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Nomenclature
Symbol / term Description Units / note
a Crack depth mm
a0 Initial crack depth mm
2c Surface crack length mm
2c0 Initial surface crack length mm
da/dN Fatigue crack growth rate mm/cycle
AK Stress intensity factor range MPavm
K; Applied stress intensity factor MPaVm
Koat Fracture toughness used in the assessment MPaVm
K, Fracture ratio Dimensionless
L, Load ratio Dimensionless
Ly max Maximum load ratio / plastic collapse limit Dimensionless
N Number of fatigue cycles cycles
OD Pipe outside diameter mm
OD/t Outside diameter-to-wall-thickness ratio Dimensionless
P Internal pressure bar or MPa
P Pressure history as a function of time bar
t Pipe wall thickness mm
Ao Stress range MPa
o(t) Stress history as a function of time MPa
Ohoop Hoop / circumferential stress MPa
Oref Reference stress MPa
Ores Residual stress MPa
Oy Ultimate tensile strength (in the structural integrity assessment) | MPa
oy Yield strength MPa
A; Initial cross-sectional area mm?
Ar Final cross-sectional area at the necking zone mm?
C Compliance of the elastic region of the force-displacement curve | mm/N or equivalent
D, Initial specimen diameter mm
di, d> Final neck diameters measured in two perpendicular directions mm
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F Applied force N

Finax Maximum load recorded during tensile testing N

Ly Initial gauge length mm

AL Change in length / displacement mm

RA Reduction of area %

Outs Ultimate tensile stress calculated from SSRT data MPa

Etotal Total engineering strain % (dimensionless)
Eel Elastic strain % (dimensionless)
&pl Plastic strain % (dimensionless)
Ha Hydrogen Gas species

H.S Hydrogen sulphide Gas species

CH. Methane Gas species

CO: Carbon dioxide Gas species

CO Carbon monoxide Gas species

N2 Nitrogen Gas species

02 Oxygen Gas species

H-0 Water Gas impurity
C:2Hs Ethane Gas species

C:H4 Ethylene Gas species

SO- Sulphur dioxide Gas species

COS Carbonyl sulphide Gas species

N0 Nitrous oxide Gas species

H-gas High-calorific natural gas blend tested in the SSRT campaign Test environment
L-gas Low-calorific natural gas blend tested in the SSRT campaign Test environment
H-gas + H.S H-gas blend containing ppm-level H.S and THT Test environment
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Executive Summary

This deliverable presents the final outcomes of the structural integrity activities carried out within the
SHIMMER project related to the assessment of the compatibility of existing natural gas infrastructure with
hydrogen-containing gas mixtures. The work addresses two related aspects relevant to future hydrogen
blending in European gas networks: (i) structural integrity and defect tolerance of repurposed pipelines, and
(i1) the influence of gas composition on hydrogen embrittlement behaviour in pipeline steels.

The first part of the deliverable develops a fracture-mechanics-based assessment framework, based on
conservative assumptions, for evaluating the suitability of existing transmission pipelines for hydrogen
service. The methodology combines fatigue crack growth (FCGQG) analysis, fracture resistance assessment using
Failure Assessment Diagrams (FAD), and defect detectability considerations. The analyses were performed
using representative pipeline geometries, operational conditions, and material grades relevant to the European
transmission network. The results show that hydrogen exposure significantly accelerates fatigue crack growth
and reduces fracture resistance, particularly at high operating pressures and for pipelines with high diameter-
to-thickness ratios. The study also highlights that hydrogen can reduce the margin between detectable and
critical defects, demonstrating the importance of considering inspection capability together with structural
integrity assessment when evaluating hydrogen repurposing scenarios.

Overall, the assessment provides a structured basis for ranking repurposing scenarios and identifying
where additional integrity work is required. It does not establish universal hydrogen blending limits or
provide final acceptance decisions for individual pipelines. A favourable screening result indicates a
lower relative concern under the adopted assumptions, whereas an unfavourable result identifies the
need for additional evidence or mitigation before hydrogen-containing service is considered.

The second part investigates the influence of representative European gas compositions on hydrogen
embrittlement behaviour in API 5L X70 pipeline steel under high-pressure gaseous environments. Slow strain
rate testing (SSRT) and post-mortem fracture analysis were performed using gas mixtures representative of H-
gas and L-gas compositions currently present or expected in the European gas transmission grid, including
blends containing H-S and sulphur containing odorant. Differences between gas compositions were observed,
although the results suggest that hydrogen-assisted degradation in complex gas mixtures cannot be directly
attributed to a single gaseous component or simple cumulative effects.

About the project: The European natural gas infrastructure provides the opportunity to accept hydrogen (H),
as a measure to integrate low-carbon gases while leveraging the existing gas network and contributing to
decarbonisation. However, there are technical and regulatory gaps that should be closed, adaptations and
investments to be made to ensure that multi-gas networks across Europe will be able to operate in a reliable
and safe way while providing a highly controllable gas quality and required energy demand. Aspects such as
material integrity of pipelines and components, as well as the lack of harmonisation of gas quality requirements
at European level must be addressed in order to facilitate the injection of H, in the natural gas network.

In this context, the SHIMMER project (Safe Hydrogen Injection Modelling and Management for European
gas network Resilience) was selected for funding as part of the 2023 Clean Hydrogen Partnership programme.
SHIMMER aims to enable a higher integration of low-carbon gases and safer H, injection management in
multi-gas networks by strengthening the knowledge base and improving the understanding of risks and
opportunities in H, projects.

It will do this by:

e Mapping and assessing European gas T&D infrastructure in relation to materials, components,
technology, and their readiness for hydrogen blends.

e Defining methods, tools and technologies for multi-gas network management and quality tracking,
including simulation, prediction, and safe management of network operation in view of widespread
hydrogen injection in a European-wide context.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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e Proposing best practice guidelines for handling the safety of hydrogen in the natural gas infrastructure
and managing the risks.

The research leading to these results has received funding from Horizon Europe, the European Union's 90of57
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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1 Introduction

1.1 Purpose of the document

This deliverable represents the final outcome of the research activities carried out within the task focused on
the evaluation of materials and components qualification procedures for assessing hydrogen readiness, as part
of the Integrity Management and Safety Work Package 3 developed within the SHIMMER project. The
deliverable addresses the compatibility of existing natural gas infrastructure with hydrogen-containing gas
mixtures through two distinct but related aspects. The first part of the deliverable focuses on the structural
integrity assessment and defect tolerance of existing transmission pipelines under hydrogen service. A fracture-
mechanics-based framework combining fatigue crack growth, fracture resistance, and defect detectability is
developed to assess the suitability of repurposed pipelines operating under hydrogen-containing conditions.

The second part investigates the influence of gas quality and gas composition on hydrogen embrittlement
behaviour in pipeline steels under representative gaseous environments. Particular attention is given to the role
of natural gas constituents, impurities, and sulphur-containing species on hydrogen-assisted degradation
mechanisms. The investigated gas mixtures were selected to reflect representative compositions currently
present or expected in the European gas transmission grid, ensuring that the experimental conditions remain
as close as possible to realistic future operating scenarios for hydrogen—natural gas transport systems.

Together, these studies contribute to improving the understanding of how both structural integrity limitations
and gas composition effects influence the compatibility of existing gas infrastructure with hydrogen transport.
The deliverable therefore contributes to the development of safe and reliable hydrogen repurposing and
integrity-management strategies for future European multi-gas networks.

1.2 Authorship and Intellectual Property Rights

The preparation of this report was led by Tecnalia, who were responsible for compiling and structuring the
findings. Following its preparation, the report was circulated to all consortium members for review and
revision, ensuring that the perspectives, expertise, and feedback of the entire partnership were incorporated.

1.3 Intended readership

This deliverable is intended for technical experts, researchers, gas transmission and distribution operators
(TSOs and DSOs), infrastructure owners, engineering companies, integrity-management specialists,
standardization bodies, and regulatory stakeholders involved in the assessment of hydrogen transport in
existing natural gas infrastructure.

The work combines fracture-mechanics-based structural integrity assessment with experimental investigation
of hydrogen embrittlement under representative gas compositions relevant to the European gas transmission
grid. The presented methodologies, the use of industrially relevant datasets, and experimental results contribute
to improving the understanding of hydrogen-related degradation mechanisms, defect tolerance, and gas
composition effects in hydrogen-containing transmission systems. The findings are therefore relevant for both
research activities and future technical assessment methodologies related to hydrogen repurposing and
integrity management of European multi-gas networks.

1.4 Structure of this document

This deliverable is divided into two main parts. The first part focuses on the structural integrity assessment and
defect tolerance of existing natural gas pipelines under future hydrogen blending scenarios. The second part
investigates the influence of gas quality and gas composition on hydrogen embrittlement behaviour in pipeline
steels under representative gaseous environments.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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1.5 Stakeholder involvement

The work was developed in close collaboration with the industrial partners participating in the SHIMMER
consortium, including TSOs and DSOs together with their technical teams. Their input contributed to the
definition of representative operating conditions, gas compositions, and integrity assessment scenarios relevant
to the European gas transmission network. In particular, the industrial partners provided operationally relevant
data related to pipeline materials, geometries, and operating conditions, and supported the definition of
representative gas compositions for hydrogen transport applications.

1.6 Relation to other projects and initiatives

Some of the conclusions related to the assessment of gas composition presented build upon previous research
activities related to hydrogen embrittlement in pipeline steels. In particular, interpretation of the results related
to sulphur-containing odorants was supported by previous findings obtained within the ONTZHi project,
coordinated by Tecnalia, where commercially relevant THT concentrations showed no significant
enhancement of hydrogen-assisted degradation under high-pressure gaseous hydrogen conditions. However,
this interpretation is made with caution, since the effect of gas additives may differ in complex multicomponent
gas mixtures.

1.7 Relationship with other deliverables

The work presented in this document receives inputs from the following deliverables:

e D2.4 Scope and limitations of standards for testing and qualifications of materials and components for
H2 service

e D3.1 Identification of critical material properties and component factors

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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2 Structural integrity screening of repurposed natural gas pipelines

2.1 Objectives and scope of the assessment

The transition towards low-carbon energy systems has increased the interest in hydrogen as an energy carrier
capable of supporting decarbonisation across multiple industrial sectors. In this context, repurposing existing
natural gas transmission pipelines for hydrogen transport has emerged as a cost-effective and scalable strategy
compared to building dedicated hydrogen pipelines from scratch [1,2].

However, the introduction of hydrogen into steel pipelines, either as a pure gas or as a blend with natural gas,
raises structural integrity challenges. A key issue is whether defects that are acceptable under natural gas
service remain tolerable under hydrogen exposure. From a structural integrity perspective, this question is
critical because crack-like defects may propagate under cyclic internal pressure and eventually reach a critical
fracture condition.

Extensive literature has demonstrated that hydrogen affects the mechanical behaviour of steels in ways that
are directly relevant to defect tolerance. In particular, hydrogen exposure can reduce fracture toughness and
accelerate fatigue crack growth (FCG) [3—8]. These effects are commonly interpreted in terms of hydrogen-
assisted damage mechanisms, including hydrogen-enhanced localized plasticity and hydrogen-enhanced
decohesion, together with hydrogen diffusion and trapping processes that modify crack-tip conditions and
facilitate crack advance under monotonic and cyclic loading [9-11].

Recent studies have assessed the structural integrity of repurposed pipelines for the introduction of hydrogen
blends. They argued that the main integrity consequences arise from the combination of lower fracture
toughness and accelerated FCG, all of which reduce the tolerance to defects in service [12]. In parallel,
emerging fracture-assessment approaches have shown that conventional Failure Assessment Diagram (FAD)
methodologies can be extended to hydrogen transmission scenarios, including weld-sensitive and hydrogen-
dependent conditions, but they also show that the outcome is highly sensitive to the representation of residual
stresses, local brittle regions, and degraded material properties [13]. Recent work on ASME B31.12 Option A
has also shown that current code-based repurposing assessments may contain significant conservatism,
supporting the need for more explicit and mechanically grounded evaluations rather than relying on blanket
assumptions [14]. At the same time, recent reviews of standards and codes have concluded that important gaps
remain in test methods, material qualification routes, and integrity-assessment procedures for hydrogen
pipeline infrastructure [15].

Within this context, the present section reports the structural integrity screening activity performed in
SHIMMER to evaluate representative natural gas pipeline repurposing scenarios under hydrogen-containing
service. The assessment combines fracture-mechanics-based critical defect evaluation with fatigue crack
growth calculations under representative operational pressure fluctuations. Hydrogen effects are introduced
through degraded fracture toughness values compiled from the literature and through hydrogen-adjusted FCG
laws. Defect detectability is also considered at screening level by comparing representative detectable flaw
sizes with calculated critical defect conditions.

The objective of this section is to provide an assessment of the influence of material grade, pipeline geometry,
operating pressure and hydrogen fraction on fatigue life and defect tolerance. The results are intended to
support the identification of configurations that may remain within conservative screening margins and those
for which a more detailed, case-specific structural integrity assessment would be required before hydrogen
service.

2.2 Engineering basis and assessment assumptions

The structural integrity screening performed in this section is based on recognised fracture-mechanics and
fatigue-assessment procedures, combined with conservative assumptions suitable for a project-level evaluation
of hydrogen repurposing scenarios. The assessment focuses on crack-like defects in transmission pipelines,
since these defects are directly relevant to both fracture resistance and fatigue crack growth under cyclic
internal pressure.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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The engineering basis of the assessment combines three complementary elements. First, a fracture assessment
procedure is used to determine critical defect conditions for representative pipeline geometries and material
grades. Second, fatigue crack growth calculations are performed to estimate the evolution of detectable crack-
like defects under operational pressure fluctuations. Third, defect detectability is considered by comparing
representative detectable flaw dimensions with the calculated critical defect conditions. This combination
allows the screening to evaluate not only whether a defect may become critical, but also whether sufficient
margin exists between detection and failure.

The assessment follows a conservative screening philosophy. Hydrogen effects are introduced through two
main material-degradation aspects: reduction of fracture toughness and acceleration of fatigue crack growth.
These effects are represented using literature-based material data and hydrogen fatigue crack growth laws
available in recognised engineering guidance. Where uncertainty exists, conservative assumptions are adopted
in order to avoid overestimating the integrity margin of existing pipelines.

The fracture assessment is based on the Failure Assessment Diagram (FAD) approach, following the general
principles of BS 7910. The analysis considers semi-elliptical internal axial surface flaws in cylindrical
pipelines subjected to internal pressure. This flaw configuration is relevant for transmission pipelines because
internal pressure primarily generates circumferential stresses, which drive axial crack opening. The assessment
is performed using an Option 1 screening approach and simplified loading assumptions, with membrane stress
from internal pressure as the main primary stress contribution.

Fatigue crack growth is assessed from an initial detectable defect size to the critical defect condition obtained
from the fracture assessment. The cyclic loading input is derived from representative operational pressure
fluctuations. Since long-term hydrogen transmission pressure records are still limited, natural gas pressure
histories are used as baseline operational loading spectra, while hydrogen effects are introduced through
material behaviour. The pressure signal is converted into hoop stress history and processed using rainflow
cycle counting to obtain a stress-range spectrum suitable for fatigue crack growth calculations.

The case matrix includes representative API pipeline steel grades, medium and large pipeline geometries,
operating pressures, and hydrogen fractions in the transported gas. Material strength properties are defined
according to minimum requirements from applicable pipeline guidance, while fracture toughness and fatigue
crack growth behaviour are selected to provide conservative screening conditions. The initial defect size is
defined using representative non-destructive testing detectability thresholds, allowing the assessment to
estimate the remaining margin between a detectable flaw and the critical condition.

Overall, the assumptions adopted in this section are intended to support a conservative comparison between
different repurposing scenarios rather than to define absolute acceptance limits for individual pipelines.
Pipeline-specific assessments would require more detailed information on material properties, weld condition,
residual stresses, defect morphology, inspection performance, pressure history and applicable safety factors.

2.2.1 Structural integrity assessment approach

The structural integrity assessment was performed using a fracture-mechanics-based screening approach
consistent with the general principles of BS 7910. The objective was to determine whether representative
crack-like defects in existing natural gas pipelines may remain acceptable under hydrogen-containing service,
considering both fracture resistance and plastic collapse.

The assessment was based on the FAD concept, which evaluates the condition of a flawed component through
two non-dimensional parameters: the fracture ratio, K., and the load ratio, L. The fracture ratio represents the
applied crack-driving force normalised by the material fracture resistance, while the load ratio represents the
proximity of the component to plastic collapse. A defect is considered acceptable when the corresponding
assessment point remains within the safe region of the FAD.

The fracture ratio was defined as:

K

Konat

K, =

Equation 1
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where K is the applied stress intensity factor and Kma is the fracture toughness used in the assessment. The
load ratio was defined as:

L.= % Equation 2
y

where o is the reference stress and oy is the material yield strength.

Figure 1 schematically illustrates the FAD concept. The failure assessment line separates acceptable and
unacceptable conditions. Assessment points located below the line are considered safe, while points located
on the line correspond to critical conditions. Points above the line are considered unsafe. The diagram also
illustrates the transition between brittle fracture-dominated behaviour, elastoplastic fracture behaviour and
plastic collapse-dominated behaviour as (L;) increases.

—Failure Assessment Line

K/L=1.1 @ A = Safe Condition

Brittle fracture domain

@ B = Critic Condition
A

@ C = Unsafe Condition

Lr erax
Figure 1 Failure assessment diagram (FAD) definition.

The analysis focused on semi-elliptical internal axial surface flaws in cylindrical pipelines subjected to internal
pressure. This flaw configuration was selected because internal pressure mainly generates circumferential
stress, which is the primary driving stress for axial crack opening. The circumferential stress was evaluated
using the thin-wall Barlow expression:

P-0OD .
Ohoop = 5 Equation 3

where (P) is the internal pressure, (OD) is the outer diameter and (t) is the pipe wall thickness.

The applied stress intensity factor was calculated using the corresponding BS 7910 solutions for semi-elliptical
internal axial surface cracks for pipelines. Stress concentration and misalignment factors were taken as unity.
Residual stresses were treated as secondary stresses and an initial as-welded residual stress equal to the material
yield strength was assumed. Within the FAD calculation, the effective residual stress contribution was limited
according to the interaction between primary loading, flow stress and secondary stress prescribed by the
adopted BS 7910 procedure.

For each material, geometry and pressure condition, the critical defect size was obtained by increasing the
crack dimensions until the FAD assessment reached the limiting condition. Since a semi-elliptical surface flaw
is defined by both crack depth, a, and surface length, 2c, the result of the assessment is not a single critical
crack size but a critical defect envelope in the a-2¢ space.

The research leading to these results has received funding from Horizon Europe, the European Union's
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The calculated critical defect envelopes were subsequently compared with representative non-destructive
testing detectability thresholds. This comparison provides a screening-level indication of whether defects that
are large enough to be detected by inspection still retain sufficient margin before reaching critical conditions.

The approach was intended to provide conservative trends across representative repurposing scenarios rather
than pipeline-specific acceptance decisions. More detailed assessments would require project-specific
information on actual material toughness, weld condition, residual stress state, flaw morphology, inspection
performance and operating history.

2.2.2 Fatigue crack growth assessment

The fatigue crack growth assessment was performed to estimate the evolution of representative crack-like
defects under cyclic internal pressure. The analysis considered the propagation of an initial detectable flaw up
to the critical defect condition obtained from the fracture assessment described in Section 2.2.1.

Crack propagation was modelled using a fracture-mechanics-based approach, where the crack growth rate is
expressed as a function of the stress intensity factor range: da/dN = f(AK).

The initial crack dimensions were set to ag)=2 mm and 2¢y=20 mm as study-specific, technique-independent
reference dimensions selected with reference to the indicative inspection capabilities reported in Annex T of
BS 7910. This ensures that the fatigue-life calculation represents the remaining life of a defect from the point
at which it is assumed to be detectable by non-destructive testing, rather than the total life from crack initiation.
In the screening assessment, the final crack size was defined as the critical defect condition obtained from the
FAD-based assessment.

The reference crack dimensions adopted in this study should be understood as study-specific screening
assumptions. To set the initial crack defect dimensions there are further, less conservative options (see DVGW
G464 [16]), allowing to define a smaller defect size dimension. Furthermore, the SHIMMER consortium is
aware of other relevant standards that are currently under revision with this area as well.[17]

Figure 2 schematically illustrates the two mechanisms through which hydrogen is considered in the overall
assessment: acceleration of fatigue crack growth and reduction of fracture toughness. These mechanisms are
evaluated separately in the present screening framework. In the fatigue-life calculations, a common
conservative value of Ky =55 MPaVm was used for all environments, and the hydrogen fraction therefore
affects fatigue life through the adopted hydrogen-assisted fatigue crack growth law.

In order to maintain a conservative screening approach, hydrogen-assisted fatigue crack growth was
represented using the ASME B31.12 Code Case 220 formulation [ 18]. This approach accounts for the influence
of hydrogen pressure and load ratio through a conservative fatigue crack growth envelope, making it suitable
for project-level screening where material-specific fatigue crack growth data are not available for every steel
grade and condition.

For each case, the crack was incrementally propagated by calculating AK as a function of crack size and cyclic
stress range. The accumulated number of cycles required to grow from the initial detectable defect to the
critical condition was then converted into an equivalent fatigue life using the operational pressure-cycle
spectrum. The resulting value represents a conservative estimate of the inspection-to-failure margin for the
analysed scenario.

This approach allows the effect of material grade, pipeline geometry, operating pressure and hydrogen fraction
to be compared consistently across the case matrix. However, the calculated fatigue lives should be interpreted
as screening-level results. Pipeline-specific fatigue assessments would require actual pressure histories,
material-specific fatigue crack growth data, detailed flaw characterisation and inspection performance
information.

The research leading to these results has received funding from Horizon Europe, the European Union's
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Figure 2 Hydrogen effects on fatigue lifetime assessment.

2.2.2.1 Operational pressure fluctuations

The fatigue-life calculation is governed by the cyclic stresses generated by pressure fluctuations during
pipeline operation. In conventional natural gas systems, long-term pressure records are available and provide
a realistic representation of operational loading conditions.

A single real natural-gas operational pressure history for period of one year was used as the reference loading
spectrum for all pipeline configurations (see Figure 3). The original history was associated with pipeline of
nominal pressure of 60 bar and the recorded pressure fluctuation spanned over a pressure range from
approximately 48.7 to 67.9 bar, with a mean pressure of 60.8 bar and a standard deviation of 3.1 bar. To be
able to apply the recorded pressure variation to different nominal pressure pipelines, for each analysed nominal
pressure level, Pnom, the complete pressure history was shifted according to:

Padjusted (t) = Precorded (t) + (Paom — 60) Equation 4

Because the same constant pressure offset is added to every point in the recorded history, the pressure
differences between data points remain unchanged. Consequently, the pressure-cycle ranges and their
occurrence counts are preserved, while the absolute mean, minimum and maximum pressure levels are shifted.

The adjusted pressure signal was converted into the corresponding hoop-stress history using Equation 3. The
resulting stress-time signal was processed using rainflow cycle counting in accordance with ASTM E1049
[19], as illustrated in Figure 3. Each extracted cycle was characterised by its stress range, mean stress, load
ratio, R, and number of occurrences. The original temporal sequence is not retained after rainflow processing;
for the fatigue crack growth calculation, the extracted cycles were arranged in descending order of stress range.

The complete rainflow-counted spectrum was treated as one equivalent annual loading block. Within each
block, the stress intensity factor ranges at the crack-depth and surface locations were calculated using the crack
dimensions at the beginning of the block. The crack-growth contributions from the individual cycles were
accumulated and both crack depth and surface length were updated at the end of the block. The annual block
was repeated until the evolving crack reached the limiting FAD condition. The equivalent fatigue life was
calculated by dividing the accumulated number of cycles by the total number of rainflow-counted cycles in
the reference annual spectrum.

The research leading to these results has received funding from Horizon Europe, the European Union's
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This approach allows representative operational pressure fluctuations to be incorporated into the screening
analysis while keeping the treatment of hydrogen effects within the material-degradation model. It should be
noted that the resulting fatigue lives are dependent on the selected pressure history and should therefore be
interpreted as screening-level indicators rather than absolute lifetime predictions for a specific pipeline.
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Figure 3 Derivation of stress range spectrum from operational pressure time series for FCG analysis.

2.2.2.2 Case matrix and sensitivity analysis

To evaluate the influence of key parameters on structural integrity, the assessment is implemented using a
structured case-matrix approach in which material properties, pipeline geometry and operating conditions are
systematically varied.

The parameter space is defined by varying four primary variables: material strength (API grade), pipeline
geometry (OD and t), maximum operating pressure and hydrogen fraction in the transported gas. These
variables directly control the crack driving force, fracture resistance and FCG behaviour.

The mechanical properties of the pipeline steels are defined according to the minimum strength requirements
specified in ASME B31.12. The corresponding yield strength and ultimate tensile strength values are
summarised in Table 1. These properties influence the structural integrity assessment through their role in the
FAD formulation: the yield strength determines the reference stress ratio L, while the ultimate tensile strength
defines the plastic collapse limit (L max).

Table 1 Minimum strength requirements for API pipeline steels according to ASME B31.12.

Strength class ISO) Min. oy (MPa) Min. 6, (MPa)

X42 (L290) 290 415
X52 (L360) 360 460
X60 (L415) 415 520
X70 (L485) 485 570
X80 (L555) 555 625

The analysed pipeline geometries were selected to cover representative medium and large transmission
pipeline sizes. The case matrix included different combinations of outside diameter and wall thickness,
resulting in a range of diameter-to-thickness (OD/t) ratios. This parameter is relevant because, for a given
internal pressure, higher diameter-to-thickness ratios generally lead to higher circumferential stresses and
therefore higher crack-driving forces. The pipeline geometries considered in the assessment are listed in Table
2.

The research leading to these results has received funding from Horizon Europe, the European Union's
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Table 2 Pipeline geometries considered in the fatigue screening assessment.

OD (mm) Wall thickness, t (mm) Pipeline size category

273.0 52,5.6,64
323.8 5.6,64,7.1 Medium sizes
406.4 5.6,64,7.1,9.5
508.0 7.1,8.0,9.5,11.1
660.0 9.5,11.1,12.7, 143
Large sizes
762.0 11.1,12.7,14.3,17.5
914.0 12.7,15.9, 19.1, 20.6

The operating conditions were defined by varying the nominal pressure level and the hydrogen fraction.
Nominal pressure levels from 30 to 90 bar, in increments of 10 bar, were considered. The main screening
matrix compared inert conditions with 100% hydrogen. Intermediate hydrogen fractions of 1%, 5%, 20%, 30%
and 50% were additionally evaluated.

For the fatigue-life screening, the fracture toughness used to define the final critical condition was set to
Kma=55 MPaVm. This value was adopted as a conservative hydrogen-service screening threshold and was
used consistently across the fatigue crack growth calculations. The purpose of this assumption was to avoid
overestimating the propagation margin from the detectable defect to the critical condition.

Hydrogen-assisted fatigue crack growth was represented using the ASME B31.12 Code Case 220 formulation.
This conservative curve was selected to provide a common basis for comparing different materials and
geometries when material-specific fatigue crack growth data in hydrogen were not available for every steel
grade and condition.

Residual stresses were considered through a conservative as-welded assumption, with secondary stresses taken
as equal to the material yield strength. Since inspection capability depends on factors such as the technique
employed, component geometry, access conditions, flaw orientation and operator qualification, a universal
detectability threshold cannot be defined. The initial dimensions ap=2 mm and 2¢o=20 mm were therefore
adopted as a technique-independent reference defect size for the preliminary screening assessment, broadly
consistent with the typical inspection capabilities reported in Annex T of BS 7910. Accordingly, the calculated
fatigue life represents the remaining propagation life from this assumed reference defect rather than from a
universal or qualified detection limit.

The main input parameters adopted for the fatigue-life screening assessment are summarised in Table 3.

Table 3 Summary of input parameters used in the fatigue screening assessment.

Category Parameter Value(s) Unit / Description
Operational condition =~ Nominal pressure 30-90 (step 10) bar
Hydrogen fraction 0,1,5,20,30,50,100 %
Material properties Kmat 55 MPaVm
FCG curve ASME B31.12 CC220 mm/cycle
AKy, 2 MPaVm
Residual stress As welded (6res =0y)  MPa
Initial defect definition Initial crack depth, ag 2 mm

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.



.@%Shimmer

D3.2 — Assessing the compatibility of the existing natural gas infrastructure with H2-NG blends Version: 03

Initial surface length, 2co 20 mm

It should be noted that the conservative value of Kua=55 MPaVm was used only for the fatigue-life screening
calculations. For the separate critical-defect and detectability assessment described in Section 2.2.3,
representative fracture toughness values were derived from literature data for each API grade and environment.
This distinction allows the fatigue-life analysis to remain conservative, while the critical-defect assessment
captures the effect of material grade and hydrogen degradation on defect tolerance.

The purpose of the sensitivity analysis was to identify the combinations of material, geometry and operating
condition that most strongly reduce the fatigue-life margin or bring detectable defects close to critical
conditions. The results should therefore be interpreted as comparative screening outputs rather than as final
acceptance criteria for specific pipelines.

2.2.3 Critical crack assessment

The critical crack assessment was performed to determine the flaw dimensions leading to the limiting structural
condition for each material, geometry, pressure and environment considered in the screening matrix. Unlike
the fatigue-life screening described in Section 2.2.2, which used a conservative fracture toughness, this
assessment used representative fracture toughness values derived from literature data for each API grade and
environment.

Surface flaws in pipelines are defined by two geometric parameters: crack depth, a, and surface length, 2c.
Therefore, the critical condition cannot be represented by a single crack size. Instead, the assessment generates
a critical defect envelope in the a-2c space. This envelope separates flaw dimensions that remain acceptable
from those that reach the limiting FAD condition.

The assessment matrix included five API pipeline steel grades, from X42 to X80; the medium and large
pipeline geometries defined in Table 2; operating pressures ranging from 30 to 90 bar; and two environmental
conditions, namely inert and 100% gaseous hydrogen.

For each analysed configuration, the crack depth and surface length were systematically varied, and the
corresponding FAD assessment point was calculated. The critical defect envelope was obtained when the
assessment point reached the failure assessment line. This procedure was repeated for the selected API steel
grades, pipeline geometries, operating pressures and environmental conditions.

Two environmental conditions were considered: inert conditions and pure gaseous hydrogen. The comparison
between both environments allows the reduction in defect tolerance caused by hydrogen-degraded fracture
toughness to be evaluated. The source data were grouped by nominal steel grade but not by production era,
since manufacturing year, production route and service history were not consistently reported. Consequently,
the representative median fracture toughness values summarised in Table 4 should be interpreted as pooled,
grade-level screening properties rather than as values representative of either vintage or modern steels.

Table 4 Median fracture toughness values used for the critical crack assessment. Data from: [3—
5,8,20-39].

Steel grade Kuar, Inert (MPa\/m) Kat, H2 (MPa\/m)

X42 162 98
X52 180 105
X60 142 96
X70 233 101
X80 252 104
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The calculated critical-defect envelopes were compared with the study-defined NDT reference dimensions
selected with reference to the indicative inspection capabilities reported in Annex T of BS 7910. In this
screening assessment, the detectability threshold was represented by an initial crack depth of ap =2 mm and
an initial surface length of 2co = 20 mm. This comparison provides an indication of whether a defect that is
assumed to be detectable by inspection remains clearly below the critical condition or whether the detectable
and critical domains become close.

The objective of this assessment was not to define inspection qualification limits, but to evaluate the available
margin between representative detectable defects and critical defect conditions. Configurations in which the
critical defect envelope approaches the detectability threshold were identified as requiring more detailed
pipeline-specific assessment, including refined material properties, inspection capability, flaw sizing
uncertainty and operational loading information.

As an independent design check, each material-geometry—pressure combination was also compared with the
allowable pressure calculated according to ASME B31.12. The calculation used a design factor F=0.72,
longitudinal joint factor E=1.0, temperature derating factor T=1.0, and the applicable hydrogen material
performance factor Hy. This code-based pressure check was performed independently of the fracture-based
inspection-screening classification.

The critical defect assessment therefore complements the fatigue-life screening. While the fatigue analysis
estimates the time or number of cycles required for a detectable defect to reach a critical condition, the critical
defect assessment evaluates how hydrogen exposure changes the critical flaw envelope itself. Together, both
analyses provide a conservative screening basis for identifying repurposing scenarios where hydrogen service
may reduce defect tolerance or inspection-to-failure margins.

2.3 Summary of fatigue life screening results

The results show that hydrogen-containing service reduces the calculated fatigue-life margin. This reduction
is associated with the acceleration of fatigue crack growth under hydrogen exposure and with the reduction in
the critical defect size used as the final condition of the propagation calculation. The magnitude of the reduction
depends on the combined influence of operating pressure, hydrogen fraction, pipeline geometry and material
grade.

The effect of hydrogen fraction is shown as an example in Figure 4 for a representative X42 pipeline geometry.
For all pressure levels considered, the predicted fatigue life decreases as the hydrogen fraction increases. The
largest reduction occurs when moving from inert or non-hydrogen conditions to hydrogen-containing
conditions, while the additional decrease becomes more gradual as the hydrogen fraction approaches 100%.
This trend indicates that even moderate hydrogen contents may have a relevant influence on fatigue crack
growth margins under the conservative assumptions adopted in the screening assessment.
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Figure 4 Example of influence of hydrogen fraction on fatigue life for an X42 pipeline.

The nominal pressure has a strong influence on the calculated fatigue life. For a given material and geometry,
increasing the maximum pressure increases the circumferential stress range and therefore the stress intensity
factor range driving crack propagation. As a result, higher pressure levels lead to shorter propagation lives.
This effect is observed both in inert and hydrogen-containing conditions, although the reduction becomes more
restrictive when hydrogen-assisted fatigue crack growth is considered.

The influence of pipeline geometry was assessed by comparing medium and large pipeline sizes at fixed
nominal pressure of 40 bar. Figure 5 and Figure 6 compare the calculated fatigue lives under inert and 100%
hydrogen conditions for X42. Geometries with higher OD/t generally develop higher hoop stresses and shorter
fatigue lives. However, OD/t alone does not completely define the response because the absolute outside
diameter, wall thickness and evolving crack geometry also influence the stress intensity factors and limiting
FAD condition.
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Figure S Effect of 100% H: on the fatigue life of X42 pipelines at nominal pressure of 40 bar for medium
pipeline sizes.
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Figure 6 Effect of 100% H: on the fatigue life of X42 pipelines at nominal pressure of 40 bar for large
pipeline sizes.

For both medium and large pipeline sizes, hydrogen exposure reduces the calculated fatigue life compared
with inert conditions. At the nominal pressure represented in Figure 5 and Figure 6 (40 bar), however, all the
analysed configurations remain approximately one order of magnitude or more above the adopted 100-year
screening threshold. These figures should therefore be interpreted as illustrating the relative effect of hydrogen
and geometry, rather than indicating proximity to the screening limit. Shorter fatigue lives are generally
obtained for configurations with higher OD/t ratios, particularly where the initial crack depth represents a
larger fraction of the wall thickness. Nevertheless, OD/t alone does not govern the response, since the absolute
pipe dimensions, hoop-stress utilisation, evolving crack geometry and limiting FAD condition also influence
the calculated life.

To condense the fatigue-life calculations into a project-level screening output, the highest analysed nominal
pressure level for which the calculated propagation life remained at or above 100 years was identified for each
material-geometry combination under 100% hydrogen. The results for the medium- and large-size matrices
are presented in Figure 7 and Figure 8§, respectively.
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Figure 7. Highest analysed nominal pressure ensuring >100-year fatigue life for different API steels
under 100% hydrogen and medium pipeline sizes.
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Figure 8. Highest analysed nominal pressure ensuring >100-year fatigue life for different API steels
under 100% hydrogen and large pipeline sizes.

Figure 7 and Figure 8 should not be interpreted as code-based allowable pressures or MAOP values. They
report the highest nominal pressure level within the discrete range analysed (30 to 90 bar in increments of 10
bar) that satisfies the adopted 100-year fatigue-life screening criterion. A value of 90 bar therefore indicates
that the case remained above the threshold at the upper bound of the study, not that 90 bar constitutes its
calculated limiting pressure.

The assumed residual-stress state plays an important role in interpreting the material-grade trends shown in
Figure 7 and Figure 8. Residual stresses were introduced as secondary stresses, with an initial as-welded value
equal to the YS of each grade. They therefore contribute principally to the secondary crack-driving force,
increasing K, and also influence the effective load ratio used in the fatigue crack growth calculation, but they
do not directly contribute to L,. Consequently, higher-strength grades are assigned larger absolute residual
stresses, which can reduce the calculated critical-defect size and fatigue propagation margin and may therefore
be an important driver of the apparent material ranking.

This assumption is intentionally conservative. For comparison, neutron-diffraction measurements performed
on the seam weld of a mechanically expanded UOE X65 linepipe reported maximum residual stresses of
approximately 250 MPa, compared with a parent-material yield strength of 516 MPa, with most measured
values below 50% of the yield strength.[40] Therefore, assigning the residual-stress magnitude as equal to the
yield strength should be interpreted as an upper-bound screening assumption rather than as a representative
measured residual-stress state. This conservatism should be considered when interpreting the material-grade
ranking and the associated critical-defect and fatigue-life trends.

For medium pipeline sizes, shown in Figure 7, the admissible pressure generally decreases as the OD/t ratio
increases. X42 exhibits the widest operating window, with several low-OD/t configurations remaining
compatible with pressures up to the upper bound of the analysed range. X52 and X60 show progressively
narrower admissible pressure ranges, particularly as the geometry becomes thinner-walled. Under the
conservative fatigue-life screening assumptions, higher-strength grades such as X70 and X80 do not
consistently provide an improved fatigue margin, despite their higher yield strength.

For large pipeline sizes, shown in Figure 8, the same general trend is observed, but the screening envelope
becomes more restrictive for several configurations. Large-diameter geometries with relatively thin walls
generate higher pressure-induced crack-driving forces, which reduces the pressure range compatible with a
100-year fatigue-life criterion. As a result, some material-geometry combinations that remain acceptable at
lower pressures become limiting when pressure or OD/t ratio increases.
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The comparison between medium and large pipeline sizes indicates that the feasibility of hydrogen repurposing
cannot be defined using pressure alone. The governing response depends on the combined effect of wall
thickness, outside diameter, material grade and hydrogen-assisted fatigue crack growth. For the same nominal
pressure, a geometry with a higher OD/t ratio may present a significantly lower propagation margin than a
thicker-walled configuration. Therefore, pressure limits for hydrogen service should not be generalised without
considering the specific pipeline geometry.

The apparent reduction in admissible pressure for higher-strength grades should also be interpreted with
caution. These results do not imply that higher-grade pipeline steels are intrinsically unsuitable for hydrogen
service. Rather, they reflect the conservative assumptions adopted in this screening analysis, including the use
of a common hydrogen fatigue crack growth formulation, a conservative fracture toughness value for the
fatigue-life endpoint, and minimum strength properties. In real pipeline assessments, material-specific fracture
toughness, fatigue crack growth behaviour, weld condition and inspection performance could significantly
modify the final margin.

From an engineering screening perspective, Figure 7 and Figure 8 separate the analysed cases into three
practical groups. The first includes combinations that remain above the 100-year threshold throughout the
nominal pressure range analysed. The second includes combinations that satisfy the criterion only up to an
intermediate nominal pressure level and may therefore require refined assessment or pressure management.
The third includes combinations that fail to reach the 100-year threshold even at the lowest nominal pressure
considered. These groups support prioritisation for further assessment but do not constitute fitness-for-service
acceptance categories.

Overall, the fatigue-life screening identifies nominal pressure level, pipeline geometry and hydrogen-assisted
fatigue crack growth as the principal factors controlling the calculated propagation margin from the assumed
reference defect to the limiting FAD condition. Figure 7 and Figure 8 should be interpreted as comparative
screening maps for prioritising material-geometry combinations for more detailed assessment. They do not
provide code-based pressure limits, MAOP values or pipeline-specific remaining-life predictions.

2.4 Summary of critical-defect assessment and inspection-screening results

The critical-defect and inspection-screening results evaluate the relationship between the critical flaw
dimensions predicted by the FAD assessment and the assumed non-destructive testing (NDT) capability.
Unlike the fatigue-life results presented in Section 2.3, which quantify crack propagation from an assumed
detectable flaw to a critical condition, this section focuses on the position of the critical-defect envelope itself
relative to the inspection-screening regions. For each material, geometry, pressure and environment included
in the assessment matrix, critical-defect envelopes were calculated in terms of critical crack depth, aci, and
critical surface length, 2ccrit.

Figure 9 presents a representative comparison between the critical-defect envelopes obtained under inert and
100% H> conditions for X42 steel at OD/t=63.50 and 90 bar. The envelopes are superimposed on inspection-
screening regions defined using a reference crack depth of axpr=2 mm and a reference surface length of
2cnpr=20 mm. These dimensions were selected with reference to the indicative inspection capabilities reported
in Annex T of BS 7910. They are used as technique-independent screening assumptions and should not be
interpreted as universal NDT detection limits, qualified inspection thresholds or probability-of-detection
values.

The research leading to these results has received funding from Horizon Europe, the European Union's
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Figure 9. Example of critical-defect envelopes under inert and 100% hydrogen environments for X42
steel at OD/t = 63.50 and 90 bar (OD =508, t =8 mm).

The coloured background in Figure 9 classifies individual points of the critical-defect envelope. Black
represents the fully sub-threshold region, in which both crack depth and surface length are below their
respective NDT reference dimensions. Green represents the opposite condition, in which both dimensions
equal or exceed their reference values. Red and yellow subdivide the two partial-detectability regions, where
only one of the characteristic flaw dimensions exceeds its reference value. Red identifies conditions closer to
the fully sub-threshold region, whereas yellow identifies conditions in which the dimension exceeding its
reference value is geometrically more pronounced. Yellow therefore represents a lower relative inspection
concern than red, but it does not imply guaranteed detection because the other characteristic dimension remains
below its assumed reference value.

Within these partial-detectability regions, red and yellow were separated using study-defined geometric
thresholds of a/t=0.5 and 2¢/t=10. For flaws with 2¢<20 mm and a>2 mm, the region is classified as red when
a/t<0.5 and as yellow when a/t>0.5. Conversely, for flaws with a<2 mm and 2¢<20 mm, the region is classified
as red when 2¢/t<10 and as yellow when 2¢/t>10.

Please note that these thresholds are not based on inspection capability, published acceptance criteria, BS 7910
limits, or probability-of-detection data. The value a/t=0.5 was selected as a physically interpretable depth
marker corresponding to a crack depth equal to half the wall thickness. The value 2¢/t=10 was selected as an
aspect-ratio marker for elongated flaws, providing a reproducible separation between partial-detectability
cases with a relatively limited surface extent and those with a more pronounced longitudinal extent. The two
values were adopted as fixed visualization conventions after reviewing the normalized critical-defect
envelopes across the assessment matrix.

They are therefore intended only to provide a consistent and reproducible visual classification for comparative
screening. Changing these study-defined thresholds would modify the red yellow subdivision, but would not
modify the calculated critical-defect envelopes or the underlying FAD results.

To summarise the large number of critical defect envelopes generated in the parametric study, the results were
condensed into traffic-light detectability maps. These maps provide a practical screening representation of the
combined influence of material grade, geometry and pressure on the margin between critical and detectable
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defects. To assign a single traffic-light colour to each complete critical-defect envelope, the short-flaw and
shallow-flaw branches were considered together. A case was classified as black if any part of the envelope
entered the region where both flaw dimensions are below the assumed NDT reference values. Otherwise, the
overall colour was assigned from the two branch classifications: red was used for red-red or red-yellow
combinations, yellow for red-green or yellow-yellow combinations, and green for green-green or green-yellow
combinations.

Figure 10 and Figure 11 present the resulting traffic-light maps for the medium- and large-diameter pipeline
matrices, respectively. Each cell represents one combination of material grade, OD/t and operating pressure in
100% H,. Black indicates the highest inspection concern, red a high concern, yellow an intermediate concern
and green a low concern under the adopted screening assumptions. These categories provide a relative ranking
for further assessment and should not be interpreted as direct fitness-for-service acceptance criteria.

The ASME B31.12 check provides an additional and overriding design-screening layer. The allowable
pressure was calculated using a design factor F=0.72, a longitudinal joint factor E=1.0, a temperature derating
factor T=1.0, and the hydrogen material performance factor Hy prescribed according to pipe grade and pressure.
Over the pressure range considered in this study (30-90 bar), the adopted Hy values were 1.0 for X42 and X52,
0.874 for X60 and X70, and 0.776 for X80.

Cells for which the analysed pressure exceeds the calculated allowable pressure are displayed in grey with
diagonal hatching, irrespective of their underlying inspection-screening colour. The grey-hatched category
therefore identifies combinations that should first be excluded by the adopted design-pressure check, while the
remaining-coloured cells retain the inspection-screening classification described above. The grey hatching
takes precedence over the traffic-light colour and identifies combinations for which the analysed pressure
exceeds the calculated ASME B31.12 allowable pressure, this means that these pipelines would never have
been built for either natural gas or hydrogen.

The research leading to these results has received funding from Horizon Europe, the European Union's
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Figure 10. Case-level inspection-screening priorities in 100% H for the medium-diameter pipeline
matrix. Grey diagonal hatching identifies combinations exceeding ASME B31.12 design conditions.
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Figure 11. Case-level inspection-screening priorities in 100% H: for the large-diameter pipeline matrix.
Grey diagonal hatching identifies combinations exceeding ASME B31.12 design conditions.

Figure 10 and Figure 11 show that operating pressure is the main parameter driving the transition towards
higher inspection-screening concern. Green cells dominate at the lower pressure levels, whereas yellow and
red cells become more frequent at higher pressures as the critical-defect envelopes move towards smaller flaw
dimensions. Grey-hatched cells also become more frequent at the highest pressures and for the slenderer
geometries, reflecting the independent ASME B31.12 allowable-pressure check. Higher OD/t values generally
reduce the available integrity margin, although the trends are not strictly monotonic because the response
depends on the combined effects of outside diameter, wall thickness, material properties, fracture toughness
and pressure.
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In the medium-diameter matrix shown in Figure 10, the final displayed classification comprises 212 green
cells, 93 yellow cells, 21 red cells and 24 grey-hatched cells out of the 350 combinations analysed. No black
cell is visible in the map because the black underlying classification is covered by the overriding grey-hatching
criterion. The higher inspection-screening concerns are concentrated mainly at 80 and 90 bar. X42 contains
several yellow cells and a number of grey-hatched cells, but no visible red or black cells. The visible red
classifications are concentrated mainly in X70 and X80, particularly at the highest pressures, and represent
pressure-compliant combinations for which the detectability margin remains a relevant concern.

The large-diameter matrix shown in Figure 11 contains 416 green cells, 77 yellow cells, 8 red cells and 59
grey-hatched cells among the 560 combinations analysed. The transition towards higher concern is again
concentrated at the upper pressure levels, although the large-diameter matrix contains a higher proportion of
green cells than the medium-diameter matrix. X42 and X52 remain entirely green among the non-hatched
cells; their higher-pressure and more slender configurations are instead mainly covered by the ASME B31.12
design check. The remaining visible yellow and red classifications occur principally for X60, X70 and X80 at
higher pressures, with the most severe visible cases concentrated in the X70 and X80 matrices.

The grey hatching takes precedence over the traffic-light colour and identifies combinations for which the
analysed pressure exceeds the calculated ASME B31.12 allowable pressure. Consequently, the displayed
colours describe the inspection-screening concern only for pressure-compliant combinations, whereas grey
cells should first be excluded under the adopted design-pressure criterion. The two assessments therefore
provide complementary information: the traffic-light classification evaluates the relationship between the
critical-defect envelope and the assumed NDT reference dimensions, while the grey hatching identifies
combinations that do not satisfy the independent design-pressure check. Some grey-hatched cells would
otherwise have a low or intermediate underlying inspection-screening classification, demonstrating that
compliance with the inspection criterion does not imply compliance with the allowable-pressure requirement.

Overall, the maps provide a screening tool for distinguishing pressure-compliant combinations with different
levels of inspection concern from combinations that exceed the adopted ASME B31.12 allowable pressure.
Green should be interpreted as the lowest relative inspection-screening concern among the pressure-compliant
cases under the adopted assumptions, rather than as proof of structural safety. Yellow and red cells identify
progressively higher inspection-screening priorities, while grey-hatched cells should first be excluded or
reassessed from the design-pressure perspective. The maps do not replace pipeline-specific fracture-mechanics
calculations, qualified inspection procedures, detailed flaw-sizing assessments or a complete code-compliance
evaluation.

2.5 Implications, limitations and recommendations for hydrogen repurposing

The structural-integrity assessment provides a conservative screening framework for identifying the pipeline
configurations for which hydrogen repurposing may require pressure management, improved inspection
capability or a more detailed engineering assessment. The results demonstrate that repurposing feasibility
cannot be determined from material grade or operating pressure alone, but depends on the combined influence
of pressure, pipe geometry, material properties, fatigue crack growth, fracture resistance and inspection
capability.

The fatigue-life assessment shows that hydrogen-containing service reduces the calculated propagation margin
from the assumed reference defect to the limiting FAD condition. Within this part of the assessment, a common
conservative fracture toughness of 55 MPaVm was used for all environments; consequently, the effect of
hydrogen fraction on the calculated life is introduced through the adopted hydrogen-assisted fatigue crack
growth formulation. Higher nominal pressures and larger OD/t ratios generally produce shorter fatigue lives,
although the response is not governed by OD/t alone because the absolute pipe dimensions and evolving crack
geometry also influence the crack-driving force. The pressure values reported in Figures 7 and 8 should
therefore be interpreted only as the highest discrete nominal pressure analysed for which the adopted 100-year
screening criterion was satisfied. They are not code-based allowable pressures, MAOP values or pipeline-
specific remaining-life predictions.

The research leading to these results has received funding from Horizon Europe, the European Union's
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The apparent material-grade trends should also be interpreted in the context of the adopted assumptions. In
particular, the as-welded residual stress was conservatively taken as equal to the yield strength of each grade,
while a common fatigue crack growth formulation and the same fatigue endpoint toughness were applied
across the material matrix. Higher-strength grades therefore do not necessarily exhibit a larger calculated
fatigue margin. This result should not be interpreted as evidence that these grades are intrinsically less suitable
for hydrogen service, but as an indication that their relative performance is sensitive to residual stress, fracture
toughness, weld condition and material-specific fatigue crack growth behaviour.

The critical-defect assessment addresses a different but complementary aspect of structural integrity. In this
analysis, material- and environment-specific fracture toughness values were used to determine the critical-
defect envelopes. Hydrogen exposure can therefore shift these envelopes towards smaller flaw dimensions
through the reduction in fracture resistance, although the magnitude of this effect depends on the material
grade, geometry and applied pressure. The traffic-light classification compares the resulting critical flaw
dimensions with the adopted NDT reference dimensions and provides a relative indication of inspection-
screening concern. Green represents the lowest concern, yellow an intermediate concern, red a high concern
and black the most severe underlying inspection-screening condition under the adopted assumptions. However,
the traffic-light classification is subject to the independent ASME B31.12 design-screening overlay described
below. These categories are therefore intended as screening priorities and should not be interpreted as fitness-
for-service acceptance criteria or as confirmation that a green case is structurally safe.

The ASME B31.12 allowable-pressure check provides an overriding design-screening layer. Grey-hatched
cells correspond to combinations for which the analysed pressure exceeds the calculated allowable pressure
and should therefore be screened out first under the adopted design assumptions, irrespective of their
underlying inspection-screening classification. The remaining unhatched coloured cells represent pressure-
compliant combinations and retain their traffic-light classification. In the matrices shown in Figures 10 and
11, all underlying black cases are covered by the overriding grey-hatching; consequently, no black cell is
visible in the final maps. The pressure-compliant inspection concerns are therefore represented by unhatched
yellow and red cells, which identify combinations requiring progressively more detailed assessment of
inspection capability and critical-defect tolerance. Conversely, some grey-hatched cells would otherwise have
a green or yellow underlying classification, demonstrating that a low inspection concern does not imply
compliance with the allowable-pressure requirement. Compliance with the ASME B31.12 allowable-pressure
check likewise does not, by itself, demonstrate that the inspection-to-failure margin is adequate. The combined
results suggest a sequential approach to repurposing decisions. Compliance with the applicable design-pressure
requirements should first be established. For the remaining combinations, the fatigue propagation margin and
the relationship between the qualified inspection capability and the critical-defect envelope should then be
evaluated. Cases that satisfy the design-pressure check but fail the adopted fatigue-life criterion, or retain an
unhatched red or black inspection classification, should be prioritised for pipeline-specific engineering critical
assessment. Yellow cases should also be reviewed where inspection performance, material properties or
loading conditions are uncertain.

The screening results are subject to several limitations. The fatigue calculations use a common conservative
fracture toughness, an adopted threshold of AKth = 2 MPaVm and a hydrogen-assisted fatigue crack growth
formulation intended for comparative screening rather than material-specific life prediction. The loading
spectrum is derived from a representative natural-gas pressure history and is treated as a repeated annual block;
it may therefore not reproduce the pressure cycling of a future hydrogen network or a specific pipeline. The
critical-defect calculations use pooled, literature-derived median fracture toughness values for each grade and
environment rather than measurements from the assessed assets. The calculations also assume semi-elliptical
internal axial surface flaws, minimum material strength properties and a conservative as-welded residual-stress
condition.

In addition, the reference dimensions of a = 2 mm and 2c = 20 mm are technique-independent screening
assumptions derived with reference to Annex T of BS 7910. They are not qualified detection limits or
probability-of-detection values. Actual inspection performance will depend on the inspection method, defect
morphology and orientation, pipe geometry, access conditions, sizing uncertainty and qualification procedure.

The research leading to these results has received funding from Horizon Europe, the European Union's
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The red-yellow boundaries and the resulting case-level colour classifications are likewise study-specific
screening conventions rather than acceptance criteria prescribed by BS 7910.

Pipeline-specific repurposing assessments should therefore use measured material properties wherever
possible, including fracture toughness and fatigue crack growth data representative of the base material, weld
metal and heat-affected zone in the relevant hydrogen environment. They should also incorporate actual
pressure histories, a justified residual-stress distribution, qualified inspection performance and flaw-sizing
uncertainty. Where the calculated margin is limited, potential mitigation measures include reducing operating
pressure, improving inspection capability, shortening inspection intervals, applying more restrictive defect
acceptance criteria or undertaking repair or replacement.

Overall, the assessment provides a structured basis for ranking repurposing scenarios and identifying where
additional integrity work is required. It does not establish universal hydrogen blending limits or provide final
acceptance decisions for individual pipelines. A favourable screening result indicates a lower relative concern
under the adopted assumptions, whereas an unfavourable result identifies the need for additional evidence or
mitigation before hydrogen-containing service is considered.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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3 Effect of gas quality and composition on hydrogen embrittlement

3.1 Introduction

Hydrogen embrittlement is one of the main integrity concerns associated with the exposure of pipeline steels
to hydrogen-containing gaseous environments. In pipeline steels, hydrogen exposure has been associated with
reductions in ductility-related properties, including elongation and reduction of area, as well as decreases in
fracture toughness and accelerated fatigue crack growth rates (FCGR) under cyclic loading
conditions.[3,41,42] Increasing hydrogen partial pressure generally increases hydrogen uptake and hydrogen
embrittlement susceptibility in pipeline steels, although the severity of degradation may also depend on the
surrounding gas composition and testing conditions.

While numerous studies have investigated hydrogen-assisted degradation in simplified H2/N2 or Ho/CHa
mixtures, the influence of additional natural gas components and impurities remains insufficiently understood.
In particular, species such as CO2, CH4, CO, H-S, N2 and higher hydrocarbons may alter hydrogen uptake and
hydrogen-assisted degradation through competitive adsorption, surface interactions, transport kinetics and
trapping effects.

3.2 Effect of gas components on hydrogen embrittlement (literature review)

Some of the classic foundational studies on the problem of hydrogen embrittlement of pipeline steels
investigated the interaction of different gaseous species with iron. The study showed that different gases exhibit
markedly different adsorption behaviours and therefore strongly different effects on hydrogen embrittlement
susceptibility. In particular, Oz, CO, SO2, COS, N20O and C-Ha were found to adsorb strongly on iron surfaces
and inhibit hydrogen uptake, whereas CO., CH4 and C:Hs exhibited weak or negligible interaction with the
steel surface. The authors attributed this behaviour to the limited adsorption and dissociation capability of
these gases on iron surfaces, which prevented them from effectively blocking hydrogen adsorption sites and
hydrogen ingress into the material.[43,44]

Recently, a detailed review emphasized that the effect of gaseous additives cannot be generalized
independently of the testing methodology and operating conditions. [45]The review highlighted that reported
inhibition or promotion effects strongly depend on parameters such as hydrogen partial pressure, additives
partial pressure, testing conditions and material microstructure. The authors further acknowledge the
apparently contradictory results in the literature and related them to the wide variation in experimental methods
and loading conditions used across different studies.

In the following sections, the main findings available in the literature regarding the influence of the principal
gas components and impurities present in hydrogen-containing natural gas mixtures on the hydrogen
embrittlement behaviour of pipeline steels are reviewed.

3.2.1 Role of CH4

The available literature on CHa4 effect on hydrogen embrittlement is rather consistent, with most studies
reporting either a weak inhibitory effect or little to no significant effect of CH4 on hydrogen embrittlement in
steels. [43,45] A recent Density Functional Theory (DFT) study investigating the dissociative adsorption of
H2 and CHa at high-angle grain boundaries in pipeline steels showed that CHa can exert a weak competitive
adsorption effect on hydrogen adsorption, although it could not completely prevent hydrogen dissociative
adsorption from occurring.[46]

An interesting study relevant to the conditions of the present work investigated the effect of CH4 on the
hydrogen embrittlement susceptibility of X80 pipeline steel in hydrogen-blended natural gas environments by
means of Slow Strain Rate Testing (SSRT). The experiments were conducted at a total pressure of 10 MPa,
with a constant hydrogen concentration of 20 vol%, while the CHa content was varied from 0 to 40 vol%. The
results showed that increasing CHs concentration progressively reduced the hydrogen embrittlement
susceptibility of X80 steel, however, the inhibition effect tended to stabilize once the CHa4 content exceeded
approximately 20 vol%. The authors attributed this behaviour to competitive adsorption between CH4 and Ha
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on the iron surface, where CHa-derived adsorbed species reduced the availability of dissociative adsorption
sites for hydrogen and consequently decreased hydrogen ingress into the steel. [47]

3.2.2 Role of N2

N: is generally considered an inert component in hydrogen-containing gaseous environments. The available
literature on the role of N2 in hydrogen embrittlement in hydrogen containing blends is limited. Most studies
use N2 primarily as a reference media for comparison with hydrogen-containing atmospheres or balance gas
in mixtures. However, recent studies investigated the effect of total gas pressure on the fatigue crack growth
behaviour of X80 and GB20# pipeline steels in H2/N> mixtures. The experiments compared pure hydrogen
environments with H2/N> mixtures at identical hydrogen partial pressures but different total pressures. The
results showed higher FCGR values in the high-pressure H>/N2> mixtures than in pure hydrogen at the same
hydrogen partial pressure, indicating enhanced hydrogen-assisted degradation under elevated total gas pressure
conditions. Simulations suggested that increasing the overall gas pressure through the addition of N2 increased
the kinetic energy and velocity of hydrogen molecules and reduced the hydrogen dissociation time at the iron
surface, thereby promoting hydrogen entry into the material.[48,49] Nevertheless, experimental evidence
regarding a direct effect of N2 on hydrogen embrittlement susceptibility remains scarce.

3.2.3 Role of CO;

The influence of CO-, on hydrogen embrittlement in blends remains insufficiently understood. The literature
reports markedly different effects, ranging from enhanced crack growth and embrittlement susceptibility to
inhibiting or negligible effects on hydrogen uptake and hydrogen-assisted degradation. Thus, the effect of CO:
appear to be strongly dependent on the material system, gas composition, pressure conditions, and testing
methodology.

Early studies generally reported that CO- exhibited weak or negligible interaction with iron surfaces and
therefore had little effect on hydrogen adsorption or hydrogen-assisted crack growth.[43,44,50]

A recent study investigated the effect of CO and CO: impurities on the hydrogen embrittlement susceptibility
of X52 pipeline steel using SSRT, hydrogen permeation and Thermal Desorption Spectroscopy, The tests were
conducted at a total pressure of 4 MPa (40 bar), with a constant H: partial pressure of 2 MPa (20 bar), while
the CO: partial pressure was varied from 0 to 1 MPa (0—10 bar). The results showed that CO: reduced hydrogen
embrittlement susceptibility, and that the inhibitory effect increased with increasing impurity partial pressure.
In the CO2-containing environments, the reduction of area and elongation gradually increased with increasing
CO: partial pressure, while the hydrogen embrittlement index decreased. The authors attributed this behaviour
to competitive surface adsorption between CO: and Ha, which reduced hydrogen surface coverage and
hydrogen uptake into the material. However, it should be noted that the CO: partial pressure range investigated
in this study (up to 1 MPa, 10 bar) was significantly higher than the CO: partial pressure used in the present
work (~0.08 MPa, 0.8 bar). [51]

In contrast to the reported inhibitory effect of CO., fatigue crack growth experiments performed on L360/X52
pipeline steel in 6 MPa H. environments showed that the addition of 2.5% CO., (partial pressure of
approximately 0.15 MPa), slightly promoted hydrogen embrittlement. The fatigue crack growth rates in the
CO:-containing environment were comparable to or slightly higher than those measured in pure hydrogen.
Hydrogen permeation measurements further showed that the presence of CO: shortened the hydrogen
breakthrough time, indicating that CO- facilitated hydrogen ingress into the steel. The authors attributed this
behaviour to a reduction in the activation barrier for hydrogen dissolution and migration from the surface into
the subsurface region, which increased the hydrogen concentration at the crack tip and accelerated fatigue
crack propagation. [52]

Shang et al. showed that, during fatigue crack growth in low-carbon steel, Natural gas/H> mixtures hydrogen
embrittlement can be more severe than pure H2, and they attributed this behaviour to a CO.—H: synergistic
effect.[53] Similar observations were also reported by Cui et al. for high CO: concentrations (5- 40 vol% COz),
where the addition of CO: to high-pressure hydrogen-containing gas mixtures increased the hydrogen
embrittlement susceptibility of X65 pipeline steel.[54]

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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In a later study on X80 pipeline steel, it was observed that CO2 enhanced the fatigue crack growth of X80 steel
in hydrogen-containing environments, and that the degree of acceleration increased with increasing CO-
content. The FCGR tests were conducted at a total pressure of 0.4 MPa, with a constant H: partial pressure of
0.04 MPa, while the CO: partial pressure was varied from 0.0002 to 0.02 MPa, corresponding to CO: contents
between 0.005 and 0.5 vol%. DFT calculations suggested that the adsorbed CO: molecules significantly
accelerated the migration of hydrogen atoms from the surface into the subsurface region, thereby promoting
hydrogen uptake into the steel.[55]

To explain the complex effect of CO. on hydrogen embrittlement FCGR studies demonstrated that CO-
promoted hydrogen-assisted crack growth in low-pressure hydrogen-containing environments, whereas the
magnitude of this effect became significantly less pronounced at higher hydrogen pressures. In X80 and GB20#
pipeline steels tested under 10 MPa total pressure with 10 vol% Ha, the accelerating effect of CO. on FCGR
was substantially weaker than that previously observed under 0.4 MPa conditions at the same gas composition.
The authors attributed this pressure dependence to the increased hydrogen surface coverage at high hydrogen
pressures, which reduced the adsorption rate of CO: on the steel surface and limited its ability to further
accelerate hydrogen uptake into the material. Thus, the influence of CO: strongly depends on the testing
conditions, hydrogen pressure, material, and crack growth regime.[56]

Recent work also provides a possible framework for explaining the contradictory literature regarding the role
of CO: in hydrogen embrittlement. Using SSRT, FCGR, hydrogen permeation experiments, and first-
principles molecular dynamics simulations on high-purity iron, the authors showed that the effect of COs- is
non-monotonic and strongly dependent on CO: partial pressure. At relatively low CO- partial pressures (0.002—
0.2 MPa), CO: promoted hydrogen dissolution and subsurface migration, leading to increased hydrogen
embrittlement. In contrast, at higher CO: partial pressures (0.4—0.6 MPa), CO: increasingly occupied surface
adsorption sites, reducing hydrogen adsorption and permeation, which resulted in a partial inhibition of
hydrogen embrittlement. The most severe embrittlement was observed at approximately 0.2 MPa CO- partial
pressure. The authors therefore proposed that CO: exerts a dual effect on hydrogen embrittlement: promotion
at low concentrations and inhibition at higher concentrations, depending on the balance between enhanced
hydrogen dissolution and competitive surface site blocking. [57]

Overall, the available literature suggests that the effect of CO: on hydrogen embrittlement is strongly
dependent on the testing conditions and gas environment. These observations indicate that the role of CO:
cannot be considered universal and may depend on factors such as pressure, gas composition, material
microstructure and the dominant hydrogen transport mechanisms involved.

3.2.4 Role of C;H¢ and higher hydrocarbons

The available literature on C:Hs and higher hydrocarbons is limited. Early pioneering studies on gaseous
inhibitors in hydrogen embrittlement reported that saturated hydrocarbons such as CH4+ and C2Hs exhibited
little or no inhibition effect on hydrogen-assisted degradation of pipeline steels. Surface adsorption analyses
showed that C.Hs did not adsorb significantly or dissociate on iron surfaces and therefore did not effectively
block hydrogen adsorption or hydrogen uptake into the material. In contrast, unsaturated hydrocarbons such
as C:Hs showed stronger interaction with iron surfaces and exhibited a more pronounced inhibition
effect.[43,50]

A recent experimental study investigated the hydrogen embrittlement behaviour of X52, X60 and X70 pipeline
steels in realistic natural gas/hydrogen mixtures under high-pressure gaseous conditions. The results showed
that, at low hydrogen concentrations (<20 vol%), embrittlement in blended gas environments was less severe
than in pure hydrogen at the same hydrogen partial pressure. However, this inhibiting effect progressively
decreased as the hydrogen concentration increased. The authors suggested that natural gas constituents,
including CHa4 and heavier hydrocarbons, may reduce hydrogen adsorption and permeation into the steel
through competitive surface interactions.[58]

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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3.2.5 Role of H>S

The literature consistently identifies H2S as one of the most detrimental gaseous species regarding hydrogen
embrittlement of pipeline steels. Previous studies have shown that H-S significantly increases hydrogen uptake
and accelerates hydrogen-assisted cracking and loss of ductility. This behaviour is generally attributed to the
dissociative adsorption of H>S on the steel surface, which promotes the generation and absorption of atomic
hydrogen while simultaneously inhibiting hydrogen recombination and desorption. As a result, H2S-containing
environments are widely associated with severe hydrogen-assisted degradation in pipeline steels.[44,59,60]

3.2.6 Role of odorants/THT

Odorization is an essential safety practice in natural gas systems, allowing gas leaks to be easily detected by
smell.[61] Odorants are typically added at very low concentrations, usually between 1 and 10 ppm.[62] With
the increasing interest in hydrogen transport and hydrogen—natural gas blends, there is growing concern about
the possible effect of these compounds on hydrogen embrittlement and hydrogen-assisted degradation of
pipeline steels.

According to recent MARCOGAZ data on odorization practices across Europe, sulphur-containing odorants
remain the most widely used compounds in gas networks, with tetrahydrothiophene (THT) and tert-butyl
mercaptan (TBM)-based mixtures being the dominant odorants in most countries (Figure 12).[63]

Use of Odorants Across European Countries (19 countries)
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Figure 12 Use of commercial natural gas odorants across 19 European countries. Sulphur-containing
odorants are shown in blue and sulphur-free odorants in green. THT = tetrahydrothiophene; TBM =
tert-butyl mercaptan; IPM = isopropyl mercaptan; NPM = n-propyl mercaptan; MES = methyl ethyl
sulphide; DMS = dimethyl sulphide; EM = ethyl mercaptan.

The influence of odorants on the hydrogen embrittlement in pipelines has not been well studied. Limited
studies have examined this issue: Holbrook et al. observed initially promising inhibition effects of methyl
mercaptan on fatigue crack growth in hydrogen environments; however, at higher stress intensity ranges, the
protective effect diminished. Moreover, they reported, that methyl mercaptan alone might even accelerate
crack growth compared to pure hydrogen[50]

Fukuyama et al. found that methyl mercaptan had negligible influence on fatigue crack growth in 4340 steel,
but in later work, it significantly promoted hydrogen embrittlement in 2.25Cr-1Mo steel.[45,64]

A recent investigation explored the effect of five different odorants, generally in mixtures, on X42 pipeline
steel using SSRT in low-pressure hydrogen environments. The investigated odorants included sulphur-based
compounds such as THT, TBM, and DMS, as well as acrylate- and norbornene-based mixtures, at
concentrations ranging from approximately 0.05 to 17 ppm in hydrogen. The plastic strain to failure observed

The research leading to these results has received funding from Horizon Europe, the European Union's
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in the presence of each candidate gas mixture was comparable to that measured in air, indicating no measurable
effect of either the hydrogen or the odorant on the steel under the conditions tested. However, as the study was
conducted under relatively low-pressure conditions (7 barg), its direct applicability to high-pressure
transmission pipeline systems, where hydrogen embrittlement effects are generally more pronounced, should
be considered with caution. [65]

Unpublished results obtained within the ONTZHi project (2023-2025 coordinated by Tecnalia), showed no
significant differences between pure hydrogen and hydrogen containing 20 ppm THT in either SSRT or fatigue
crack growth testing of API SL X70 steel at 70 bar gaseous hydrogen. Fracture morphologies also remained
broadly similar across environments, suggesting that commercially relevant THT concentrations did not
significantly alter hydrogen-assisted degradation behaviour under the investigated conditions (100%
hydrogen). [66]

A recent study investigates the effect of mercaptan-based hydrogen odorants on hydrogen uptake in L360NB
pipeline steel under high-pressure hydrogen conditions. Using constant load testing and thermal desorption
spectroscopy, they found that mercaptan odorants did not significantly increase hydrogen uptake or promote
embrittlement, whereas H>S-containing wet environments showed much higher hydrogen uptake and were
identified as more critical for degradation. The study highlights the important distinction between commercial
sulphur odorants and reactive sulphur species such as H>S.[67]

3.2.7 Other

CO and O: are frequently discussed in the literature as gaseous inhibitors of hydrogen embrittlement. Although
they were not included in the present study since they are not typically present in significant concentrations in
natural gas transmission systems, it is interesting to mention that both gases strongly adsorb on iron surfaces
and can significantly reduce hydrogen-assisted fatigue crack growth by inhibiting hydrogen adsorption and
dissociation at the steel surface. However, the inhibition effectiveness was found to depend strongly on factors
such as hydrogen pressure, stress intensity factor and crack growth rate, with the inhibiting effect progressively
decreasing under more severe hydrogen embrittlement conditions. [3,50,59]

Based on the literature reviewed above, the effect of gas composition on hydrogen embrittlement appears to
depend strongly on gaseous species present, their concentration, material tested and the testing conditions.
Therefore, the present work investigates the hydrogen embrittlement behaviour of pipeline steel in three
representative gaseous environments designed to simulate realistic European hydrogen—natural gas
transmission blends, including both high- and low-calorific gas compositions as well as a blend containing
H-S and THT to assess the influence of reactive sulphur species and commercial sulphur-containing odorants.

3.3 Selection of gas composition for testing within SHIMMER

Three gas mixtures were defined to simulate representative European transmission gas compositions and
prepared for the experimental campaign:

1. an H-gas mixture
2. an L-gas mixture
3. an H-gas mixture additionally containing H>S and THT (H gas + H»S)

To ensure that the selected compositions are relevant to the gas grid industry in Europe, they were defined
together with the industrial partners in SHIMMER and using representative gas-quality data reported by Open
Grid Europe (OGE[68]) and the MARCOGAZ LNG quality database indicating the gas composition.[69]

The H-gas composition was based on high-calorific natural gas typically characterized by high CHa content
and low N2 concentration. Furthermore, it was designed as CO:-free in order to be representative for Liquefied
Natural Gas (LNG).

The research leading to these results has received funding from Horizon Europe, the European Union's
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The L-gas composition was designed to represent lower-calorific natural gas with lower CHa content than H-
gas, and higher concentrations o N2 and CO..

The third test environment, contained H:S close to the limit allowed by the European standards EN16726.[70]
H:S was investigated because of its known influence on hydrogen uptake and hydrogen-assisted degradation,

while THT was included as a representative sulphur-containing odorant used in natural gas distribution
networks. This scenario was selected to assess the synergistic effect of H,S in accelerating hydrogen

embrittlement when blended with hydrogen.

A hydrogen concentration of 20 vol% was selected for all blended environments, since this level is commonly
considered among the upper hydrogen blending ranges currently discussed for hydrogen injection into existing
natural gas transmission infrastructure.

The certified detailed gas compositions are summarized in Table 5.

Table 5 The certified compositions for the gas blend mixtures utilised for testing. Gas composition is
expressed in vol.% for all components except H-S and THT, which are reported in ppm.

Gas component H gas L gas H gas + H,S
Methane Balance Balance Balance
Nitrogen 0.05 % 11.15% 0.05 %
Carbon dioxide 0.00 % 1.00% 0.00 %
Ethane 0.29 % 2.98% 0.28 %
Propane 0.18 % 0.85 % 0.18 %
Hydrogen 20.00 % 19.95 % 20.1 %
H-S 4.76 ppm
Odorant (THT) 22.8 ppm

As a reference media, 100% hydrogen tests, grade 5.6 hydrogen (>99.9996%) was used; purity tolerances are
detailed in Table 6.

Table 6 Certified composition for the grade 5.6 H, gas (NIPPON GASES).

CO +CO02 Hydrocarbons 02 H20

Grade | H2(%) | =0 (ppm) N2eP™) | ppm) | (ppm)

5.6 99.9996 <0.2 <0.1 <2 <0.5 <2

3.4 Material

API 5L X70 steel was selected for this study because previous inventory and infrastructure assessments
performed within the SHIMMER project identified X70 as one of the most widely used grades in the existing
natural gas transmission network. In addition, its relatively high strength suggests an increased susceptibility
to hydrogen embrittlement compared to lower-strength pipeline steels. The chemical composition is

summarized in Table 7.

The research leading to these results has received funding from Horizon Europe, the European Union's
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Table 7 Certified chemical composition of the X70 steel (wt. %).

C Mn Si P S Cr Ni Mo Cu Ti

0.13 1.65 0.26 0.018 <0.010  0.021 0.015 0.038 0.016 0.012

Steel samples were obtained from a vintage pipeline of grade X70 (API 5L) used in the natural gas transmission
network with a nominal outer diameter and thickness of 406 mm and 8.2 mm respectively, a yield stress of
549 MPa, a tensile strength of 675 MPa and a ferrite/bainite microstructure (Flgure 13).
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Figure 13 Image of the microstructure for the tested API 5L X70 steel.

3.5 Methods

Hydrogen embrittlement susceptibility was evaluated by means of Slow Strain Rate Testing (SSRT) testing
under high-pressure gaseous environments. The experimental methodology was based on the following
standards:

e ANSI/CSA CHMC 1-2014 (R2018): Test methods for evaluating material compatibility in
compressed hydrogen applications. [71]

e ASTM G129-21: Standard Practice for Slow Strain Rate Testing to Evaluate the Susceptibility of
Metallic Materials to Environmentally Assisted Cracking.[72]

e ASTM GI142-98: Standard Test Method for Determination of Susceptibility of Metals to
Emobrittlement in Hydrogen Containing Environments at High Pressure, High Temperature, or
Both.[73]

3.5.1 Test specimens

Specimens were machined in the longitudinal direction, centred within the pipe thickness. Figure 14 shows a
diagram with the nominal dimensions of the specimens used for testing. These were cylindrical “hourglass”
type specimens with a minimum diameter of 4 mm, a gauge length of 28 mm and a curvature radius of 50 mm.

The research leading to these results has received funding from Horizon Europe, the European Union's 38 of 57
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Figure 14 Diagram of the “hourglass” type specimens used for SSRT testing (dimensions in mm).

Although the specimen geometry differs from the standard smooth tensile geometry described in ASTM G142,
the standard explicitly permits alternative geometries when imposed by material or testing constraints,
provided that comparisons are performed only between similar specimens. In this study all environments
investigated were evaluated using identical specimen geometry and testing conditions, allowing direct
comparison of the results.

3.5.2 Test matrix and experimental methods

The test matrix is shown in Table 8. Eleven specimens were tested in total: three specimens for each
investigated gas composition, and two additional specimens tested in pure hydrogen (100% H:), which were
used as a reference environment representing the maximum degree of hydrogen embrittlement experienced by
the X70 material. The testing pressure was selected as 80 barg to reproduce representative operating pressures
commonly encountered in transmission networks.

Table 8 Test matrix for SSRT testing

Crosshead
. : Pressure Number of .
Material Test Environment displacement
(barg) Tests

rate (mm/s)

H; (100%, reference) 80 2

H gas (20% of Ha) 80 3

X70 2,8x10°
L gas (20% of H) 80 3
H gas + H,S (20% of H) 80 3

SSRT tests were carried out on a CORTEST testing machine (Figure 15) at a crosshead displacement rate of
2.8x107°> mm/s. A strict protocol was followed to maintain gas purity inside the autoclave. Specimens were
cleaned with acetone and ethanol and air-dried before loading. After loading the specimens, the autoclave was
sealed and purged ten times with nitrogen (10 bar) to eliminate air, O,, and moisture. A helium leak test was
then performed by pressurizing the vessel to the test pressure and monitoring stability for 15 minutes. After
evacuating the helium, the system underwent ten purges with the test gas (up to 10 bar). Finally, the autoclave
was pressurized with the test gas to a pressure of 80 bar. All tests were performed at room temperature (17-

The research leading to these results has received funding from Horizon Europe, the European Union's
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23°C), with a 10-minute stabilization period after pressurization, before commencing the loading at the desired
crosshead displacement rate. The specimens were loaded to failure.

Figure 15 Test machine for SSRT, fracture toughness, and fatigue testing in compressed hydrogen.

Post-failure, the fractured samples were analysed via optical microscopy and scanning electron microscopy
(SEM) to measure the final diameters at the necking zone and characterize the morphology of the fracture
surface.

3.5.3 Analysis

Once the tests are completed, the load, displacement, and specimen diameter measurements (initial and final)
can be used to generate the stress vs. plastic strain curves, and to estimate the values of interest for evaluating
the degree of embrittlement. Three primary parameters are used to compare the degree of hydrogen
embrittlement: ultimate tensile strength, plastic strain to failure and reduction of area.

3.5.3.1 Ultimate tensile strength (MPa)
The equation used to estimate the ultimate tensile stress (engineering stress), Oy, 1S:

F .
Outs = :‘:"‘, Equation 5

where F,,,, 1s the maximum load recorded during the tensile test and 4; is the minimum initial cross-sectional
area of the specimen at the start of the test:
_ b}

A; = e Equation 6
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where D; is the initial diameter of the specimen.

3.5.3.2 Plastic strain

The plastic strain is determined by first calculating the total engineering strain (&;¢4;), Which is defined as the

ratio of the change in length (displacement, AL) to the original gauge length (L,):

€total = % Equation 7
0

In this experimental setup, since displacement is measured via external LVDTs, the crosshead displacement
provided by the machine is considered an overestimate of the actual displacement of the tensile sample within
the autoclave. Consequently, to obtain the true deformation experienced by the specimen, the plastic strain
(&py) 1s calculated by subtracting the elastic component of the deformation (&) from the total measured strain:

€p1 = €total — el Equation 8
The elastic component is determined by multiplying the applied force (F) by the inverse of the gradient of the
linear-elastic region of the force-displacement curve (the compliance during the elastic region, C):
gq=F-C Equation 9

By utilizing the slope of the elastic region, the elastic component (including both the sample and the machine
load-train compliance) is isolated and removed, ensuring that the resulting value represents only the plastic
deformation component of the specimen.

3.5.3.3 Reduction of area

The reduction of area at the neck region, RA, is calculated as
RA (%) = "L 100 Equation 10

where A; and Af are the initial and final areas in the necking zone, respectively. To calculate the final area Ay,
two perpendicular diameters (d; and d,) must be measured at the neck:

_ 11'~d1~d2

Ay " Equation 11

The research leading to these results has received funding from Horizon Europe, the European Union's
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3.6 Results and discussion

3.6.1 SSRT results

The mechanical response of the X70 steel under the different environments is illustrated through the
engineering stress vs. plastic strain curves in Figure 16 and summarized in Table 9.

Stress vs Plastic Strain
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Figure 16 Engineering stress vs. plastic strain curves for the SSRT tests in different environments

It can be seen in Figure 16 that the stress-strain curves for all specimens exhibit a similar profile, with the o5
remaining relatively constant regardless of the gas composition. The mean o;,; values ranged from 667.7 MPa
for the H-gas+H,S blend to 673.1 MPa for the H-gas blend. This indicates that the hydrogen containing
environments, at the tested pressure and strain rate, do not significantly alter the tensile strength of the X70
steel. While the strength remained stable, a significant variation was observed in the ductility parameters (&,
and RA), which are the primary indicators of hydrogen embrittlement.

To evaluate the degree of hydrogen embrittlement the reduction of area (RA, Figure 17), the plastic strain to
failure (&, Figure 18), and the ultimate tensile strength (g, Figure 19) were compared across the four tested
environments.

The specimens tested in 100% H; exhibited the lowest ductility, with a mean RA of 47.4% and a mean plastic
strain to failure of 6.65%. As expected, this environment represents the maximum degree of embrittlement,
serving as the baseline for assessing the influence of the natural gas blends. Compared with the 100% H:
environment, all 20% H: gas mixtures exhibited substantially reduced hydrogen-induced ductility loss. The
H-gas blend showed the lowest hydrogen embrittlement susceptibility, with a mean RA of 71.3% and a plastic
strain of 9.72%. In contrast, the L-gas blend showed slightly higher hydrogen embrittlement susceptibility
compared with the H-gas blend, with a mean RA of 61.0% and a plastic strain of 8.43%. Since both blends
contained the same nominal H> concentration, the observed difference is likely related to the different gas

The research leading to these results has received funding from Horizon Europe, the European Union's
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matrix composition of the L-gas blend, particularly its lower CH4 content and higher concentrations of Nz,
CO:2 and C>—C; hydrocarbons.

The addition of H.S to the H-gas blend led to a slight increase in hydrogen embrittlement susceptibility
compared to H»S free H-gas. The mean RA decreased to 59.8% and the plastic strain to 8.26%. Although the
effect was relatively moderate, the trend is consistent with the known role of H:S in promoting hydrogen
uptake and hydrogen-assisted degradation in steels.

Table 9 Main SSRT results for the different gas compositions.

Specimen ID Environment RA (%) Outs (MPa) &p1 (%)
X70 _SSRT 14 H2 gas 49,2 675,6 6,68
X70_SSRT 15 H2 gas H:(100%) 45,6 669,7 6,601
Mean 47,4 672,6 6,65
X70 SSRT 3 blend H gas 75,6 671,2 10,01
X70 SSRT 4 blend H gas H gas 66,0 678.,9 9,30
X70 SSRT 5 blend H gas (blend) 72,2 669,3 9,84
Mean 71,3 673,1 9,72
X70 SSRT 6 blend L gas 62,2 670,2 8,61
X70 SSRT 7 blend L gas 64,5 669,0 8,87
X70_SSRT 8 blend L gas L 828 (blend) 56,3 675,8 7,82
Mean 61,0 671,7 8,43
X70 SSRT 9 blend H2S gas 56,9 662,4 7,78
X70_SSRT _10_blend H2S gas  H gas + H,S 60,7 670,8 8,57
X70 _SSRT 11 blend H2S gas (blend) 61,8 669,8 8,44
Mean 59.8 667,7 8,26
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Figure 17 Comparison of RA for X70 specimens tested under four different hydrogen containing
atmospheres. Bars indicate the mean value for each environment
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Figure 18 Comparison of &, for X70 specimens tested under four different hydrogen containing
atmospheres. Bars indicate the mean value for each environment.
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Figure 19 Comparison of g, for X70 specimens tested under four different hydrogen containing
atmospheres. Bars indicate the mean value for each environment

3.6.2 Post-mortem fracture analysis

To complement the mechanical data, the fracture surfaces of representative specimens from each environment
were analysed using SEM. This allows for the correlation between the macroscopic ductility loss and the
microscopic failure mechanisms. The specimen tested in the H-gas blend exhibited the most ductile behaviour,
characterized macroscopically by a classic "cup and cone" fracture morphology (Figure 21a). High-
magnification SEM images of the centre region (Figure 21b) reveal large, deep dimples, which are indicative
of ductile tearing through microvoid coalescence. At the periphery (Figure 21c¢), the rupture is characterized
by finer microvoid coalescence and the presence of shear lips. Notably, no significant secondary cracking was
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observed, confirming that this environment provides the highest resistance to hydrogen embrittlement among
the tested scenarios.

Specimens tested in the L-gas and H-gas+H,S blends also exhibited ductile characteristics at high
magnification (x1000), with fine dimples evidencing microvoid coalescence (Figure 22b,c and Figure 23b,c).
However, a distinct difference was observed compared to the H-gas blend: the dimples at the centre were
similar in size to those at the periphery and significantly smaller than those found in the H-gas specimen centre.
This suggests a more localized plasticity and a generally more fragile macroscopic fracture. Furthermore, the
fracture surfaces for both blends deviated from the cup-and-cone morphology, instead showing prominent
secondary cracks running on a plane normal to the radial direction of the pipe. These secondary cracks are
clear indicators of an increased level of embrittlement.

The most severe embrittlement was observed in the pure H, environment (Figure 20). The periphery of the
fracture surface showed clear evidence of cleavage-type fracture, characterized by flat facets that indicate
fragile crack initiation and propagation from the specimen surfaces. In contrast, the centre of the sample
displayed fine dimples associated with ductile tearing. This suggests a mixed-mode failure mechanism:
hydrogen embrittlement triggered fragile cracking at the periphery, which propagated until the remaining
cross-sectional area at the neck became insufficient to support the load, eventually leading to ductile overload.
Similar to the L-gas and H-gas+H,S blends, prominent secondary cracks perpendicular to the radial direction
of the pipe were present, further confirming the high susceptibility of the X70 material to embrittlement in
pure hydrogen.

These SEM observations correlate well with the mechanical data obtained from the SSRT tests. The high
degree of ductility observed in the H-gas blend, characterized by large dimples and an absence of secondary
cracks, is consistent with its high RA and €,,; values. For the L-gas and H-gas+H,S blends, the appearance of
smaller dimples and prominent secondary cracks aligns with the moderate reduction in ductility, suggesting a
shift toward more localized plasticity. Most severely, the presence of clear cleavage facets and secondary
cracking in the pure H, environment correlates with the lowest RA and &, values recorded, confirming that
pure hydrogen induces the most significant susceptibility to brittle fracture.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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Figure 20 Fracture surface for one of the samples tested in pure hydrogen.
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Figure 21 Fracture surface for one of the samples tested in H-gas blend.
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Figure 22 Fracture surface for one of the samples tested in L-gas blend.
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Figure 23 Fracture surface for one of the samples tested in H-gas + H,S blend.
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3.6.3 Discussion

The results show that hydrogen mainly affected ductility-related properties, whereas the ultimate tensile
strength remained essentially unchanged. This behaviour is consistent with previous studies on pipeline steels
of similar grades, which reported significant reduction in elongation and RA, but only minor changes in tensile
strength under hydrogen-containing environments.[74]

The degree of embrittlement, in order of increasing severity, follows the trend:
H-gas blend > L-gasblend - H-gas+tH,S blend - Pure H2

The H-gas blend exhibited the lowest hydrogen embrittlement susceptibility among the investigated blended
environments, showing the highest reduction of area and plastic strain values. This behaviour is likely related
to the high CH4 content of the blend together with the absence of additional potentially reactive gaseous
species. As discussed in the literature, CHa may exert a weak competitive adsorption effect on the steel surface,
partially reducing hydrogen adsorption and hydrogen ingress into the material. Although the exact mechanism
cannot be confirmed from the present results alone, the observed behaviour is consistent with previous studies
reporting a mild inhibitory effect of CH4-containing natural gas blends on hydrogen-assisted degradation.

The L-gas blend showed slightly higher hydrogen embrittlement susceptibility than the H-gas blend, as
indicated by the lower reduction of area and plastic strain values. Compared with the H-gas environment, the
L-gas mixture contained lower CHa concentrations together with 10% N2, 1% CO-, some ethane and propane.
However, based on the available literature, the more pronounced degradation may be associated with the
reduced inhibitory effect of CHa4 together with a possible contribution of CO: to hydrogen-assisted degradation.
Although the role of CO: remains controversial in the literature, several studies have reported that low CO-
concentrations can facilitate hydrogen uptake and crack growth under certain gaseous hydrogen conditions,
which is consistent with the present observations.

The H-gas + H:S blend exhibited the lowest ductility among the investigated blends. When compared
with the H-gas environment, which was otherwise compositionally similar, the observed difference
may be associated with the presence of ppm-level H:S. Tetrahydrothiophene (THT) was also present
in this blend; however, based on the available literature and previous experimental observations at
Tecnalia, THT is generally expected to have little or no significant influence on hydrogen-assisted
degradation. Nevertheless, its effect within the specific gas mixture investigated in this study cannot
be completely excluded without dedicated experimental verification.

Despite the lower ductility observed in the H-gas + H.S environment, its overall behaviour remained
comparable to that of the L-gas mixture, which did not contain H>S or odorant. This suggests that
sulphur-containing additives present at concentrations within the limits permitted by gas quality
specifications do not appear to induce severe additional degradation. Instead, their effect remains
within the range of variations associated with other sulphur-free gaseous components commonly
encountered in natural gas compositions. Furthermore, the results indicate that the influence of
complex gas mixtures cannot be interpreted solely as the sum of the effects of individual components,
highlighting the importance of mixture-specific interactions.

3.7 Conclusion

The literature review showed that hydrogen embrittlement in hydrogen-containing natural gas systems
composed of multiple gas components cannot be predicted solely from hydrogen partial pressure or from the
individual presence of specific gaseous species. Instead, the observed degradation indicates a complex and
non-linear interaction between gas composition, impurity concentration, competitive adsorption process,
hydrogen transport kinetics and testing conditions. Previous studies have shown that the behaviour of
multicomponent gas mixtures cannot be interpreted as the simple sum of the effects of individual gas

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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components. Interactions between gaseous species appear to modify the overall hydrogen-assisted degradation
response, resulting in complex and potentially non-linear behaviour.

The present results support this complexity. The methane-rich H-gas blend exhibited lower embrittlement
susceptibility than environments containing less CH4 and additional CO: and trace H.S. However, the observed
differences cannot be unambiguously attributed to a single gaseous component. For example, the slightly
higher degradation observed in the simulated L-gas environment may be associated with both the lower CHa4
concentration and the presence of CO.. Similarly, although the H-gas + H:S blend showed slightly lower
ductility than the H-gas environment, the overall behaviour remained comparable to the L-gas blend despite
the presence of trace H.S. These observations further highlight the difficulty of isolating the individual
contribution of specific gas species in realistic multicomponent transmission gas mixtures.

From an application perspective, several observations are relevant: First, the methane-rich H-gas blend
exhibited the lowest embrittlement susceptibility among the investigated gas mixtures, suggesting that high-
CHa transmission gases may be less aggressive. This is particularly relevant since H-gas currently represents
by far the predominant transmission gas quality across European gas networks. Moreover, the simulated H-
gas environment was also representative of LNG-derived gas streams due to the absence of CO-, which is
typically removed during LNG processing. Finally, although the H-gas + H-S blend showed slightly higher
embrittlement than the H-gas environment, the overall degree of degradation remained comparable to that of
the L-gas blend which is HaS-free. This suggests that ppm-level H.S and THT under the investigated
conditions did not produce a disproportionately severe additional embrittlement effect.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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4 Overall conclusions and implications for hydrogen repurposing

This deliverable builds on the material and component compatibility screening performed in D3.1 and provides
a more detailed assessment of two specific aspects relevant to hydrogen-natural gas blends: structural integrity
and defect tolerance of repurposed pipelines, and the influence of gas quality on hydrogen embrittlement
behaviour in pipeline steel. The assessment shows that hydrogen repurposing cannot be judged from hydrogen
concentration or operating pressure alone. Under the conservative assumptions adopted, hydrogen-containing
service reduces the calculated fatigue-life margin and can reduce the tolerance to critical crack-like defects.
The governing response depends on the combined influence of pressure, pipeline geometry, material grade,
fracture toughness, residual stresses, fatigue crack growth behaviour and inspection capability.

From the structural integrity assessment, hydrogen-containing service was shown to reduce integrity margins
by accelerating fatigue crack growth and lowering fracture toughness. The fatigue-life and detectability
screening maps provide a conservative basis for identifying pipeline configurations requiring detailed
engineering critical assessment, refined material data, pressure-history analysis or improved inspection
capability.

Overall, the assessment provides a structured basis for ranking repurposing scenarios and identifying where
additional integrity work is required. It does not establish universal hydrogen blending limits or provide final
acceptance decisions for individual pipelines. A favourable screening result indicates a lower relative concern
under the adopted assumptions, whereas an unfavourable result identifies the need for additional evidence or
mitigation before hydrogen-containing service is considered.

From the gas-quality and gas composition assessment, among the tested 20% hydrogen blends, the methane-
rich H-gas mixture exhibited the lowest embrittlement susceptibility, whereas the L-gas and H-gas + H2S
mixtures showed slightly higher degradation. The H-gas + H.S blend showed lower ductility than the H-gas
blend, but its overall behaviour remained comparable to the H.S-free L-gas mixture. This indicates that ppm-
level H2S and THT did not produce a disproportionately severe additional embrittlement effect under the
conditions investigated. The literature review and the results both highlight that the behaviour of complex
multicomponent gas mixtures remains difficult to predict from the effect of individual gas species alone or
hydrogen partial pressure. Important knowledge gaps remain regarding gas-species interactions and their
influence on hydrogen-assisted degradation under realistic gas-grid conditions.

Overall, the findings support a case-specific approach to hydrogen repurposing, combining structural integrity
assessment, inspection planning, material compatibility evaluation and realistic gas-composition
considerations. The results should be interpreted as conservative screening and decision-support guidance
rather than universal acceptance criteria or general blending limits.

The research leading to these results has received funding from Horizon Europe, the European Union's
Framework Programme for Research and Innovation under grant agreement n° 101111888.
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