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Abstract

The transition to a low-carbon economy necessitates innovative solutions to reduce greenhouse gas
emissions, with Carbon Capture and Storage (CCS) emerging as a viable strategy. This thesis ex-
plores the reuse of existing offshore gas pipelines for CO2 transport within CCS projects, focusing on
the technical feasibility while taking potential economical and permit related risks in consideration as
well. The research leads to a tool that can be used to evaluate the technical feasibility of pipeline which
is tested in a case study of the L11B pipeline, a decommissioned offshore gas infrastructure, to eval-
uate its suitability for repurposing. This tool can serve as a starting point to help make complex and
capital intensive investment decisions.

A comprehensive framework was developed to assess pipeline reuse, integrating industry standards,
relevant literature and degradation mechanisms. Material integrity assessments were conducted, in-
cluding evaluations of historical operating conditions, pressure ratings, and corrosion allowances. Ad-
ditionally, computational models were developed to simulate CO2 transport scenarios and predict long-
term degradation behavior.

The findings highlight key challenges and opportunities associated with pipeline reuse. While the struc-
tural integrity of the L11B pipeline appears within acceptable limits for CO2 transport, the modifications
to ensure system compatibility with CO2 transport, such as changes to the structural components are
also taken into consideration.

This thesis contributes to the body of knowledge on CCS infrastructure by presenting a systematic ap-
proach to evaluating pipeline reuse. The proposed methodology can guide the process of repurposing
pipelines into a more time efficient manner by providing the handles needed to evaluate large numbers
of pipelines, giving a quick and thorough evaluation of which pipelines may be feasible for reuse and
which are not.
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Introduction

The increasing global concern over climate change and the need to reduce emissions urges the need
for innovative solutions in, for example, CO2 management. One of those promising opportunities is
the repurposing of existing gas infrastructure for carbon capture and storage (CCS). This approach
uses the extensive network of pipelines and facilities originally designed for natural gas transport and
storage and re-purposes it to store carbon dioxide in the now empty offshore gas reservoirs.

The primary focus of this research is to explore the feasibility of reusing offshore gas infrastructure,
specifically pipelines, for CO2 transport. This study will examine mainly technical but also econom-
ical and permit-related factors, providing a thorough assessment of the opportunities and limitations
involved in adapting these existing systems for CCS purposes. Building on previous research and cur-
rent regulatory standards in the form of a literature study, this research aims to answer the question:
What is the feasibility of reusing existing gas pipelines for the transport of CO2 to depleted gas fields?.

1.1. Background

The offshore gas industry has developed a vast network of infrastructure over the past several decades,
including pipelines, platforms, and associated systems designed to facilitate the extraction and trans-
portation of natural gas from offshore fields to onshore processing plants. As many offshore gas fields
have reached or are nearing the end of their productive life cycles, the infrastructure initially built for
gas extraction is becoming obsolete. This creates an opportunity to repurpose the infrastructure for
alternative uses, such as CCS.

CCS involves capturing CO2 emissions from industrial processes, compressing the gas for transport,
and injecting it into depleted gas fields or other geological formations for long-term storage. Repur-
posing offshore gas infrastructure for this purpose could have significant benefits. Firstly, it reduces
the need for new pipeline construction, which would lower both costs and environmental impacts. Sec-
ondly, it utilizes existing assets, making the transition to a low-carbon economy more efficient. However,
technical and regulatory challenges remain, including ensuring the structural integrity of pipelines and
compliance with the safety and environmental standards for CO2 transport.

1.2. Problem Description

The European Union (EU) has come to an agreement in the Paris climate convention that includes
regulations aimed at reducing CO2 emissions by 55% by 2030 compared to baseline levels of 1990.
This ambitious goal is part of a broader strategy which aims for the EU to become the first climate-neutral
continent by 2050. Achieving this target requires significant reductions in greenhouse gas emissions
across all sectors of industry and energy. However, as of today, many industries are struggling to meet
these targets at the required pace.

The current approach to CO2 reduction relies heavily on two main strategies:

1. Reduction of CO2 production: This involves the adoption of cleaner, more sustainable produc-
tion methods that inherently generate less CO2. Technologies such as electrification, renewable
energy integration, and resource efficiency improvements fall into this category. While these

1
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methods promise long-term benefits, they also come with substantial economic and time-related
challenges. The development, design, and construction of entirely new production processes is
an expensive and time-consuming task. The infrastructure required for these innovations takes
years, if not decades, to implement. Therefore, while CO2 production reduction is crucial for
long-term sustainability, it is unlikely to yield the necessary reductions by 2030.

2. Reduction of CO2 emission: The second, more short-term solution, is the reduction of CO2
emissions through Carbon Capture and Storage (CCS). CCS technology involves capturing CO2
produced from industrial processes of any kind and storing it in a storage facility such as un-
derground in geological formations. This method has several advantages: it does not require
significant changes to the existing production processes, making it easier to implement without
causing large-scale disruptions to current operations. Additionally, it requires fewer short-term
capital investments in comparison to developing new technologies for CO2 production reduction.

Despite these promising aspects, the deployment of CCS at the scale required to meet the 2030 targets
has been slower than anticipated. Studies have shown that it takes anywhere from 6 to 8 years to
develop a fully operational CCS plant, from the initial planning stages to commissioning. This timeline
makes it unlikely that newly built CCS plants alone will significantly contribute to the 2030 emission
reduction goals. To overcome this challenge, alternative solutions are necessary to accelerate CCS
capacity deployment.

One such solution is the reuse of existing offshore gas infrastructure, which were originally built for
natural gas transport but could potentially be repurposed for CO2 transport to the depleted gas reser-
voirs. The reuse of offshore infrastructure offers a significant advantage, as it can reduce the time
and cost associated with building new pipelines. However, the suitability of these pipelines for CO2
transport is not guaranteed, as they were not initially designed with this purpose in mind. Therefore, a
comprehensive feasibility assessment is necessary to determine whether existing pipelines can safely
and efficiently be reused for CCS applications.

1.3. Objectives

The main objective of this thesis is to evaluate the feasibility of reusing offshore gas pipelines for the
transport of CO2 to depleted offshore gas fields. This will be accomplished through the following specific
objectives:

» Assess the technical challenges associated with CO2 transport in existing infrastructure:
This includes evaluating the material integrity, corrosion resistance, and operational capacities
of offshore gas pipelines when exposed to CO2 and its impurities, such as sulfur and nitrogen
compounds. A detailed examination of how CO2 behaves differently from natural gas, particularly
under the pressure and temperature conditions in offshore environments, will be conducted.

Investigate regulatory frameworks and identify necessary adaptations for CO2 transport:
The regulations used for offshore gas pipelines are designed around natural gas transport. This
objective will explore whether these regulations are sufficient for CO2 transport, or if modifications
are necessary to regulatory approval.

» Evaluate environmental and safety concerns related to infrastructure reuse: Reusing gas
infrastructure for CO2 transport presents environmental and safety challenges, including the risk
of pipeline leakage and the long-term storage of CO2 in depleted reservoirs. This objective aims
to assess these risks and identify mitigation strategies, ensuring that the reuse of offshore infras-
tructure aligns with environmental protection goals.

Identify risks related to the reuse of offshore gas infrastructure: By identifying the risks on
the technical, economical and permit aspects of offshore infrastructure reuse, the measures and
mitigation strategies can be set up. More importantly, the influences that a measure out of one
of the categories has on a certain other category can be shown, for example a economical risk
requires technical measures to ensure the mitigation that risk.

1.4. Research Question

The central research question guiding this thesis is:
What is the feasibility of reusing existing gas pipelines for CO2 transport to depleted gas fields?
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To fully explore this question, several sub-questions will be addressed throughout the research:

1. What are the technical differences between natural gas and CO2 transport that impact the
reuse of existing gas pipelines? This question will investigate the specific design and oper-
ational challenges posed by transporting CO2, especially considering the difference in medium
and potential for causing corrosion. This also leads to a number of sub-questions:

* How does exposure to CO2 and its impurities affect the structural integrity of gas pipelines?
» What are the critical loadings and loading combinations when considering the feasibility of
repurposing pipelines for CO2 transport?

2. What regulatory adaptations are required for the safe and compliant reuse of offshore
gas pipelines for CCS? This sub-question will examine current pipeline regulations and codes,
determining whether they are adequate for CO2 transport and what changes may be necessary
to ensure compliance with safety and environmental standards.

3. What are the risks associated with the reuse of gas infrastructure for CO2 transport, and
how can they be mitigated? This will explore potential risks such as pipeline leakage, CO2
containment, and the environmental impact of infrastructure reuse, offering strategies to minimize
these risks.

4. How can them term feasibility be defined? This question will set a definition on what exactly
is feasibility in the context of this research. By doing so, the areas relevant to this research can
be found resulting in a structured approach to determine the feasibility.

These sub-questions will guide the analysis and discussion in the following chapters, ensuring that
each aspect of the research question is thoroughly explored.

1.5. Structure of the Thesis

This thesis is structured as follows:

» Chapter 2: Literature Review This chapter provides an in-depth overview of the existing re-
search on offshore gas infrastructure, CCS technology, and the regulatory frameworks governing
CO2 transport. The chapter highlights the current understanding of the technical, regulatory, and
environmental challenges related to the reuse of gas pipelines for CCS. In this chapter, a desicion
will be made on which pipeline types there are and which pipeline type should be investigated.

Chapter 3 & 4: Feasibility Analysis Framework and Risk Analysis Chapter 3 describes the
decisions made to structurally assess the overall feasibility by setting three different areas of fea-
sibility. These are the technical feasibility, economical feasibility and the permit feasibility. This
research will be mainly focusing on the technical feasibility while still taking critical aspects of
the economical en permit feasibility into account. The technical feasibility will be investigated by
developing a approach for feasibility assessment in chapter 5 while in chapter 4 a risk analysis
will be provided for the technical, economical and Feasibility. By doing so, the study will remain
focused on the technical aspects while still identifying potential area’s where a technical mea-
sures to a technical risk may have impact on the economical or permit feasibility, necessitating
a reevaluation of for example the business case. This economical re-evaluation is outside of the
scope of this research.

» Chapter 5: Approach for Feasibility Assessment This chapter will describe the feasibility as-
sessment approach that has been developed in this thesis to investigate the technical feasibility
of reusing an offshore gas platform pipeline for CO2 transport. This is done by taking the findings
on the relevant loadings out of chapter 2 and using those findings to set a series of steps that
have to be taken in order to assess the pipeline for reuse. In these steps, the risks out of the risk
analysis matrix and their measures are incorporated in a series of checks that have to be carried
out. In these checks, the presence of potential economical influence is highlighted.

Chapter 6: Case Study Chapter 6 focuses on a specific offshore pipeline, applying the assess-
ment approach set up in chapter 5 to assess its suitability for CO2 transport. This case study
serves as a practical example to illustrate the challenges and opportunities identified in the re-
search.



1.5. Structure of the Thesis 4

» Chapter 7: Conclusion and recommendation This chapter summarizes the key findings of the
research, providing conclusions on the feasibility of repurposing gas pipelines for CO2 transport.
It also offers recommendations for future research, industry practices, and policy development to
support the wider adoption of CCS technologies.



Literature Review

A review of the existing literature reveals a growing amount of research exploring the potential of repur-
posing offshore gas infrastructure for CCS applications. Studies have investigated various aspects of
this concept, including the technical feasibility of reusing pipelines and platforms for CO2 transport and
storage and the regulatory frameworks governing CCS deployment in offshore environments. Recent
developments in CCS technology, including advancements in CO2 capture and storage techniques, as
well as innovations in offshore engineering and infrastructure design, have further peaked interest in
repurposing offshore gas infrastructure for CCS.

In the context of the development of a tool that could assess a pipelines feasibility, the existing research
should be investigated thoroughly and schematically in order to get a full understanding what the rele-
vant aspects of offshore gas infrastructure are in relation to CCS and reuse. This chapter will dive into
the existing research and give an overview of the different types of offshore gas infrastructure, loadings
and regulations.

2.1. Offshore Gas Infrastructure
Before exploring the feasibility of reusing offshore infrastructure, it is necessary to gain a full under-
standing of the existing gas-related infrastructure at sea. A simplified example of such a system can
be seen in figure 2.1. This section serves as overview, providing a schematic overview of offshore
infrastructure related to the offshore gas industry.



2.1. Offshore Gas Infrastructure 6

Existing
line

Pipeline To shore
crossing

Infield
flowline
Satellite
subsea
wells
/ Subsea  Tie-in
manifold

Export pipeline

Flowlines
(several can be
bundled)

¢

Flowlines

Figure 2.1: A basic overview of a pipeline system [1]

In the offshore environment there is a need for a diverse range of infrastructure, from production plat-
forms and pipelines to storage facilities and support structures. Each component plays a role in facil-
itating the extraction and transportation of natural gas from offshore reservoir to onshore destinations
and processing facilities. Understanding the importance of each of these systems is essential for as-
sessing their potential for reuse. In order to understand these systems effectively, they can be broadly
divided into two main parts: gas extraction systems and gas transport systems. This division helps in
the understanding of the operations and maintenance of the entire offshore gas production process.
The system is then further divided into different sections as can be seen in figure 2.2 This chapter will
discuss each of these systems and their respective components.

This overview will serve as a reference point for further research, leading to the selection of specific
components for further investigation. By narrowing this overview down into a subset aligned with the
objectives of this study, the aim is to identify the components relevant to the reuse of pipeline infras-
tructure for CCS.

2.1.1. Gas Extraction Systems

The gas extraction systems are responsible for bringing natural gas from beneath the seabed to the
wellhead. This includes various components and equipment used to manage and optimize gas ex-
traction before it enters the in-field lines. The primary components involved in gas extraction systems
are:

» Subsea Trees: Installed on wellheads to control the flow of gas. These trees are equipped with
valves and chokes to manage the pressure and flow of the extracted gas. They play a critical
role in ensuring safe and controlled extraction operations [2]. The subsea trees are designed to
withstand the harsh underwater environment. Installed on these trees are automatic or remote-
controlled valves to shut off flow in case of emergencies. They are crucial for preventing blowouts
and ensuring the safety of the extraction process [3]. Safety valves are strategically placed to
provide rapid response in the event of unexpected pressure changes, protecting both the infras-
tructure and the environment.

Operating Pressure: The pressure at the wellhead typically ranges from 7 MPa to 70 MPa [4].
Operating Temperature: The temperature at the wellhead can range from 277 K to 423 K [5].
Downhole Equipment: Tools and equipment used within the wellbore to manage gas extraction,
including packers, tubing, and safety valves. These components are essential for maintaining
well integrity and optimizing production rates [3]. Downhole equipment ensures that the extraction
process is efficient and that the well can be safely controlled under various conditions.
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Operating Pressure: downhole pressures can range from approximately 20 MPa to over 100 MPa
(200 to 1,000 bar) [6].
Operating Temperature: The temperature generally ranges from 363 K to 450 K [6].

+ Subsea Control Modules: Next to the subsea trees the equipment for controlling subsea valves
and monitoring well conditions is placed. These modules provide real-time data and control ca-
pabilities, enhancing the efficiency and safety of extraction operations [3]. The ability to remotely
monitor and control the extraction process allows operators to quickly address any issues that
arise, minimizing downtime and potential hazards.

Operating Pressure: The pressure at the wellhead typically ranges from 7 MPa to 70 MPa [4].
Operating Temperature: The temperature at the wellhead can range from 277K to 423 K [5].

The goal of this study is to provide a foundation on which the feasibility research of reusing pipelines can
be based. The components related to gas extraction systems are not within the scope of the research.

2.1.2. Gas Transport Systems

Gas transport systems are responsible for moving the extracted gas from the wellhead to processing
facilities, either offshore or onshore. This section is further divided into three main categories: man-
ifolds, pipeline components, and primary pumps. The division is based on the functional roles each
component plays in ensuring the safe and efficient transport of natural gas.

Manifolds

Manifolds are crucial components in the gas transport systems, acting as junctions where multiple
pipelines connect. They help in managing the flow of gas from various sources and direct it towards the
main transport lines. Manifolds ensure efficient distribution and control of gas flow within the transport
network. According to the Handbook for offshore engineering[7], manifolds are designed to handle high
pressures and are equipped with various valves and control systems to manage the flow from different
wellheads. This division helps in centralizing the control and distribution of gas, making the system
more manageable and reducing the risk of leaks or failures.

Pipeline Components

Pipeline components are essential for the safe and efficient transportation of gas. These components
include various types of pipelines, coatings, and joints. Dividing the pipeline components into specific
types helps in addressing the unique challenges associated with different parts of the transport system.

Pipeline Types
Different types of pipelines are used in gas transport systems, each serving a specific purpose. The
main pipeline types are:

+ Export Pipelines: Pipelines transporting gas from offshore facilities to onshore facilities. These
pipelines are typically long-distance and designed to handle high pressures and large volumes
of gas [2]. Export pipelines are a critical link in the gas supply chain, ensuring that the extracted
gas reaches processing and distribution centers efficiently.

Operating Pressure: The pressure in the pipeline typically ranges from 7 MPa to 21 MPa [8].
Operating Temperature: The temperature in the pipeline typically ranges from 277 K to 320 K [8].

+ In-Field Lines: Pipelines connecting various offshore installations within a field. They facilitate
the transfer of gas between different production and processing units [2]. In-field lines are essen-
tial for integrating the different components of an offshore field, allowing for flexible and efficient
operations.

Operating Pressure: In-field line pressures typically range from 5 MPa to 25 MPa (50 to 250 bar),
though pressures can be higher in deepwater fields or in high-pressure reservoirs [5].

Operating Temperature :The temperature in in-field lines typically ranges from 278 K to 338 K de-
pending on the fluid composition and the thermal environment of the subsea floor [5]. .

» Risers: Vertical pipes that connect the subsea pipelines to surface facilities like platforms. Risers
are designed to accommodate the dynamic movements of the sea and provide a flexible connec-
tion between subsea pipelines and surface facilities [7]. They are critical for ensuring the integrity
of the pipeline system under varying environmental conditions.
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Operating Pressure: Similar to the subsea pipeline, the pressure usually ranges from 7 MPa to
35MPa [8].
Operating Temperature: The temperature in the riser typically ranges from 277K to 338 K [5].

» Spoolpieces: Short pipeline segments that connect various subsea components. Spoolpieces
provide flexibility in the layout and installation of subsea pipelines, allowing for connections be-
tween different sections of the pipeline network [3]. They are used to accommodate changes in
direction and elevation.

Operating Pressure: The pressure in spool pieces is generally similar to that in in-field lines, typ-
ically ranging from 5 MPa to 25 MPa (50 to 250 bar) [5]
Operating Temperature: Spool pieces experience temperatures in the range of 278 K to 338 K [5].

Joints
Joints are used to connect different sections of pipelines. There are two main types of joints used in
gas transport systems:

* Welded Joints: Permanent connections made by welding the pipeline sections together. Welded
joints provide strong and leak-proof connections, essential for high-pressure gas transport [1].
These joints are critical for maintaining the structural integrity and safety of the pipeline under
high pressure.

» Flange Joints: Connections made using flanges, which allow for easy disassembly and reassem-
bly. Flange joints are used where pipelines need to be regularly inspected or maintained [1]. They
provide flexibility in the pipeline system, allowing for easy access for maintenance and repairs.

Degradation Prevention components
Coatings are applied to pipelines to protect them from corrosion and other environmental factors. There
are different types of coatings used in gas transport systems:

* Internal Coating: Applied to the inside of the pipeline to reduce friction and prevent corrosion.
Internal coatings improve the flow efficiency and extend the lifespan of the pipelines [9]. They
help in maintaining the integrity of the pipeline by preventing internal corrosion caused by the
transported gas.

» External Coating: Applied to the outside of the pipeline to protect it from external corrosive
environments, such as seawater and soil. External coatings are crucial for preventing corrosion
and mechanical damage to the pipelines [7]. These coatings are essential for the long-term
durability of pipelines exposed to harsh environmental conditions.

+ Fieldjoint Coating: Applied to the joints of pipelines to ensure continuous protection at the con-
nection points. Fieldjoint coatings are essential for maintaining the integrity of the entire pipeline
system, especially at the welded or flanged joints [10]. Ensuring proper coating at joints is critical
for preventing localized corrosion and potential leaks. This is considered a separate type of coat-
ing due to the fact that fieldjoints need to be coated in the field, making them significantly different
from the internal and external coatings which are applied on the surface.

» Anodes:The primary function of anodes is to act as a sacrificial material that corrodes in place
of the steel pipeline. In the cathodic protection system, the anodes are electrically connected to
the pipeline, creating a galvanic cell. The anodes, being more reactive (having a more negative
electrochemical potential) than the steel pipeline, corrode preferentially when exposed to seawa-
ter. This electrochemical reaction protects the pipeline by shifting the corrosion potential of the
steel to a more negative value, effectively making it the cathode in the electrochemical cell, and
thus preventing it from corroding.

Primary Pumps

Primary pumps play a vital role in gas transport systems by providing the necessary pressure to move
the gas through the pipelines. These pumps ensure that the gas reaches its destination efficiently
and safely, overcoming the resistance and distance involved in offshore transport. Primary pumps
are designed to handle the high pressures and large volumes characteristic of offshore gas transport
operations [7]. They are crucial for maintaining the flow of gas through the pipeline, especially over
long distances and varying terrains.
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2.1.3. Other components

Additional to the extraction and transportation related components, there also are some additional com-
ponents such as production facilities, storage facilities and components that facilitate both some of the
components mentioned in figure 2.2 and processing/storage facilities.

1. Offshore Platforms: These are the different types of platforms used for offshore gas exploration.

+ Fixed Platforms

* Floating Platforms

» Compliant Towers

+ Semi-Submersible Platforms
» Tension Leg Platforms (TLPs)
+ Spar Platforms

2. Storage Facilities: Some offshore gas fields are connected to a storage facility before the gas
is transported to the onshore facilites. Bellow are the components used for such an operation.

* Floating Storage and Regasification Units (FSRUs)
* Floating Storage Units (FSUs)

+ Offshore Storage Tanks

+ Subsea Storage Tanks

3. Processing Facilities: These are typical components used to process the raw gas and prepare
it for transport.

» Gas Processing Plants
» Gas-to-Liquid (GTL) Plants

These components are not of importance for this study since almost all the components listed above
are specialised for offshore gas operations. Only the Offshore platforms will be touched on briefly.

2.1.4. Infrastructure within the scope of this research

This research focuses on the gas transportation systems, more specifically on the pipeline components.
Therefore the scope of this research is narrowed down and the list shown above will be shorted down.
Additionally, the relevance and role of the jacket foundations in relation to the riser systems will also be
looked at briefly due to the physical connection between a Riser and a jacket foundation. In the next
chapter, the final selection of pipeline types within the scope of this research will be determined based
on the loading types and most vulnerable components.

Pipelines
The most significant components for this research are the pipeline components themselves. This sec-
tion contains a list of all the different types of pipelines considered.

* Export Pipelines
Export pipelines form the bulk transportation part of offshore gas transportation, conveying raw or
processed gas from offshore production platforms to onshore facilities or interconnecting pipelines.
These pipelines are typically designed to withstand high pressures and varying seabed conditions.
They may span vast distances, traversing diverse terrain, including deep water regions, subsea
canyons, and shallow coastal waters. The engineering and construction of export pipelines in-
volve meticulous planning, detailed route surveys, and adherence to stringent safety and environ-
mental regulations. It is important to realise that export pipeline dimensions are determined by
the installation loading instead of the much smaller operational loading[7].

* Risers
Risers serve as vital connections between offshore structures and the seafloor. These vertical
pipeline systems enable the transportation of fluids or gases. Risers in offshore oil and gas
production, for instance, are crucial for conveying fluids or gasses from subsea wells to surface
facilities. They can be rigid or flexible, depending on project requirements and environmental
factors
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* Infield lines
infield lines connect individual wells or pipelines to production platforms or gathering hubs. These
pipelines, for example, carry untreated gasses or fluids from the wellhead to processing facilities
for initial treatment and separation. infield lines are characterized by relatively smaller diameters
compared to export pipelines and are typically installed using flexible or rigid pipes, depending on
water depth and seabed conditions. Subsea tie-ins and pigging facilities are often incorporated
along the length of infield lines to facilitate maintenance and operational flexibility [1].

» Spoolpieces
Spoolpieces are short sections of pipeline used to connect adjacent pipeline segments or facilitate
changes in direction or elevation. These prefabricated components are crucial for maintaining
pipeline integrity and facilitating efficient construction and installation operations. Spoolpieces
are manufactured to precise specifications, ensuring a tight fit with existing pipeline infrastructure.
They are commonly installed using specialized welding techniques or mechanical connections
such as bolts, minimizing disruption to ongoing operations[1].

Offshore platform foundations

Offshore foundations, such as jacket structures and floating platforms, have a significant influence
on the design, installation, and performance of risers in offshore oil and gas production systems and
should therefore be taken into account for this research. The type of offshore foundation used can
impact riser design considerations, operational safety, and environmental factors. Additionally, the
connecting components between the riser and the platform have been looked at in order to potentially
identify a critical point in the riser design which should be taken into account. NEN3656 states that
the steel grade requirements for the bolts connecting the clamps to the platform have a stricter limit,
ensuring that the connecting components will not form a critical point in the pipeline design[11]

 Jacket Structures:

Support Structure Interaction: Jacket structures provide stable support for offshore platforms and
serve as the primary interface between the seabed and topside facilities. The configuration and
layout of jacket legs can affect the routing and installation of risers, influencing factors such as
clearance, spacing, and bending radius. Dynamic Response: Jacket platforms are subjected to
environmental loads, including wave, current, and wind forces, which can induce dynamic motions
and vibrations. These dynamic responses can affect riser integrity and fatigue life, necessitating
careful analysis and design considerations to mitigate potential risks. For the purpose of pipeline
calculations, the displacements of the foundations should be known for the effect on the pipeline
deformation.

* Foundation Stability:
The stability and integrity of jacket foundations are critical for maintaining riser support and align-
ment, particularly in deepwater environments with challenging seabed conditions. Factors such
as soil properties, foundation design, and installation techniques can impact the foundation’s abil-
ity to resist lateral and vertical loads, affecting riser performance and reliability. For the sake of
this research, the foundation stability is not within the scope. The foundation can be assumed
stable for the remainder of it’s lifetime.

2.2. Technical Requirements

This section examines the various types of loads affecting offshore pipelines, crucial for their design,
maintenance, and operational strategies. It covers hydrostatic, thermal, operational, environmental,
and hydrodynamic loads. These are all the relevant loads the system endures during operation and
the leading parameters for determining the requirements for the pipelines. As can be seen, there is
a connection between the environmental and operation loads applied in the area of temperature and
pressure. This is a result of the fact that the loadings occur under a temperature gradient between the
external and internal part of the pipeline. The relevant pressure for this type of loading is a combination
between the hydrostatic pressure and the internal pressure.
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Figure 2.3: A schematic overview of the different types of loads, structured per type of load

2.3. Types of Loads

In order to better understand the different loads and where they act on, the loads are divided into
several categories. These categories are shown in figure 2.3 and further explained in this chapter. The
main division is made between environmental loads, operational loads and installation loads where
some parts of the environmental and operational loads are connected. These connected loads are the
temperature related loads and the pressure related loads which will be described as seperate sections.

2.4. Environmental loads

Environmental loads include all the loads that the sea, the wind or other nature related forces exert on
the pipeline system. The four significant loading types are the current, wave, external pressure and
external temperature loads. Both the external pressure and external temperature are tightly intertwined
with the internal pressure and temperature, which will be further discussed in the coming sections.

2.4.1. Current loading

All seas have a current induced by wave motions [13]. Offshore structures are submitted to a loading
of this current. The current profile follows a parabolic shape, being the lowest at the sea bottom due to
bottom friction [14]. In figure 2.4, this current profile has been depicted.

The pipelines within the scope of this research are reused pipelines, therefore marine growth is a
significant factor which should be included in the pipeline calculations. Current loading is calculated
using the drag formula:

1
Fcurrent - ipCdDequivalent U2 (21 )

where:

C4 = The drag coefficient

D.quivaient = The equivalent diameter of the pipeline
U = The velocity of the current

In this formula, the marine growth is accounted for in both the Drag coefficient Cp by adjusting the
roughness of the pipe and by the increase of the equivalent diameter D qyivaient [15].

2.4.2. Wave loading

With wave loading, the force that a wave exerts on a structure is meant. According to Gerwick et al.[3]
the effects of wave action disappears at 3-4 meters in water depth, making wave loading only relevant
for near waterline structures.

Since waves occur in all heights and lengths, it is important to determine which wave characteristics to
use for Pipeline design. This section gives the wave heights and return periods as stated by the NEN,
where for the stress analysis of a Riser is done by using the maximum wave height and period in an
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Figure 2.4: The different kinds of loadings an offshore structure can be submitted to[12]. Wind loads are not included in the
loads since wind has no significant influence on subsea pipelines. Wind has influence on the platforms but this will be
accounted for in a displacement of the pipeline.

interval of 100 years. However, Watters et al. [16] states that if the total load is a combination of the
current and wave loading, a 50 year return period is more than enough due to the extreme remoteness
of this combination happening. It can be concluded that the normative guidelines for Pipeline design
regarding wave and current loading is stricter than necessary in certain combinations.

The wave characteristics have been determined at the beginning of each project. However, Aarnes et
al. found out that the wave characteristics over time are changing [17]. Compared to the older historical
data, many of the wave heights have increased over time, making it necessary to update the wave and
current characteristics when assessing the pipeline for reuse.

2.5. Temperature Loading

Temperature loading on offshore gas pipelines is a significant factor that influences the structural in-
tegrity, operational performance, and safety of the pipeline system. This temperature loading arises
from both external environmental conditions, such as seawater temperature, and internal factors, such
as the temperature of the transported gas.

2.5.1. External Temperature Loading

External temperature loading refers to the thermal effects on the pipeline due to the surrounding seawa-
ter. Offshore pipelines are typically exposed to varying water temperatures, which can change signifi-
cantly with water depth and geographic location. In deeper waters, the temperature is generally lower,
which can induce contraction in the pipeline material, in shallower, warmer waters, the pipeline may ex-
pand [18]. The extent of this expansion or contraction depends on the thermal coefficient of expansion
of the pipeline material and the temperature difference encountered along the pipeline’s route.

These temperature-induced expansions and contractions generate axial and hoop stresses within the
pipeline. If these stresses exceed the material’s yield strength, they can lead to structural failures such
as buckling or fracture. Moreover, thermal gradients, particularly those resulting from abrupt changes
in water depth, can create zones of stress concentration[19]. These areas are prone to fatigue and may
develop cracks over time. The design of offshore gas pipelines must account for these temperature
variations to ensure their long-term reliability.
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2.5.2. Internal Temperature Loading

Internal temperature loading arises from the temperature of the gas being transported through the
pipeline. The temperature of the gas can vary significantly, especially when it enters the pipeline from
different sources, such as wellheads, processing facilities, or other pipelines. The internal tempera-
ture can also change as the gas travels along the pipeline due to heat transfer with the surrounding
environment.

High internal temperatures can cause the pipeline material to expand, which, when combined with
external environmental conditions, may exacerbate the stresses experienced by the pipeline. On the
other hand, low internal temperatures, particularly in deepwater environments, can lead to cooling of the
pipeline material and contraction, which can result in excessive stress and potential failure. Additionally,
temperature differences between the gas and the surrounding seawater can cause significant thermal
gradients across the pipeline wall, leading to thermal stresses that can weaken the pipeline over time.
In the case of offshore gas pipelines, maintaining a stable internal temperature is crucial to preventing
the formation of hydrates and waxes, which can obstruct gas flow[20]. Insulation and heating systems
are often employed to manage the internal temperature of the gas and prevent such issues [1].

2.5.3. Effect on fatigue lifetime

The some of the loadings presented in the previous section have cyclic behaviour. This cyclic be-
haviour can cause fatigue in the pipeline. Therefore the cyclic loading should be taken into account by
performing a fatigue lifetime assessment.

2.6. Pressure Loading

Pressure loading is another significant factor in pipeline loading. This pressure loading arises from both
internal sources, such as the pressure of the transported gas, and external sources, such as hydrostatic
pressure from the surrounding seawater. For gas extraction, the pressure inside the reservoir will
reduce over time since the reservoir is getting more and more empty. However, in the case of CO2
injection, the required pressure for injection will increase over time since the reservoir is getting fuller.
This has to be taken into account to ensure safe operation.

2.6.1. Internal Pressure Loading

Internal pressure loading is generated by the gas being transported through the pipeline. The pressure
within the pipeline is typically high to ensure the efficient transport of gas over long distances and to
overcome frictional losses. The internal pressure exerts a circumferential (hoop) stress on the pipeline
wall, which is a primary consideration in the design and operation of the pipeline.

The hoop stress is calculated using the formula[1]:

pi - D
2t

op = (2.2)
where gy, is the hoop stress, p; is the internal pressure, D is the pipeline’s internal diameter, and ¢ is the
wall thickness. This stress acts circumferential around the pipeline, tending to expand the pipeline’s
diameter.

If the internal pressure exceeds the material’s yield strength, it can lead to plastic deformation or even
rupture. Therefore, offshore gas pipelines are designed with safety factors to withstand maximum
expected pressures.

2.6.2. External (Hydrostatic) Pressure
Hydrostatic pressure is the pressure exerted by the seawater surrounding the pipeline. This pressure
increases with water depth and acts uniformly on the external surface of the pipeline. The hydrostatic
pressure is given by:

ph=p-g-h (2.3)

where p;, is the hydrostatic pressure, p is the density of seawater, g is the acceleration due to gravity,
and h is the depth of the water.
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2.6.3. Combined Pressure Loading

The combination of internal and external pressures results in a net pressure loading that the pipeline
must withstand. The net radial pressure on the pipeline wall is the difference between the internal and
external pressures:

Pnet = Di — Ph (2.4)

where:

Pnet = The net radial pressure.
p; = The external pressure.

pe = The internal pressure.

This combined pressure loading creates a state of stress within the pipeline wall that includes both hoop
stress from internal pressure and compressive stress from external hydrostatic pressure. The pipeline
must be designed to handle these combined stresses without yielding or buckling.

In order to combine the internal pressure with the external pressure, the following formula is used[21]:

op = M (2.5)

where:

op = The hoop stress in the Pipeline
Pnet = The net radial pressure.

R = The radius of the pipeline

t = The thickness of the pipeline

This formula gives a relation between the absolute pressure working on the pipeline, the geometric
parameters of the pipeline and results in the maximum hoop stress on the pipeline, which can cause
pipeline failure.

2.7. Operational Loads

The Operational loads of an offshore pipeline can be seen as all the loads a pipeline experiences when
it is being used for its primary purpose; the transportation of a substance. For this research, the loads
are divided into three different types of loading:

1. Internal Pressure loads
2. Internal temperature loads
3. Chemical loads

The first 2 loading types have already been discussed in the previous section due to their tight con-
nection with both the environmental temperature and hydrostatic pressure. But in order to make the
operational loads complete, the chemical loading of a pipeline should be considered as well.

2.7.1. Chemical Loads on Pipelines

Chemical loads refer to the stresses and potential damage exerted on pipeline materials due to chem-
ical interactions, which can occur both internally, from the transported materials, and externally, from
the environment surrounding the pipeline. The primary consequence of these interactions is corro-
sion, leading to material degradation, loss of mechanical integrity, and eventual failure of the pipeline
infrastructure [22].

Internal Corrosion:

Internal corrosion occurs when the pipeline transports corrosive materials, such as water with high
chloride content or hydrocarbons containing CO2 and H2S. Factors like temperature, pressure, and
flow velocity can accelerate the corrosion processes [22]. Gas pipelines have such impurities according
to the findings of Ammar Ali Abd et al. [23]. The typical compositions of substances found in a natural
gas pipeline are listed in table 2.1. Internal corrosion is usually prevented by using certain materials for
the pipeline itself, injecting corrosion preventing chemicals, putting a liner within the pipeline or using
cathodic protection. These methods are further described in section 2.8.
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Natural Gas Components (mol%) | Non-Hydrocarbons Components (mol%)
Methane 96 Argon < 0.05
Ethane 2 Nitrogen < 10
Propane 0.6 Hydrogen sulfide < 5
Isobutane 0.18 Helium < 0.5%
n-butane 0.12 Carbon dioxide < 5
Isopentane 0.14 Oxygen < 0.01
n-Pentane 0.06 Water < 147 ppm
Hexanes 0.1 Hydrogen < 0.02
Heptanes 0.8

Table 2.1: Typical compositions of natural gas in-pipeline components

Interviews with experts from the industry resulted in the notion that all kinds of corrosion residue on
the inside of the pipeline needs to be removed before CO2 can be transported through the pipeline
due to the high solubility of CO2 which can cause additional corrosion [9]. Also the CO2 needs to be
absolutely dry before transportation to prevent internal degradation by corrosion which can get as high
as 20mm/year. This has proven to be a realistic and achievable requirement.

In order to calculate the internal corrosion rate, the corrosion mechanism must be found. In the hand-
book of pipeline engineering [7], the most damaging corrosion mechanism for gas pipelines is stated
to be the sweet corrosion caused by the presence of CO2 in the pipeline stream. This corrosion rate
can be calculated using the NORSOK M506 method [24]. This method uses the partial pressure of
the CO2 present in the pipeline together with empirical determined constants to come to the following
formula:

CR=Ax (Pcoz)B X BCXT
Where:

+ A = 0.03 (empirical constant)

* B = 0.7 (exponent for the relationship between CO2 partial pressure and corrosion)
* C = 0.02 (temperature effect constant)

* Pcop is the partial pressure of CO2

* T is the temperature

This equation can calculate the corrosion rate per year.

External Corrosion:

External corrosion is influenced by environmental factors such as soil chemistry, moisture content, and
for marine pipelines, the corrosive nature of saltwater [22]. External corrosion is usually prevented by
coatings and cathodic protection. These methods are further described in section 2.8.

2.7.2. Stress Corrosion Cracking (SCC) in Offshore Gas Pipelines

SCC is a type of corrosion that occurs due to the combination of a tensile stress and a corrosive en-
vironment [25]. This can lead to sudden and unexpected failures in pipeline steels, especially under
conditions where both mechanical stress and corrosive loadings are present, such as offshore envi-
ronments. The combination of tensile stress and a corrosive environments in and on a material such
as steel leads to localized anodic and cathodic reactions on the material’s surface or at microstruc-
tural defects. Areas under tensile stress become anodic, where the metal starts to dissolve, while less
stressed areas act as cathodes. This difference in electrochemical potential leads to the initiation of
microscopic cracks, leading to critical failure of the pipeline.

Offshore pipelines are particularly vulnerable to SCC because they operate in harsh environmental
conditions where they are exposed to high chloride marine atmospheres, varying pressures, and tem-
peratures [25]. The presence of these factors, combined with the high mechanical stresses from ocean
currents and installation processes, creates an ideal scenario for SCC.
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The primary danger of SCC is its ability to lead to catastrophic failure with little to no prior deformation or
visible damage, making it difficult to detect and predict without regular monitoring [25]. Cracks initiated
by SCC grow rapidly and can compromise the structural integrity of the pipeline. section 2.8 dives
deeper into SCC and it's mitigation strategies.

2.8. Degradation of steel pipelines

Steel pipelines are often used for transport in harsh offshore environments. These pipelines are ex-
posed to various ways of degradation, primarily corrosion. This section provides a comprehensive re-
view of the mechanisms, factors, and mitigation strategies associated with the degradation of offshore
steel pipelines.

2.8.1. Mechanisms of Degradation

The degradation of offshore steel pipelines occurs through various mechanisms, with corrosion being
the most prominent. Corrosion can be categorized into external and internal types, each influenced by
different factors and environmental conditions [1].

External Corrosion

External corrosion occurs on the outer surface of pipelines, primarily due to interactions with the marine
environment. Factors such as seawater salinity, temperature, dissolved oxygen content, and the pres-
ence of biofouling organisms significantly affect the rate of external corrosion. According to Farh et al.
[26], the aggressive nature of seawater and the presence of microorganisms contribute significantly to
the external corrosion of offshore pipelines.

External corrosion in offshore environments is exacerbated by various marine conditions. High salinity
and dissolved oxygen levels accelerate the corrosion process. Additionally, marine growth and biofoul-
ing can create differential aeration cells that further increase corrosion rates [27]. According to Singh
[28], about 70% of offshore pipeline failures are due to external corrosion.

Internal Corrosion

Internal corrosion occurs within the pipeline and is influenced by the transported fluids. Key factors
include the presence of corrosive gases (e.g., CO2, H,S), water content, flow velocity, temperature,
and pH levels. As highlighted by Cabrini et al. [29], CO2 corrosion is a significant issue in oil and gas
pipelines, often resulting in localized attacks and severe pitting.

Internal corrosion can degrade the pipeline’s integrity, impacting flow efficiency and leading to potential
leaks. The presence of impurities such as sulfur oxides (SOx) and nitrogen oxides (NOx) in CO2
streams can further exacerbate internal corrosion, especially under supercritical CO2 conditions [30].

2.8.2. Mitigation Strategies
Effective corrosion protection strategies are essential for extending the lifespan of offshore steel pipelines.
These strategies can be broadly classified into passive, active, and hybrid methods.

Passive Protection Techniques

Passive protection involves isolating the pipeline material from the corrosive environment. Common
techniques include coatings, linings, and the use of corrosion-resistant materials. Coatings, such as
fusion-bonded epoxy and polyethylene, provide a physical barrier against corrosive agents [26]. Other
coatings like bitumen, polyethylene encasements, and metallic coatings such as zinc can also be ef-
fective [27].

According to the comprehensive review by Hussein et al. [27], coatings can significantly reduce the cor-
rosion rate. For instance, anti-fouling coatings are critical in offshore environments to prevent biofouling
and subsequent corrosion [28].

Active Protection Techniques

Active protection methods involve the application of electrical currents to prevent corrosion. Cathodic
protection, using either sacrificial anodes (galvanic protection) or impressed current systems, is widely
used to protect pipelines from external corrosion [26]. These systems are effective in controlling corro-
sion by providing a continuous electrical current that counteracts the natural corrosion process [27].
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Farh et al. [26] detailed that cathodic protection is especially beneficial for offshore pipelines exposed
to highly corrosive seawater. Impressed current cathodic protection (ICCP) systems, although more
complex and expensive, offer robust protection for long offshore pipelines by maintaining a constant
protective current [28].

Hybrid Protection Techniques

Hybrid techniques combine passive and active methods to enhance corrosion protection. For instance,
the use of coatings in conjunction with cathodic protection systems provides a comprehensive defense
against both external and internal corrosion [26]. These methods ensure that even if the coating is
damaged, the cathodic protection system can prevent corrosion at the exposed areas [27].

Hybrid protection techniques, as noted by Farh et al. [26], leverage the strengths of both approaches
to offer a synergistic effect. For example, a combination of anti-fouling coatings and sacrificial anodes
can provide excellent protection in the marine environment while reducing the overall maintenance
requirements [28].

2.9. Installation Loads on Offshore Pipelines

Installation loads are all the loads associated with the installation phase of a pipeline. These loads occur
during the handling, lowering, and positioning of the pipeline on the seabed or at the jacket structure.
There are several loads associated with the installation of a pipeline, the following list gives the most
significant loads.

» Pipe laying loads: As the pipeline is lowered down from the lay vessel and descends to the
seabed, it passes through a series of bending moments due to the curvature it needs to make.
This can induce significant stress in the pipeline material [31].

» External Pressure and Collapse: During the installation, parts of the pipeline might experience
different external pressures, especially in deep waters, leading to potential collapse if not properly
managed. This is particularly critical during the initial submersion and final placement [32] but it
can be prevented by flooding or pressurising the pipeline to ensure the difference between the
external and internal pressure it not going over the limit.

* Wave and Current Interactions: Particularly relevant for risers, wave and current interactions
play a significant role during installation. Waves and currents can induce dynamic stresses on
the riser, influencing its installation trajectory and tension requirements. These interactions must
be modeled to optimize installation procedures and ensure the structural integrity of the riser as
it is guided to its final position [33].

2.9.1. Installation loads in relation to research

While the installation loads must be considered for a proper pipeline design, these loads are not of
importance in a situation where the aim is to reuse a pipeline. Therefore the installation loads are not
within the scope of this research and will not be included in any further sections.

2.10. Other phenomena to take into account

Besides the physical en chemical loading of a pipeline, there also are other phenomena to take into con-
sideration when looking at the feasibility of reusing pipelines. One of these most important phenomena
is running ductile fractures.

2.10.1. Running Ductile Fracture

Running ductile fracture is a critical failure mode in pipelines, particularly in high-pressure systems such
as those used for the transportation of carbon dioxide in Carbon Capture and Storage (CCS) projects.
This phenomenon involves the rapid propagation of a crack along the length of a pipeline, driven by
the internal pressure of the transported fluid. Understanding and mitigating running ductile fractures is
essential for ensuring the safety and integrity of pipeline systems.

Mechanism of Running Ductile Fracture
Running ductile fractures occur in materials that experience significant plastic deformation before frac-
turing. The fracture typically initiates at a defect or stress concentration point within the pipeline, such
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as a weld flaw, corrosion pit, or mechanical damage. Once initiated, the fracture propagates rapidly,
with the pipeline material deforming plastically ahead of the crack tip [34].

The propagation of the fracture is sustained by the high internal pressure of the transported fluid, which
continues to drive the crack forward. The rate of crack propagation can approach the speed of sound
in the material, leading to a potentially catastrophic release of the pipeline’s contents [35].

Factors Influencing Running Ductile Fracture
Several factors influence the initiation and propagation of running ductile fractures in pipelines:

+ Material Toughness: The toughness of the pipeline material is a critical factor in determining
its resistance to fracture. Higher toughness materials can absorb more energy before failing,
reducing the likelihood of a running fracture [36].

* Internal Pressure: Higher internal pressures increase the driving force for crack propagation,
making it more challenging to arrest a running fracture once it has initiated [35].

* Temperature: The temperature of the pipeline material can influence its ductility and toughness.
Lower temperatures may reduce ductility, increasing the risk of brittle fracture, whereas higher
temperatures generally enhance ductility [37].

 Impurities and Gas Composition: The presence of impurities or other gases mixed with CO2
can affect the fracture toughness of the pipeline material. Impurities may lead to localized corro-
sion, creating initiation points for fractures [5].

2.11. Scope of this research

Now that there a list of components and a list of loads has been established, a scope of this research
can be determined. Out of the listed pipeline types, the joints, primairy pumps and manifolds are not
within the scope of this research. These components typically have non metallic components which
will react with CO2[38] and have to be replaced, looking at reuse for these types of components is of
no use. The main goal is to find out if it is feasible to reusing offshore gas pipelines for carbon capture
and storage purposes in expired gas reservoirs. This means that, in order to find the most probable
failure point, the weakest part of the pipeline has to be investigated.

To do so, the different components and the different loadings have been put together in the table bellow,
if the loading is relevant to the component mentioned, there’s an x, if not, the cell is empty.

Pipeline External currentWaves Hydrostatic| Interal Internal Chemical| Total
types tempera- Pressure pres- Tempera- loads

ture sure ture
Export X X X X X 5
Pipelines
Infield X X X X X 5
Lines
Risers X X X X X X X
Spool X X X X X
piece

Table 2.2: The pipeline types combined with which loadings apply to the different types.

As can be seen in table 2.2, the Riser has the largest range of loading conditions working on it. Export
lines, infield lines and spool pieces do not experience critical loading from current and waves since
they are located under or on the seafloor, where waves have no influence and current is at a minimum.
The Riser experiences all the loading types and can be seen as the most vulnerable pipeline type. The
main focus of the feasibility study will therefore be the Riser. The corrosion and degradation prevention
components will be included in the research due to their role in ensuring the safety of the pipeline.



2.12. Natural gas and CO2 properties 20

2.12. Natural gas and CO2 properties

The difference in properties during transport between natural gas and CO2 is one of the key elements
when determining whether or not reusing pipeline components is feasible. Table 2.3 shows the differ-
ence in characteristics of natural gas and CO2. Although the pressure and temperature characteristics
of CO2 and natural gas are of the same magnitude, CO2 is often transported in a super critical phase
in order to maximize efficiency. This is dependend on the operating temperature and pressure of the
pipeline itself. In most cases, the pressure and temperature of CO2 operations will be similar to the
pressure and temperature of the gas pipeline due to the required pressure of the reservoir for injection
and the outside temperature.

Characteristic Natural Gas CO, (for CCS transport)

Typical Pressure (Off-| 100-150 bar 100-150 bar (can go higher for

shore Pipeline) dense-phase transport)

Typical Temperature | 5°C to 60°C -10°C to 40°C (dependent on

(Pipeline) phase)

Phase (Pipeline Condi- | Gaseous Can be in gaseous, liquid or crit-

tions) ical phase

Critical Pressure ~46 bar ~74 bar

Critical Temperature -82.6°C 31.1°C

Density 0.8-0.9 kg/m3 (gas at pipeline | 400-1100 kg/m® (depending on

conditions) phase and pressure)

Viscosity 0.01-0.02 cP 0.05-0.1 cP (dependent on

phase)

Compressibility Factor

(2)

Typically around 0.85-0.95 for
gas phase

0.2-1.0 (varies significantly with
phase and pressure)

Corrosiveness

Low, but increases with impuri-
ties like CO,

High, especially in presence of
water (forms carbonic acid)

Hydrate Formation Con-
ditions

Below ~25°C and ~50 bar (with
water)

Forms hydrates below ~10°C,
high pressures, water

Main Phase in Reservoir

Gas

Supercritical or dense phase (in
CCS applications)

Thermal Conductivity

~0.03 W/m-K (for gas phase)

~0.1-0.2 W/m-K (varies with
phase and pressure)

Transport Phase Con-
siderations

Always gaseous in pipelines

Typically transported in su-
percritical/dense  phase for
efficiency

Table 2.3: Comparison of Natural Gas and CO, Characteristics for Offshore Transport [39][40]

2.12.1. CO2 phase during transport

CO2 preferably is transported in a dense liquid or supercritical phase due to the added efficiency of
such a phase. In the case of reuse, a certain amount of pressure is needed to inject the CO2 in the
reservoir. Therefore, similar conditions between natural gas operations and CO2 operations are most
likely and can be assumed. According to 2.5, this means that the CO2 will be transported in a liquid
dense or supercritical phase.
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Figure 2.5: The phase diagram of CO2 [41]

2.13. Regulatory requirements for CO2 Pipelines

This section provides a detailed methodology for calculating the structural integrity of a pipeline system
in accordance with NEN and DNV codes. The scope of this research is limited by these two types due to
the NEN being based on the ISO codes where the NEN codes are often stricter and more conservative
than the ISO codes. Secondly, the NEN codes often refer to the DNV codes for calculation methodes.
This section includes relevant sections and equations of the NEN standards and DNV codes, ensuring
adherence to the latest standards in pipeline engineering.

2.13.1. NEN Standards and DNV Codes Overview

The design and analysis of pipeline systems are governed by various standards and codes to ensure
safety and reliability. The relevant standards and codes are:

NEN-EN 13480 series: Metallic industrial piping [42].
NEN-EN-ISO 3183: Steel pipelines for gas and oil transmission [43].
NEN-EN 10208-2: Steel pipes for pipelines used in the transport of combustible fluids [44].
NEN 3650-1: Determination of the resistance to internal pressure - Part 1: General principles
[45].
5. NEN 3650-2: Determination of the resistance to internal pressure - Part 2: Unbonded flexible
pipe [46].
6. NEN 3650-3: Determination of the resistance to internal pressure - Part 3: Reinforced thermo-
plastic pipe [47].
7. NEN 3650-4: Determination of the resistance to internal pressure - Part 4: Bonded flexible pipe
[48].
8. NEN 3656: Requirements for steel offshore pipelines [11].
9. NEN-EN-ISO 15589-2: Cathodic protection of pipeline transportation systems - Part 2: Offshore
[49].
10. DNVGL-RP-D101 - Structural Analysis of Piping Systems [50]
11. DNV-0S-F101 - Submarine Pipeline Systems [51]
12. DNV-RP-E305 - On-Bottom Stability Design of Submarine Pipelines [52]
13. DNV-RP-F116 - Integrity Management of Submarine Pipeline Systems [53]

Eal e

The connection between the codes can be seen in figure 2.6. The NEN-codes NEN3656 and NEN3650-
1 up to 4, are all part of the NEN3650 series where NEN3656 is specified into offshore pipelines. In
figure 2.6 the specific input from the DNV codes are also shown since the NEN3650 series uses input
and calculation methods from these DNV codes.

2.13.2. Design Data and Input Parameters
The initial step involves gathering all necessary design data, including environmental conditions, ma-
terial properties, and pipeline specifications. This data is crucial for accurately modeling the pipeline
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Figure 2.6: A diagram showing the connection between the different codes.

system and performing subsequent calculations. The main parameters are similar for most standards
and include:

Figure 2.7: The main pipeline dimensions [54]

» Pipeline Geometry: Outer diameter (D), wall thickness (t), and length as can be seen in figure
2.7 [11] [55].

+ Material Properties: Yield strength (o), tensile strength, modulus of elasticity (£), Poisson’s
ratio (v) [11][43][44][55]..

» Environmental Conditions: Soil properties, internal and external pressures (7;),(P.)[55].[56].

» Operating Conditions: Type of gas being transported, its density, and flow rate.

» Material Selection: Guidelines for selecting appropriate materials based on the operating envi-
ronment and fluid properties [42][55]..

* Inspection and Testing: Non-destructive testing methods and inspection requirements to ensure
pipeline integrity [42][44][55]..

» Welding and Fabrication: Standards for welding procedures, qualifications, and fabrication pro-
cesses [42][11][55]..

» Design Pressure: Criteria for determining the design pressure based on operating conditions
[43][55]..

» Manufacturing Processes: Standards for the manufacturing and testing of steel pipes [43][55]..

* Quality Control: Procedures for ensuring the quality and reliability of the pipelines [43][55]..

» Corrosion Protection: Coating systems and cathodic protection measures [44][49][57].
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» Pressure Ratings: Guidelines for determining the pressure ratings of the pipes [44][55]..

+ Calculation Values for Loads and Material Properties: Derivation of calculation values from
representative loads and material properties [11][55]..

* Geotechnical Parameters: Soil-pipeline interaction parameters such as vertical and horizontal
soil loads, soil stiffness values, and friction between pipeline and soil [11] [56].

* Load Factors and Combinations: Size and nature of load factors and combinations based on
the pipeline’s position and area class [11][55]..

» Design of Cathodic Protection Systems: Criteria for designing cathodic protection systems for
offshore pipelines [49][57].

+ Materials and Installation for Cathodic Protection: Requirements for materials and installation
procedures for cathodic protection systems [49][57].

* Monitoring and Maintenance of Cathodic Protection: Guidelines for monitoring and maintain-
ing cathodic protection systems to ensure long-term effectiveness [49][57].

The design data should also include details about the pipeline’s operating conditions, such as the type
of gas being transported, its density, and flow rate. This information is necessary for calculating the
internal pressures and forces acting on the pipeline.

Design Loads
Design loads are the forces and pressures that the pipeline must withstand during its lifecycle. These
include:

» Environmental Loads: Environmental loads include wave and current forces, as well as seabed
interactions. These can be obtained through site-specific surveys and oceanographic data anal-
ysis [56].

» Operational Loads: These are the internal pressures due to the transported fluid. They are cal-
culated based on the maximum operating pressure (MOP) and transient pressure surges [11][55].

» Construction Loads: These are loads applied during the installation of the pipeline, such as
tension from pipelay operations. Construction load effects are typically evaluated using finite
element analysis (FEA) [55]. This research focusses on the reuse of existing pipelines, therefore
the construction loads are not within the scope of this research.

2.13.3. Environmental Loads

Wave and Current Loading

NEN3656 states that the wave and current loading for strength analysis shall be based on maximum
and significant wave height. Table 2.4 shows, in the first row, the load cases combined with the relevant
interval over which the wave height/period may occur. The second row shows the combinations of load
cases and intervals for the determination of the pipeline stability [11].
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Design aspect | Section Load case Wave height Wave pe- | Repeat
m riod interval
s years
Buried within a year | Maximum Maximum 1
after installation
. Pipeline Self-burying after N | Maximum Maximum 3N
Stress analysis years
Not buried Maximum Maximum 100
Riser Attached to platform Maximum Maximum 100
Buried within a year | Significant Significant 1
after installation
Pipeline Pipeline | Self-burying after N | Significant Significant | 3N
stability years
Not buried Significant Significant 100
Riser Attached to platform Maximum Maximum 100

Table 2.4: Assumptions for hydrodynamic loads in the design [11]

NEN3656 states that "Wind, wave and current loads based on known data as well as relevant hydro-
dynamic coefficients may be determined in accordance with generally accepted requirements, publica-
tions and/or model tests” [11]. Additional calculations should be done to further determine the loads on
the pipeline by waves and currents. These methodologies and equations are described in the follow-
ing sections and in combination with the additional calculations based on publications and model tests
should ensure that submarine pipelines designed and assessed according to NEN standards and DNV
codes are robust, reliable, and capable of withstanding the complex environmental and operational
loads they encounter.

Wind Loads

Wind loads are calculated based on the wind speed at a reference height and the shape of the pipeline
and its support structures. The wind speed is often derived from meteorological data, with design wind
speeds typically selected for specific return periods as described in the previous section [56].

The wind force F, acting on the pipeline can be estimated using:

1
F, = §prdAv?U (2.6)

where:
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