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Embrittlement, degradation, and loss 
prevention of hydrogen pipelines
Leonardo Giannini,*  Nima Razavi, Antonio Alvaro, and Nicola Paltrinieri

The detrimental effects induced by hydrogen on different materials—including steels—are a 
well-known and studied phenomenon. In the last century, several research papers focusing on 
hydrogen damages were published, including investigations concerning the hydrogen impact 
on the crack growth rate in steels subjected to cyclic loading. However, the past studies 
focused on material behavior and the role of external factors (e.g., pressure, temperature, 
stress field, microstructure, inhibitors, etc.), while the consequences of these findings on safety 
procedures and guidelines remain unspoken. The present work aims at investigating how the 
manifestation of the hydrogen degradation effect on equipment subjected to fatigue loadings 
may reflect on conventional safety practices. More accurately, a review of the parameters 
governing pipeline fatigue life is undertaken to analyze how such variables may lead to 
undesirable events and ultimately promoting a loss of containment scenario. In this sense, this 
work appeals for an evolution of the existing inspection methodologies for components that 
may experience fatigue failures (i.e., piping and pipeline systems), since the time-dependency 
of the detrimental effects induced by hydrogen should be considered in the operations of 
accident prevention and risk mitigation. Hence, the development of a preventive inspection 
and maintenance strategy specifically conceived for hydrogen technologies is essential to 
avoid the loss prevention of hydrogen systems. This will not only contribute to a quicker and 
larger scale spread of a hydrogen infrastructure, but it will also foster the energy-transition 
challenge that our society is facing today.

Introduction
Following several decarbonization  roadmaps1,2 and inter-
national sustainability projects, the hydrogen infrastructure 
is today slowly spreading, with numerous applications that 
foster its utilization in the automotive industry, the maritime 
sector, and even the aviation industry. The hydrogen value 
chain, which comprehends production facilities (e.g., solar 
panels and/or wind turbines coupled with electrolyzers to 
produce green hydrogen),3 storage and transport equipment 
(e.g., vessels and repurposed or newly installed pipelines), 
and dedicated infrastructure for the final utilization (e.g., 
refueling stations), shall in fact evolve in the following years, 
with the goal of producing, importing, and transporting up to 
20 million tons of hydrogen by 2030.2 To support this value 
chain, the European Commission delivered a communication 
titled “A Hydrogen Strategy for a Climate Neutral Europe,” 
in which it indicates that planning of medium range and 
backbone transmission infrastructure should begin.4 Against 

this background, the concept of retrofitting and/or repurpos-
ing the existing pipeline grid, originally designed for natural 
gas transportation, has gained interest in industry, and tests 
on transporting methane-hydrogen blends were performed.5 
In fact, research on integrity assessment protocols of repur-
posed gas  pipes6 and management of hydrogen injection in the 
European gas  network7 is already starting, aiming to enable a 
safe integration of hydrogen in the existing pipeline network. 
Under this premise, the main scope of this work is to inves-
tigate safety-related uncertainties concerning the integrity of 
this envisioned pipeline grid, reviewing the detrimental effects 
that hydrogen may induce on steels commonly implemented in 
the pan-European pipe-network and defining the parameters, 
working conditions, and variables that may influence the life 
of a hydrogen pipeline. In addition, these considerations aim 
at defining the factors that could promote loss prevention for 
a hydrogen pipeline, which could not only cause disastrous 
consequences, but may also inhibit the spread of hydrogen 
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technologies undermining the social acceptability of the 
related infrastructure. This aspect is therefore deemed as cru-
cial for the spread of hydrogen systems, whose development 
delay could also slow the overall energy transition process.

Hydrogen pipeline safety
Inspection and maintenance procedures for hydrogen equip-
ment do not currently exist,8 and specific procedures should 
be developed in order to account for the degrading effects that 
hydrogen may induce on pipeline steels.9 Hence, it is under-
standable that the matters of hydrogen damage and material 
compatibility point in the direction of pipeline safety, and that 
risk analysis should focus on preventive measures and on miti-
gation of failure probability, along with consequence modeling 
that today apparently holds the lion’s share of publications on 
hydrogen safety. A fault tree  analysis10 of a generic hydrogen 
pipeline would report some of the most relevant hydrogen-
induced damages that may couple with material local flaws, thus 
fostering the likelihood of a LOC scenario. Figure 1 shows a 
fault tree (FT) that highlights criticalities which might favor the 

occurrence of a hydrogen accident. The black box indicates the 
accident event (loss of containment), and the light blue boxes 
describe the hydrogen-induced failures potentially leading to 
it. From left to right, Figure 1 indicates failures due to the loss 
of mechanical properties (i.e., due to hydrogen embrittlement), 
fatigue failure (i.e., related to hydrogen-enhanced fatigue crack 
growth rate—HEFCGR), and the hydrogen impact on the resis- 
tance against cracking (i.e., due to reduction of fracture tough-
ness). The dashed lines indicate that the FT is not designed to be 
comprehensive, as it focuses on elements related to hydrogen-
induced damages. The undesirable  events10 are the basis of the 
FT, and they usually represent initial elements that could fos-
ter fatigue failure or that may be relevant for initiating cracks 
(vibrations, critical loading history, etc.) or for the susceptibility 
to cracking (design error, manufacturing error, etc.).

Methodology
The process of the systematic review is rooted in the research 
questions that this work aims at answering, as suggested by 
the guidelines proposed by Xiao and Watson.11 The research 

Figure 1.  Fault tree describing initiating events and conditions that could foster a loss of containment of a hydrogen pipeline. The hydrogen-
assisted degradation is indicated by the yellow boxes, which sum up the overall effect on mechanical properties, fracture resistance, and 
fatigue performances of pipeline steels. The fifth level (white square boxes) collects undesirable  events10 that may lead to conditions favoring 
damages (undetected defects). Similar elements could be considered for the other green boxes (vertical dashed lines).
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questions also arise from the elements in the FT (Figure 1), 
whose structure was refined and updated according to the 
results of the review process, as indicated in Figure 2. Hence, 
the research questions that this work aims to answer are the 
following:

• Which is the existing information on steel-hydrogen inter-
action, and what are the consequences of such interactions 
on a macroscopical level?

• Which are the conditions, variables, and parameters that 
favor the hydrogen damage on pipeline steels and what 

material characteristics are relevant for hydrogen incom-
patibility?

• From a safety perspective, what is the current state of the 
art on hydrogen-assisted degradation of pipeline steels 
and what are the implications for planning inspections and 
maintenance on a hydrogen pipeline?

To answer these questions, data were collected using the 
Scopus  database12 and submitted queries related to the previ-
ously mentioned research questions. In particular, the queries 
were articulated on three subtopics reflecting the research 

questions:

1.  detrimental effects caused by hydrogen,
2.   research on pipeline steels and materi-

als, and
3.  field of application (transport and  

storage), including unwanted events  
(e.g., accidents and loss of contain-
ment).

Table I reports the submitted que-
ries (articulated in accordance with 
the research questions) that were then 
updated and tuned according to the 
results obtained from the systematic 
review process (see Figure 2).

As shown in Table I, the date of 
the records ranged from 1985 to 2024, 
the longest selectable range, and the 
research was limited to the English 
language. The queries were applied 
to the papers’ title, abstract, and key-
words and the literature review was 
concluded on September 5, 2023. 
This resulted in a total of 57 publica-
tions (28 research articles, 21 confer-
ence papers, one book chapter, and 
seven reviews), which were scanned 
(screening process + inclusion/exclu-
sion criteria) according to the review-
ing methodology suggested by Xiao 
and Watson.11 In addition, the results 
of the systematic review were not only 
used to update the submitted queries,11 
but also to refine the structure and the 
elements of the FT (Figure 1) that is 
the starting point of this work. The 
inclusion of a FT in the development 
of a systematic review method can 
be thus considered as a novelty, and 
the process of literature identification 
can also be easily inferred in Figure 
3, which depicts the framework of the 
research.

Figure 2.  Flowchart highlighting the iterative process of the review methodology. 
The phases of the review process (“Identification,” “Screening,” and “Inclusion”) are 
described in detail in Table II. FT, fault tree.
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After the identification of the literature and the screening 
procedure, some additional studies were identified through 
backward and forward search.11 Such studies were selected 
because indicated by the scanned literature reviews as crucial 
sources, therefore being particularly relevant to the scope of 
this work (as shown in Figure 2). Gray literature (book chap-
ters, inspection planning standards, relevant reports on pipe-
line failure rates and conference papers) was only considered 
and referred when of particular interest. As reported in Table 
II, other publications were excluded, mostly because the term 
“hydrogen” present in the title, abstract and keywords did 
not refer to gaseous hydrogen, but rather to other chemical 
substances that have “hydrogen” reported in the name (i.e., 
hydrogen sulfide and hydrogen chloride). Additionally, some 

studies were excluded because they focused on the effect 
of sulfate-reducing bacteria on buried pipelines, materials 
different from steels, basic research on hydrogen diffusivity 
and solubility or because the full text was not available (see 
Table II). The information collected from the review process 
is narratively discussed as follows, while the bibliometric 
analysis and related results are reported in the “Key insights 
and reflections” section.

Metal−hydrogen interactions
This section discusses metal–hydrogen interactions that 
are relevant for pipelines working in hydrogen environ-
ments. Hence, hydrogen-induced detrimental effects 
that originate from corrosion processes (i.e., stress-

oriented hydrogen-induced crack-
ing, stress-corrosion cracking, etc.) 
are not considered. Laureys et al.9 
reviewed the factors influencing 
the performances of pipeline steels 
facing a pressure-driven hydrogen 
uptake, which may be described 
as the increased fraction of hydro-
gen dissolved in the steel and pro-
moted by the external pressure. The 
uptake process follows the steps of  
physisorption, chemisorption, and 
absorption,13 as indicated in Figure 4.

Once atomic hydrogen enters the 
material, it can diffuse toward areas 
characterized by residual stress, local 
flaws, dislocations, and traps, and it 
may lead to a loss of cohesive strength, 
thus enhancing material degradation 
and ultimately cracking.14 Villalobos 
et al.14 also pointed out that even few 
ppm of hydrogen can cause loss of duc-
tility and promote cracking, especially 
in high strength steels. Such penetration 
potential depends on a series of varia-
bles, including the surface condition of 
the steel and the presence of impurities 
or blending with additives.9 The final 
effect at a macroscopic level consists 
in the inhibition of critical mechanical 

Table I.  Queries submitted to the Scopus database.

Theory of hydrogen damage “hydrogen* embrittlement” OR “hydrogen* degradation” OR “hydrogen* damage*” OR “hydrogen* fatigue”

Pipeline materials “pipeline* steel*” OR “pipeline* material*”

Application and undesirable events “storage” OR “transport” OR “loss of containment” OR “accident*” OR “incident*” OR “inspection*” OR  
“maintenance*”

Total query TITLE-ABS-KEY ((“hydrogen* embrittlement” OR “hydrogen* degradation” OR “hydrogen* damage*” OR “hydrogen* 
fatigue”) AND (“pipeline* steel*” OR “pipeline* material*”) AND (“storage” OR “transport” OR “loss of containment” 
OR “accident*” OR “incident*” OR “inspection*” OR “maintenance*”) AND pubyear > 1984 and pubyear < 2024 AND 
(limit-to(language, “English”)))

Figure 3.  Venn diagram illustrating the review process, the field “Hydrogen Pipeline 
Safety” corresponds to the output of the queries.
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properties, which is usually referred to as hydrogen embrit-
tlement (HE). In fact, HE is responsible for the deterioration 
of tensile properties (i.e., elongation to  failure15 and ultimate 

tensile  strength16) and for the reduction 
of fracture toughness (i.e., the resistance 
to fracture propagation).17–19 Moreover, 
other studies investigated the reduction of 
the fatigue endurance of steels working 
in gaseous hydrogen environments under 
different operative conditions (i.e., tem-
perature, pressure, frequency) and cyclic 
loadings.9,20–22 More details concerning 
the affected properties are reported in the 
next sections.

Loss of ductility
As the name hydrogen embrittlement sug-
gests, one of the main results of hydrogen 
permeation in steels is the induced loss 
of ductility. Stalheim et al.23 conducted 
comparative tensile tests on a commercial 
X70 pipeline steel (nomenclature of API 
 5L24) in hydrogen and helium environ-
ments, proving the poorer ductility of the 
steel when tested in hydrogen at 5.5 MPa. 
In addition, X65 specimens were elec-
trochemically charged with  hydrogen25 
and tested to measure the induced loss of 
ductility (Figure 5). In both works, the 
area reduction was measured to evaluate 
the ductility loss, and a more pronounced 
embrittlement was obtained at slower 
strain rates, indicating that the time of 
exposure to the hydrogen environment is 

a key variable in the process of embrittlement.23 This aspect 
seems consistent with other experimental evidence, as pointed 
out by Slifka et al.21

Table II.  Process of the systematic review (SR).

Review Phase No. of Records Of Which Excluded 
(−) Included ( +)

Explanation

1. Identification

 Bulk of the records 57 −22 Gray literature was initially excluded

 Availability of the records 35 −3 Full text not available

2a. Preliminary screening (title, abstract, keywords, conclusion)

 Check if concerning gaseous hydrogen damage 32 −10 Different substance: corrosion processes, sour 
gases

 Check if concerning pipeline steels 22 − Material different from steels

 Check if off-topic 21 − Effect of bacteria on pipeline integrity

2b. Full text screening

 Check if redundant/not relevant for the scope of the review 19 −6 Basic research on hydrogen transport/transients/
experiments concerning aqueous solutions

3. Inclusion

 Backward-forward analysis 13  +11 Relevant cited publications, additional gray litera-
ture (reports, codes, standards, and conference 
papers)

Complete analysis

 Records of the SR 24 – References of the SR

Figure 4.  Qualitative chart describing the mechanisms of physisorption and chemisorp-
tion, as illustrated by Christmann.13 If a hydrogen molecule is close enough to the metal 
surface, the chemisorption mechanism takes place and molecular dissociation is favored. 
This process acts as a source of atomic hydrogen, which may then recombine or diffuse 
toward the subsurface region of the steel (absorption).



EMbrittLEMEnt, dEgrAdAtiOn, And LOss prEVEntiOn Of hYdrOgEn pipELinEs

6        MRS BULLETIN • VOLUME 49 • MAY 2024 • mrs.org/bulletin

Reduction of fracture toughness
Hydrogen also affects another crucial property of pipeline 
steels: fracture toughness. Li et al.26 discussed recent advances 
in embrittlement characterization and mitigation, pointing out 
a lack of direct evidence on how hydrogen segregation can 
lead to the propagation of cracks. Even if an agreed upon 
hydrogen degradation mechanism is missing and a fracture 
toughness testing procedure is under development in different 
ongoing projects around the world, it is clear that hydrogen 
uptake negatively impacts the materials resistance against 
cracking. A thorough analysis of this phenomenon is not 
strictly related to the safety-driven nature of this work, but 
additional specific literature on the topic can be consulted to 
deepen this aspect.27,28 In any case, experiments on hydro-
gen pre-charged specimens were carried out by Wang,18 
who investigated crack propagation on X70 specimens and 
suggested a critical hydrogen concentration of 1 ppm as a 
threshold for the reduction of fracture toughness. Above such 
threshold, the author obtained a linear correlation between the 
hydrogen concentration in ppm ( CH  ) and the critical stress 

intensity factor ( KIQ ) expressed in MPa

√
m , as illustrated in 

Figure 6.
In addition, Mendibide et al.29 studied the effects of humidity 

on hydrogen permeation, indicating that it can slightly increase 
the severity of the environment and therefore lead to a potential 
reduction of fracture toughness. It should be noted that for an 
operating pipeline the welds resistance to cracking is of para-
mount importance, and that the crack propagation of these areas 
can differ from the one of the base metal. Hence, Chatzidouros 
et al.30 and Giarola et al.19 studied the effect of hydrogen on 
the fracture toughness of steel welds, investigating X52 and 
X70 electrochemically charged specimens and comparing the 
results with the properties of the base metal. Surprisingly, they 
found that the microstructure of the heat-affected zone (i.e., the 
areas affected by microstructural modifications during welding 
processes) was less susceptible to hydrogen degradation than 
the base metal. The authors indicated that a possible explanation 
of the phenomenon could be the trapping of hydrogen in the 
continuous interfaces between the microstructures of the base 
metal.30 However, the data showed considerable dispersion and 

Figure 5.  Hydrogen-induced loss of ductility on a X65 pipeline steel. On the left, the steel was tested in an inert environment, and it 
shows a typical “cup and cone” ductile cracking. On the right, the steel was electrochemically charged with hydrogen, and it shows a 
more brittle behavior and lower ductility (from the research work conducted in Reference 25). The arrows indicate the reference to the 
specific scale bar.
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are in contrast with the results reported in other publications 
concerning heat-affected zones (HAZs).28,31 In fact, HAZs and 
welds are known to be particularly delicate areas of pipelines, 
so further studies concerning their compatibility with gaseous 
hydrogen transport should be carried out, especially conducting 
tests in pressurized hydrogen environments.

Inhibition of fatigue performances
During its operative life, a pipeline is often subjected to cyclic 
loadings that may be caused by the fluctuations in the pres-
sure level induced by variations in the load of the connected 
utilities and/or by the movement of the seabed in the case 
of subsea pipelines. Even if not completely clarified yet, the 
presence of hydrogen can reduce the threshold cyclic stress 
intensity factor ( �Kth ), thus promoting fatigue cracking and 
reducing the pipeline’s operative life.32 On a more general 
basis, Laureys et al.9 and Hagen and  Alvaro15 also reviewed 
the fatigue performances of pipeline steels in hydrogen envi-
ronments, investigating the factors affecting hydrogen-induced 
degradation. Several studies were also reviewed by Li et al.,26 
indicating the role of natural gas blending in the inhibition 
of fatigue crack propagation in pipeline steels. In fact, sev-
eral conditions, variables, and parameters affect the fatigue 
behavior of X-grade steels operating in hydrogen environ-
ments. Pressure, temperature, loading frequency, hydrogen 

gas impurities and inhibitors, steel grade, surface conditions, 
loading history; all these variables interdependently play a 
role in the determination of the fatigue performances of a 
hydrogen pipeline, thus increasing or reducing the likelihood 
of failure and potentially fostering LOC scenarios. The next 
section delves more in detail into these aspects, discussing 
such factors and providing critical elements obtained from 
the review process.

Parameters affecting crack growth in hydrogen 
environments
Metallic equipment working in high-pressure hydrogen 
environments and subjected to cyclic loadings is known to 
be potentially susceptible to fatigue failure, and numerous 
studies highlighted the variables influencing the crack growth 
during different tests. The main parameters are collected and 
described as follows.

Hydrogen pressure
Faucon et al.31 conducted in situ fatigue tests on X60 hol-
low specimens, focusing both on the base and the weld metal. 
Unlike the findings reported in Reference 30, they noticed 
that hydrogen accelerated the crack growth by a factor of four 
for the base metal and by a factor of eight in the welded steel. 
This resulted in a reduced life of 37% and 57%, respectively, 

Figure 6.  Reduction of the fracture toughness of a X70 specimen pre-charged with hydrogen for different concentrations. Data from 
Reference 18. © 2009 Elsevier.
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proving that the hydrogen damage is more severe on weld 
metal under fatigue conditions—which is also confirmed by 
numerical simulations of crack propagation in heat-affected 
zones, as indicated in additional literature.33 Interestingly, no 
difference in the fatigue behavior was detected at a hydro-
gen pressure ranging between 7 and 15 MPa, hinting that a 
saturation pressure for hydrogen diffusion was reached at 
around 7 MPa. Nonetheless, the tests were conducted using 
an unstandardized geometry (hollow specimen technique) and 
focused on low cycle fatigue regimes (which may not be the 
most relevant for pipeline working conditions). Therefore, 
more data could be needed to prove such results. Conven-
tional fatigue experiments were carried out by An et al.20 on a 
X80 pipeline steel to investigate the influence of the hydrogen 
pressure on the enhancement of the fatigue crack growth rate 
(FCGR). Their findings show that the FCGR doubles when 
the hydrogen pressure is increased from 0.2 to 8 MPa. Both 
 works20,31 indicate that the hydrogen pressure plays a pivotal 
role in the enhancement of the FCGR, as also stated by Bri-
ottet et al.,34 who conducted similar tests on a X80 steel in 
hydrogen at 30 MPa.

Loading frequency
Another crucial parameter in the assessment of hydrogen 
fatigue damages is the frequency of the load. It is in fact estab-
lished  knowledge21,35 that low frequencies promote hydrogen 
degradation, since the latter has more time to diffuse at a crack 
tip – a phenomenon that was also investigated through numeri-
cal modeling.36 Slifka et al.21 tested X52 vintage and modern 
steels (the production year is another relevant variable, since 
same grade steels produced in different periods can be micro-
structurally different due to a different chemical composition) 
proving the FCGR dependence on frequency when it varied 
between 1 and 0.01 Hz. In addition, it should be noted that 
fatigue tests at low frequencies are usually extremely time-
consuming and expensive. As a result, a limited amount of 
data is currently available for modeling and monitoring the 
degradation mechanisms.9 Interestingly, an extensive discus-
sion on the topic can be found in an additional previous pub-
lication,37 in which a thorough study concerning the effect of 
frequency on the fatigue performance of austenitic steels was 
carried out.

Operating temperature
As previously mentioned, the effects of pressure and frequency 
on the steel susceptibility to hydrogen-induced degradation 
appear to have a monotonic nature. However, this aspect seems 
not to be valid for temperature. According to previous stud-
ies, high temperatures enhance hydrogen mobility in the bulk 
phase of steels, thus promoting detrapping and desorption.9,22 
The desorbed hydrogen can also be quantitatively measured,26 
thus establishing a relation between the specimen tempera-
ture and the released hydrogen. In fact, some studies point 
out that the worst condition in terms of maximum HEFCGR 
is at ambient temperature, while it becomes more negligible 

at higher temperatures.32 On the other hand, Laureys et al.9 
report that below room temperature the hydrogen effect on 
FCGR decreases in relation with its lower diffusivity, which 
is on the order of 10−10

m
2

/s for body-centered cubic (bcc) iron 
structures.15 From these considerations, it may be inferred that 
a temperature value which maximizes the hydrogen effect can 
exist, and Frandsen and  Marcus38 proved it for a high-strength 
alloy steel (HP 9-4-20), indicating that a maximum suscepti-
bility is reached at around 273 K (0℃).

As mentioned, other variables and parameters influencing 
hydrogen-induced fatigue failures do exist, and they include 
material characteristics (microstructure, grade, strength) 
and the presence of other chemicals in the gaseous phase 
(inhibitors, promoters). The following section discusses these 
aspects, focusing on the role of materials and gas blending 
in a LOC scenario and outlining the importance of dedicated 
inspection and maintenance procedures.

Loss of containment of a hydrogen pipeline
Material characteristics are crucial in terms of hydrogen com-
patibility. ASME (the American Society of Mechanical Engi-
neers) developed a  standard39 to provide guidelines on steel 
requirements for hydrogen transport in piping and pipeline 
systems, defining operative pressure limits depending on the 
steel grade. High grade steels (i.e., X100) are in fact typically 
more susceptible to hydrogen-induced loss of ductility,16,21 
therefore  ASME39 suggests using lower steel grades for hydro-
gen transport or limiting the operative pressure. However, both 
 Slifka21 and  Stalheim40 noted that, thus affecting the hydrogen-
assisted loss of ductility, the yield strength does not have a 
dominant effect on fatigue performances. In fact, the fatigue 
tests conducted by Slifka et al.21 show that the FCGR is not 
affected by the steel grade. Nevertheless, the crack growth 
mechanisms can vary depending on the tested material,41 
and a thorough and comprehensive standard for steel selec-
tion should consider this aspect, possibly also evaluating the 
potential presence of inhibitors, as explained as follows.

Inhibitors
An important variable influencing hydrogen-assisted fatigue 
failure is the presence of inhibitors. Such elements can 
decrease the hydrogen presence in the steel, by either affect-
ing its diffusivity or by providing some shielding effect to the 
pipeline surface. With respect to gaseous elements, oxygen 
and carbon monoxide seem to show a dominant inhibiting 
effect,9 while a more modest inhibition can be obtained with 
methane blending, because the latter seems to affect hydrogen 
adsorption at high-angle grain boundaries, a common trap for 
hydrogen accumulation in steels.42 Moreover, Xu et al.43 stud-
ied the effect of lanthanum salt ( La3+ ) on hydrogen permea-
tion into steel. Although the study may have limited implica-
tions for gaseous hydrogen transport (the tests were conducted 
in acidic solutions), it should be noted that the addition of 
La

3+ considerably limited the hydrogen degradation of a X70 
pipeline steel by forming a protective film on its surface. In 
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addition, a theoretical study was carried out by Li et al.44 in 
which the authors investigated the inhibiting effect of iron 
oxide ( Fe

2
O
3
 ) on hydrogen permeation in iron, suggesting that 

the oxide could protect steels from hydrogen-induced degra-
dation. However, a pipeline can extend for hundreds or even 
thousands of kilometers, and to the author’s best knowledge 
there are currently no studies pointing out the possibility of 
considering an inhibiting effect constant over such lengths. 
Hence, pipeline sections could be prone to hydrogen-induced 
failures disregarding the presence of inhibitors. In any case, 
the blending with inhibitors can be an interesting element for 
the safety of hydrogen pipelines; however, this topic seems 
generally overlooked.

Indeed, hydrogen pipeline safety itself seems to be a 
mostly overlooked topic, even if some past studies tried to 
cast light on this field. Briottet et al.34 were among the first 
to conduct FCGR tests on an X80 grade in a hydrogen envi-
ronment to discuss safety implications, and their work sug-
gests the development of qualification tests and redaction of 
standards to evaluate materials compatibility with hydrogen 
transport from a safety perspective. However, the problem 
was already pointed out by Mohitpour et al. in 1988,45 who 
advocated for the development of specific codes for hydro-
gen pipelines based on the hydrogen’s unique characteris-
tics. Within this review process, the only journal publication 
entirely dedicated to hydrogen pipeline safety is attributed to 
Khwaja and Paul,46 who discussed advantages and disadvan-
tages of different inspection techniques for coated hydrogen 
pipelines. Interestingly, Dmytrakh et al.47 proposed a special 
diagram for the evaluation of hydrogen damage on pipeline 
steels, and the authors indicated its potential application in 
the interpretation of inspection results of long-term operated 
pipelines. Hence, the limited literature concerning hydrogen 

pipeline safety, especially focusing on inspection and main-
tenance procedures, is a symptom of a general miscommu-
nication between materials science and risk analysis, which 
also underlines an overall lack of international harmonization 
of operational safety protocols. A further discussion of this 
aspect is presented in the next section, along with all the find-
ings of the systematic review process and implications for 
future research.

Key insights and reflections
The queries reported in the “Methodology” section resulted in 
57 documents found on the Scopus database (28 articles, 21 
conference papers, seven reviews, and one book chapter). In 
addition, a backward-forward  search11 led to the inclusion of 
some other relevant publications, as explained in the “Meth-
odology” section. Moreover, gray literature (conference papers 
initially excluded and important technical reports, standards, 
and codes) was considered when particularly relevant, and 
Table II describes the review process initially indicated in 
Figure 2.

As shown in Table II, the available literature concerning 
hydrogen pipeline safety is quite limited. However, the num-
ber of documents spiked between 2022 and 2023 (Figure 7), 
showing increased attention toward the subject.

Overall, the interest toward the development of a large-
scale hydrogen infrastructure is quite  recent1,2,4,6,7 and it is 
safe to assume that the trend shown in Figure 7 will continue 
in the following years. However, upon examining the results 
based on subject area (as depicted in Figure 8), it becomes 
evident that the domain of “materials science” is prominently 
the most discussed and studied, accounting for 27.4% of the 
records. In fact, it should be noted that the field “engineer-

ing” is quite heterogenous, and the few 
 records34,45,46 concerning safety aspects 
(albeit to a limited degree) are collected 
in this area.

To get a better understanding of the 
ongoing research, the results were ana-
lyzed with the software VOSviewer,48 
which performs bibliometric analyses of 
records. First, the authors were catego-
rized on the number of publications and 
citations. The number of authors of the 
35 original journal publications was 148, 
while a total amount of 3923 authors was 
cited by the documents, of which 16 are 
considered as highly cited (each cited 
more than 20 times in the records), and 
Figure 9 was developed based on the 
number of co-citations (i.e., the number 
of times two authors are cited together).

As indicated in Figure 9, the research 
network seems well connected and 
experts on the field tend to cite each 
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Figure 7.  The 35 journal publications obtained from the review process on Scopus, 
categorized per year of publication (as of 05/09/2023).
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other quite often. The topic of the research is almost always 
materials science, physics, or chemistry, and this is infer-
able by the keywords of the publications. Considering the 
index keywords that appear at least two times and plotting a 
co-occurrence chart (i.e., the number of times the different 
keywords appear in the same document) Figure 10 can be 
obtained.

Figure 10 collects a total of 69 index keywords that are 
clustered in different topics or fields (the software clusters 
keywords together based on a clustering technique that uses 
a resolution  parameter49). The four clusters (indicated by 
the different colors) merge together in the most used index 
keywords: hydrogen embrittlement, hydrogen, pipelines, and 
steel pipe. The green cluster is the most heterogenous; it col-
lects keywords concerning applications, economy, materials, 
and fracture analysis. The blue cluster is mostly character-
ized by materials and applications (natural gas pipelines 

and transportation, high strength steel, welds, and hydrogen 
storage) whereas the red cluster has a more chemical nature, 
focusing on corrosion, cathodic protection, sulfide, and dis-
solution. Finally, the yellow cluster collects keywords typical 
of physics studies, such as density functional theory, atoms, 
and hydrogen permeation. Again, no keywords concerning 
safety aspects are present, highlighting once again the lack of 
research concerning hydrogen pipeline safety. Moreover, the 
keywords “inspection,” “maintenance,” and “loss of contain-
ment” never appear even if they are explicitly reported in the 
submitted queries (Table I), showing that literature concerning 
hazards prevention and risk assessment of materials subjected 
to hydrogen-assisted failure is still mostly unpublished and/or 
unavailable. Some other considerations regarding this aspect 
are reported as follows.

Implication on inspection and maintenance planning
As demonstrated with this work, hydrogen pipeline acci-
dental prevention (intended as inspection and maintenance 
planning) is still largely undebated and the implications of 
hydrogen damage on safety aspects remain vastly unspoken. 
It should be noted that the hydrogen damage, although not 
completely understood, is a long-studied phenomenon and 
the conducted review confirmed a well-known aspect that 
most experts agree with: hydrogen-induced degradation of 
mechanical properties (loss of ductility, reduction of frac-
ture toughness, and inhibition of fatigue performances) is 
strongly dependent on a complex interaction of a series of 
interlinked variables that encompass material properties, 
exposure conditions and mechanical characteristics. How-
ever, this work also highlighted a critical research gap con-
cerning the consequences of hydrogen-induced damage on 
operational safety. Hence, the results of the review process 
indicated that:

Figure 8.  The 35 journal publications obtained from the review 
process on Scopus, categorized per subject area.

Figure 9.  Number of co-citations based on the authors and weighted (circle sizes) on the total number of citations of an author. The different 
colors indicate author clusters and are used to highlight researchers that are strongly related to each other.49
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Figure 10.  Co-occurrence of index keywords weighted on the number of times they appear (circle sizes). The relatedness of items 
is established on the number of times they appear together. The different colors indicate keyword clusters and are used to highlight 
words that are strongly related to each other (they often appear in the same publication together).49
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1. The implications of recent advancements and progress 
in materials science are currently disregarded for what 
it concerns the operational safety of hydrogen transport 
via pipeline.

2. Hydrogen damage can play a pivotal role in fostering the 
likelihood of a LOC of a hydrogen pipeline via embrittle-
ment effect, reduction to fracture toughness, and assisted 
fatigue crack propagation (as indicated in Figure 1).

Hence, the results of the systematic review hint that hydro-
gen-induced degradation effects are investigated by teams of 
materials scientists, while safety analysists are not involved 
in the activity. In fact, the author network (Figure 9) and the 
index keywords (Figure 10) clearly show that RAMS (reliabil-
ity, availability, maintainability, and safety) research does not 
delve into the topic. This research gap is believed to potentially 
hinder the optimization of inspection and maintenance pro-
cedures for hydrogen pipelines, since risk uncertainties could 
result in the adoption of over-conservative safety measures. 
Such measures may comprehend inspection programs char-
acterized by short inspection intervals to ensure preventive 
crack detection, but that can pose unsustainable economic and 
financial burdens potentially reducing the economic attrac-
tiveness of this technology. Therefore, future research should 
focus on the development of dedicated and optimized safety 
guidelines and strategies for hydrogen pipelines, vital to ensure 
optimal operational safety. Finally, this has critical implications 
for inspection and maintenance activities of such equipment, 
because the risk picture evolves with time,50 and a static risk 
evaluation conducted in the design phase could be insufficient 
to evaluate the increasing probability of failure of hydrogen 
systems, potentially leading to hazardous scenarios.

Conclusion
This work addressed the existing state of the art concerning 
metal–hydrogen interactions in pipeline steels under the lens 
of operational safety, with particular attention paid to the role 
of inspection planning and preventive maintenance in the 
scenario of a LOC of a hydrogen pipeline. The review pro-
cess started from the development of a FT (Figure 1) further 
updated and refined according with the obtained information. 
Such iterative process (Figure 2) was used to adapt the review 
methodology proposed by Xiao and  Watson11 to the field of 
pipeline safety, thus proposing a novel approach in the defini-
tion of the research queries. The following bullet points sum 
up the main conclusions of this work:

• Metal–hydrogen interactions are a known and long studied 
phenomenon constituting a central debate in materials sci-
ence, and numerous studies have highlighted the effects of 
hydrogen on mechanical properties and crack propagation.

• With respect to pipeline steels, the existing research dis-
cusses the role of environmental conditions, mechanical 
loadings, inhibitors, and degradation on the integrity of 

materials, with particular attention paid to mechanical fail-
ures and the reduction of the steels’ performances.

• Research on prevention, maintenance, and safety is still 
mostly unpublished when it comes to hydrogen-assisted 
failures, since the number of publications discussing the 
implications of hydrogen degradation on safety aspects is 
still extremely limited. However, the recent spike of the 
existing literature on the topic shown within this work could 
be a hint of the direction of the research, and unknown criti-
calities might be underlined in the near future.
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