to reliable 
conclusions regarding their frequency. Keren et al. (Keren et al., 2003) 
developed a decision-making procedure to prioritize the improvement 
of selected processes or equipment employing component reliability 
databases. Uth and Wiese (Uth and Wiese, 2004) analyzed the major 
accidents reported in the German ZEMA database that occurred from 
1993 to 1999. A root cause analysis pointed out the relevance of 
maintenance activities, knowledge of chemicals involved, and human 
factors. Sepeda (Sepeda, 2006) examined the Process Safety Incident 
Database (PSID) developed by the Center for Chemical and Process 
Safety (CCPS) and underlined how databases can benefit process safety 
in accident prevention. Bell and Healey (Bell and Healey, 2006) carried 
out a thorough literature review of four databases for major hazard 
accidents intending to identify the root causes and the control measures 
that would have prevented the undesired events reported. Charvet et al. 
(Charvet et al., 2011) conducted a Probabilistic Safety Assessment (PSA) 
of a facility for the distribution of Liquefied Petroleum Gas (LPG), 
focusing on the Boiling Liquid Expanding Vapor Explosion (BLEVE) 
scenario. The application of the PSA method demonstrated that the 
databases did not provide enough data for the equipment reliability 
evaluation. Therefore, the authors’ institution initiated the collection of 
relevant information to provide failure rates for safety equipment in LPG 
plants. He et al. (He et al., 2011) highlighted the drawbacks of accident 
databases for the chemical industry in China. To develop a more effec-
tive information system, the authors collected and analyzed 976 major 
industrial accidents recorded in China over the last 40 years. In a report 
of the European Commission, Christou and Konstantinidou (Christou 
and Konstantinidou, 2012) analyzed 6183 accidents, incidents, and 
near-misses in the oil and gas sector from 1975 that are collected in the 
World Offshore Accident Database (WOAD) (DNV, 2012). They pro-
vided statistical results and lessons learned from these events. In 2013, 
Kidam and Hurme (Kidam and Hurme, 2013) analyzed the Japanese 
Failure Knowledge Database (FKD) to determine the causes for incidents 
triggered by equipment failures, and attain a reduction of these types of 
undesired events. Necci et al. (Necci et al., 2015) carried out a literature 
review to provide the state of the art on the assessment of domino effects 
responsible for High-Impact Low-Probability (HILP) events in the pro-
cess industry. The outcome of this study made possible the quantitative 
assessment of domino scenarios in risk analysis and safety management. 
Raviv et al. (Raviv et al., 2017) investigated near-misses and accidents 
related to cranes in the construction industry and evaluated their 
severity level through the Analytic Hierarchy Process (AHP). In 2017, 
Bakar et al. (Bakar et al., 2017) analyzed 770 major accidents in the 
chemical industry collected from the American CSB, the European 
eMARS, the Japanese FKD, and the French ARIA databases; they focused 
on failures associated with process safety management and aimed at 
identifying the most common accident contributors. Recently, Nakhal 
et al. (Nakhal et al., 2021b) investigated the occupational and opera-
tional industrial safety data collected in the Major Hazard Incident Data 
Service database (MHIDAS) through Business Intelligence (BI) tools and 
Machine Learning (ML) algorithms. 

It is worth mentioning that most of the accidents databases include 
hydrogen-related undesired events, even if they are not built to collect 
accidents specifically related to hydrogen technologies. Nevertheless, 
the presence of these events has enabled the publication of several re-
ports specific to hydrogen management. For instance, the report “Acci-
dentology involving hydrogen” (ARIA, 2009) is based on several 
hydrogen-induced accidents reported in the ARIA database. Moreover, 
in 2007, RISCAD published a detailed accident progress flow for an 
explosion at a High-compressed Hydrogen Energy Generator (HHEG) 
(Wada et al., 2007), while in 2012, eMARS dedicated a lesson learned 
bulletin to six accidents involving hydrogen (European Commission, 
2012). However, the first structured database for hydrogen-related un-
desired events was developed by Kreiser et al. in 1994 and reported 287 
incidents, but it has never been available to the public and was inter-
rupted (Wen et al., 2022). 

At present, there are two main public databases specific for 
hydrogen-related events. The European Hydrogen Incidents and Acci-
dents Database (HIAD 2.0) and the HydrogenTools Lessons Learned 
(H2TOOLS) (PNNL, 2022), developed by the Pacific Northwest National 
Laboratories and financed by the U.S. Department of Energy. These 
databases collect many common events and have the primary objective 
to provide an extensive and publicly available accidents database 
dedicated to hydrogen-related applications in order to better understand 
the risks associated with hydrogen production, handling, and storage. 
On the one hand, H2TOOLS aims to provide a fine selection of lessons 
learned from previous events involving hydrogen with specific infor-
mation and quantitative details (Weiner and Fassbender, 2012). On the 
other, HIAD 2.0 has less restrictive inclusion criteria and it seems more 
prone to accommodate larger-scale statistical evaluations (Wen et al., 
2022). The main features of the most important safety databases are 
summarized in Table 1, along with the number of hydrogen-related 
undesired events reported. Databases no more updated or unavailable 
in English have been excluded since unsuitable for the aims of this study. 

Thanks to these incident databases, it became possible to learn about 
the root causes of past undesired events. For instance, in 2011, Mirza 
et al. (Mirza et al., 2011) analyzed 32 hydrogen processing incidents 
collected in the Hydrogen Incident Reporting Database (HIRD) to 
identify weak points, optimize processes, and facilitate risk assessment. 

Table 1 
Characteristics of the most important safety databases.  

Database Hydrogen 
specific 

N◦ of H2- 
related events 

Main features 

ARIA No 395 Publicly available online 
High quality event reports not 
always available in English 
Detailed narrative descriptions 
Unstructured quantitative 
information 
Detailed root cause analysis 
Lessons learned provided 

eMARS No 96 Publicly available online 
High quality event reports 
Events classified as “major 
accidents” by the Seveso Directive 
General qualitative description 
Structured and detailed 
quantitative information 
Lessons learned not provided 

FACTS No 481 Commercially available 
Quality of information depending 
on the primary sources 
Combination of structured fields 
and narrative descriptions 
Detailed consequence analysis 
Single root cause defined 
Lessons learned provided 

H2TOOLS Yes 221 Publicly available online 
High quality event reports 
Detailed qualitative information 
Lacking and unstructured 
quantitative information 
Primary cause and contributing 
factors defined 
Lessons learned provided with high 
level of detail 

HIAD 2.0 Yes 628 Publicly available upon request as 
an Excel spreadsheet 
Quality of information depending 
on the primary sources 
Multi-use platform to derive 
information for risk assessment 
Combination of structured fields 
and narrative descriptions 
“Main cause” defined neglecting 
the contributing factors 
Lessons learned provided 
depending on the primary sources  
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Statistical results about the effects, causes, and consequences have been 
provided. Finally, Sakamoto et al. (Sakamoto et al., 2016) used 
H2TOOLS, HIAD, and the Japanese High-Pressure Gas Safety Act Data-
base to analyze incidents in hydrogen refueling stations in Japan and the 
USA, and identify the associated safety issues. The authors highlighted 
that most leakages due to material damage and fracture are caused by 
design errors and underestimation of the fatigue deterioration rate. 

To sum up, this overview of industrial accident databases demon-
strates the importance of investigating previous events to learn from the 
past and avoid the reoccurrence of similar events in the future. Even if 
several databases for hydrogen-related incidents have been analyzed in 
the past, the analyses have always been limited to a small number of 
events, which were selected and investigated one by one to learn from 
their root causes. Otherwise, this study aims to gain knowledge from a 
systematic analysis of a large number of hydrogen-related undesired 
events to help industries to improve their safety management system, 
thus guaranteeing an increasingly widespread rollout of hydrogen 
technologies. The BA approach has been used to systematically and 
automatically mine information from the HIAD 2.0 database. This tool 
has the advantage to employ a structured data model, thus allowing the 
multi-variable and flexible analysis of a large dataset and a safety- 
informed decision-making process. In addition, it creates a dynamic 
interface which can be continuously improved with future updates of the 
source database to overcome the safety challenges associated with these 
emerging technologies. 

3. Exploring HIAD 2.0 

The study is grounded on data available in the Hydrogen Incidents 
and Accidents Database, a repository tool that includes reports of in-
dustrial accidents related to hydrogen and its derivatives. As stated in 
the “Introduction” section, HIAD was created by the European Com-
mission Joint Research Center (JRC) within the framework of the 
Network of Excellence on Hydrogen Safety (HySafe) 2004 – 2009 (JRC, 
2004). Since experts of JRC took care of maintaining and updating the 
database, new events were regularly provided to HIAD. These events 
were reviewed and validated by JRC experts, before becoming publicly 
available. The purpose of the HIAD database was to facilitate the ex-
change of lessons learned from hazardous events involving hydrogen to 
improve the information network and prevent similar unexpected events 
in the future (Kirchsteiger et al., 2007). In 2017, JRC together with Fuel 
Cell and Hydrogen 2 Joint Undertaking (FCH 2 JU) upgraded the HIAD 
database into HIAD 2.0 and integrated it as part of the activities of the 
European Hydrogen Safety Panel (EHSP) 2009 – 2022 (Melideo et al., 
2019). 

Reports in HIAD 2.0 database are intended for public use; hence, 
confidential information is not included in the database, and the focus is 
placed on reporting facts, avoiding blame apportioning. All data have a 
publicly available primary source. As far as possible, HIAD 2.0 provides 
a traceable link to the source of information (i.e., the French database 
ARIA, the European database eMARS, the British database IChemE, the 
Japanese database RISCAD, various American databases, scientific ar-
ticles, newspapers, and industrial reports). The quality of the de-
scriptions is completely dependent upon the information offered by the 
primary sources and their level of detail. Quality labels are provided and 
range from two, if the majority of quantitative descriptors are missing, to 
five, if lessons learned and root cause analyses are available with good 
technical details. This approach is based on the assumption that haz-
ardous event reports from investigations can be a powerful tool in 
raising risk awareness and promoting safety management (Gyenes and 
Wood, 2016). 

Regarding the information collected in HIAD 2.0, the database con-
tains all the parameters necessary to know what happened and how the 
undesired event can be described in detail. HIAD 2.0 is currently (as for 
the 1st of January 2023) offline due to the renewal and maintenance of 
the last release of the HIAD database; works are ongoing to find a new 

online platform capable of allowing users to access the data and perform 
their searches. At present, all the collected records have been exported 
into an Excel workbook that allows users to access and analyze the data 
according to their needs (the Excel workbook used in this study is 
updated until the 1st of January 2022). The file contains six 
spreadsheets:  

• Events – major classification, narrative summary, systems involved, 
date, location, and cause classification; 

• Facility – description of the applications, storage conditions, loca-
tion type, and pre-event conditions;  

• Consequences – effects in terms of both human and property losses 
for the affected facilities;  

• Lessons Learnt – corrective measures adopted;  
• Event Nature – quantitative information on the emergency action, 

the characteristics of the release, the leak type, and the fire 
consequences;  

• Reference – primary source of information. 

There are some parameters allowing to gather the detailed infor-
mation regarding each event among the spreadsheets: the Event ID (i.e., 
the registration number on the database), Quality Label (i.e., the in-
formation regarding the level of detail of the report), Event (i.e., the tag 
to describe the event), and Full Description (i.e., the descriptive sum-
mary of the incident, with detailed information). Table 2 summarizes 
the main parameters considered for each spreadsheet in HIAD 2.0. 

It must be noted that not all these fields are consistently filled in, 
depending on the quantitative details provided by the primary source for 
each event. For instance, an event with Quality Label 2 has much less 
available information compared with an incident that is classified with 
Quality Label 5. Fig. 1 shows the distribution of quality of information 
regarding the undesired events reported in HIAD 2. For approximately 
1.4% of the total events, a final assessment of the Quality Label is still 
missing. In addition, 48.7% have been classified as “Low quality” since 
most of the quantitative descriptors are not provided; for 28.7% of the 
total events the source of information is considered of “Good quality”. 
Moreover, 9.9% and 10.9% of the total events have “High quality” and 
“Very high quality” reports, in which root causes analyses and lessons 
learned are available, and quantitative technical details are provided. 

Regarding the causes of the undesired events, the database defines 
for each report one of the following cause categories for the release:  

• Technical or mechanical causes – The system was not designed 
taking into proper account the operating conditions (i.e., tempera-
ture and pressure) or hydrogen applications, there were a lack of 
ATEX components or a wrong selection of electric devices type; 

Table 2 
Structure of HIAD 2.0 spreadsheets and parameters.  

Spreadsheet Parameters 

Events Classification, Physical consequences, Application stage, System 
involved, Region, Country, Date, Cause, Cause commented 

Facility Application stage, Application chain, Application, Storage medium, 
Storage quantity, Actual pressure, Design pressure, Location type, 
Location description, Operational condition, Pre-event summary 

Consequences Total number of injured persons, Total number of fatalities, 
Environmental damage, Currency, Property loss (onsite and offsite), 
Post-event summary, Official legal action, Investigation comments 

Lessons learnt Lessons learnt 
Event nature Emergency action, Emergency evaluation, Release type, Release 

substance, Release consequences, Release duration, Release rate, 
Release amount, Release pressure, Hole shape, Hole length, Hole 
width, Hole diameter, Hole area, Ignition source, Ignition delay, 
Detonation, Deflagration, High-pressure explosion, High-voltage 
explosion, Flame type, Cloud surface, Cloud volume, Flame length, 
Flame surface, Flame volume, Heat radiation 

References Sources, Documents  
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otherwise, even though the appropriate component was selected and 
installed, it failed due to material degradations or manufacturing 
errors undetected by inspection and monitoring activities; 

• Operational causes – Although the component was selected ac-
cording to the expected operating conditions, it failed due to 
improper installation and monitoring; such events might have 
occurred during normal operations or during maintenance or other 
special activities; 

• Organizational causes – These incidents and accidents were origi-
nally caused by lacking safety barriers, failure to learn from previous 
events, lack of coordination and planning, and poor health and safety 
culture; most of these undesired events were related to outdated 
maintenance guidelines;  

• Human errors – These events were caused by inadequate training 
and competence levels of the operators, tired, overstressed, or bored 
staff, individual medical problems, errors due to unpleasant working 
conditions or constant disturbances;  

• Environmental and external causes – External fires, bolts, car 
accidents, etc. 

3.1. Limitations and strengths of HIAD 2.0 

HIAD 2.0 is designed as a multi-tasking communication platform. It 
can be suitable for deriving lessons learned from past events and has the 
potential to become a data source for Quantitative Risk Assessment 
(QRA). While most other databases have inclusion criteria based on the 
severity of the consequences, event records in HIAD 2.0 are not limited 
to real incidents and accidents, but also to hazardous situations which 
could have resulted in severe consequences. In addition, data collected 
are not limited to a short time span, as in the case of MHIDAS and 
IChemE, but cover a long period (from 1884 to 2021) and are continu-
ously updated with new reports. By way of illustration, the number of 
validated events increased from 272 in 2018 to 628 in 2022, and this 
trend is expected to continue in the forthcoming years due to the 
increasing utilization of hydrogen as an energy carrier. 

Nevertheless, HIAD 2.0 cannot become, at present, a tool for QRA 
due to the small number of events made available by the limited market 
penetration of hydrogen technologies. A total of 628 records is insuffi-
cient for deriving failure probabilities for components belonging to the 
hydrogen technology chain (Melideo et al., 2019; West et al., 2022). 
Hence, at present hydrogen-specific components use failure rates from 
different technologies (such as data from the oil and gas industry) for 
QRA. In addition, most event reports do not provide enough quantitative 

details for this type of analysis. Fig. 1 shows how many incidents and 
accidents collected in HIAD 2.0 have a low or medium quality infor-
mation, and only 20.9% of the total events report detailed and quanti-
tative information and provide root cause analysis and lessons learned. 

On the other hand, the reliability and quality of the information in 
HIAD 2.0 is ensured by rigorous selection and validation processes. The 
European Hydrogen Safety Panel plays the role of the event provider, 
while JRC is a validator. Firstly, the EHSP members deliver to the JRC 
the description of the incidents using a template containing the same 
event descriptors used in the database. Then, the JRC experts assess the 
data and decide if the event descriptors have the minimum qualifica-
tions required to become a new entry in HIAD 2.0. This step often in-
volves an improvement feedback loop with the event provider. Non- 
validated events remain in HIAD 2.0 but are not visible to users (Wen 
et al., 2022). This “four-eyes validation process” guarantees the quality 
of information. The “hidden” events are not included in this study since 
they can lead to unreliable statistics and meaningless results. If, on the 
one hand, this approach reduces the number of events available for the 
analysis, on the other hand, it eliminates the risk of troubling the waters 
with inaccurate information resulting from non-validated events. 

As previously stated, HIAD 2.0 collects hydrogen-related undesired 
events that occurred worldwide; hence, it is important to be cautious 
before deriving general conclusions: the historical and geographic dis-
tribution of the accidents is biased by different regulatory frameworks. 
In addition, certain industrial sectors are bound to publicly report in-
cidents, while others are not, and this leads to differences in the number 
and level of detail of the reports. Another important drawback is asso-
ciated with the root causes of the events. The choice of a single cause 
category imposed by HIAD 2.0 is often a limitation. Most accidents are 
triggered by multiple causes, possibly hierarchically dependent. This 
drawback is partially overcome by using a narrative description of the 
triggering causes. However, the ad-hoc solution is incompatible with the 
need to provide quantitative statistics or reliable predictions through 
machine learning techniques. 

4. Methodology 

Business Analytics (BA) refers to the ability to use raw data to 
improve the business organization’s model. In addition, BA aims at 
identifying data sources, boosting the ability to manage information 
access, and handling the information flow within an appropriate ar-
chitecture to assess business needs (Loshin, 2003). Therefore, BA process 
combines databases, analytical tools, architectures, applications, and 
methodologies (Chaudhuri et al., 2011) to transform raw data into in-
formation and facilitate the decision-making process and cost-benefit 
analysis. Moreover, it improves the quality and efficiency of the pro-
cess output (Garg and Mhaskar, 2018). 

On the other hand, Extraction – Transformation – Loading (ETL) 
process is used to obtain high-quality data from the deal of information 
provided by the database (Souibgui et al., 2019). This data requires 
treatment operations such as sorting, aggregation, cleaning, splitting, 
arranging, and others to foster data integration. An architecture data 
model needs to be developed to manage heterogeneous source formats, 
removing obsolete and overlapping data and continuously transforming 
the structure of the data source (Kimball and Caserta, 2004). An ETL 
process generally consists of six tasks (Trujillo and Luján-Mora, 2003):  

1 Selecting the sources – this step allows the process to select the 
data, extract the information, and load the data into the software to 
be processed.  

2 Transforming the sources – this step provides new data derived 
from the transformation tasks. Some of these tasks are filtering the 
data, converting them into codes, calculating values or metrics, 
changing formats, and/or surrogating key values. All the issues (e.g., 
duplicates, typing, formating, sorting errors, and missing data) are 
properly managed. 

Fig. 1. Distribution of quality of information regarding the events reported in 
HIAD 2.0. 
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3 Joining the sources – all the sources or data processed must be 
joined to load all the data in a unique model.  

4 Selecting the target to load – this step provides information 
regarding the target or targets to be loaded and selected. Therefore, 
this step establishes the information recipient.  

5 Mapping source attributes to target attributes – the attributes or 
parameters extracted and transformed must be mapped to obtain the 
corresponding target. 

6 Loading the data – the target is populated with the newly trans-
formed data. 

Fig. 2 shows how the ETL process is performed to extract the desired 
data and build the data model. 

The data cleansing and treatment represent a crucial step of the ETL 
process. However, since data sources change over time, this process is 
not a one-time event, and the data model must be periodically updated. 
The data model integration with ETL requires four steps (Sharda et al., 
2018):  

1 Identify end-user requirements – what information do the analyst 
own? What further information are required? In this case, the an-
swers refer to the accident reports collected in HIAD 2.0 and ought to 
be explored both at a specific and aggregate level.  

2 Identify the data source – the data can be distributed among 
numerous locations. The HIAD 2.0 database was publicly available 
online and is currently provided upon request as an Excel file.  

3 Design the data model – the research is intended to (i) create the 
data store through an analytic workspace; (ii) generate the summary 
data and store them in the analytic workspace objects as the base- 
level data through queries; (iii) prepare the data for access and 
grant access to end-users. The HIAD 2.0 data model consists of 18 
queries and is reported in Fig. 3 in the “Results” section. 

4 Create and distribute reports – following the data model devel-
opment, a set of descriptive analyses is proposed in dedicated reports 
for the benefit of the end-users. 

Microsoft Power BI is the software tool used for this analysis; it is an 
interactive and dynamic data visualization interface with a primary 
focus on business intelligence. The model developed has high potential 
since it allows the analysis of all the parameters in HIAD 2.0. In this 
work, the focus is placed on the temporal and spatial distribution of the 
incidents, the field of application in which the event occurred, the causes 
and the effects in terms of human losses, as well as the type of release (i. 
e., liquid, gas, or mixed phase in confined, semi-confined, or open 
space). The visualization of these information is provided in the section 
dedicated to the results. 

5. Results 

The data model architecture, which is the basis for the analysis of the 
HIAD 2.0 database, has been realized using the Crow’s Foot notation and 
is represented in Fig. 3. Therefore, the data collected in HIAD 2.0 have 
been used to perform descriptive analyses regarding hydrogen-related 
undesired events in the past decades. The information collected in 
HIAD 2.0 has not been modified or changed. Furthermore, the results are 
consistent with the selection of EHSP and the validation of JRC. The 
classification of event types, facilities, and consequences complies with 
the existing standards and codes for hydrogen safety, such as the Eu-
ropean Scale of Industrial Accidents (ISO, 2015). 

As shown, in the “Events”, “Events nature”, “Facility”, and “Conse-
quences” queries, all the parameters share a one-to-one relationship (red 
line in Fig. 3). This relationship implies that each record in one query 
corresponds to only one other record in another query and vice-versa. In 
addition, the parameter “Event ID” represents the primary key to link 
the queries. On the other hand, the data model presents many-to-one 
relationships in the parameters “Event cause”, “Event nature flame”, 
“Event nature hole”, “Event nature - release substance”, “Event system 
involved”, “Event cause comments”, “References”, “Lesson learnt”, 
“Quality classes”, “Consequence post event summary”, “Facility pre 
event summary”, “Facility application”, and “Facility location descrip-
tion” (blue line in Fig. 3). These relationships define that for multiple 
records in one table, there is only one record in another query. In 
addition, the model has one-to-many relationships (green line in Fig. 3) 
in the branches. These relationships, in which one record in one table 
could have multiple corresponding records in another query, are the 
opposite of the many-to-one. In this case, the primary keys are “Country 
list” and “Application stage”. The primary keys are the parameters that 
link the query to build the model. In other words, they represent a set of 
parameters whose values uniquely identify a row in the query. There-
fore, the relational database is designed to enforce the uniqueness of 
primary keys by allowing only one row with a given primary key value 
in a query. The data model highlights the large number of interactions 
needed to relate and manage the information. All the statistics and the 
results analyzed in the following derive from this data model. 

The data model has been designed to provide a group of visuals, 
tables, and graphs in a set of dashboards that allow a continual tracking 
of important metrics. These dashboards allow a visual-descriptive 
analysis of the safety data reported in HIAD 2.0. By way of illustra-
tion, Fig. 4 proposes an excerpt from one dashboard of the report. The 
features of the dashboard can be listed as follows:  

• A slider visual that allows filtering the records by year. 

Fig. 2. Extraction – Transformation – Loading process diagram representation.  
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• Four filters, i.e., release type, ignition source, causes, and substances, 
which make it possible to select one or more desired parameters to 
force the dashboard to update the information and show the data 
associated with those parameters.  

• Three visuals showing the total number of fatalities, the amount of 
property loss (in US dollars), and the total number of accidents.  

• Two clustered column charts which report the number of accidents 
collected in the database per year, and the number of accidents by 
application stage, divided by the physical consequences of the 
accidents.  

• A geographical map that shows the distribution of the accidents per 
country. 

Fig. 3. HIAD 2.0 data model, where the parameters sharing one-to-one, many-to-one, and one-to-many relationships are linked by red lines, blue lines, and green 
lines, respectively (PK = Primary Key). 
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• A stacked bar chart which reports the number of accidents by event 
type, industrial application, and location description. 

Any dashboard of the report has been created dynamically, allowing 
drill-through and cross-data functionalities. These functionalities allow 
exploring in the same environment data from multiple pages and auto-
matically restricted by the active filters. 

At present, the database collects 628 accidents that occurred 
worldwide between 1890 and 2021. The undesired events in 2022 and 
2023 are not included since they have not been validated by the panel of 
JRC experts. Nevertheless, the model can be automatically upgraded 
with additional information, by simply updating the HIAD 2.0 source 
database with new event records. In this perspective, a dynamic 
approach for identifying the hazards, evaluating risk, providing statis-
tics, and suggesting preventive strategies is crucial, considering the 
relatively little operational experience with hydrogen-specific technol-
ogies. This process can be continuously adapted and improved thanks to 

the return of experience from past accidents, thus facilitating risk- 
informed decision-making by industrial operators and safety experts. 

Fig. 5 is a clustered column chart that presents the annual occurrence 
of incidents recorded in the period 1960 – 2020. A total of 626 accidents 
occurred in this period, while only two events are recorded before 1964, 
i.e., the Berlin-Tempelhof accident in 1884, in which 400 hydrogen gas 
cylinders exploded in a military airfield (event ID534 in HIAD 2.0), and 
the iconic incident of the Zeppelin LZ 129 Hindenburg in 1937 (event 
ID10 in HIAD 2.0). 

In addition, the geographical distribution of the events is shown in 
Fig. 6 to complement the temporal analysis. The worldwide distribution 
is represented on the left, while on the right the focus is placed on Eu-
ropean countries. The size of the bubbles is directly related to the total 
number of events that occurred in each country, while the colors indi-
cate the type of release (i.e., confined, semi-confined, in open space, and 
unknown). 

The focus has been placed on European countries since most reported 

Fig. 4. An excerpt dashboard designed to summarize the information reported in HIAD 2.0.  

Fig. 5. HIAD 2.0 accidents reports collected over time.  
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events occurred in Europe: more than 50% of the total incidents in HIAD 
2.0 are concentrated in a comparatively small geographical area. The 
countries with the highest number of events are France, the USA, the UK, 
Germany, Canada, Italy, Japan, Finland, and Norway. It is worth 
mentioning that 86 reports (13.7%) do not specify the region nor the 
country in which the accident occurred. This analysis has been com-
plemented by Table 3, in which the first ten countries by number of 
accidents are ranked, and the events are classified by release type. 

The “Unknown” release type has the highest contribution among the 
incidents; the USA and France have the greatest number of incidents in 
which the location type is classified as “Unknown”, with 78 and 55 
events, respectively. Moreover, there are several releases in “Open 
space” (141 events, representing 22.5% of the total). France and the USA 
have the highest number of releases that occurred outdoor, i.e., 64 and 
33 events, respectively. Finally, the releases in confined and semi- 
confined spaces account for 20.5% of the total events, but they are 
prevalent in Germany, Japan, Finland, and Norway. 

Table 4 summarizes the consequences of hydrogen-related undesired 
events in terms of number of fatalities (333) and injured persons (1162) 
and sorts them by continent. 

According to HIAD data, Europe is the continent where hydrogen- 
related undesired events are most frequent; these 357 releases resulted 
in 91 fatalities and 451 injuries, corresponding to 0.25 casualties and 
1.26 injured persons per event on average. On the other hand, America, 
the continent which ranks second in terms of events recorded (i.e., 170), 

has 132 fatalities and 547 injured persons. In addition, 86 releases 
occurred in Asia, with 94 casualties and 152 injured persons. Finally, 
only four undesired events occurred in Africa; despite their small 
number, they are responsible for seven casualties and nine injured 
persons. 

Table 5 presents the distribution of the undesired events by field of 
application, specifying the number of deceased and injured persons for 
each application category: 

Most undesired events were recorded in the chemical and petro-
chemical industry (338 events) and resulted in 222 fatalities and 658 
injured persons; 69 releases occurred in hydrogen transportation and 
distribution and resulted in nine casualties and 126 injuries, while 35 
events with 16 fatalities and 72 injured persons occurred in hydrogen 
production. Road vehicles and non-road vehicles are responsible for 24 

Fig. 6. Worldwide distribution of events by location type and number of accidents (light blue = confined release; orange = semi-confined release; blue = release in 
open space; purple = unknown). 

Table 3 
Accident distribution by release type per country.  

Country Release type Total 
Confined Open space Semi-confined Unknown 

France 37 64 7 55 163 
USA 25 33 5 78 141 
Not reported 8 12 2 64 86 
UK 10 14 4 32 61 
Germany 6 4 3 19 32 
Canada 2 5 1 10 18 
Italy 2 5 2 3 12 
Japan 3 2 1 6 12 
Finland 6 2 0 3 11 
Norway 3 0 1 3 7 
Total 102 141 26 273 542  

16.2% 22.5% 4.1% 43.5% 86.3%  

Table 4 
Fatalities and injured persons reported in HIAD 2.0 by continents.  

Continent Number of 
events 

Fatalities Fatalities 
per event 

Injured 
persons 

Injuries 
per event 

Africa 4 7 1.75 9 2.25 
America 170 132 0.78 547 3.22 
Asia 86 94 1.09 152 1.77 
Europe 357 91 0.25 451 1.26 
Not 

reported 
11 9 0.82 3 0.27 

Total 628 333 0.53 1162 1.85  

Table 5 
Fatalities and injured persons sorted by application stage and ordered by num-
ber of accidents.  

Application stage Events Fatalities Injured persons 

Chemical and Petrochemical Industry 338 222 658 
Other 113 26 178 
Hydrogen Transportation and Distribution 69 9 126 
Hydrogen Production 35 16 72 
Road Vehicles 24 1 4 
Not Reported 13 15 96 
Laboratory and R&D 13 0 23 
Non-Road Vehicles 9 8 7 
Hydrogen Refueling Stations 8 0 0 
Commercial Use 6 0 1  
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and nine events, respectively; non-road vehicles caused eight fatalities 
and seven injuries, while road vehicles one and four, respectively. In-
cidents in laboratories and in hydrogen refueling stations did not result 
in casualties. Finally, 113 events, that resulted in 26 fatalities and 178 
injured persons, are classified as “Other” application category, proving 
the variety of industrial fields in which hydrogen and hydrogen- 
containing compounds are used. 

A total of 533 reports are defined by cause type, while a clear and 
unique cause is not defined for the remaining 95 events. In some cases, it 
may be difficult to identify clear root causes and chains of events, such as 
in presence of multiple domino effects. In addition, expert analyses are 
not publicly available in the case of legal aspects involved in the 
investigation. Table 6 summarizes the classification of these events by 
cause category, specifying the number of events and the consequences in 
terms of human casualties and injured persons. 

Technical and mechanical causes account for almost a quarter of the 
total. Despite their high frequency, undesired events triggered by tech-
nical causes seem to have often resulted in relatively minor conse-
quences since they are responsible for 39 fatalities and 144 injuries, i.e., 
0.27 fatalities and 0.99 injured persons per event on average. The 
operational causes related to improper installation and monitoring of 
hydrogen equipment are responsible for 121 incidents. Errors during 
normal operations or maintenance activities represent the primary cause 
of death with 59 fatalities and 228 injured persons. Moreover, the re-
leases due to lack of safety barriers, coordination, improper inspection 
planning, and poor safety culture (i.e., organizational causes) account 
for 9.0% of the total. Nevertheless, they are the second cause of death 
and the primary cause of injuries with their impressive 0.93 fatalities 
and 5.87 injured persons per event on average. The failures traceable to 
human errors are 59, namely 9.4% of the total. These events resulted in 
20 fatalities and 148 injured persons. In addition, only five events were 
caused by environmental and external causes, but they are responsible 
for 15 fatalities and 91 injuries, making them the most serious accidents 
in terms of human losses. Finally, 126 events (i.e., 20.0% of the total) 
have unknown causes. These events are highly lethal since they caused 
73 fatalities and 150 injured persons. 

Fig. 7 depicts the distribution of the release phase (gas, liquid, mixed, 
or other) and puts it in relation with the release type (in open space, 
confined, or semi-confined). 

From HIAD 2.0, 260 accidents have been related to gaseous releases. 
Among these 260 events, 94 occurred outdoor (15.0%), 53 in confined 
(8.4%), and 20 in semi-confined spaces (3.2%); in addition, 95 gaseous 
hydrogen releases are classified as “Unknown” (15.1%). A total of 22 
events involved liquid substances; 12 of these are liquid releases out-
door, while two events occurred indoor. Moreover, 15 accidents in HIAD 
2.0 are classified as “Mixed” release type. Among them, six events 
occurred outdoor, four in confined, and one in semi-confined spaces. 

6. Hydrogen-induced material failures: lessons learned 

Hydrogen-induced Damages (HDs) of metals are long-known phe-
nomena in material science. They are defined as environmentally 
assisted degradations that result from the synergistic action of hydrogen 
exposure and uptake into the materials, a susceptible microstructure, 

and the presence of stresses, residual or applied. HDs often manifest 
themselves as a reduction in the mechanical properties of components 
that can result in catastrophic failures (Burt, 2015). The main parame-
ters inherent to the three aforementioned factors can be roughly sum-
marized as follows (Barnoush and Vehoff, 2010):  

1 Environment – temperature, pressure, hydrogen amount, form, 
purity, and source;  

2 Field type – load and stress fields, fatigue, electrochemical driving 
force; 

3 Material – chemical composition, microstructure, surface treat-
ments, thermal treatments, and presence of material in-
homogeneities (e.g., welds). 

Several degradation mechanisms may arise in applications where 
hydrogen is not directly employed but is generated from the dissociation 
of hydrogen-containing compounds, such as H2S, HF, and HCl (Amer-
ican Petroleum Institute, 2020). Nevertheless, these damages can lead to 
equipment failure, eventually resulting in near-catastrophic conse-
quences and significant human and material losses. 

Over the years, 70 registered undesired events have been triggered 
by material failures of equipment directly or indirectly exposed to 
hydrogen. The majority of these were caused by corrosion-related 
degrading mechanisms, such as galvanic corrosion (e.g., the event 
ID16 in HIAD 2.0), atmospheric corrosion (e.g., events ID83, ID341, 
ID527, and others), external corrosion (e.g., events ID952 and ID958) 
sulfuric acid corrosion (e.g., events ID93, ID95, ID114, and others), 
hydrofluoric and hydrochloric acid corrosion (e.g., events ID488, ID634, 
and ID864), corrosion under insulation (e.g., ID796 and ID807), and 
corrosion fatigue (e.g., ID122, ID131, ID261, and others). Some others 
were triggered by mechanical and thermal fatigue (e.g., events ID208, 
ID772, and ID981). For these accidents, degradations inherent to 
hydrogen-metal interaction can be considered a contributing factor 
which facilitated the component’s failure, even if could not be consid-
ered its primary cause. On the other hand, hydrogen-induced damages 
were the triggering mechanisms of 24 undesired events collected in 
HIAD 2.0. These accidents are summarized in Table 7. Each accident 
report is identified through its event ID and its date. In addition, infor-
mation about the damage mechanism responsible for the material fail-
ure, the components affected and their material, the presence of welds or 
heat-affected zones (HAZs), and the chemicals involved is provided. 

Hydrogen Embrittlement (HE) is a well-known hydrogen-induced 
damage, and it is responsible for 14 of the 24 events collected in Table 7. 
It is a form of degradation by which ductility, fracture toughness, fatigue 
performance, and sometimes strength of susceptible materials may be 
significantly reduced due to the uptake of atomic hydrogen into the 
material bulk (Brocks Hagen and Alvaro, 2020; Esaklul, 2017). 
Hydrogen-Induced Cracking (HIC) can be considered a form of hydrogen 
embrittlement characterized by the brittle fracture of an alloy that was 
expected to be ductile. The inherent dangerousness of failures related to 
HE is the lack of premonitory signs which makes the failure prediction 
very challenging. As shown in Table 7, high-pressure storage vessels, 
cylinders, hydrogen pipes in chemical plants, and pipelines for hydrogen 
transport are the components most relevant when it comes to safety and 

Table 6 
Accidents, ordered by number and classified by cause type with focus on fatalities and injured persons.  

Cause type Number of events Percentage of events Fatalities Fatalities per event Injured persons Injuries per event 

Technical / Mechanical 145 23.1% 39 0.27 144 0.99 
Unknown 126 20,0% 73 0.58 150 1.19 
Operational 121 19.2% 59 0.49 228 1.88 
Human Error 59 9.4% 20 0.34 145 1.54 
Organizational 57 9.0% 53 0.93 311 5.87 
Environmental / External 10 1.6% 15 1.5 91 9.10 
Other Causes 18 2.8% 7 0.39 16 0.89 
Total 533 85.1% 266  1085   
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material compatibility with respect to HE (Laureys et al., 2022). In 
addition, cryogenic tanks and hydrogenation reactors can be eventually 
affected by this type of material damage. Weldments are often the most 
critical part of a given component: 57.1% of the failures due to hydrogen 
embrittlement occurred in the proximity of welded joints. This is 
because welding processes produce the most critical combination of the 
whole component in terms of susceptible microstructure, i.e., the HAZs 
and the highest local stress (both residual stresses and applied ones). 
Based on the findings in Table 7, low-alloy ferritic steels, extensively 
used for cylindrical hydrogen vessels, high-strength steels, for trans-
portation pipelines, 400 series stainless steels, and some high-strength 
nickel-based alloys can suffer hydrogen embrittlement. Several events, 
such as the Berlin-Tempelhof accident in 1894 (event ID534), led to 
improvements in standards and regulations regarding hydrogen 
compatibility with the metallic materials of the containment systems. 
Moreover, the accident that occurred on the 1st of August 1982 (event 
ID775) proves that operating conditions such as high pressure, tem-
perature slightly higher than room temperature, and relatively high 
hydrogen purity, can enhance the HE effects. In addition, the lack of 
post-weld heat treatments (PWHT), together with the lack of knowledge 
about the microstructure of the heat-affected zone, has triggered events 
ID637 and ID775. Furthermore, the undesired event that occurred on 
the 1st of October 1988 (event ID898) demonstrated that equipment 
which was not originally designed for hydrogen service can be extremely 
susceptible to HE and this can introduce additional risks. 

Another important HD which resulted in six undesired events is the 
High-Temperature Hydrogen Attack (HTHA). It is a form of decarburi-
zation which occurs in components exposed to hydrogen at high tem-
perature and pressure for a long time (American Petroleum Institute, 
2020). The surface decarburization of the steel is normally not detri-
mental to the point of limiting the life of equipment but tends to reduce 
the component strength. On the other hand, if internal HTHA occurs, 
CH4 is formed internally and cannot diffuse through the steel; the 
pressure build-up of the gaseous methane may trigger blisters, fissures, 
and intergranular cracks that can lead to equipment failure (Campari 
et al., 2022a). As shown in Table 7, hydrotreaters in desulfurization 
units for refining hydrocarbons and steam methane reformers for 
hydrogen production have operating conditions under which HTHA can 
occur if they are not made of suitable materials. Damage can occur 
randomly in the base metal or welds and HAZs (Khoshnaw and Gubner, 
2021). Half of the failures due to HTHA and hydrogen blistering 
occurred in the proximity of weldments. Carbon steels are particularly 

susceptible to this kind of damage, but also steels with high content of 
molybdenum may be affected by HTHA. The event that occurred on the 
14th of November 1974 (event ID620) led to important improvements in 
the standards for material compatibility for hot and cold hydrogen 
service. Moreover, the accident of the 2nd of April 2010 (event ID883) 
resulted in improvements in the recommended practice API 581 for 
risk-based inspection of equipment damaged by HTHA. 

The Hydrogen-Induced Stress Corrosion Cracking (HISCC) can be 
considered a transition from the typical hydrogen embrittlement and 
stress corrosion cracking (Woodtli and Kieselbach, 2000). When a 
component is expected to work in a corrosive environment, it is often 
cathodically protected. A side effect of improper cathodic protection is 
the production and uptake of atomic hydrogen in the protected metal, 
and the subsequent local embrittlement of welds that are not subjected 
to post-weld heat treatments. Normally, a consistent part of the atomic 
hydrogen should recombine at the metal surface to form gaseous 
hydrogen which is not able to penetrate through the metal lattice. 
However, once hydrogen atoms are available in the material bulk, they 
diffuse and accumulate throughout the material based on concentration 
and stress gradients, and they accumulate to energetically favorable 
sites in material inhomogeneities (i.e., grain and phase boundaries, 
precipitates, carbides, etc.). Table 7 shows how high-pressure cylinders 
and compressors may be affected by HISCC when they operate with 
corrosive fluids and are made of susceptible materials, such as 
high-strength low-alloy steels, carbon steels, and brass. Table 8 sum-
marizes the most effective techniques to detect and monitor the occur-
rence of hydrogen damages in equipment exposed to hydrogen. 

Lessons learned from the analysis of accidents seems to indicate that 
most of these undesired events could have been prevented through 
timely and effective inspection and maintenance activities. Lack of 
updated inspection plans, low inspection frequency, and insufficient 
detail in inspection activities often resulted in severe accidents with 
significant economic losses and sometimes injured persons and casu-
alties. Table 9 highlights the root causes of these hydrogen-induced 
material failures, the inspection and maintenance activities imple-
mented in practice, and the optimal strategies that should have been 
carried out to prevent the incidents. These preventive strategies are 
directly retrieved from the “Lessons learned” spreadsheet in HIAD 2.0 or 
from the original accident reports (whenever available). Thus, they have 
been validated by the JRC experts. While any replacement action is 
described in detail, the specific methodologies for non-destructive in-
spections are rarely reported in the database; hence, they have been 

Fig. 7. Release phase classification explained by release type in which accident occurred.  
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suggested accordingly with the recommended practice API RP 571 
(American Petroleum Institute, 2020), depending on the damage 
mechanism responsible for the equipment failure. 

The identification and the analysis of the root cause of these acci-
dents allowed for improving the existing standards and codes for 
hydrogen-materials compatibility. For instance, the Technical Report 
ISO/TR 15916 (ISO, 2015) provides a list of materials and their suit-
ability for hydrogen applications, indicates design measures to minimize 
local residual stresses (e.g., PWHT) and avoid cold plastic deformations. 
In addition, the “Technical Reference for Hydrogen Compatibility of 
Materials” (San Marchi and Somerday, 2012) provides a substantial 
amount of experimental data on hydrogen effects on metallic materials. 
The codes and practices produced by EIGA on material testing and se-
lection (EIGA, 2014, 2011, 2006) divide materials for hydrogen service 
into several classes based on chemical composition and strength. In 
addition, ISO 11114–4:2017 (ISO, 2017) prescribes the test methods for 
selecting steels resistant to HE under monotonic stress (i.e., not suitable 
for components subjected to cyclic loading), while ANSI/CSA 
CHMC1–2014 (ANSI, 2014) provides a method to compare the 

performances of components operating in compressed hydrogen envi-
ronments. The most recent standards and codes for material testing and 
selection for hydrogen service have certainly improved the design of 
new hydrogen-specific components. Nevertheless, it is important to 
remember that most hydrogen equipment currently in operation has 
been designed before the publication of these standards and codes. 
Hence, pipelines, tanks, and instrumentation for hydrogen handling and 
storage may be not compliant with these guidelines or are recycled from 
other applications (e.g., event ID898). In this perspective, rigorous 
methodologies for inspection planning are required to minimize the 
arbitrariness in carrying out safety audits. The risk-based inspection 
policy is the most beneficial guideline to perform inspection and 
maintenance of industrial facilities. Despite this, it failed several times in 
preventing the occurrence of hydrogen-induced material failures, 
because these damages are not properly addressed by the existing RBI 
standards and recommended practices (Campari et al., 2022a). This 
underestimation of the probability of failure of equipment exposed to 
hydrogen environments led to several accidents (e.g., ID194, ID196, 
ID351, ID615, and others). Moreover, some recent events have priors 

Table 7 
Incident reports in HIAD 2.0 related to hydrogen-induced material failures of industrial equipment.  

Event 
ID 

Date Damage Mechanism Material Component Failure in the 
weld 

Substances released 

ID26 10/03/ 
1978 

Hydrogen-induced stress corrosion 
cracking 

Steel High-pressure vessel Yes H2 + CH4 

ID101 07/06/ 
1996 

Hydrogen-induced cracking Austenitic steel 
CrNiMnW 

Cryogenic tank Yes C2H6 + C2H4+ CH4 +

H2 

ID107 01/06/ 
2005 

Hydrogen blistering 0.5% Mo steel Refinery Yes – 

ID117 28/07/ 
2005 

High-temperature hydrogen attack Carbon steel Residual hydrotreater unit No H2 

ID194 14/09/ 
2000 

Hydrogen-induced cracking Steel Pipe in ammonia plant No NH3 + H2 + N2 

ID196 14/07/ 
2000 

Hydrogen embrittlement Steel Pipe in ammonia plant Yes NH3 + H2 

ID241 01/05/ 
1998 

Hydrogen-induced stress corrosion 
cracking 

Brass High-pressure cylinders No H2 

ID351 03/03/ 
2000 

Hydrogen-induced stress corrosion 
cracking 

Steel Hydrogen compressor No H2 + Hydrocarbons 

ID384 16/01/ 
2008 

Hydrogen-induced cracking Alloy Inconel 600 High-pressure cylinders No H2 

ID385 04/05/ 
2012 

Hydrogen embrittlement 440c stainless steel Hydrogen tank No H2 

ID534 25/05/ 
1894 

Hydrogen embrittlement Steel High-pressure cylinders No H2 

ID567 06/07/ 
1996 

Hydrogen embrittlement Steel High-pressure vessel Yes Hydrocarbons + H2 

ID615 21/12/ 
1975 

Hydrogen embrittlement Steel High-pressure vessel No H2 

ID620 14/11/ 
1974 

High-temperature hydrogen attack Steel Catalytic reformer No H2 + Hydrocarbons 

ID637 17/05/ 
1984 

NS Steel Desulfurization unit Yes H2 + Hydrocarbons 

ID648 02/02/ 
1973 

Hydrogen embrittlement Steel Octafiner reactor Yes H2 

ID675 01/06/ 
1993 

Hydrogen-induced stress corrosion 
cracking 

Steel Hydrogen compressor No H2 + H2S 

ID775 01/08/ 
1982 

Hydrogen embrittlement Austenitic stainless 
steel 

Pipe in ammonia plant Yes H2 + Syngas 

ID863 09/12/ 
1984 

High-temperature hydrogen attack Steel High-pressure syngas pipe Yes H2 + NH3 

ID883 02/04/ 
2010 

High-temperature hydrogen attack Carbon steel Catalytic reformer and naphtha 
hydrotreater unit 

No Naphtha + H2 

ID893 04/06/ 
2019 

Hydrogen embrittlement Steel Hydrogen pipe in refinery Yes H2 

ID898 01/10/ 
1988 

Hydrogen embrittlement Steel Hydrogen tank No H2 

ID902 13/12/ 
1984 

Hydrogen embrittlement Steel Desulfurization unit Yes Oil + H2 

ID926 18/09/ 
2014 

Hydrogen embrittlement Steel Starch hydrogenation reactor Yes Starch + H2 

Chemical formulae: CH4, Methane; C2H6, Ethane; C2H4, Ethylene; H2, Hydrogen; H2S, Hydrogen Sulfide; N2, Nitrogen; NH3, Ammonia. 

A. Campari et al.                                                                                                                                                                                                                               



Computers and Chemical Engineering 173 (2023) 108199

13

with similar causes, thus proving the inability to learn from the past. 
This is the case of events ID902 and ID926, which occurred in 1984 and 
2014, respectively, and were both caused by undetected 
hydrogen-enhanced fatigue in a HAZ. In addition, events ID863 and 883, 
dating back to 1984 and 2010, can be both attributed to undetected 
blistering on the inner surface of the component. 

7. Discussion 

Hydrogen is widely used in industry for refining hydrocarbons, 
treating metals, producing fertilizers, and processing foods. Refineries 
use hydrogen to lower the sulfur content of fuels, and its demand has 
constantly increased as sulfur-content regulations have become stricter 
due to a greater environmental awareness worldwide (Speight, 2020). 
Historically, hydrogen has been mostly used as a chemical for several 
processes in various industrial fields rather than as an energy carrier, 
and this trend remains true nowadays. The time distribution of the 
events collected in the HIAD 2.0 database is plotted in Fig. 5. Most of the 
accidents occurred in the period from 1990 to 2020, while the number of 
events recorded in the previous decades is considerably lower. The year 
with the highest number of incidents is 2001, with 30 reported events. 
An almost negligible number of accidents is reported in the 1960s. 
Regarding the utilization of hydrogen as an energy carrier, in the 1970s, 
a wave of interest came forward due to the oil crisis and the lack of fossil 
sources resulting from the Yom Kippur War. The second peak of appli-
cation of hydrogen technologies tried to face the increasing concerns on 
climate change at the beginning of the 1990s (Scita et al., 2020) and 
resulted in important research projects for hydrogen production and 
utilization in Europe, Japan, and the USA (IRENA, 2022). The third 
wave of interest began in the 2000s with the growing unease regarding 
the oil price and the environmental impact of the transport sector (Scita 
et al., 2020). This technological hype is reflected by the allocation of 

Table 8 
Inspection and monitoring techniques useful to detect and size the hydrogen 
damages (American Petroleum Institute, 2020).  

Hydrogen 
damage 

Inspection technique Characteristics 

HE Liquid penetrant testing (PT) Only for surface cracking 
inspection 

Magnetic particle testing (MT) Only for surface cracking 
inspection 

Wet fluorescent particle 
testing (WFPT) 

Only for surface cracking 
inspection 

Shear wear ultrasonic testing 
(SWUT) 

Can detect and size cracks 

Phased array ultrasonic 
testing (PAUT) 

Can detect and size cracks 

HTHA Visual testing Can detect only superficial 
blisters 

Automatic ultrasonic 
backscatter testing (AUBT) 

Can detect microvoids and 
microfissures, not very reliable 

Angle beam spectral analysis 
(ABSA) 

Can detect microvoids and 
microfissures, not very reliable 

Field metallographic 
replication (FMR) 

Only for examination of areas 
known to be damaged 

Time of flight diffraction 
(TOFD) 

Can detect surface and internal 
damages 

Phased array ultrasonic 
testing (PAUT) 

Can detect surface and internal 
damages 

HISCC Liquid penetrant testing (PT) Can detect surface-breaking 
cracks 

Magnetic particle testing (MT) Can detect surface-breaking 
cracks 

Wet fluorescent magnetic 
particle testing (WFMT) 

Can detect surface-breaking 
cracks 

Shear wear ultrasonic testing 
(SWUT) 

Can determine the depth of 
cracks 

Phased array ultrasonic 
testing (PAUT) 

Can determine the depth of 
cracks  

Table 9 
Causes of hydrogen-induced material failures, inspection activities imple-
mented, and optimal preventive strategies.  

Event 
ID 

Event cause Inspection/ 
maintenance 
carried out 

Optimal preventive 
strategies 

ID26 Absence of PWHT; 
severe operating 
environment 

Not relevant Proper PWHT; PT, 
MT, or WFMT on 
welds and HAZs 

ID101 Different 
microstructure 
(martensite) in the HAZ 

Insufficient 
maintenance 

Maintenance required 
before the start-up 

ID107 Undetected blistering 
due to HTHA; improper 
material selection 

Not implemented Visual inspection; 
component 
replacement with 1.25 
Cr steel 

ID117 Rapid HTHA 
degradation; carbon 
steel component 
accidentally switched 
with low-alloy steel 
component during 
maintenance activities 

Improper 
maintenance 

Post-reassembly 
testing after 
maintenance 
(Preventive 
Maintenance 
Inspection); higher 
training of the 
operators 

ID194 Undetected crack in a 
pipe of a heat exchanger 

Not implemented SWUT or PAUT along 
the entire pipe 

ID196 Undetected crack in a 
weldment 

Not implemented SWUT or PAUT on 
welds and HAZs 

ID241 Design shortcomings in 
high-pressure cylinder; 
improper material 
selection 

Not relevant Component 
replacement 

ID351 Undetected HISCC of a 
hydrogen compressor; 
assembly error after 
maintenance 

Improper 
maintenance 

SWUT or PAUT on 
piston rod; higher 
training of the 
operators 

ID384 Undetected HIC of a 
rupture disk; improper 
material selection 

Leak detection SWUT or PAUT on 
rupture disk made of 
high-strength Ni alloy 

ID385 Use of generic 
equipment for hydrogen 
service; improper 
material selection 

Not relevant Component 
replacement with 316 
stainless steel; 
adoption of active and 
passive safety 
barriers; modification 
of normal plant 
operations 

ID534 Improper material 
selection; lack of codes 
to calculate the 
remaining lifetime of 
components 

Not implemented PT on the cylinder 
surface; component 
replacement 

ID567 Off-design operating 
conditions (high 
pressure, near-ambient 
temperature) fostering 
HE 

Improper 
inspection 

PT on the inner 
surface of the vessel; 
SWUT or PAUT on 
welds and HAZs 

ID615 Undetected crack in a 
storage tank 

Not implemented PT, MT, or PAUT on 
the vessel surface 

ID620 Improper material 
selection; undetected 
HTHA on several 
components 

Not implemented Frequent FMR, TOFD, 
or PAUT on the inner 
surface of the catalytic 
reformer 

ID637 Insufficient PWHT Not relevant Proper PWHT; PT, 
MT, or WFMT on 
welds and HAZs 

ID648 Undetected HE on HAZ; 
insufficient PWHT 

Not implemented SWUT or PAUT on 
welds and HAZs; 
proper PWHT 

ID675 Improper material 
selection 

Not relevant Component 
replacement 

ID775 Insufficient PWHT; 
different microstructure 
in the HAZ 

Six improper 
repairs in four years 

Frequent SWUT or 
PAUT on welds and 
HAZs, particularly in 
the bends of the pipe 

ID863 Not implemented TOFD or PAUT on the 
inner surface of the 

(continued on next page) 
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fundings for pilot projects on hydrogen technologies to which corre-
sponded an increased number of hydrogen-related incidents (IEA, 
2019). The reduction of incidents in the 2010s can be attributed to the 
improvement in operational safety in the chemical and petrochemical 
industries. It is worth mentioning that the historical accident distribu-
tion is affected by a significant loss of information due to under-
reporting, especially in past decades. Moreover, the validation process 
required to update the database with a new event can take months up to 
several years. For these reasons, the information collected by HIAD 2.0 
cannot be used to draw any definitive conclusions and is always affected 
by a certain degree of uncertainty. In the next few years, another in-
crease in hydrogen-related accidents may occur in connection with the 
widespread rollout of hydrogen technologies in novel technological 
fields, such as the automotive applications (including passenger cars, 
public transport, and heavy-duty vehicles), maritime and aeronautic 
sectors (European Commission, 2022; Ustolin et al., 2022). 

Fig. 6 shows the geographical distribution of the undesired events. It 
results that more than a half of the events occurred in Europe, one 
quarter in North America, and one seventh in Asia and Australia. The 
accidents in other regions account only for 2.4% of the total. One of the 
main reasons for this difference can be related to the source of infor-
mation used to update HIAD 2.0. In fact, more than 40% of the accidents 
collected come from the French ARIA, the British IChemE, and the Eu-
ropean eMARS databases. On the other hand, only 6% derives from the 
Japanese RISCAD database and another 6% from various American 
safety reporting systems. As a result, France is the country with the 
highest number of accidents, followed by the United States, the United 
Kingdom, Germany, Canada, Italy, Japan, Finland, and Norway, while 
there are limited sources for past events in Asia, Africa, South America, 
and Oceania. Another reasonable cause of this uneven distribution of 
hydrogen-related incidents around the world is related to the different 
magnitude of the adoption of hydrogen technologies in various coun-
tries. Historically, the vast majority of investments in hydrogen-based 
fuels have been made in Europe, North America, and Japan (IEA, 
2019). This trend is expected to change in the forthcoming years, with 
the advance of China at the forefront of research in this technological 
field (Xie and Freeman, 2019) and with the expected development of a 
global energy trade involving new countries able to produce renewable 
hydrogen at most competitive costs. Hence, it is important to point out 
that the geographical distribution cannot be considered indicative of the 
actual worldwide distribution of hydrogen-related industrial accidents. 

Different considerations can be made regarding the geographical 

distribution of fatalities and injuries. Table 4 shows how America is the 
continent with the highest number of fatalities and injured persons due 
to hydrogen-related industrial incidents. Europe and Asia follow, even if 
significant differences are noticeable: while it is reported that a massive 
number of undesired events occurred in Europe, they often resulted in 
minor consequences; on the other hand, even if much fewer incidents 
are reported in Asia, they caused a higher number of deceases and a 
relatively small number of injured persons. Finally, the database reports 
only four events in Africa, which caused a significant number of de-
ceases and injuries. These differences across continents might be related 
to the dissimilar regulations on industrial incident reporting. In 
compliance with the Seveso III Directive (European Parliament, 2012), 
in Europe, the national authorities are obliged to report all industrial 
accidents involving dangerous substances to the European Commission 
and provide all the information required to develop root cause analyses 
and safety investigations. In the USA, the Emergency Planning and 
Community Right-to-Know Act (EPCRA), also known as Title III of the 
Superfund Amendments and Reauthorization Act (SARA) (US EPA, 
2012), is a pioneering framework for chemical accidents which include 
risk communication and public information disclosure provisions. On 
the other hand, the Japanese Pollutant Release and Transfer Register 
(PRTR) law does not require industries to report and publicly share 
hazardous chemical inventories; the PRTR only dictates that, in the case 
of hazardous chemical releases, businesses are obligated to evaluate the 
volume of substance released and report it to the local authorities. 
Hence, Japan seems to lag behind the EU and the US in terms of regu-
lations regarding accident reporting (Tzioutzios et al., 2022). No infor-
mation is available regarding the regulatory framework in Africa, but it 
is reasonable to assume the most nations do not have specific re-
quirements for minor incidents reporting. This could justify the limited 
number of accidents reported by the database and their relatively high 
severity in terms of injuries and fatalities. In general, in countries with 
laxer regulations regarding accident reporting, the operators have a 
lower propensity to notify minor incidents to the competent authorities. 
In fact, undesired events could cost an organization much more than just 
the cost of repair in terms of loss of image and reputation. 

Table 5 summarizes the distribution of undesired events by type of 
application. The chemical and petrochemical industries have the largest 
share of hydrogen-related incidents. This is reasonable since the chem-
ical and process industries together with refineries and petrochemical 
plants have been historically the biggest consumers of hydrogen, and 
they still retain this primacy (Ausfelder and Bazzanella, 2016). The 
stricter regulations regarding fuel quality and the ever-lower oil quality 
are expected to increase the hydrogen demand in the oil and gas in-
dustry. Considering the hydrogen supply chain, from production to final 
usage, the most critical stages are transportation and distribution. In 
fact, transporting hydrogen is a challenging undertaking due to its 
extreme chemical properties and its tendency to permeate, degrade, and 
embrittle most metallic materials (Campari et al., 2022a; Ustolin et al., 
2021). Hydrogen leaks and spills are difficult to detect and can easily 
result in serious consequences due to the large flammability range, the 
low ignition energy, and the high burning velocity of this substance 
(Aursand et al., 2020; Kotchourko and Jordan, 2022; Ustolin et al., 
2020c, 2020a; van Wingerden et al., 2022). Hydrogen production, 
mainly by methane-steam reforming, is also prone to several incidents, 
often related to the high-temperature and relatively high-pressure in a 
reforming reactor (i.e., 800 – 900 ◦C and 30 bar) (Speight, 2020). 
Hydrogen-fueled road vehicles and non-road vehicles account for 33 
events together. It is worth mentioning that these car accidents have a 
very low lethality, and they are often non-hydrogen system initiating 
events (i.e., they are normal car accidents involving one or more 
hydrogen-powered vehicles and are not caused by a malfunctioning or a 
failure of the fuel cell powertrain). Finally, incidents that occurred in 
laboratories, refueling stations, or commercial facilities did not cause 
any fatalities and only a small number of injured persons. 

Table 6 summarizes the distribution of the events classified by cause. 

Table 9 (continued ) 

Event 
ID 

Event cause Inspection/ 
maintenance 
carried out 

Optimal preventive 
strategies 

Undetected blistering 
on the inner surface of 
the pipe due to HTHA 

pipe; component 
replacement 

ID883 Undetected blistering 
on the inner surface of 
the catalytic reformer 
due to HTHA 

Improper 
inspection 

TOFD or PAUT on the 
inner surface of the 
pipe; component 
replacement 

ID893 Undetected HE under 
insulation 

Ex-post thickness 
measurements and 
radiographic checks 

SWUT or PAUT 

ID898 Recycling of a cylinder; 
severe operating 
conditions (high H2 

purity, high pressure, 
ambient temperature, 
high stress level) 

Inspection 
performed but not 
documented 

PT, MT, or PAUT on 
the surface; analysis of 
the component’s 
history 

ID902 Undetected hydrogen- 
enhanced fatigue crack 
growth on HAZ 

Not implemented SWUT or PAUT on 
welds and HAZs 

ID926 Undetected hydrogen- 
enhanced fatigue crack 
growth on HAZ 

Not implemented SWUT or PAUT on 
welds and HAZs  
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Technical and mechanical errors represent the main cause with a share 
of 23.1%, even if they have limited consequences in terms of casualties 
and injured persons. They comprehend both materials-related and 
design-related causes. The formers include the non-ideal selection of 
materials for hydrogen applications and the activation of material 
degradation mechanisms like corrosion and fatigue, while the latter is 
the adoption of insufficient safety systems and the lack of precautions 
during the design stage. Operational causes (accounting for 19.2% of the 
total) are related to installation errors and improper inspection and 
maintenance activities. Examples of operational causes are the lack of 
updated inspection plans, an insufficient inspection frequency, the lack 
of inspection tailored toward hydrogen-induced degrading mechanisms, 
and the lack of indications about the lifetime of components. Although 
these events represent a lower share than technical and mechanical 
failures, they have a two-fold lethality impact. Human errors turn out to 
be responsible for 9.4% of the total reported events. Even if a certain 
number of human errors is unavoidable, it can be lowered through 
sufficient training of the technical personnel. While applications of 
hydrogen in the chemical and process industries are well-known and 
there is already relevant expertise in this field, applications of hydrogen 
as an energy carrier are still relatively novel. Hence, first responders are 
less expert in the accident scenarios they may face, and they may not be 
prepared to respond correctly and promptly (Wen et al., 2022). In 
addition, small human errors may result in more serious events with 
severe consequences. Organizational causes (accounting for 9.0% of the 
total) are related to safety systems management factors and most of 
these failures are due to outdated or inappropriate maintenance guide-
lines. These undesired events have often serious consequences in terms 
of both casualties and injured persons. Nevertheless, most of these ac-
cidents could be avoided through effective inspection and maintenance 
activities. Preventive maintenance is crucial to guarantee the continuity 
of production and avoid undesired releases of hazardous substances in 
the environment (Campari et al., 2022a). In this perspective, the 
risk-based inspection (RBI) methodology is widely considered the most 
beneficial guideline for inspection planning (Mohamed et al., 2018). 
This approach assumes that high-risk components account for a small 
portion of the entire plant. The inspection plan ranks the equipment on a 
risk basis and prioritizes the inspection and maintenance of high-risk 
components, dedicating a reduced maintenance effort for low-risk 
ones (American Petroleum Institute, 2019, American Petroleum Insti-
tute, 2016). Finally, environmental and external causes are responsible 
for a limited number of events, but they have the highest lethality (the 
only ten reported accidents caused 15 fatalities and 91 injuries). Un-
fortunately, it is very difficult to intervene in these types of events. The 
comprehensive lesson learned is that accidents might be triggered by 
several causal events, which might be insignificant if taken individually, 
but could cause severe consequences when they occur simultaneously 
(Wen et al., 2022). 

After the loss of containment due to leakages or cracks, hydrogen can 
be released as a gas, liquid, or mixed phase depending on its type of 
storage. Fig. 7 shows that most of the accidents reported in HIAD 2.0 are 
related to gaseous releases, while liquid and mixed releases account only 
for fewer instances. This fact is expectable since hydrogen has been 
historically used in gaseous form in most of its applications. Around 31% 
of the hydrogen produced worldwide was used in gaseous form in re-
fineries, 63% in the chemical industry, and around 6% in other kinds of 
applications. On the other hand, less than 1% of the total share of 
hydrogen was used in liquid form, particularly for rocket propulsion, 
automotive, and specific industrial applications (such as the semi-
conductor industry) (Ausfelder and Bazzanella, 2016). The main 
advantage of liquid hydrogen lies in its higher energy density on a 
volume basis, which facilitates its transportation through thermally 
insulated tanks capable of storing LH2 at cryogenic temperature (around 
− 253 ◦C) and near-ambient pressure (Campari et al., 2022b). For this 
reason, most liquid hydrogen releases occurred during transportation 
through truck trailers or cargo trains, or in aerospace applications. 

Another noteworthy aspect is the classification by release type (i.e., in 
confined, semi-confined, or open space). As shown in Fig. 7, most 
hydrogen-related accidents occurred outdoor, while a comparatively 
smaller number of events took place in confined or semi-confined 
spaces. It is well-known that an accidental hydrogen release indoor 
can easily result in explosions and has often serious consequences 
compared with a similar outdoor release (Tretsiakova-McNally and 
Makarov, 2022). Storing hydrogen outdoor (whenever possible) is 
generally considered a good safety measure to reduce the risk of ex-
plosions and high overpressures. The concern for hydrogen releases in 
confined and semi-confined locations and the necessity to better un-
derstand these events is proven by several European research projects, 
such as InsHyde (“Hydrogen releases in confined and partially confined 
spaces”) (Venetsanos et al., 2011) and HyTunnel (“Pre-normative 
research for safety of hydrogen driven vehicles and transport through 
tunnels and similar confined spaces”) (European Union, 2019). 

A final consideration should be made regarding the methodology 
adopted in this study. The development of the data model supported by 
BA tools can significantly facilitate the management of large datasets. 
On the one hand, the implementation of BA in the hydrogen safety field 
may assist the regulatory institutions in arranging new safety guidelines 
following a data-driven approach. On the other hand, these results are 
the preliminary stage towards more advanced information technology 
applications for safety management, which could indicate a way for-
ward an increasingly safe utilization of hydrogen technologies. 

8. Conclusion 

This study presents a systematic analysis of the 628 undesired events 
reported in the publicly available HIAD 2.0 database. A BA approach has 
been used to mine information reported in the database and visualize 
statistical results regarding the incidents that occurred in different in-
dustrial sectors, countries, and location types. This application shows 
the potential for their future adoption for safety data management and 
process system technology. Safety and risk prevention often involve a 
large set of variables mutually interconnected which affect the func-
tioning of the industrial facility. In this context, BA can support a multi- 
variable analysis based on a structured data model. The research created 
a dynamic interface capable of facilitating a flexible analysis, providing 
answers, or even stimulating further questions, and allowing a safety- 
informed decision-making process. Although the case study is based 
on the undesired events in HIAD 2.0 database, this approach is highly 
significant also for other incident reporting systems. This methodology 
should be combined with machine learning clustering techniques, 
depending on future enhancements and updates of the HIAD 2.0 data-
base, in order to improve safety management systems for hydrogen 
technologies (Nakhal et al., 2022; Qin and Chiang, 2019). This could 
increase the resilience of industrial equipment, facilitating and stimu-
lating a worldwide utilization of hydrogen as a clean and sustainable 
energy carrier. 

A total of 24 hydrogen-induced industrial failures caused by the 
utilization of materials incompatible with hydrogen were investigated in 
depth. The damage mechanisms responsible for the occurrence of acci-
dental events were highlighted. The results of the analysis show how 
hydrogen embrittlement, in its various forms, caused a non-negligible 
number of failures. High-temperature hydrogen attack and corrosion 
due to acidic hydrogen-containing compounds (e.g., H2S, HCl, and HF) 
may also be responsible for loss of containment and subsequent unde-
sired releases of hazardous substances. According to the lessons learned, 
it is proven that a vast majority of these events could have been pre-
vented through proper inspection activities. Regular audits against 
corrosion and adequate attention to potentially critical points, such as 
welds and joints, could have helped to detect any defect promptly to 
ensure timely maintenance. Regarding hydrogen embrittlement, some 
incidents were traced back to the lack of tailored inspection plans and 
lack of clear indications about the lifetime of components operating in a 
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hydrogen environment. In fact, an effective methodology for planning 
preventive safety measures for hydrogen technologies is still 
unavailable. 

These findings underline the necessity of a multidisciplinary 
approach to face the safety issues related to hydrogen-induced material 
failures of industrial equipment. It is necessary to strengthen the 
collaboration between two research fields that have been traditionally 
separated: materials science and RAMS (i.e., reliability, availability, 
maintainability, and safety) engineering. In addition, the current best 
practices, standards, and regulations on inspection and maintenance 
planning are not suitable for hydrogen technologies, since they do not 
consider most HDs, including hydrogen embrittlement. The RBI meth-
odology could be a highly beneficial approach for planning inspections 
of hydrogen technologies. Hence, the next version of the RBI standards 
and recommended practices should consider HE as a potential material 
degradation to adopt this methodology for the emerging hydrogen 
infrastructure. 
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