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Executive Summary

With the emergence of carbon capture projects and the need to convey CO:2 to sequestration locations, new
challenges have presented themselves for material properties of the pipelines conveying CO2. The challenge
this document discusses is the fracture control of line pipe material.

Brittle fractures will propagate almost instantaneously, faster than the decompression of pipeline contents.
Therefore, resistance to brittle fracture can be assessed independently of the fluid being conveyed within the
pipeline.

Brittle fracture has been extensively studied by industry, resulting in well-defined quality controls including
DWTT and charpy impact testing requirements. Due to the independence of brittle fracture and pipeline
contents, these defined controls, as documented in API 5L and ISO 3183, are considered applicable for
pipelines conveying CO:2 despite these documents being focussed on transportation of natural gas.

Ductile fractures or tears propagate from existing cracks or penetrations, the decompression of the contained
fluid provides the driving force at the existing crack tip for propagation. Fluids decompress at different speeds
depending on their pressure, temperature and fluid phase and accordingly exert different driving forces at the
crack tip. Therefore when considering pipeline material resistance to ductile fracture propagation, the nature
of the transported fluid must also be accounted for.

CO:z2 can present a different challenge to natural gas when considering ductile fracture because it is typically
transported in the dense or supercritical phase in order to control volume and optimise pipeline diameters.

Pipelines are required to have adequate resistance to long running ductile fractures. Typically in gas pipelines,
steel with sufficient toughness to arrest a long running ductile fractures within a minimal distance is selected,
otherwise mechanical crack arrestors have to be installed with an associated increase in cost and schedule.

Traditionally the assessment method used to determine the required toughness to arrest fracture in gas
pipelines is the Battelle two curve method or simplified equations using this concept, where the gas exhibits
single phase decompression characteristics, this approach is documented in API 5L annex G.

Recent work based on findings from full scale burst tests in dense phase or supercritical CO2 medium have
shown that Battelle two curve assessment, even with applied factors, are non-conservative when considering
dense phase COz2. This work has led to a specific dense phase CO2 ductile arrest criteria being developed and
published in DNV RP F104.

When compared to natural gas the initial decompression speed of supercritical COz is significantly higher. As
it transitions to vapour the decompression speed of the CO:2 drops when the saturation pressure is reached
and the decay of pressure acting on the crack tip is slower, providing peak driving force for a long running
fracture or tear for longer.

Figure A from DNV-RP-F104 depicts this phenomenon.
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Figure 5-1 Schematic showing effects of decompression speed for CO, relative to fracture
propagation speed in pipe wall; insert figure shows sch ically phase lope for pure CO,

Figure A DNV depiction of CO, decompression speed
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Where CO: being conveyed in the pipelines is operating in vapour phase, the multiphase decompression
characteristic is not a concern as decompression will initiate below the saturation point. In this instance the
decompression characteristic will be analogous of natural gas.

Figure B below plots the maximum allowable pressures, at winter minimum and summer maximum
temperatures, for the Ervia pipelines.
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Figure B Phase Diagram for pure CO (Based on Chemicalogic Coorperation (2020))

This shows that CO2 will remain in vapour phase during transportation. Under these conditions it is acceptable
to apply traditional methods, developed for natural gas pipelines, to determine required toughness to arrest
long running ductile fractures. Considering the design parameters of the Ervia pipelines the EPRG approach
detailed in APl 5L Annex G.7 is a suitable means of defining a minimum arrest toughness for the line pipe
steel.
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Holds

HOLDS Description Responsibility

N/A
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Term

API

ASTM

CA

CPF

CCS

DWTT

CS

DNV

EPRG

FEED

HAZ

ISO

MDMT

MoC

MSD

NSAI

oD

SMYS

TWC

WT

Glossary

Definition

American Petroleum Institute

American Society for Testing and Materials
Corrosion Allowance

Central Processing Facility

Carbon Capture and Storage

Drop Weight Tear Test

Carbon Steel

Det Norske Veritas

European Pipeline Research Group

Front End Engineering Design

Heat Affected Zone

International Organization for Standardization
Minimum Design Metal Temperature
Material of Construction

Material Selection Diagram

National Standards Authority of Ireland
Outside Diameter

Specified Minimum Yield Stress

Through Wall Crack

Wall Thickness
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1 INTRODUCTION AND SCOPE
1.1 Project Background

Ervia is assessing how Carbon Capture and Storage (CCS), located close to large-scale CO2 emitters can
play a role in reducing Ireland’s CO2 emissions. A technical feasibility study on the potential for large-scale
CCS in Ireland was completed by Ervia in 2020.

The general location of Aghada Power Station in County Cork was selected as a potential site for a Central
Processing Facility (CPF) for liquefaction, storage, and export of CO2 overseas via a new marine jetty. The
CPF will cater for CO2 captured at 3 emitter locations (Whitegate Power Station, Irving Oil Whitegate Refinery
and Aghada CCGT). A new CO:2 gas pipeline gathering network will transport CO2 from the emitters to the
CPF.

Ervia has appointed RPS / Bechtel to carry out a Pre-FEED study that involves a detailed assessment of the
key CPF, pipeline and storage infrastructure necessary to condition, compress, transport and store liquid CO2
at Cork harbour for subsequent loading onto ships for export. (Note: The scope of this project does not include
the carbon capture facilities at each emitter).

Additionally, the new marine jetty in Cork will also be used for import of liquid CO2. This scenario considers
the regasification of liquid CO2 at Cork for transport via pipeline to the Inch terminal which is the link to
indigenous offshore permanent storage at the depleted Kinsale Head Gas Field.

1.2 Scope

This study identifies the required material testing to verify that the CO: collection network and export pipelines
are resistant to brittle and ductile fracture and whether additional mechanical mitigations (crack arrestors) are
required.

The avoidance of fracture initiation is normally ensured through the correct specification of line pipe materials
and verification through materials testing during the design and procurement process. Essentially, fracture
initiation should not occur under design and operating conditions, in pipe meeting specified mechanical and
non-destructive acceptance criteria defined by the procurement documentation.

The possibility still remains that rupture of the pipeline may occur due to the intervention of third parties. For
onshore pipelines this is most likely to occur inadvertently due to excavation activities. In the event of such an
occurrence it is important that the damage remains localised in order to minimise the risk to safety and the
environment as well as damage to the asset. This is normally achieved by specification of material toughness
requirements aimed at arresting a running fracture or the application of mechanical crack arrestors.

The project philosophy is to avoid the use of mechanical means to control fractures and it is intended that
control of both fracture initiation and fracture propagation is ensured through the correct specification of line
pipe material properties.

This document defines the details of the minimum pipeline toughness requirements necessary to prevent
fracture initiation for the control of longitudinal running fractures in the project pipelines.
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1.3 CO: Pipeline Network

The CO:z2 pipeline network in Cork is comprised of four sections as shown on Table 1-1 and Figure 1-1 below).

Table 1-1 CO; Pipeline Network

No. Pipeline Section Approximate Nominal Actual Comments
Length Diameter Diameter
(m) (mm /inches) (mm/inches)
1 Whitegate to Valve 2,880 300/12 323.8/12 Serving Whitegate Power
Installation Station and Whitegate Oil
Refinery
2 Valve Installation to 3,870 300/12 323.8/12
CPF
3 Aghada Power Station 430 300/12 323.8/12
to CPF
4 Valve Installation to 3,460 450/ 18 457.0/18
Inch Terminal
Total 10,640

Aghada Power Station
(Pointof CO; gathering)

Kilteskin

Proposed Central 3—Aghada to CPF

Processing Facility (CPF) (0.43km, 300mm) : 2 .
Location - Ardrabeg AGI
W \

g

Carlisle

r \ ~
ittle €o
1-Whitegate to Valve installation 4 —Valve Installation to Inch Terminal
(2.88km, 300mm) (3.46km, 450mm)

Rochmount

‘Whitegate Whitegate
Power Station (Pointof CO; gathering)

\ Inch Terminal (AGI)

Figure 1-1 CO; Pipeline Network

The above pipeline network facilitates the gathering of CO2 from all emitters and its delivery to the CPF. The
network also facilitates delivery of COz to Inch Terminal without the need for a separate delivery pipeline from
the CPF to Inch Terminal. This is made possible by the incorporation of the Valve Installation (Ref. 11).

MDE 1234-RPS-04-CX-RP-Z-RP0006 | Ervia CCS Pre-FEED Study | S3 P02 | 24-March-2022
rpsgroup.com Page 2



PIPELINE CRACK PROPAGATION STUDY - CORK

2 FRACTURE
2.1 Brittle Fracture

2.1.1 Description

Brittle fracture can occur if two conditions exist:

l. The stress is greater than the threshold stress for brittle fracture, and
1. The operating temperature at this condition is below the transition temperature of the steel.

If the pipeline stress is lower than the threshold stress, brittle fracture will not occur. If, however, the stress
exceeds the threshold value and the temperature is below the transition value, there is a potential for a pre-
existing defect or other damage to grow and initiate a brittle failure.

2.1.2 Mitigation of Brittle Fracture

The method for mitigating this potential for brittle fracture to occur is to ensure that the ductile to brittle transition
temperature is less than the minimum operating temperature.

Empirical data shows that the ductile to brittle transition temperature in line pipe steels corresponds to 85%
shear fracture in the drop weight tear test (DWTT) using specimens fractured in the longitudinal direction
(parallel to the pipe axis) and consequently the line pipe shall be specified with a requirement to exhibit 85%
shear at the minimum operating temperature.

The above approach was developed to determine resistance to propagation in the pipe body but not brittle
fracture in longitudinal seam weld metal and associated heat affected zones.

The toughness of the longitudinal weld and HAZ is derived from the charpy V-notch toughness test (Cv) not
DWTT, which typically measures 3 key criteria, namely total absorbed energy, lateral expansion and shear
area. Whilst absorbed energy and lateral expansion can be measured quantitatively shear presents a greater
challenge because its evaluation is qualitative in nature and therefore subject to imprecision irrespective of the
method of measurement employed.

Consequently it is extremely difficult if not impossible to interpret the fracture appearance as a shear fracture
and hence specify fracture appearance properties for longitudinal welds or the heat affected zones for the
purpose of controlling fracture propagation.

This is addressed practically by ensuring that the longitudinal weld seams of successive pipes are staggered
by a minimum circumferential distance which will result in arrest occurring within one pipe length.

Research has shown that the transition temperature measured by Cv testing is approximately 30°C lower than
that measured by DWTT 1 for the same shear area. Consequently, provided the DWTT shows that the pipe is
ductile at -10°C there will be adequate charpy toughness to control initiation of fracture at a temperature of -
40°C.

2.2 Ductile Fracture

2.21 Description

As the name suggests, ductile fracture occurs when a steel is above the ductile brittle transition temperature,
fracture initiation is usually due to external factors.

The largest perceived risk to ductile fracture initiation is third party intervention / damage involving excavation
equipment which results in either penetration of the pipeline or denting / gouging which may extend through
the wall during service and result in rupture.

The mitigations discussed in Section 2.1.2 do not provide any protection against propagating ductile fracture
it is therefore critical to ensure that any defect failure will initiate in a ductile mode, and its failure stress will be
primarily governed by the tensile properties of the line pipe rather than the toughness.
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Whilst basic mitigation measures can be implemented, for example, marking of the pipeline, fencing or barriers
and education of the populous, this is not sufficient. Testing is required to ensure the pipeline material is
inherently capable of resisting fracture initiation and propagation.

2.2.2 Mitigation of Ductile Fracture

2.2.2.1 Critical Defect Length

A "Critical" defect is one whose length, which if exceeded at the specific operating conditions, will result in the
pipe wall being unable to support the defect and the defect ultimately growing to rupture.

The standard approach is to determine what the critical defect length will be for each pressure case and for
both through wall crack (TWC) and partially through wall defects (dents / gouges). These are calculated using
the following equation developed by Eiber et al. and solved for “c”, the half-length of the axial through wall
defect. The critical defect length is 2c.

8ca? m [Myo,
K2 =—L lnsec—[ L h]
T

Where:

) CvE
K¢ =12 1

c

Cv = Charpy v-notch toughness

E = Youngs Modulus

Ac = Charpy specimen fracture surface cross-sectional area
2c = Defect length

or = flow stress = SMYS + 68.94 MPa

o = applied hoop stress

Mt = Folias Factor

2¢? 2¢?
My =3.3+0.032 — (where =— < 50)
Dt Dt

2 22 0.5 2
My = |1+ 0.6275 2 - 0.003375 {2} ] (where 2 > 50 )
Dt Dt Dt

The critical defect size shall be calculated during the detailed pipeline design when all required inputs shall be
available.

The quality controls that will be implemented during the line pipe manufacturing and pipeline welding
operations coupled with the low design factor as noted in Section 3.4 allow for a high degree of confidence
that the pipelines will be free of defects approaching the calculated critical defect size at the point of installation.

2.2.2.2 Fracture Initiation Control

The charpy V-notch toughness required for the control of fast running fracture in modern pipeline steels is
higher than the toughness needed to control initiation (resulting from growth of a defect during operation to the
point where it penetrates the pipe wall causing a leak or rupture).

Initiation control is determined as the toughness required to prevent fracture initiating from a defect that is
nominally 80% of the critical TWC at the MAOP. For pipelines designed to use toughness as the basis for
controlling fracture propagation, the minimum toughness for propagation control normally exceeds the
toughness for initiation control.

2.2.2.3 Ductile Fracture Propagation

If a through wall or part through wall defect greater than a critical dimension is present, the pipe will rupture at
the defect and under appropriate conditions will “propagate” in each direction from the point of the rupture. If
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the steel toughness is insufficient to slow the propagating velocity below the velocity at which the gas
decompression occurs, it will continue until it meets a pipe with higher toughness such as a fitting, or a tough
weld.

Such a propagating ductile fracture may result in the loss of multiple lengths of line pipe with the safety,
environmental and financial impact associated with a vast loss of containment in a gas transportation pipeline.

The control of ductile fracture propagation in high strength steel pipelines was introduced as Annex G in the
44th edition of API 5L.

Ductile fracture propagation is prevented by ensuring that the toughness of the line pipe steel is sufficiently
high to overcome the crack tip pressure generated by the fluid decompression and arrest propagating fractures
and this is assured by specifying a sufficiently high material toughness as determined by the Charpy-V notch
(Cv) impact energy of the line pipe steel.

API 5L, Annex G provides guidance on how to define the Cv impact energy required to mitigate ductile fracture
propagation in clauses G7 through G10. These approaches are valid provided that the calculated required
impact energy is < 100J. Should the calculated required impact energy be = 100J, further specialist assessment
is required.

Annex G11 covers full scale burst testing of project pipe, with project fluids and project design conditions, this
approach should be considered as a last resort.

The approach above is valid for single phase gaseous fluids, it is recognised that pipelines carrying
liquid/dense phase CO: are subject to greater risk of ductile fracture propagation due to the high
decompression velocity and consequent higher crack tip pressures associated with decompression of
liquid/dense phase COa.

DNV RP-104 provides guidance on mitigation of ductile fracture propagation in pipelines carrying liquid/dense
phase CO2. The DNV assessment takes a more conservative approach and requires a minimum impact energy
of 250 J to permit the application of predictive models for crack propagation, and assessment of the crack tip
pressure based on the pipeline MAOP to avoid full scale burst testing. It is recommended that assessment of
resistance to ductile fracture propagation follows the guidance of DNV RP-104 for any pipelines subject to
liquid/dense phase CO:..
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3 DESIGN BASIS FOR FRACTURE CONTROL

3.1 General

The pipelines shall be designed in accordance with ISO PD 8010 and 1.S. 328.

The design data in the following sections is based on information contained in the Study Basis — Cork — (Ref.09)
and information from other disciplines.

3.2 Design Life
The design life for the new CO2 pipelines is 40 years.
3.3 Fluid Composition

Table 3-1 CO2 Delivery Specification

Recommended

Specification

CO2 >99.97 mol%
H2S <9 ppmv
Carbon Monoxide <100 ppmv
NOx <10 ppmv
SOx <10 ppmv
Oxygen <10 ppmv
Nitrogen -
Hydrogen <50 ppmv
Argon -
Methane -

Non-condensable -

Water <30 ppmv
Hydrocarbon -
Particulates 1 mg/Nm3
Particle size <10um
Mercury <0.03 ppmv
NHs <10 ppmv
Others Amine <10 ppmv

Formaldehyde <20ppmv
Acetaldehyde <20pmv
Cd+Tl <0.03 ppmv

Note: CO2 specification is related to gaseous phase CO:x.
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3.4 Pipeline Design Conditions

Table 3-2 Pipeline Design Conditions (Applicable to all pipelines)

Condition Value

Design Pressure 38.5 bara

(10 % above MAOP and design factor of 0.3 considered)
Design temperature max. 70°C
Minimum design metal -29°C

temperature (MDMT)

3.5 Fluid Characteristics

Based on the MAOP and operating temperatures the CO:2 transported by the project pipelines will be in the
gaseous phase as demonstrated by the CO2 phase diagram shown in Figure 3-1 below.
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Low
temperature
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5
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Figure 3-1 Phase Diagram for pure CO; (Based on Chemicalogic Corporation (2020))

3.6 Material Selection

The transported fluid is considered to contain no free water, accordingly no internal corrosion is anticipated.
As documented in the project material selection diagrams the MoC selected for all pipelines is Carbon Steel
with 3 mm corrosion allowance.

The CS grade selected for the pipelines is APl 5L X42.
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3.7 Pipeline Sizes

Table 3-3 Pipeline Design Conditions

PipelineSection OD mm (“)

1 - Whitegate to Valve Installation 323.8 (12) 11.13
2 - Valve Installation to CPF 323.8 (12) 11.13
3 - Aghada Power Station to CPF 323.8 (12) 11.13
4 - Valve Installation to Inch Terminal 457.0 (18) 14.27

" Wall thickness is based on standard schedules and includes corrosion allowance as discussed in Section 3.6.
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4 ASSESSEMENT
4.1 Method

As shown in Section 3.5, the project pipelines will convey CO: as a single gas phase. Consequently,
assessment of resistance to running ductile fractures in accordance with Section 5.6 of DNV RP-104 is
discounted for this project.

Given the line pipe dimensions (i.e. D < 1430 mm and t < 25.4 mm), the assessment detailed in APl 5L Annex
G.7 — EPRG Guidelines (Approach 1) is considered the most appropriate method for the project pipelines.

4.2 API 5L Annex G.7 Assessment

The required CVN absorbed energy is calculated using the following equation G.1 for pipe grades < X65:

K, = C; X oj°> x D%

Where:

Oh is the design hoop stress expressed in MPa
D is the specified outside diameter in mm

t is the specified wall thickness in mm

C1 is 2.67 x 10 for calculations using Sl units

Once calculated the calculated energy value is compared to the values quoted in tables G.1 — G.3 as applicable
and the highest energy shall be considered as the minimum impact test value for the project line pipe. As the
design factor for the project pipelines is 0.3, the values presented in table 1 shall be used for comparison.

Table 4-1 API 5L G.7 EPRG Assessment Summary

Pipel_ine oD WT! D/t DP Hoop Stress Kv (J) Kv (J)
Section mm () (mm) (bara) (MPa) Calculated Table G.1
1 323.8 (12) 7.02 46.15 38.5 86.90 3.89 40
2 323.8 (12) 7.02 46.15 38.5 86.90 3.89 40
3 323.8 (12) 7.02 46.15 38.5 86.90 3.89 40
4 457.0 (18) 9.84 46.43 38.5 87.45 4.67 40

"WT without corrosion allowance, accounting for manufacture tolerances.

Section 1 - Whitegate to Valve Installation
Section 2 - Valve Installation to CPF

Section 3 - Aghada Power Station to CPF
Section 4 - Valve Installation to Inch Terminal

Per the table above, the required test energy for the project line pipe to mitigate ductile fracture propagation is
40 J.

It should be noted that the ERRG assessment technique, along with all other predictive methods, have been
predominantly developed based on theoretical and physical testing in seam welded line pipe. Should the
project source alternative manufacturing options such as seamless pipe, further assessment of the applicability
of the determined values shall be performed.
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5 CONCLUSION

For the project scope under consideration here it is not considered necessary to follow the guidance of DNV
RP-104 as the additional complications of decompression of dense/liquid phase CO: are not applicable.

Based on the information presented in the above sections, the project pipelines will carry single phase gaseous
COz2, therefore resistance to both brittle and ductile fracture propagation can be assured by small scale
toughness testing i.e charpy v-notch following the requirements of API 5L annex G and ISO 3183.

The required Cv impact test energy to mitigate brittle fracture is 27 joules at the MDMT per Section 9.8 of API
5L. The required Cv impact test energy to mitigate ductile fracture propagation is predicted to be 40 joules per
Section 4 of this document. High quality line pipe procured to PSL 2 controls API 5L/ ISO 3183 can routinely
achieve in excess of 200 joules. Therefore, given the modest requirements identified in Section 4 specifying
line pipe steel toughness values to arrest long running ductile tears will not present an obstacle to pipeline
design.

The assessment described within this document includes an inherent degree of conservatism as the project
pipeline design factor is 0.3 and the impact energy requirement of table G.1 of API 5L is based on a design
factor of 0.625.

Additional mechanical crack arrestors are not considered a necessary option for the COz2 pipelines.
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