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Abstract

A gap in the understanding of offshore wind submarine power cables is responsible for 70-80 %
of failures in recent times [5]. The failures originate from the phases of design, manufacturing,
installation and operations. Joint industry collaborations such as the Cable Lifetime Monitoring
project that form the background for this thesis, are aimed at developing knowledge of these
failures [5]. The origination of failures from the installation phase of power cables is of particular
interest. In order to do so, a model has to be developed first to understand the processes
involved in an installation plan, as well as their time and resource costs. Logistics and planning
tools such as ECN Install are utilized for this purpose and provide the medium for capturing
the installation processes for submarine power cables.

This thesis aims to describe the installation of power cables using a discrete event sim-
ulation based logistics model such as ECN Install. The first part of the thesis focuses on a
literature review to categorize all aspects of power cable installation. Here the stages of a
project, the installation processes, assets, methods and influencing weather parameters are
identified. From this literature review it is found that the most important stage of a power cable
installation project is the Marine Installation Program [9]. The decisions leading to the devel-
opment of a Marine Installation plan are mapped for modelling. The second part of the thesis
deals with applying the knowledge acquired into the logistics model. Here, the model assump-
tions are set in order to create an accurate depiction of the installation processes. The third
part of the thesis investigates the influence of input uncertainties on the model as a means to
understand the relationship between the different aspects of a power cable installation project
to its Marine Installation Program. A sensitivity study is performed to quantify the impact of
different uncertainties on a Marine Installation Program. The final part of the thesis has the
analysis of a historical case study. Here the Marine Installation Program of the Gemini export
cable is constructed.
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Introduction

In this introduction, the background, motivation, approach and structure of the thesis are pre-
sented. Section 3.2 explains the background of the thesis by introducing the industry collabo-
ration aimed at increasing the reliability of power cables for the offshore wind industry. Here,
the role of installation is touched upon leading to the motivation of the thesis. This is followed
by Section 1.2 where a closer look power cable installation is provided to introduce its main
aspects. This leads to framing the objectives for research, which are specified in Section 1.3.
Section 1.4 is a guide to the chapters of the report.



2 1. Introduction

1.1. Joint Industry Project: Cable Lifetime Monitoring

The background of this thesis project lies in framework of JIP:CALM (Joint Industry Project:
Cable Lifetime Monitoring) [5]. JIP:CALM is a collaborative industry effort aimed at increasing
the reliability of offshore wind submarine power cables by reducing failure rates originating from
their four sequential phases; design, manufacturing, installation, and operation [27]. Initiatives
such as JIP:CALM are based on studies which indicate that most offshore wind farm losses,
and 70-80% of insurance claims [1], pertain to cable failures at each of these four phases.
Figure 1.1 summarizes the types of claims of the power cable failures by different offshore
wind industry parties.

Quotes illustrating an issue with power cables

Cable claims are only 40% in number, but over 80%

in cost for offshore wind claims” - Lloyd Warwick

International Cable installation is only 7% of project cost,
but cause 80% of the problems’ - Global
Marine Energy

"70% to B0% of insurance claims on offshore
wind farms relate to cable damage’ - Allianz L e i
Offshore cable claims severity

increases by 25% in 2015° - Gecube

Cable failure account for most of
offshore wind losses” - See News

st millions of euros in
Cables are easy to break, hard to fix, as repairs

always require an expensive repair vessel and
spread’ - Offshore Wind

delays a ted in numerous contractual
disputes nd Power Monthly

Figure 1.1: Quotes illustrating the motivation to improve the reliability of power cables for offshore wind farms. [27]

According to JIP:CALM failures in the design and manufacturing phases originate due to
out-dated industry standards, testing guidelines, sea-bed burial optimization tools, and cable
integrity monitoring systems. These out-dated factors result in sub-optimal handling methods,
which lead to failures in the installation and operation phases. Through an extensive study
of the processes within each of the four phases, JIP:CALM proposes to pinpoint and mitigate
failure causes to increase the reliability of offshore wind power cables by introducing rec-
ommendations and improvements in the form of updated standards, guidelines, optimization
tools, and monitoring systems.

The scope of the thesis lies within the power cable installation phase study of JIP:CALM,
which aims to develop improved power cable installation practices and guidelines, that result
from implementation of developments from the design and manufacturing phase studies. In
order to investigate these potential improvements, the need arises to first study current in-
dustry practices by EPC (Engineering, Procurement, and Construction) companies, and to
create a model power cable installation. This model is built and appended to ECN Install, a
discrete event simulation based logistics tool for offshore wind farm installation and planning
tool [19][12].

1.2. Problem analysis: Modelling power cable installation

Offshore wind farm power cable installation is a challenging process which requires systematic
analysis due to its dependency on numerous project-specific conditions. These can consist
of decision variables such as environmental conditions (water depth, sea-bed and weather
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conditions), asset specifications (wind farm size, cable type, vessel fleet, port location), and
decision-making sequences. A logistics model such as ECN Install, when used as a tool,
can assist the decision-maker to investigate individual (or sets of) dependent variables of a
process to assess their influence on performance metrics of interest. This leads to conclusions
about the effectiveness of the process in study, and its implication on the project costs and
installation performance indicators.

Currently missing is the means to model and evaluate the effectiveness of the logistics of
offshore wind power cable installation using ECN Install. Although methods and descriptions
on the process of power cable installation exist in literature, they have not been implemented
as a logistics model problem. Additionally, the different strategies for carrying out the process
of cable installation, have not been compared, or investigated for an optimal standard.

1.3. Research objective
The core research question and its sub-questions for this master thesis can be summed up
as:

”How can the processes and strategies used for the installation of offshore wind
farm power cables be modelled and analysed using a logistics model?”

+ What are the stages, variables, constraints, and assets involved in offshore wind power
cable installation?

» How can installation processes be captured, modelled and simulated in a logistics frame-
work?

* What are the factors that impact the installation of power cable installation and how can
they be incorporated into the model?

* How can the model be applied to a real case study for simulation and validation?

1.4. Chapter guide
» Chapter 2 consists of a literature review on power cable installation aimed at developing
an understanding of the process and establishment of a theoretical reasoning structure
as a base for the decisions to be made in the modelling.

» Chapter 3 explains the framework of the model constructed for power cable installation.
The structure of the model is described along with its base assumptions.

+ Chapter 4 analyses the capabilities of the built model by investigating the impact of input
uncertainties and their relationship to the model outcomes.

» Chapter 5 aims to test the theoretical understanding of power cable installation and the
modelling principles and observations developed by performing a case study.

» Chapter 6 highlights the key conclusions of the research performed and addresses the
recommendations for future work.






Power cable installation for offshore
wind farms

This chapter elaborates on the literature review aimed at understanding power cable installa-
tion for offshore wind farms. Section 2.1 provides an overview of a power cable installation
project and identifies the most important stage for the model. Next, the installation processes,
assets, methods, and weather parameters are outlined in Sections 2.2, 2.3, 2.4, and 2.5 re-
spectively. Finally, the decision logic for power cable installation is constructed and discussed
in Section 2.6.
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2.1. Overview of a cable installation project and focus of literature
A successful cable installation plan is the result of a series of complex multi-disciplinary engi-
neering and project management tasks [22]. Understanding the overview of a cable installation
project in this thesis is instrumental to narrow the scope of the literature review for identify-
ing the key information required for structuring the modelling process, and for developing the
necessary assumptions that form the input state for simulations. This section aims to define
the stages of a power cable installation project and highlights the stage most relevant for the
remainder of the literature study.

2.1.1. Stages in a power cable installation project
By assuming the perspective of an installation contractor, a power cable installation project
can be broken down into four stages [9], as summarized in Figure 2.1.

1. Feasibility Analysis 2. Desk Top Study

Contracts negotiation Marine survey Risk analysis

& permits acquisition

Project description

* Time scale * Geophysical survey: | = Data analysis:
* Permits in Principle determination water depth and historic, survey
* Work permits * Risk area sea surface * Route ranking
= Contractual identification potential = Environmental
agreements = System = Geotechnical impact assessment

survey: burial
potential

between owner and
system supplier

requirement
specifications

3. Route Engineering

4. Marine Installation Program

Finalized route calculations

Burial depth calculation

Cable length calculation

Location of joints, beach

Preparing alternate vessel pathways during
installation

Slack planning along the cable route

Installation asset matching

Number of lays calculation in accordance
with layer capacity

Matching protection equipment to seabed
section

Weather window calculation

Setting up installation schedule

* Installation spread cost to risk assessment

Figure 2.1: The four stages of a cable installation plan listed in order with their key objectives [9].

The first stage aims to analyse the project’s feasibility. The objectives of this stage are
twofold; Firstly, to secure the necessary documentation pertaining to work permits and the
contractual obligations to be fulfilled by the installation contractor. Secondly, to set a target
project deadline for cable installation as specified by the owner. In this stage, details such as
the preferable cable system location, choice of topology, and commercial motivations in the
design are conveyed by the owner to the contractor. The owner proceeds to arranging the
required permits to facilitate work in those planned areas. At the end of the first stage, the
contractor receives a set of possible cable routes adhering to the design principles set by the
project owner.

The second stage, which is referred to as a DTS (Desk Top Study), has the contractor
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perform a detailed marine survey and risk analysis for a set of routes given by the owner at
the end of the first stage. The marine survey consists of a water depth and burial potential
assessment per feasible route. The burial depth requirements and their corresponding equip-
ment are determined. The marine geo-physical and geo-technical surveys are conducted in a
combination of on-site visits, historic data analysis, and depending on availability, information
from the project owner. The marine survey data feeds into the risk analysis which investigates
the potential cost and time implications of the water depth and burial potential over regions of
a route. Additionally, the risk analysis reviews the possibilities of future developments over
the cable installation site such as fishing activities.

The third stage is where the route engineering calculations are made. The input to the
route engineering stage is the highest ranked route at the end of the DTS. Firstly the final
lengths of cable required is calculated and the requirement for armouring based on the burial
assessment is determined. After this, slack plan is set along the route. This determines the
laying vessel’s payout and transit speed based on the sea-bed contour characteristics and
cable dimensions such as weight per unit length.

The final stage of an installation project is called the MIP (Marine Installation Program).
This is the essentially the finalized solution space for the cable route where the applicable in-
stallation assets are matched to the route characteristics based on the requirements indicated
by the previous the route engineering phase and scheduled for deployment along the route.
An installation schedule is set with the project time-line in mind and an installation spread is
assigned within a planned budget.

2.1.2. Literature review focus: the Marine Installation Program stage

The planning and execution of processes in the MIP stage in a power cable installation project
is most relevant to the thesis and therefore to the scope of the literature review. The information
for the remainder of this literature review has thus been organized with the aim of elaborating
on the installation tasks, assets, methods and weather parameters that are of significance to
this stage. This information will be summed up in Section 2.6, with a representation of the
sequence of decisions that results in the implementation of an installation plan.

2.2. Installation processes

The installation processes for the power cable system of an offshore wind farm (inter-array,
inter-platform or export cables) are defined and elaborated in this section. Itis these tasks that
when combined form the complex process plans in the MIP stage. The installation process
that form a power cable installation plan consist of:

+ Cable loading

Land-fall

Cable laying

Cable jointing

Cable pull-in
The installation task descriptions are provided below:

2.2.1. Cable loading
The power cable is first loaded onto the layer before it transits to the start point of the cable
route to begin the installation process. Cable loading is performed in two methods, namely
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direct and indirect [3]. With direct loading the cable layer is positioned to a cable manufac-
turer’s quay. On the other hand, with indirect loading, the cable is fed into the layer in storage
tanks or drums for transport to the installation location. Direct loading is more commonly used
mainly due to its ability to accommodate larger lengths of cables when compared to indirect
loading which typically requires the manufacture of non reusable drums per cable section [29].
Thus, installation contractors design their cable layer storage systems (turntables/carousels)
and cable manufactures locate their plants close to port to facilitate direct loading. For this
thesis the direct loading will be referred to as loading.

Loading is often the most time consuming task in the installation plan and can take between
days to weeks [29], depending primarily on the start date of the operation, loading equipment
used at the quay, the dimensions of the cable, and the layer carousel capacity. If not planned
or performed according to plan, a slight delay in the loading schedule has the possibility to
push the entire project’s time line by a significant margin by delaying the proceeding installa-
tion tasks and altering their weather window opportunities [8]. To minimize project delays for
the entire cable installation process, every loading operation is governed by technical require-
ments [3], which can be summarized into three points namely:

+ Awell defined loading plan to match the suitable equipment to the cable dimensions. The
system of equipment comprises of wheels, generators, pulleys and torsion prevention
machines to avoid kinks on the cable.

+ Testing at the time of loading which is performed in accordance to regulations such as
the DNVGL-RP-0360 [7]. The description of testing is not covered within the scope of
this thesis.

* Measures to meet the MBR (Minimum Bending Radius) of the cable’s inner diameter to
prevent failures while loading. Such failures are likely to occur when the cable loading
system does not synchronize.

The three technical requirements stated above translate to the most important aspect of
a cable loading operation which is to maintain equipment synchronization. When synchro-
nized without errors, loading is performed at a planned rate which typically falls between 3-20
m/min [29]. This is selected based on attributes of the cable such as its weight per meter, its
permissible MBR, and the equipment capacity [3].

2.2.2. Land-fall

The Land-fall operation is performed when the power cable is pulled in from the cable layer
and connected to a designated onshore termination point. The land-fall area is referred to as
the beach [29].

The process of land-fall begins after up to months dedicated to preparatory work done at
the beach. This work consists of the creation of passage ways to facilitate cable pull-in to
the onshore termination point at the time of land-fall. The scale and time taken is dependent
mainly on the distance between the onshore termination and substation connection points.
Tunneling is performed for distances less than 1200 m [3]. Greater distances require HDD
(Horizontal Directional Drilling). For this study, the time and resources dedicated to the pre-
requisite activities leading to land-fall are not counted as part of the installation.

Once the preparatory work is complete, the general steps taken for land-fall can be enu-
merated as follows:

1. The layer transits and positions itself at an offshore point from the beach. The proximity
of this offshore point to the beach is determined by the suitable water depth surrounding
the beach which determines whether the layer is a self-propelled vessel or a barge.
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2. Oncethe layeris positioned, the layer guides a messenger wire to the shore as its tension
is monitored.

3. Once the messenger wire is in place the cable is released via attached flotation devices.
This is performed so that the cable is also positioned above its planned lay route on the
sea-bed.

4. Once the cable is floated along its route to the beach it is pulled-in to the onshore termi-
nation point where it is connected to the onshore cable via a beach joint.

Two methods of land-fall exist namely direct and indirect [3], based on the distance between
the layer’s offshore position and the onshore termination point. Direct land-fall is performed
when the distance is less than 3 km. In this method, the steps 1 to 4 are implemented as
indicated above. For indirect land-fall, when the distance is greater than 3 km, steps 3 and
4 are coordinated with the assistance of a workboat. For most offshore wind power cables,
the beach location is chosen to facilitate direct landfall in an effort to reduce complexity during
the installation process. Land-fall typically requires between one to two days for completion
provided weather conditions are favourable and is always proceeded by the laying operation.

2.2.3. Cable laying

The cable layer pays out the cable over the designed route. The cable is guided from the
layer’s motorized carousel through a drum and into a chute before it is positioned on the sea-
bed. A brake system controls the pay-out rate.

While laying, a slack plan is followed to ensure minimal tension on the sea-bed. The slack
plan is set and optimized during the route engineering phase. On following the slack plan, the
lay speed throughout a cable route can vary between 0.25 and 3 kn [9][3]. A more elaborate
description of slack is given in Section 3.6.2. The lay speed is further influenced by limiting
weather parameters such as the wave height, wind speed, and current.

2.2.4. Cable jointing

Cable joints are used to connect sections of cables along the route. They take a significant
amount of time for manufacture, and deployment. The most used joints in an offshore wind
farm power cable system are beach joints and infield joints. Beach joints are assembled as
part of the land-fall process to connect the export cable to the onshore termination point. Infield
joints are manufactured on board the layer in a specially designed jointing house or onshore
at the production plant [29]. They are installed to connect cable sections on the sea-bed. The
process of installation takes between one to ten days. They can be attached to the end of a
cable, then left on the sea-bed to be connected to the next cable section. Alternately, a cable
section can be left on the sea-bed to be recovered later for jointing with the next cable section.
The typical time taken for the installation of an infield joint is about 80 h [18].

2.2.5. Cable pull-in

Pull-in is the operation of securing the cable into a termination point at a wind turbine, or an
offshore substation. Pull-in is performed by guiding the cable underwater from the layer to an
entry point with a guide wire and a J-tube.

2.2.6. Cable protection: Sea-bed trenching and cable burial

Trenching and burial tasks together build up the cable protection mechanism. On trenching,
a corridor of suitable depth is created in the sea-bed using suitable equipment. Cable burial
is undertaken either simultaneously during sea-bed trenching, or separately. In most offshore



10 2. Power cable installation for offshore wind farms

wind farm installation literature, the terms for trenching and burial are used interchangeably
due to the assumption that natural sedimentation is the intended outcome of a trenching op-
eration. This however is not true always due to the existence of different installation methods
that require different equipment for either processes and a clear difference of time between
the two tasks making them sequential and not simultaneous. In this thesis sea-bed trenching
and cable burial are categorized as unique tasks to make them separable the modelling stage.
Both the trenching depth requirement and burial method are pre-decided in the route engineer-
ing phase. Most commonly used burial depths are in the range of 1-10 m for all equipment
[8][16].

2.3. Installation assets
The installation assets used for power cable installation are categorized into vessels and
equipment that are utilized for implementing the required installation tasks.

2.3.1. The cable layer

The power cable installation plan is centered around the chosen cable laying vessel. A typical
cable laying vessel used nowadays by offshore wind installation contractors is designed with
the following technical requirements [9][3][29] in mind:

» A class 2 DP (Dynamic Positioning) system for accurate laying along the planned route.

+ A carousel capacity between 4000 to 8000 ¢ suitable for housing single or multiple cable
sections coupled with a linear cable engine system of wheels with the ability to withstand
up-to 2 t of load while paying out.

+ Software tools designed to control and monitor slack in real time during the lay operation
[14].

+ A jointing room for the assembly of installation/field joints.

* A crew capacity of 80.

Depending on the operating water depth a barge, or a self-propelled installation vessel
is selected. Cable laying barges are suitable for water depths of upto 10 m [13][23]. Cable
laying vessels are suitable and most optimally utilized for all water depths exceeding 10 m
[22][16]. Whenever a cable laying operation ensues, a pre-designed slack plan is followed.
This is based on the sea-bed topology which is mapped in the route engineering phase.

2.3.2. Cable protection vessels and equipment
The cable protection equipment is selected based on the installation method which is elabo-
rated in the next section. Here, the details of the spread and equipment are summarized.

* The plow: The plow is utilized for cable protection when the planned burial depth over
the route falls between 1to 10 m [9][3]. Itis towed by the laying vessel typically at a speed
range of 0.5-1 kn [3]. The design of the plow is such that the cable is paid out from the
cute in the layer and over the plow frame. As the plow is dragged it simultaneously lays
and buries the cable. The suitable water depth for the plough ranges from 30 m till 500
m for offshore wind farm power cables [3].

+ The ROV (Remotely Operated Vehicle) sledge: This device is used for cable protec-
tion when the required burial depth along the route falls between 1 to 10 m [9][3][23].
It is suitable for water depths less than 30 m. The ROV Sledge is towed by a support



2.4. Installation methods 11

vessel which follows the route of a laid cable. The burial tool is designed to withstand
currents of upto 3 kn and with a burial operation speed in the range of 400 - 600 m/h
(metres per hour) [3].

* The SS (Self-Supported) ROV trencher: The self supported ROV trencher is utilized
for the same burial depth requirements as the plow and the ROV Sledge. However it is
applicable for cable protection only in cable route parts where water depths fall within
10 m [16]. The trencher follows the path of a laid cable autonomously with its own cable
feed system and jet cutting tool at the positioning end. The typical travel speed for a
self-supported ROV trencher falls in the range of 0.5 - 2 kn. [23].

* The TSHD (Trailing-Suction-Hopper) dredge: When burial depths of greater than 10
m are planned in parts of the cable route for optimal cable protection, the trailing suction
hopper dredger is used. The travel speed for the dredge falls between 2 to 3 kn during
the process [25]. The TSHD creates the trench along the cable route prior to the burial
process. It then follows suite to perform the back-filling to complete burial after the laying
process [22].

2.3.3. Supportive marine engineering activities

Supportive marine engineering activities are performed in addition to the installation tasks clas-
sified in Section 2.2. The requirement of supportive marine engineering tasks is determined
based on the cable route properties and are assigned in the route engineering phase. This
can include tunneling, HDDs, crossings, and additional protection measures when required.
Supportive marine engineering activities are unique to each project.

2.3.4. Support vessels and equipment

Support vessels and equipment are deployed in cable installation project for different circum-
stances such as:

* Pre-installation activities: These include activities such as pre-lay grapnel runs which
are performed to clear obstacles prior to cable laying. This is done using a grapnel towed
by a multi-purpose vessel [10].

+ Special engineering tasks: These are planned during the route engineering phase
such as cable crossings, HDDs outside the beach, and boulder dumping.

» Crew and equipment transport: When required, crew-transfer vessels are deployed
for changing work shifts. Vessels such as pontoons can be used to transfer equipment
such as ROV trenchers to their required locations.

2.4. Installation methods

Power cable installation methods are derived by changing the execution order of sea-bed
trenching, cable laying, and cable burial. In this section, these installation methods are intro-
duced. The factors that govern their choice are explained in Section 2.6.

2.4.1. SLB (Simultaneous Lay and Burial)

The cable laying vessel or barge pulls a plow for simultaneous lay and burial. The layer is the
only required vessel for implementation. This method is most commonly used for deep water
cable installation projects where water depths exceed 200 m [3].
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2.4.2. PLB (Post Lay Burial)

This is the most commonly applied method of installing offshore wind farm power cables. The
cable is first laid by the layer. A support vessel then follows the laid cable path and tows an
ROV Sledge which utilizes the applicable burial tool to achieve a burial depth between 3-10
m [3][23]. For shallow water depths a self supported ROV trencher is used to bury the cable.

2.4.3. TLB (Trench Lay Burial)

This method of installation is utilized for larger burial depth requirements which are typically
above 10 m below the lowest historic sea-bed depth [23][25]. A trench is first excavated along
the cable route using a dredge. Once the trench is ready the layer positions the cable over
the trench. This is followed by burial which is done through back-filling.

2.5. Weather parameters for cable installation

Recognizing the relevant weather parameters and identifying their relationship with the cable
installation assets is significant for the modelling phase. From literature is was noted that
for executing any installation tasks an associated constraining wind speed, wave height, or
current is to be noted. Cable laying vessels can spend idle time offshore ranging between
hours to weeks until suitable weather conditions during cable installation [29]. The time spent
idle offshore can thus exceed the ideal time required for installation. For the laying vessel,
the incident wind speed and wave height impact the stability of its laying chute. For cable
protection assets, the incident wind speed and wave height impact the stability of the vessels,
and the currents on the other hand affect the trenching equipment used underwater [9].

Wind speed and wave height constraints are the most important weather parameters for all
cable installation assets and activities due to their combined role on vessel dynamics for every
installation task. For cable layers, an incident wave height induces a vertical movement at the
laying chute due resulting in a periodic force due to acceleration. This adds up to the force
experienced by the cable due to self weight [29]. This is monitored in real time according
to the slack plan which controls the forward motion of the layer accordingly. When higher
wave heights with shorter periods increase this force by producing a larger acceleration on
the layer’s chute, the resulting tension on the cable at the sea-bed may require the layer to
stop the laying process momentarily or reduce its speed to less than 1 kn . Although the vessel
is designed to operate at a higher limiting wave height the laying chute is sensitive to lower
wave height values. In summary, for cable layers, the weather constraints are defined on the
laying operation based on the slack plan, which controls the motion of the cable layer, based
the interaction between the forces induced on the laying chute and cable due to the incident
waves. A deeper insight into the interaction between the cable layer and the incident wave
height during the lay process is captured in Chapter 4, Section 4.3.

The impact of current speed as a constraint is most significant for towed cable protection
equipment such as the ROV sledge and the plow, which are designed to work a limiting current
value of upto 3 kn [25].

2.6. Decision logic for power cable installation

The acquired knowledge on the different stages, assets and constraints involved in a power
cable installation project was used to construct a decision logic. The decision logic serves as a
learning outcome of the literature review and functions as a tool for justifying steps taken during
the MIP stage in a cable installation project. This also forms a guideline for structuring the
model for a particular installation case and assists with developing the key input assumptions
for a given scenario.



2.6. Decision logic for power cable installation 13

2.6.1. Hypothesizing the interaction between the contractor and cable supplier

Figure 2.1 depicted the stages involved in the planning of a power cable installation project
from the perspective of a contractor. It was identified that at the route engineering stage,
the cable length for a given route in the offshore wind farm is finalized, and that in the MIP
stage, the number of lays is calculated. On viewing these tasks it is intuitive to conclude that
a method exists for calculating the number of lays. A key input for the installation model and
the decision made on its implementation in any scenario is knowing how the MIP is related to
the cable supply order. No information was available in the literature on this aspect of power
cable installation. Thus, on developing the decision logic for power cable installation three
perspectives for formulating the logic were hypothesized based on assumptions pertaining to
the interaction between the contractor and the cable supplier. The perspectives were derived
as a result of assumptions made due to the lack of information about the relationship between
the contractor’s MIP to the cable supplier’s production sequence. This is summarized in Figure
2.2.
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Figure 2.2: The three perspectives hypothesizing the interaction between the contractor and the cable supplier.

The first perspective originates in the assumption that the cable manufacturer dictates the
cable construction and supply order when given the total route distance, and the contractor de-
signs the MIP in accordance to the order of receiving the cable sections. The first perspective
seems to fit into the stage description in Figure 2.1.

The second perspective originates in the assumption that the cable sections are supplied
in lengths to the contractor for installation as a function of the limiting capacities of the layer
used over the route. In other words the route lengths determine the supply order of the cables,
and the limiting manufacturing length of a cable section is equivalent to the maximum capacity
of the cable layer if the layer requires multiple loading instances for installation. Therefore with
the second perspective, the MIP and the number of lays is calculated first over the route, then
the cable sections are manufactured to their lengths accordingly. The MIP dictates the supply
order of the cable.

The third perspective stems from the assumption that the cable supplier’s production order
and the contractor’s MIP are together designed and optimized interactively so that the installer
is able to utilize the installation assets effectively. The third perspective possibly mirrors reality.
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2.6.2. MIP represented in the form of a decision tree
The logic was designed to facilitate all three perspectives was thus laid out in the form of a
decision tree shown in Figure 2.3.
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Figure 2.3: Decision tree representation for installation method choice in a MIP.

The logic has been designed in the form of a decision tree to incorporate the set of out-
comes that determine the plan for an MIP for a given power cable section. This representation
allows it to capture any of the three perspectives explained in Section 2.6.1. The route en-
gineering and marine survey observations are broken down to the route water depth and the
required burial depth.The decision tree derives all installation plan possibilities by connecting
the installation assets to the observations made at the route engineering and marine survey
phase of the project.

In total the logic traces the decisions made leading to 6 installation methods designated
as PLB, SLB, and TLB followed by 1 or 2. The installation methods are derived as a result of
the route engineering circumstances and the number is assigned based on the requirement
of a cable laying barge or a cable laying vessel. This is determined by the water depth.



Power cable installation model

This chapter describes the construction of the model used to describe power cable installation.
Firstly the motivation behind the application of a logistics model is stated in Section 3.1. A
background on the tools used for construction is given in Section 3.2. This is followed by a
summary of its architecture in Section 3.3. The model process structures, base assumptions,
and weather window calculation logic are defined in Sections 3.4, 3.5, and 3.6 respectively.
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3.1. Application of a logistics model for power cable installation
The literature review on power cable installation provided an insight into the requirements for
setting up a MIP. This serves as the basis for the inputs and assumptions for capturing the
processes of power cable installation using a logistics model. This section aims to build an
understanding about how a logistics model can be applied to capture power cable installation
and how its implementation can be improved for capturing the installation processes.

Firstly, a brief introduction is given to dynamic analysis tools, which are typically used by
contractors to model power cable installation accurately. Dynamic analysis tools form the in-
dustry standard for modelling due to their physics based mathematical modelling approaches
which produce reliable estimations of weather windows required per installation task. Sec-
ondly, the motivation behind choosing a logistics model for describing power cable installation,
is laid out. Here, the installation processes are represented as a logistics events and the goal
is to analyse their time and resource costs. The representation of these installation tasks as
logistics events requires the incorporation of dynamic modelling principles for reliability.

3.1.1. Industry standard for high fidelity power cable installation modelling
Power cable installation is a complex marine engineering task. Installation contractors use
high fidelity ocean engineering dynamic analysis tools to build mathematical models for laying
and protection calculations. Two most notable examples of dynamic analysis tools that set the
industry standard are MakailLay and Orcaflex. Both tools’ modelling paradigms are built over
the principles of forces acting on cables specified by E. E. Zajac [30]. For the lay process,
the application of a mathematical model for describing the dynamic interaction between the
cable, ship, and sea-bed results in an accurate estimation of the slack required along the route
(Figure 3.1). The accuracy in slack calculations along a route provides a reliable estimation
of the time required for the operation, and thus the weather window inputs for the MIP.
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~ Tension
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Figure 3.1: Representation of the dynamic forces experienced by a cable during the lay process captured on high
fidelity mathematical models such as Makailay [14]

Similarly for the cable protection processes, dynamic analysis provides the required weather
window estimations since an calculations of the burial depth are based on the physical rela-
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tionship between the sea-bed material and the utilized equipment properties.
The relationship of dynamic analysis models with respect to the MIP phase can be sum-
marized as follows:

+ Dynamic analysis modelling calculations feed into the development of a MIP by giving
accurate figures on the time required per installation tasks. These help to set the time
required for the MIP.

» These tools also assist with monitoring the progression of an installation activity such as
laying by monitoring the slack control in real time to provide adjustments along the route
that occur due to changing sea-bed properties.

* Dynamic analysis tools are focused on fitting the most feasible marine engineering so-
lution to the cable route for the MIP.

3.1.2. Motivation behind the implementation of a logistics model for analysis

A logistics model when applied to study power cable installation for an offshore wind farm, is
concerned with analysing the marine engineering activities during installation from a logistics
level where the objective is to analyse the resource costs of a project as opposed to an en-
gineering driven dynamic analysis which is performed by the tools described in the previous
section. From a logistics level, analysis of a proposed MIP is proceeded by the representation
of all installation activities through logistics events. The performance metrics of concern from
this perspective are the logistic solution’s time, and resource management strategies. Apply-
ing a logistics level perspective is also concerned with investigating how a MIP fits well with
time-line of the entire offshore wind farm installation campaign, and the responsibilities of the
contractor and the cable supplier.

A dynamic analysis tool when applied to study power cable installation on the other hand,
is concerned with devising the suitable engineering solution for the MIP. The emphasis of
modelling power cable installation from an engineering perspective is on capturing the fine
technical details such as dynamics. Time and resource optimizations are performed here
for the engineering solution as opposed to the logistics solution. In other words, a dynamic
analysis is used to set the inputs for designing a MIP whereas a logistics model is concerned
with studying its outcome through simulation of different cases or plan strategies.

In summary the relationship of a logistics model to the MIP can be summarized as follows:

* A logistics model is concerned with assessing a Marine Installation Program from a lo-
gistics solution point of view. The outcome would be to comment on the feasibility and
compatibility of a MIP with respect to the over-all offshore wind farm installation plan.

* A logistics model represents the engineering activities in a MIP as logistics events.
Therefore the requirements for inputs into the model would be weather windows and
installation asset deployment orders.

A logistics model enables the ability to simulate scenarios of the MIP while taking into
consideration the influence of the interaction between the contractor and cable supplier.

As a conclusion to the first section, the reason power cable installation is modelled using
dynamic analysis tools is because installation processes such as cable laying and protection
activities occur with a continuous interaction with the sea-bed properties such as the contour,
material, and its dynamic behaviour. These interactions are better captured with the help of
a dynamic model. When representing these installation tasks as logistics events, the model
is bound to have a few limitations that need to be addressed and improved for increased
reliability. Therefore, principles and assumptions from dynamic models need to be integrated.
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3.2. Background information on ECN Install and UWISE ML

This section aims to provide a general background on how power cable installation is cap-
tured in a discrete event simulation environment. Firstly, the UWISE ML (Unified Wind Farm
Simulation Environment) modelling language which will be used to describe the installation
processes [28], and the ECN Install tool which serves as the discrete event simulation engine
for the logistics model, are introduced. After this introduction, the architecture of the tool is
summarized prior to the description of how they were implemented for modelling the installa-
tion pf power cables.

3.2.1. Discrete event simulation based logistics model for installation

Logistics represented by a discrete event simulation has been utilized as a tool for offshore
wind farm installation modelling [21]. In a discrete event simulation approach, the logistics
events during an offshore wind farm installation project are modelled and the installation tasks
are depicted as a function of these logistics events. A sequence of logistics events describ-
ing an installation process is analysed in combination with the influence of location specific
weather characteristics, vessel and equipment attributes, and installation strategies [21].

A basic outline of the working of a discrete event simulation can be described as follows.
When discrete event simulation is applied to describe offshore wind farm installation, the pro-
gression of an installation task is calculated based on the passage of discrete time steps. An
installation process is represented by block of time. Vessels and equipment descriptions are
provided as inputs to the installation process. The process description in a discrete event
simulation is a representation of an installation task described by the time it requires [15]. The
representation of power cable installation processes, and the assets involved in a discrete
event simulation is a summary of the ECN Install tool's framework.

3.2.2. ECN Install

The base concept of ECN Install is the utilization of discrete event simulation based logistics
model as a method for simulating the installation of an offshore wind farm [12][19]. The discrete
event simulation tool, ECN Install has been developed by TNO for modelling and simulating
the installation of offshore wind farms. The tool enables the user to implement an installation
plan for an assessment of its time and cost performances.

ECN Install simulates an installation plan in discrete steps that replicate the transport,
logistics, and marine engineering activities. Each activity is assigned a time required and its
corresponding weather parameter limitations. The inputs for a simulation comprise of weather
information in the form of an hourly time series file, geographic coordinates of ports, wind
turbines and substations, installation assets and their operating constraints, and the planned
start and end dates of a project. A weather driven simulation on ECN install has the installation
processes executed using the discrete event simulation engine under the influence of the
weather constraints defined. The tool executes each installation task by finding the suitable
weather window.

In summary, the value of installation simulation using this tool can be stated in the following
points [11]:

- Estimation of the cost and time efficiencies of an installation project from an project de-
veloper or installation contractor’s perspective.

+ Selection and discussion of a preferred installation plan based on the interests of the
developer and installation contractor. This is facilitated by the tool with its capability to
investigate the feasibility of different installation strategies.
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+ Optimization of the order at which the resources and assets are assigned to an installa-
tion plan so that time and cost efficiencies are maximized.

3.2.3. UWISE ML

UWISE ML (Unified Wind Farm Simulation Environment) is an offshore wind farm process
modelling language [28]. The language forms the basis for constructing the logistics and ma-
rine engineering processes used for installation of an offshore wind farm in a discrete event
simulation environment. This is done by classifying real-world installation operations into cate-
gories of building blocks. The building blocks in their simplest forms are designated as actions.
Actions describe basic operations such as the transit of an installation vessel, the mobilization
of an equipment, work done for a marine engineering task. A combination of the actions result
in an installation operation. The utility of this approach for modelling can be summarized as
[28]:

* An object oriented programming approach for modelling wherein a set of blocks repre-
senting an installation process can be defined, and shared. This achieves, robustness
and flexibility while modelling.

A simplified and user-friendly method of building offshore operations out a sequence of
actions.

» The scope for increasing the fidelity of a complex installation process by varying the set
of actions used to describe operations.

» The scope for describing the transport, logistics and marine engineering aspects of an
installation plan.

3.3. Tool architecture of ECN Install

ECN Install’'s architecture comprises of a project plan input handler, an installation process
planner, a discrete event simulation engine, and a post-processor [12]. The project plan input
handler gathers input from the offshore wind project. This is given to the tool in the form
of an input excel sheet. The installation process planner enables the assembly of UWISE
ML blocks and their inputs to construct an installation scenario. Independent process blocks
and the process flow are defined at this stage. The discrete event simulation engine runs
the installation plan modelled with the process blocks, where each step takes into account
the input weather conditions provided by a deterministic hourly data-set [6]. Weather window
calculations are performed per task and the resulting project delays and costs are calculated.
The post-processor provides a user-friendly representation of the simulation results in the form
of an out-put excel sheet containing the log of installation processes coupled with a Gantt chart.
The inputs and outputs of a simulation are described below.

3.3.1. Inputs
The inputs for a simulation to be defined by the user consist of:

* Project description: The start and end date of the installation project are defined by
the user.

* Wind farm data: The geographic coordinates of the foundations, turbines, and substa-
tions are defined according to the layout.

- Weather data: The wind speed, significant wave height, and current speed hourly time
series data is fed into the simulation. The simulations run by matching the hourly weather
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data time stamps to the total time required by the project starting from its specified start
date till its target end date.

Vessels data: The user defines the transit speed and limiting weather constraints for a
given installation vessel.

» Port data: The user defines the port geographic coordinates.

3.3.2. Outputs
The output of a simulation consists of four parts:

Resource costs: The first part of the output shows the working, waiting and fuel costs
of the installation vessels used.

Resource utilization: This part of the outputs is a detailed summary of the number of
working days, number of transits, and number of harbour calls per installation vessel in
the project. This is a useful metric for comparing two installation plans or for tracking
and minimizing the waiting hours of a ship where necessary.

Schedule of events in a perfect weather simulation: This is a tabulated list of events
executed as per the installation plan with the assumption that no limiting weather condi-
tions occur during any phase of the project. The usefulness of this simulation is three-
fold. Firstly to identify the base time required for some installation operations. Secondly
to determine the ideal time of completion for the project. The finally to establish a base
case for comparison against different weather conditions and simulation inputs.

Schedule of events under the influence of weather driven simulation: A tabulated
result section which captures the start and end date of the installation plan executed, un-
der the influence of limiting weather conditions. This simulation result is meant to mirror
reality. The schedule of operations observed at the end of a weather driven simulation
showcases the time taken per installation process; namely its core duration and its asso-
ciated weather delay. The weather delay for an operation is caused by the waiting time
required for finding the suitable weather window for the execution of a process. Under-
standably, this waiting period varies based on the length of the weather window required
for an installation task and the time of the year at which an installation task is planned
among other factors.

3.4. Power cable installation operations defined with UWISE ML

This section aims to explain how the power cable installation tasks explained in Section 2.2
are modelled using UWISE ML. First a brief introduction to the key UWISE ML blocks used is
given.

3.4.1. UWISE ML actions utilized

The key UWISE ML actions used and their attributes are briefly explained in this section. A
UWISE ML action or a sequence of actions together forms the representation of a logistic
or marine engineering task. The most important actions used for power cable installation
modelling are summarized in Table 3.1 [28]:
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Table 3.1: Table describing the different set of UWISE ML actions.

UWISE ML action Description Effects Parameters
. N The vessel or equipment executes a coordinate specified motion. - Destination
. Setting the destination for a movable ] S -
Transit X - . . The time required is influenced by the distance, vessel speed, and - Route
entity (vessel or equipment) and travelling to it. L "
constraining weather conditions. - Speed
Work The work block is a representation of an activity. Eptmes perform the yvork in accordance to the specified weather - Duration
window and constraints. - Actors
Setting the destination for a cable laying vessel The vessel or equipment executes a coordinate specified motion. - Destination
Cable transit to simulate a continuous cable installation process | The time required is influenced by the distance, vessel speed and - Route

such as lay or protection

constraining weather conditions.

- Rate/Vessel speed

Transfer

Moving an entity between two places.

For example between the port and the vessel

The entity is stored in a different object and can travel with the vessel.

- Entity to be transferred
- Destination (vessel)
- Duration

3.4.2. Power cable installation tasks modelling

The power cable installation tasks defined in Section 2.2 were modelled by assigning the
UWISE ML actions individually or composite combinations and sequences. This is summa-
rized in Table 3.2:

Table 3.2: Table summarising the utilization of UWISE ML actions for the different power cable installation pro-

cesses.

Cable ir ion task | UWISE ML action(s) Inputs Entities
Cable loading - Work Cable loading rate : Ssi'e layer
" . - le |
Land-fall - Work (multiple) Weather window per sub-task R g:::h Iig:eartion
. . . - Cable layer
Cable laying - Cable transit Vessel speed during lay - Cable route
Cable jointing - Work Weather window ?;:lﬁgizz;n
- Cable layer
Cable pull-in - Work Weather window - Pull-in substation/
wind turbine foundation
Cable protection - Cable transit Vessel{equlpment speed during cable | - Cable protection vessel/equipment
protection - Cable route

The UWISE ML actions were assigned such that the input parameters fits into the infor-
mation required to execute the process. It must be remembered that in a discrete event sim-
ulation, an installation task is represented by the time required for its completion. Therefore

the most important input for every cable installation task is its weather window.

Besides the installation tasks represented above, all vessel logistics operations were rep-
resented using the transit action with the inputs defined as the vessel speeds. The combination
of installation actions and vessel logistics orders result in an installation plan.

3.4.3. Power cable installation method modelling

The power cable installation methods discussed in Section 2.4 have been modelled by assign-
ing a sequence to the installation tasks contained. Figure 3.2 showcases the process flow for
a PLB installation method. Figures 3.3, and 3.4 show the SLB and TLB installation methods.
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Figure 3.2: Installation process flow for the PLB (Post Lay Burial) installation method.
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Figure 3.3: Installation process flow for the SLB (Simultaneous Lay Burial) installation method.
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The base assumptions in this model, that dictate the installation process, and the project cir-

cumstances surrounding a MIP are:

« The installation of offshore sub-stations, wind turbine foundations and beach work re-
quired for landing are assumed to be complete at the beginning of implementing a MIP.

» The scope of the installation activities modelled excludes preparatory work done onshore
with the exception of power cable loading. Power cable loading is considered part of the
installation task due to the involvement of the cable layer.

» Sea-bed morphology properties are assumed constant at the time of the route engineer-
ing phase and at the time of implementation of the MIP.

* The crew working shifts are assumed to be 24 hours by default. This is due to the lack
of clear knowledge in literature about optimal crew working shifts specifically for power

cable installation activities.

» The cable supply chain performance on land is assumed to be perfect. This implies
that there is never any delays in the delivery schedule, or shortages in the inventory or
production capabilities of the supplier. The transport networks on land are assumed to

be reliable and compatible with the installation project goals.

» The installation tasks that formulate a power cable installation method are assumed to

occur sequentially and not in parallel under any circumstance.
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3.6. Model structuring and weather window calculation logic

This section elaborates on the classification of power cables used in the model and the con-
ceptual basis for cable laying calculations performed. The last part of this section provides a
brief overview on how weather window calculation is performed for installation tasks

3.6.1. Power cable classification for all installation scenarios

In order to account for a multitude of power cable installation scenarios, and for the ease of
structuring the installation process flow, power cables sections have been classified in this
model based on their position along the cable route. The positions are demarcated based on
the supplied cable section’s two termination points. This is summarized by Figure 3.5.

Offshore

Lland-fall | Joint Joint sub-station

1 | I )
I ! !

Land-fall to Joint Joint to Joint Joint to OSS
| )

Land-fall to OSS

Figure 3.5: Classification of the different types of power cables used for an MIP.

3.6.2. Conceptual basis for cable laying to formulate logistics model inputs

In Section 3.1, it was mentioned that on capturing power cable installation in a logistics model
environment where installation processes are represented as a function of the time, the re-
quirement of reasonable estimations for weather windows is key for the reliability of simulations
for any form of analysis. It was also mentioned that dynamic models capture power cable in-
stallation tasks more accurately and thus produce reliable weather window estimations. This
leads to the conclusion that in order to accurately simulate power cable installation processes
in a logistics environment, some calculation methods used in dynamic modelling have to be
incorporated to build weather window inputs. This sub-section aims to elaborate on how some
dynamic analysis elements have been integrated into the structure of some cable installation
tasks; in particular cable laying.

Cable laying over a designated route is set based on a slack plan which ensures that the
tension in the cable is minimized on contact with the sea-bed. The slack plan is the most
critical aspect of the laying process [9]. This is because it determines and sets the relation-
ship between the cable layer’s transit speed and cable payout rate throughout the route [9].
Knowing this relationship is a crucial input for the model.

In general, slack (s) for a cable is defined as the percentage change a power cable section’s
length to be paid out from a layer with respect to the length of the route. This is expressed in
Equation 3.1.

L —L
s =100 * cable route% (3_1)

Lroute
In other words, the slack plan determines the percentage of cable length to be positioned
over the route as the lay task ensues along the route. The slack plan is monitored in real-time
during the lay process, and is modelled for the estimation of the time it requires. The principle
behind numerical modelling of slack considers the changing sea-bed topography. Therefore,
the slack and in effect the vessels motion requires calculation per unit time over the traversed
length of the route. This is represented by Equation 3.2, Where dL' represents the distance
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traversed over the sea-bed, dL the length of the cable laid at an instantaneous time interval

[°].

dL' —dL
Sinstantaneous = 100 * T% (3.2)

The above expression can build a simplified relationship connecting the cable laying vessel
speed to the cable payout speed. Simplification implies assuming that dL' and dL are constant
along the route at every instance of time. This means that the instantaneous vessel speed
and the cable payout rate are constant. The slack expressed in terms of vessel speed and
payout rate is given in Equation 3.3 [9]. This leads to the expression for cable layer speed in
Equation 3.4.

s =100 =

Vpayout - I/;fransit 0
Vtransit % (3-3)
v o Vpayout
transit — s + 100
Equation 3.4 is important for modelling cable laying in a logistics environment because it
gives the cable transit action input a clear description on what the vessel transit speed could
be during the lay process and therefore a reliable weather window. The slack is assumed

constant under this simplified approximation.

«100 (3.4)

3.6.3. Weather window calculation for installation tasks

The weather window is for an installation task is defined as the amount of time available un-
der specific weather conditions that enable its facilitation [7]. The specific weather conditions
are defined by constraining weather parameters for equipment and work. The weather con-
straints which are also referred to as operational limiting conditions by DNVGL-RP-0360 rec-
ommended practices [7], dictate the availability of a weather window in an installation plan.
Constraints are defined by the working limits of the assets for power cable installation. For
power cable installation tasks weather windows are calculated and classified based on the
DNV-0OS-H101 marine engineering operations guidelines [20]. The approach for calculating
weather windows for a power cable installation activity is expressed in Equation 3.5.

Tweather window required + Tcontingency (3-5)

The time required for an installation task is determined in this model by the input time or
rate at which the activity takes place. For example, when setting the time required for cable
laying, the rate of laying provided as input to the UWISE ML action determines this. This is
applicable to all installation tasks that require an input rate. The contingencies are defined as
per the number of factors that affect the time of the operation. This includes the operation’s
execution time margins, and other uncertainties such as error probabilities [20]. Contingencies
are specific to the installation task. The definitions for the time required per installation task
and their associated contingencies are defined in Chapter 4 more elaborately.






Power cable installation model analysis

This chapter aims to identify what are the aspects of power cable installation within the frame-
work of the model structure and assumptions, that can be studied to understand the relation-
ship between the inputs and outputs of a MIP. This begins with the identification of model
input uncertainties which are defined in Section 4.1. Next the classifications of uncertainties
are elaborated in Sections 4.2, 4.3, and 4.4. A cable installation scenario is modelled in Sec-
tion 4.5 for a sensitivity study described in Section 4.6.1.
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4.1. Model input uncertainties

The power cable installation model framework requires a specific set of inputs defined in Sec-
tion 3.3. The inputs are a representation of the structure of a MIP. When modelling an in-
stallation scenario, it is important to identify the sources of uncertainty per input. Identifying
uncertainties helps define their impacts on the MIP. This section aims to define the scope and
properties of model input uncertainties that are expected during a MIP.

4.1.1. Input uncertainties and their role in analysis motivation

Input uncertainties for the model are the set of reasonable discrete numerical values or ranges
that influence the model’s ability to account for the contingencies in an MIP. Identifying the
sources of uncertainties in the model can be useful for modelling a MIP accurately. Further-
more, the addition of uncertainties in a model can help in the analysis of the following:

1. To understand the sensitivity of an MIP to changes in the inputs.

2. To develop a quantitative sense on time and resource cost per installation activity. This
can serve as a learning outcome for creating a general analysis framework that can be
utilized for future case studies.

3. To identify project bottlenecks and plan optimization strategies based on the uncertain-
ties observed.

4. To estimate the contingency time per installation activity for weather window calculations.

In summary,input uncertainties enable the modelling of a MIP in most realistic way. In
this chapter, it is of interest to understand the sensitivity of an MIP to changes in the input
uncertainties.

4.1.2. Categorizing input uncertainty sources in a Marine Installation Program
The previous section discussed how the input uncertainties help with analysing various as-
pects of a MIP. This sub-section identifies the sources of input uncertainties. On modelling a
power cable installation scenario, the project and asset specifications are defined in ECN In-
stall’s environment, and the installation tasks with UWISE ML actions. The uncertainty sources
from these inputs are listed below:

* The project, cable route, port, and installation asset specifications defined as entities in
ECN Install.

* The input data per installation task (UWISE ML action(s)), known to the user while mod-
elling a specific scenario.

* The input data per installation task (UWISE ML action(s)), unknown to the user while
modelling a specific scenario.

» The input data range per installation task (UWISE ML action(s)), that is intrinsic to its
nature. The range exists as a result of factors such as how the process can be achieved
with different equipment, different usage of equipment, and different environmental con-
ditions.

* The installation method sequencing and order defined per set of UWISE ML actions.

Listing the uncertainty sources above enables their categorization into three major forms.
These are; Process uncertainties, Asset constraint uncertainties, and Installation strat-
egy uncertainties. These three uncertainty categories build a framework for the sensitivity
analysis for a MIP. The three forms of uncertainty are elaborated in the following subsections.
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4.2. Process uncertainties

Process uncertainties pertain to the UWISE ML action block inputs that are used to define
installation tasks. These are illustrated below in Table 4.1. The determination of an process
uncertainty and its margin for a sensitivity study is based on a logic flow resulting four stages.
The first stage deals with noting the description of a task and its input requirements in a
MIP. This is followed by the second stage where the known input values and ranges from
literature are identified, (as covered in Section 2.2. The third stage deals with identifying the
unknown information required to determine the inputs for an installation task. Unknowns are
identified based on two factors. The first factor is the unavailability or inaccessibility on the
physics of an engineering task in literature. The second factor is the limitation of incorporating
dynamic influences on engineering task in a discrete event simulation engine used in the
logistics model (which was discussed extensively in Chapter 3). The combination of the two
factors determined per task in the third stage lead to the fourth stage, which pertains to the
model assumptions set to establish alternatives or simplifications to physics based estimations
per task, and to offset the limitations of utilizing a logistics model to describe complex cable
installation tasks.

The outcome of these four steps is determining the process uncertainties per installation
task wherein both the potential rate of its execution due its dynamic behaviour, and user un-
knowns are both incorporated. Additionally, knowing the process uncertainties per installation
tasks plays a crucial role when designating the contingency time T,y tingency for weather win-
dow calculations. An example of the four steps described above to identify process uncertain-
ties per installation task can be summarized as follows for cable laying:

First stage: Cable laying requires a slack plan as an input in a MIP. The input requirement
for a slack plan as per the model is the vessel transit speed.

Second stage: The slack over a route defines the transit speed of the cable layer. The
model requires transit speed as an input to define the cable laying process and this is de-
termined from the Equation 3.1. This serves as the connecting relationship between slack,
payout rate, and the vessel transit speed.

Third stage: The unknowns when it comes to determining the transit speed of the cable
layer in this model hinges on the relationship between the cable layer’s payout rate and the
slack distribution over the route. The cable layer’s payout rate input margin is assumed to fall
between 0.6 - 1.2 m/s. This value is based on a dynamic model analysis for cable laying [26].
Although this range is based on values used in a model, it is more reliable for estimating the
vessel transit speed margin for two reasons. Firstly, the data available for transit speeds of
vessels during the lay operation (0.25 - 3 kn) is based on the total set of observable values.
This pertains to a transit speeds that correspond to a broad set of slack values, vessels, equip-
ment, and different sea-bed conditions. Accurate slack calculation over a cable route can only
be performed with a dynamic analysis tool and for this reason, for the ease of calculation in this
model slack is assumed to be constant or to fall within a small margin. The second reason is
that in the model where the payout range has been derived from, a realistic set of assumptions
were provided for the dynamic analysis where the forces on the cable and lay conditions were
given. The consideration of these factors makes the range available from [26] more reliable
when compared to the generic vessel transit values given in [29].

Fourth stage: The model’s approach for estimating the cable layer transit speed for a
given cable section is based on the assumption of a constant or very narrow slack distribution
coupled with a margin for the payout rate of the layer between 0.6 - 1.2 m/s.

The remaining cable installation processes and the approach to define and determine un-
certainty is elaborated in extent in Table 4.3.
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4.3. Asset constraint uncertainties
Uncertainties stemming from Asset constraints pertain to the relationship between the inputs
that define the properties of the installation assets, power cable, sea-bed, and their interaction
with weather parameters. ECN Install data inputs define asset specifications and constraints,
which are stored as entities for the Discrete Event Simulation engine.

Asset constraints have been defined as an uncertainty criteria due to their requirement
as correct input in the case of a specific installation asset. Both these aspects are explored
below in depth.

4.3.1. General approach for setting operational limits of installation assets

For vessels, these are the operational limits and transit speed. In this study, the sources of
data inputs for the transit speed and operational limits of vessels are subject to the availability
of publicly accessible information. Therefore, the impact of this uncertainty category is of
particular interest especially when the motivation of analysis is to reconstruct a historical case
study. This is because the specifications of the assets used in a historical case are required
as inputs for accurate validation.

It is intuitive to think for all installation vessels, higher operational limits are desired so that
the marine installation activities are executed more extensively as they are hindered less by
weather disturbances. For power cable installation vessels and equipment, wave heights, wind
speeds and current speeds are of relevance when it comes to defining operating constraints.
The operating wave heights are defined as per the specification of vessels and equipment from
few publicly accessible documents provided by installation contractors [16], however most are
kept confidential presumably due to competitive reasons.

4.3.2. The case for assigning operational limit uncertainty for cable layers

The straightforward method for defining the operational limits for installation vessels is based
on its design limits, or based on the maximum wave limits that obstruct installation work off-
shore. These are defined as inputs for entities in ECN Install. The limiting offshore work wave
limit is sufficient for most vessels, with the exception of cable layers.

For cable layers, the laying process is not constrained exclusively by the limiting offshore
work wave height. Assigning the this wave height as a constraining limit for laying results in an
oversimplification of the input for asset constraint, and can lead to potential underestimations
in the criteria for weather window calculations.

The reasoning behind the insufficiency of assigning a limiting offshore work wave height
as an upper limit is due to the dynamic interaction between the laying chute and the power
cable which extends from outside of the ship and maintains contact with the sea-bed. The
laying chute is under vertical motion alongside the vessel in the presence of an incident wave
height. This induces an acceleration, and consequently a force on the cable which is added
to the force due to self-weight [29].

4.3.3. Cable layer RAO as a contributor to asset constraint uncertainty

An estimation of the cable layer’s true limiting wave height as a function of the interaction
between the laying chute and the incident wave height can be discerned from the RAO (Re-
sponse Amplitude Operator) factor for a vessel. This is expressed by Equation 4.3.4 [29]:

H
RAO = —leave (4.1)

Hwave

The variables Hpqye, and Hy, 4, represent the heave motion distance, and incident wave
height respectively. A cable layer’'s RAO is a reflection of its design and equipment properties
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expressed in terms of its dynamic movements when interacting with waves. In other words the
layer’s RAO relates wave characteristics to vessel movements [29] considering the influence
of the laying chute. This is a very important criterion for cable layers and thus forms an asset
constraint input uncertainty.

RAOQO is measured in m/m (metres per metre) movement of the vessel with respect to the
incident wave height. The most key movement for a cable layer during the lay process is its
heave, or in other words its vertical motion. An estimation of of the RAO heave limit for a cable
layer with a payload capacity of 6000 t can be in the around 0.6 m/m [29].

4.3.4. Application approach for RAO to set asset constraint uncertainty margin
The application of RAQO to set asset constraint uncertainty in the model inputs for a cable layer
is best explained with an illustration. Equation 4.3.4 shows the relationship between RAO,
Vessel motion, and the Incident wave height. The objective will be to assign a suitable
range for asset constraint of a cable layer based on the limiting wave height for the
laying chute.

The following steps have been applied to set the uncertainty range for cable laying wave
heights.

1. For a given cable layer; the design wave height for the vessel if known can be equated
to the upper limit for cable laying chute.

2. The RAO for the cable layer is dependent on its payload capacity and is in principle
constant.

3. The lower limit for the cable laying chute can be assigned with a percentage based
margin (10-15 %) deviating from the upper limit.

4. The selection of this percentage margin for the cable laying chute can be based on the
relationship between the vessel’s RAO and the cable weight per unit length.

5. If the cable weight per unit length is high (such as for an armoured cable 50 - 100 kg/m
[23] [8]), then it is logical to conclude that the laying chute is likely to experience higher
magnitudes of dynamic forces and therefore the limiting wave height margin tends further
from the upper limit.

6. If the cable weight per unit length is low (estimation: < 50 kg/m), then itis reasonable to
assume that the cable laying chute for the same cable layer is likely to experience lower
dynamic forces and therefore the limiting wave height margin tends closer to the upper
limit.

4.4. Installation strategy uncertainties

Installation strategy uncertainties is a broad categorizations of the potential uncertainties in
a MIP that are driven by the project level decisions. The phrase project level decisions here
refers to those made individually by the installation contractor or in unison with the offshore
wind farm owner and the cable supplier. This encapsulates modifications in an installation plan
or optimization decisions to meet deadlines. Examples of events that have been categorized
under installation strategy uncertainties are listed below:

 Project timeline changes: This includes changes in the installation deadline for the
contractor that require modifications for the MIP [8].
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* Marine engineering solution changes: This includes changes in the installation method
for a power cable if applicable due to various reasons such as equipment failure or sea-
bed property changes that lead to the changes in the cable protection requirements [8].

» Crew working pattern changes: This covers the decisions governing the working shifts
[23].

* Installation asset changes: This pertains to the addition or removal of installation as-
sets as a response to manipulating the efficiency of a MIP at the time of its execution

[8].

» Cable supply chain order changes: This pertains to changes in the order of installation
of cables governed by the supply order for power cables.

Installation strategy uncertainties are of relevance for historical case study reconstructions
to analyse and measure the magnitude of project level decision changes on the resource and
time of a MIP. For sensitivity studies, installation strategy uncertainties can be applied to study
the potential impact of the above factors on the MIP and can assist the user to optimize the
plan as a result.

In context of the model, installation strategy uncertainties are implemented by a combina-
tion of changing the entity definitions on ECN Install, and the order or sequence of the UWISE
ML process flow.

4.5. Modelling a cable installation scenario with input uncertainties
The model input uncertainties have been defined based on the analysis motivation described
in Section 4.1, and categorized in Sections 4.2, 4.3, and 4.4 based on their relationship to a
MIP. This section elaborates on the construction and application of modelling assumptions to
a general cable installation scenario where model input uncertainties are incorporated. The
objective of such a scenario is to serve as a precursor to a sensitivity study in Section 4.6
where the impact of the process, asset constraint, and installation strategy uncertainties are
quantified to establish a generalized understanding on the relationships between the inputs of
a MIP and its time and resource utilization outputs.

Scenario input summary
Table 4.2 summarizes the scenario inputs.

Table 4.2: Summary of cable installation scenario model inputs

Marine Installation Program model inputs | Scenario parameter summary

- Cable length: 28.325 km

- Cable type: Joint to Joint

- Cable weight per unit length: 59 kg/m

- Cable route distance from port: 15 km

Project duration - 1 month deadline (March)

Installation methods - PLB 2 (Cable laying vessel and ROV sledge)

- Cable layer: (transit speed: 11 knots, design limit wave height: 3 m)

- Support vessel towing ROV sledge; (transit speed: 12 knots, design limit wave height: 3m)

Cable section specifications

Asset specifications

Cable specifications

The installation scenario consists of an export cable section with a length of 28.325 km. The
cable specifications are based on the export cable used in the Lillgrund offshore wind farm [8].
The cable section is located between joints along the cable route. The distance of the cable
laying start point from the port is 15 km.
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Project specification
The installation project schedule is set with a deadline of one month for completion. The
deadline is assumed to be set per contractual obligations of the contractor.

Asset specification
The installation asset base specifications, namely the vessel transit speeds and limiting wave
heights are defined based on the the commonly used cable installation assets [16].

Installation method specification
The installation processes flow mirrors the method template for post lay burial using a cable
laying vessel for laying and a towed ROV sledge for cable protection as defined in Figure 3.2.

Installation task process inputs with uncertainty ranges
The Table 4.3 summarizes the inputs per installation task.

Table 4.3: Table summarizing the installation task inputs and their reasoning

Installation task | Scenario input Reasoning
Cable loading - Loading rate: 5-6 metres per minute | - Guess value based on cable weight per metre
- Slack assumption: 1-2 %

Cable laying - Laying rate: 0.5 - 1 knots - Cable payout rate assumed: 0.6 - 1.2 m/s
Cable protection | - Burial rate: 600 metres per hour - Nominal rate for ROV Sledge
Jointing - 80 hour weather window - Installation time required for offshore joint

The cable loading range input for this particular cable section is 5-6 m/min [8]. The cable
laying speed range was set based on an assumption that the slack over the route averaged at
1-2 %, and the cable payout rate was assumed to fall between 0.6-1.2 m/s. The cable laying
speed calculations were based on Equation 3.1. The ROV Sledge burial rate was based on
the equipment description given in [20]. Jointing time input was based on [18]. The uncertainty
margins for all installation tasks are based around a 10 % deviation from mean input value per
installation task. In addition to these installation tasks, the pre-lay grapnel run, a supportive
marine engineering task performed prior to the lay operation, was assumed to take place. This
was designated a 0.5 kn rate as a guess value.

Cable layer constraint wave height input and uncertainties

The cable layer constraining wave heights are assumed to fall between 1-3 m, where 3 m is
assumed to be the limiting offshore work wave height for the cable layer. The advantage of
considering a 1-3 m range for inputs is that it covers a range of RAO values.

Installation strategy inputs and uncertainties

In this scenario, the installation contractor has the option to vary the cable protection levels
for the cable. This implies that the power cable cable section can be installed using alternate
installation methods, which in this case are TLB2 (Figure 3.4), and SLB2 (Figure 3.3).

4.6. Cable installation scenario sensitivity study

This section discusses the MIP sensitivity study for the scenario modelled in Section 4.5. The
sensitivity study was performed based on the three uncertainty categories; process (Section
4.2), asset constraint (Section 4.3), and installation strategy (Section 4.4).
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4.6.1. Motivation and structure of sensitivity study

The objective of the sensitivity study for the power cable installation model is to assess the
relationship between input and outputs. Understanding the changes in model outputs help to
determine the model’s ability to respond to input changes. Furthermore it helps with identifying
the variation trend for a MIP variable. The sensitivity study for the scenario defined in Section
4.5 is consists of three tests:

* Impact of installation tasks: This is based on the process uncertainties defined in
the model inputs per installation task. The study involves an the assessment of the effect
of an change in the installation task inputs on the total time required for installation.

* Impact of the cable layer operational limits: This is based on the asset constraint
uncertainties where the effect of the cable layer operational limits on the time taken
for installation is studied. Here the output parameter of interest in a simulation is the
weather delay.

- Impact of the installation strategy: This is based on the installation strategy uncer-
tainty which in this case is defined as a change in the installation method choice for the
cable section. The output parameter of interest in this sensitivity study is the relationship
between installation method choice and the total time required for installation.

4.6.2. Sensitivity study implementation through simulations on ECN Install

The approach for performing the categories of sensitivity studies discussed above on ECN
Install is distributed into two simulation set-ups. These are perfect weather simulations and
weather driven simulations.

+ Perfect weather simulations: The motivation behind running a perfect weather simu-
lation, wherein weather constraints are not accounted for during the execution of instal-
lation tasks is that it enables the identification of the time required for the completion of
an installation task. This is useful when studying the impact of installation tasks on the
MIP.

+ Weather driven simulations: The motivation behind a weather driven simulation is to
identify how the installation scenario plays out with its input weather constraints and
weather wind descriptions. This enables the study the effect of cable layer operational
limits on the MIP.

The study of the impact of various installation strategies can be performed under perfect
weather simulations or weather driven simulations depending on what requires to be investi-
gated.

4.6.3. Impact of installation tasks
The sensitivity of installation tasks on the MIP was studied by introducing a 10 % margin over
the input mean values per installation task. The simulations per change in installation task was
run without the impact of weather window calculation delays in order to assess their impact on
the total time required for installation. The total time required for installation is a raw measure
of the work time and weather window required per task. When performing this sensitivity study,
the goal is to identify which of the tasks has the highest impact on the time required for the
MIP.

Figure 4.1 depicts a tornado chart where the change in installation time required is depicted
based on a change in base case value inputs. The base case inputs are indicated in Table
4.3.
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Tornado analysis for installation tasks at perfect weather condition

Cable loading

Cable jointing

Cable protection

Installation tasks

Pre-lay grapnel run

Cable laying

Sensitivity = 0.1, Base case il time: 256.98 Hours
—

Figure 4.1: Tornado chart showcasing the impact of installation tasks on the total time required for the MIP. Base
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case inputs are indicated in Table 4.3.
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Figure 4.2: (a) Figure shows variation trend for cable loading rate and its impact on the total time required for
installation with all possible load rates (3 - 22 m/min). [29] (b) Figure shows the variation trend for cable laying

and its impact for installation with all possible cable laying rates (0.25 - 3 kn) [9].

The tornado chart results indicate that cable loading and cable jointing produce most sen-
sitive changes on the time required for installation (approximately 4 %). Cable laying has the
lowest sensitivity changes on the time required for installation (less than 1 %). Furthermore,
it can be seen that the installation tasks with rate based model inputs (cable loading, laying,
protection, and grapnel run) have a non-linear impact on the installation time required. It can
also be seen that a reduction in the rates for these installation tasks shows a steeper gradient.
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On setting the full range for cable loading (3 - 22 m/min) [29], and cable laying (0.25-3 kn) [9]
the non-linear variation on the time required for installation can be seen in Figures 4.2a, and
4.2b.

4.6.4. Impact of the cable layer operational limits

The previous sensitivity study indicated that cable laying has the lowest sensitivity change
on the time required for installation. However the input rate alone is not an accurate deter-
minant on the influence of cable laying on the MIP. The second sensitivity study pertains to
understanding the impact of the cable layer operation limit on the MIP by characterizing the
percentage delay in the time required for installation with respect to variation of the constrain-
ing wave height.
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Figure 4.3: (a) Figure shows two significant wave height hourly data forecasts for the same planned period of
installation (b) Figure shows percentage weather delay incurred due to change in the operational limits of the
cable layer.

The significant wave height is used as an hourly input in the model simulations in ECN
Install. This sensitivity test had simulations set up per constraining wave height between a
range of (1-3 m). The constraining wave height range was set based on the RAO character-
istics of the cable laying vessel and the limiting wave height estimation method discussed in
Section 4.3.4. Although a 10-15 % margin estimation for laying chute operational wave height
is assumed, the graph was plotted for a larger range between 1-3 m constraining wave height
ranges to observe potential percentage delay values for lower wave height constraints.
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Two wave height data sets were utilized as the equivalent to forecasts for the installation
period. The wave height data sets seen in Figure 4.3a correspond to values of hourly signifi-
cant wave height from a time series file for the same location over a period of multiple years.
Case 1 in the figure refers to the wave height data for March 2013, and Case in the figure
refers to the wave height data for March 2014. The reason these two years of data-sets were
selected was to replicate reasonable weather forecast outcomes.

Figure 4.3b shows the percentage delay with the installation time with different constraining
wave heights under the two weather forecast scenarios. The results indicate a 15 % maximum
delay and a sharp increase in the percentage delay after a particular limiting wave height value.
The sharp increase is associated with the difficulty in finding a suitable weather window within
the project duration that fits the operational limits of the laying process. For case 1 the sharp
increase in the delay is after the limiting wave height reaches a value lower than the mean
wave height (1.37 m), and for case 2, the percentage delay increases and stabilizes at a
value close to the forecast mean (1.72 m).

This sensitivity study highlights several key conclusions:

A higher constraining wave height for a cable layer is a desirable property. This is be-
cause the chances of finding the same weather window with a higher limiting wave height
is greater than with a lower limiting wave height.

» The weather delay associated with constraining wave heightis dependent on the forecast
data and may not follow a specific trend.

» The impact of the additional time required for installation associated with cable layer
wave height limits has the potential to be greater than the change in lay rate.

4.6.5. Impact of the installation strategy

The third sensitivity study deals with an assessment of the impact of installation strategy on the
time required for installation. In Section 4.5 it was indicated that the scenario for installation
strategy variation in this case was defined as the feasibility of alternate installation methods.
Figure 4.4 shows the difference in time required for the MIP for the same cable section if the
installation method was changed.
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Figure 4.4: Change in the installation time required with different installation methods for the same power cable
section.

The results above indicate that SLB produces lowest sensitivity to the time required for in-
stallation compared to the other installation methods. SLB consumes 66 % of the time required
for installation when compared to TLB for the same cable section.



Case study: Gemini export cable
iInstallation

This chapter covers the application of the model for a historical case study. Section 5.1 high-
lights the summary as well as the motivation of the case study. Section 5.2 showcases the
model set-up. The results of the case study and their reflections are discussed in Section 5.3.
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5.1. Gemini as a historical case study for power cable installation
This section aims to provide an overview of the Gemini export cable installation project and
the reasoning behind its choice for a historical case study.

5.1.1. Overview of installation activities

The Gemini offshore wind farm is one of Europe’s largest, located 85 km from the northern
coast of the Netherlands on the eastern boundary of the Dutch Exclusive Economic Zone
[2]. Construction of the wind farm spanned over a period between 2014 and 2016 [2]. The
installation activities of the Gemini offshore wind farm are depicted in Figure 5.1.

2014 2015 2016

Financial close v 14.05
Energisation 1712 '
First power v 8.02
Last Wind Turbine Generator taken over 06.11 v

Land High Voltage Station Construction May October

Offshore High Voltage Stations Fabrication January . . . July .

Installation ‘ ‘ ‘ ‘ August

Monopiles | Transition Pieces Fabrication May October

Installation ‘ Ju\y‘ October

Cable Lay Export March November

Infield ‘ ‘ July April

Wind Turbine Generator Fabrication May . July

Esbjerg December August

Installation Februari August

Figure 5.1: Gantt chart depicting the time consumed for the installation activities of the Gemini offshore wind farm.
[24]

The export cable installation activities were contracted in an EPCI (Engineering, Procure-
ment, Construction, and Installation) agreement by Van Oord [2][23]. It can be seen that the
installation of power cables took place for a period of 14 months between March and April.
This gantt chart will be utilized as the means to compare and analyse the model simulation
results in Section 5.2.

5.1.2. Documentation on Gemini’s Marine Installation Program
The key criterion behind the selection of Gemini for a historical case study is due to the avail-
ability of information on its MIP in the public domain. This is not the case for other offshore
wind farm installation cases [10].

A method statement [23], published in 2012 is the most extensive document describing
the MIP for the export cable installation. This document covers to a certain extent, the most
relevant information for structuring the model for a case study. This can be summarized as:

* Route engineering summary for installation method matching: The water depth
and burial depth requirements calculated along the cable route in the route engineering
phase are summarized. Distinct zones along the route have been demarcated based on
the average water depth and required burial depths.

- Cable section data for setting the logistics and installation order: The document
contains a description of the total number of cable sections supplied at the port, thereby
covering an installation plan set based on the cable supplier production capabilities and
layer storage capacities.
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* Installation task summary for the model structure: The position of the joints along
the cable installation route is indicated, along with the required marine engineering tasks
such as crossings, and horizontal directional drilling to facilitate the installation process.

* Installation asset data for model inputs: A detailed description of the required as-
sets is given, which are matched along the installation route for the implementation of a
particular method.

* Project duration: The target start and finish time period for most installation activities
are mentioned in the document.

5.2. Export cable Marine Installation Program model

This section elaborates on the modelling steps taken and structure applied to simulate the MIP
for the Gemini export cable. The inputs to the model are based on information available in the
method statement document [23] and assumptions resulting from the learning outcome from
Chapter 2 and Chapter 4. This implies that the input unknowns and uncertainties have been
addressed with reasonable values, ranges, and margins. The process flow diagram for the
installation is based on the model structure described in Chapter 3. The complete installation
process diagram per cable section for the Gemini export cable is shown in Appendix A, Figure
A.3.

5.2.1. Gemini export cable project summary

The export cable for Gemini consists of two 220 kV cables with approximate lengths of 93 km
and 102 km from two offshore substations Buitengaats and ZeeEnergie to the beach located
approximately 5 km to the west of the port of Eemshaven [23][2]. The project start and target
dates based on the method statement are summarized in Table 5.1 and a visual representation
of the export cable layout and installation activities is provided in Figure 5.2.

Table 5.1: MIP start and target end date based on the method statement [23]

Project start date | Project target date
March 14 2015 January 1 2016

Cable 9

@177

Cable 8
North Sea

Beach

Cable 5and 6
Joint due to cutting
Jointterminating cable 1and 2
Horizontal Directional Drilling Cable 3and 4
Joint terminating cable 3 and 4 l
Jointterminating cable 5and 6 - bl
0SS Buitengaats terminating cable 7 and 9 - Cable 1and 2

0SS Zee Energie terminating cable 8and 9

Wierum

Figure 5.2: Summary of the Gemini export cable installation activities built on ECN Install.
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5.2.2. Installation asset inputs
The installation assets utilized for the MIP are summarized in Table 5.2.

Table 5.2: Table summarizing the installation asset data used for the Gemini MIP.

Installation asset | Function Transit speed in knots Operational Constraint
Cable laving barge | For lay of section 6.2 - limiting wave height: 2 m
Ying barge | 4 and 2 (Based on Vetag 8 CLB [23]) - limiting wind speed: 10 m/s

Cable laying vessel

- For lay of section
3,4,5,6,7,8,and 9

124
(Based on Nexus CLV [23])

- limiting wave height: 3 m
- limiting wind speed: 10 m/s

SS ROV trencher
(burial equipment)

- For protection of section
1and 2

0.5 (equal to equipment burial rate)
(assumption based on [23])

- limiting wind speed: 10 m/s

Towing vessel

- For towing ROV Sledge
- For protection of section
3,4,5,6,7,8,and 9

11.5
(Based on support vessel [23])

- limiting wave height: 3 m
- limiting wind speed: 10 m/s

ROV Sledge
(burial equipment)

- For protection of section
3,4,5,6,7,8,and 9

0.5 (equal to equipment burial rate)
(assumption based on [25])

- limiting current speed: 1.53 m/s
(assumption based on [25])

- For protection of section

12.5

- limiting wave height: 3 m

Dredge ?If:fljDD ok (Based on TSHD Dredge [23]) - limiting wind speed: 10 m/s
Transport pontoon | - For transport of SSROV 1.2 - limiting wave height: 2 m

(Based on transport barge [23])
11.5
(Based on support vessel [23])

- limiting wind speed: 10 m/s
- limiting wave height: 3 m
- limiting wind speed: 10 m/s

- For route survey

Support vessel - For pre-lay grapnel run

For most of the installation assets, a description was provided in the method statement
and therefore the transit speed inputs and operational constraints were available. Installation
assets whose information was not available in the method statement were assigned inputs
based on equipment data available from alternate sources [25].

5.2.3. Installation process per cable section

The export cable sections are broken down into a total of 9. Cable sections 1 and 2, 3and 4, 5
and 6, have been assumed to be identical. The identical section pairs are positioned in parallel
separated by a mean distance of 200 m along the route. Cable sections 7 and 8 diverge along
the cable route to connect to the two offshore substations. Cable section 9 connects the two
offshore substations. The details of the power cables are summarized in Table 5.3.

Table 5.3: Summary of Gemini export cable sections in the model.

Cable sections Type Length (km) | Installation method utilized
1and 2 Beach to Joint | 15.336 PLB1

3and 4 Joint to Joint | 22.273 TLB2 and PLB2

5and 6 Joint to Joint 27.626 PLB2

7 Jointto OSS | 27.639 PLB2

8 Jointto OSS | 35.568 PLB2

9 0SS to 0SS 10.071 PLB2

Cable sections 1 and 2

Cable sections 1 and 2 span approximately 15.35 km along the route starting from the beach
to a joint. The installation method utilized for these two cables is PLB1 (Post Lay Burial 1),
which means that for the laying operation a cable laying barge was utilized and for the burial
operation a self supported ROV trencher was deployed after the laying process.

The installation of cable sections 1 and 2 begin with loading of the cable at Eemshaven
to the laying barge before transit to the beach for direct land-fall. With all the preparations
made, a direct land-fall takes place at the beach. This is followed by a lay operation along the
route which ends with the assembly of a joint. The cable protection process then ensues after
completion of the laying process when a self supporting ROV trencher is transported to the
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starting location of the cable route. The installation tasks for each of the cable sections and
the installation of one section after the other in a pair are modelled as sequential.

Cable sections 3 and 4

Cable sections 3 and 4 are both approximately 22.3 km long and are positioned between 2
joints along the route. The burial depth requirements along the routes for cable sections 3 and
4 require the implementation of TLB2 and PLB2 methods for installation [23]. This is because
the first 17.6 km of the route requires an average burial depth of greater than 10 m due to
the high mobility of the sea-bed surface [23]. The remaining 4.7 km requires an average
burial depth within 2 m. The installation activities for cable sections 3 and 4 begin with the
deployment of a dredge to prepare the deep trenches required for laying the first 17.6 km of
the cable. Once the trenches are prepared the cable is loaded to the layer for transit to begin
installation. The lay operation continues until the assembly of a joint at the end. Following
the lay operation, the dredge is deployed to back-fill the trench to complete the protection
mechanism for the first part of the route. Then, a support vessel towing an ROV sledge is
deployed to the second part of the route to perform a post lay protection.

Cable sections 5,6, 7, 8, and 9

The cable sections 5 and 6 are installed between two joints. Cable sections 7 and 8 are
installed between two joints and the two offshore substations. Cable section 9 is installed
between the two substations. All five sections follow the same installation method PLB2 where
the lay operation is followed by cable protection performed by a towed ROV sledge. The
difference between each of these remaining 5 cable sections lies in the time taken for loading
and the first and last installation tasks. For cable sections 5 and 6, these are jointing. For
cable sections 7 and 8 these are jointing and pull-in. For cable section 9 two pull-ins take
place at the beginning and end of the installation process.

5.2.4. Modelling supportive marine engineering activities

Supportive marine engineering activities are those that are performed as pre-requisites to
an installation activity or as additional engineering activities required for the facilitation of the
installation tasks defined in the model.

When modelling a historical case study it is likely to see the execution of such supportive
marine engineering tasks. The relationship of supportive marine engineering activities to the
power cable installation model framework defined in this thesis is that they are situational to
the installation scenario and are more complex to categorise unlike the main cable installation
processes classified in Section 2.2. As a result the reasoning for their occurrence was not
captured as part of the decision tree logic built to define the model structure in Section 2.6.

Although their decision logic for the supportive marine engineering tasks is not represented
in the model framework they can be modelled using the UWISE ML actions. For the Gemini
export cable installation, these supportive installation tasks can be listed as:

+ An additional joint installed at a 9 km point from the land-fall point in the route of cable
section 1. The reason behind this is that the area surrounding the route made the traver-
sal of the cable laying barge difficult, and hence the cable section had to be divided into
two parts where one part was transported and positioned to the route using a modular
transport vehicle [23]. The installation or requirement for this joint could not be reasoned
with the installation model framework.

» Multiple crossings of the cable route over a set of power cables that required the set-up
of tunnel ways for laying. These tunneling activities are required to be complete at the
time of the laying activity.
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* Route survey performed by support vessels for assessing the conditions of the cable
routes prior to installation

* Pre-lay grapnel run performed by support vessels for clearing obstacles along the cable
route prior to laying.

* Horizontal Directional Drilling performed at the transition point on the cable route be-
tween Cable sections 1 and 3, and Cable sections 2 and 4.

As for modelling these supportive marine engineering activities, a work action was as-
signed to the additional joint as described in Table 3.2. The route survey and pre-lay grap-
nel run installation activities were modelled using cable transit actions. The crossings were
not assigned a UWISE ML action because they are assumed to be ready at the time of the lay
operation.

5.2.5. Process inputs, assumptions, and uncertainty margins

In section 4.2, the reasoning behind the impact of installation process uncertainties, as a
means to define the model input values or ranges was discussed. This was applied to the
Gemini installation scenario for each installation process. Table 5.4 summarizes these input
ranges.

Table 5.4: Summary of the installation process inputs and margins for the export cable.

Gemini Installation tasks Guess value input Reasoning
Cable loading - Planned loading rate of 3 - 4 mpm - Cable weight per unit 100-130 kg/m
Land-fall - Direct land-fall weather window 48 h - Based on the time required per sub-task
. - Based on a slack value assumption 1-2 %
Cable laying -Layrate 0.5- 1 m/s and a payout rate range between 0.6-1.2 m/s
Cable jointing - Infield joint weather window 80 h - Assumption that infield joints used most
commonly
Cable pull-in - Pull-in weather window 16 h - No information available about pull-in time
- SSROV average speed 0.5 knots - Based on nominal equipment rates found
Cable protection - ROV Sledge average speed 0.5 knots | . .
in literature
- Dredge average speed 2 - 3 knots
Grapnel run - Grapnel towing speed 0.5 knots - No information available about speed
Route survey - Vessel survey speed 0.5 knots - No information available about speed

Horizontal Directional Drilling | - Weather window assumed to be 120 h | - Assumption based on the method statement description

The cable installation task inputs were chosen based on the availability of information in
the method statement, and assumptions from the process uncertainty definition elaborated in
Table 4.1. For the Gemini export cable installation scenario, the same cable type was used
for all parts of the route, therefore the cable weight per unit (100-130 kg/m) was the same
for every section. Therefore the planned loading rate between the range of 3-4 m/min was
assigned for all sections. The type of joint used in the project was not known therefore a
weather window of 80 hours was assumed [1]. The installation vessel properties such as the
cable carrying capacity, limiting weather conditions, and transit speeds were known. A slack
margin of 1-2 % was assumed throughout the entire route. The payout rate of the layer was
assumed as between 0.6-1.2 m/s. This yielded a lay rate input range between 0.5-1 m/s.
The equipment average trenching and burial rates were also unknown. These were assigned
nominal equipment rates from literature [25][28].

5.2.6. Installation time required per cable section and weather window per task
The installation time required per cable section and the weather window per task are important
for understanding the total time required for a MIP. This was was computed by running a
simulation of the case in the absence of weather constraints. This yielded the following results
depicted in Table 5.5.
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Table 5.5: Total time required per cable section and per installation task excluding contingency factors.

Cable section totallifrfélal“:::ired Direct loading | Cable laying Cable protection
1 242 73 - Barge: 8 - SSROV trenching/burial: 27
2 242 73 - Barge: 8 - SSROV trenching/burial: 27
- Dredge trenching: 5
3 224 106 - Vessel: 13 | - Dredge backfilling/burial: 5

- ROV Sledge trenching/burial: 7
- Dredge trenching: 5

4 224 106 - Vessel: 13 | - Dredge backfilling/burial: 5

- ROV Sledge trenching/burial: 7
5 288 132 - Vessel: 16 | - ROV Sledge trenching/burial: 50
6 288 132 - Vessel: 16 | - ROV Sledge trenching/burial: 50
7 223 131 - Vessel: 16 | - ROV Sledge trenching/burial: 50
8 280 169 - Vessel: 20 | - ROV Sledge trenching/burial: 62
9 118 47 - Vessel: 6 -ROV Sledge trenching/burial: 18

The installation time required per cable section increases with its length and this is due to
the time spent for loading. The power cable loading process occupies up to 60 % of the total
time required for installation of a cable section. It is interesting to see that Cable section 1 and
2, although much shorted than the remaining sections, still requires the second highest time
for completion. This is attributed to the land-fall operation and the additional joint.

The loading, laying and protection time requirements are based on the average rates de-
fined from the uncertainty margins specified in Table 4.3.

5.2.7. Model input sensitivity study

A sensitivity study was performed to understand the impact of the model inputs used for the
MIP under the different uncertainty categories defined in Section 4.1.2. This in turn results in
the identification of the extent to which the time required for installation is influenced. Based
on the outcome of this analysis, the weather windows durations per installation task can be
finalized for simulation. The sensitivity study approach per category can be elaborated as
follows:

Impact of installation process input uncertainties on the time required for installation

The process input uncertainty margins were based on a 10 % deviation from the mean values
reasoned as inputs in Table 5.5. The results of the process input uncertainties on the total
time required for installation is represented in Figure 5.3.

The cable loading task has the highest impact on the uncertainty in the installation process
as it occupies between 50-60 % of the total time required for installation per cable. The impact
loading has on the time required for installation is an additional 4.8 % increase. This translates
to a potential addition of 123 hours. A reduction of loading time per cable by 10 percent reduces
the total installation time required by 156 hours. The remaining installation tasks have an
impact of less than 1.5 % on average.
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Tornado analysis for Gemini export cable installation tasks
Sensitivity = 0.1, Base case i ion time = 2564 Hours
T T T T T

Cable loading -

Cable jointing |-

Post lay cable protection -
Pre-lay grapnel run |-
Horizontal Directional Drilling =
Cable laying |-

Direct land-fall -

Route survey

Gemini export cable installation task

Cable pull-in -

Dredge cable protection -

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Percentage change in required installation time (%)

Figure 5.3: Tornado diagram showcasing the influence of installation task on the total time required for the Gemini
export cable installation

Impact per cable section on the time required for installation
The final sensitivity study was aimed at investigating the impact per cable section on the time
required for the Marine Installation Plan.

The approach for quantifying the impact of a cable section on the total time required was
by factoring a 10 % change in the loading time required. The loading time was chosen as
the installation task representing the impact of a cable section due to its weight-age on its
installation as compared to the other tasks. The result is shown in Figure 5.4.

Tornado analysis for Gemini export cable installation: Impact of cable section on total time required

Sensitivity = 0.1, Base case installation time = 2564 Hours
T T T T T T T T T T T T

Cable section 8 -

Cable section 5/6

Cable section 7 -

Cable section 3/4 -

Cable section

Cable section 1/2 -

Cable section 9 -

1 1 1 1 1 1 1 1
-1 -1 -09 -08 -07 -06 -05 -04 -03 -02 -0.1 0 01 02 03 04 05 06 07 08
Percentage impact on time required for installation (%)

Figure 5.4: Tornado diagram showcasing the impact of a cable section on the total time required for installation

The result indicates a trend where the length of the cable section is proportional to its
impact on the total time for installation. A conclusion that can be drawn from this observation
is that the MIP can be optimized to schedule the installation of longer cable sections in time
periods where the likelihood of observing favourable weather windows is higher.

Percentage delay in installation due to changes in the cable layer operating constraint
Multiple simulations were run to assess the impact of the cable layer constraint on the instal-
lation. The cable laying vessel, which is modelled based on the Nexus has a cable carrying
capacity of 5000 t [17]. Based on this carrying capacity the RAO of the vessel was assumed
to be 0.6. The design limit wave height of the cable laying vessel is 3 m [23]. A 10 % margin
was assumed as the wave height operational limit for the laying chute resulting in a range of
(2.97-3 m). The percentage delay associated with this margin was minimal.
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5.2.8. Weather window designation strategy
The concept of weather window and its equation was given in Chapter 3. The approach for
designating the weather window for each installation task has been based on the time re-
quired (captured in Table 5.5), and process uncertainties defined in Table 5.4. The process
uncertainties have been assigned as the contingency factor for each installation task.

This means that the weather window per installation task has been assigned as the base
time required added to the additional time required if the installation task was executed at the
lower possible range in the uncertainty margin defined.

5.3. Marine Installation Program model results and reflection
The simulation results of the MIP modelled in Section 5.2 are presented alongside the method
statement plan. This is followed by a reflection on the results.

5.3.1. Summary of the Marine Installation Program model results

Figure 5.5a shows the MIP plan constructed as per the method statement information. The
second column shows the total time allotted to the installation of each power cable. The yellow
bars indicate the distribution of months suitable for the installation activities. The MIP imple-
mentation results in Figure 5.5b, are based on observations made in the Gantt chart shown in
Figure 5.1. This showcases the outcome of the method statement plan implemented in real-
life. The total time taken for installation is assumed to be 6480 hours due to the confidentiality
of more detailed information on the project’s execution. The simulation results are depicted in
Figure 5.5c. The installation time taken per cable section was obtained by simulation with the
model inputs described in Section 5.2, under the influence of a deterministic weather data set.
The total time taken for simulation of the entire installation scenario including weather delays
and the supportive installation activities is 4070 hours (March 14 2015- August 30 2015). A
detailed account of the simulation results is given in Appendix A, Figure A.4.

MIP method statement | Installation time (hours) Mar‘Apr| Mayl]un |JuI|Aug‘Sep| 0ct| Nov|Dec |Jan

Cable section1 and 2 1896
Cable section3 and 4 936
Cable section5 and 6 1584
Cable section 7, 8,and 9 3600

(a)

MIP implementation

Installation time (hours)

Mar‘Apr| Mayl]un |Ju| ‘Aug‘ Sep| 0ct| Nov| Dec | Jan

Export cable installation

6480 (assumption)

(b)

MIP model simulation

Installation time (hours)

Mar‘Apr| Mayljun |Ju| ‘Aug‘ Sep| 0ct| Nov| Dec | Jan

Cable section 1 and 2 792
Cable section3 and 4 917
Cable section5 and 6 603
Cable section7,8and 9 914

(c)

Figure 5.5: A summary of the method statement plan (Figure 5.5a), the real life execution of the MIP (Figure 5.5b),
and the model outcome (Figure 5.5c))

The MIP was planned for a period between March and January. On implementation, the
export cable installation was complete by November. The reason behind this is presumed to
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be twofold. Firstly, due to changes or optimization steps that may have modified the Marine
Installation Program plan. The method statement was formulated in 2012 and there are no
indications as to whether it was a finalized version of the installation plan. Secondly, due to
the incidence of favourable weather forecasts that may have decreased the wait time for some
of the marine engineering tasks.

5.3.2. Reflection on the Marine Installation Program model

The validity of the MIP model built for Gemini can not be determined at the end of this case
study. The model simulation results can not be validated against the implementation of the
method (Figure 5.5b) due to the unavailability of specific installation information such as the
time taken per cable section and the process flow.

The focus of the reflection on the model will be on its differences and limitations when it
comes to describing the method statement plan. The outcome of this discussion is identify-
ing the points of improvement for accurately modelling future cases. The factors that impact
the results produced by the model, which shed light on its limitations can be summarized as
follows:

Assumption of a perfect supply chain

The supply chain for the power cables from the cable manufacturer to the installation contractor
was assumed to be perfect as explained in Chapter 3, Section 3.5). In reality delays are
probable and the designation of time for the MIP also takes it into account. The MIP model
simulation results do not factor this possibility into account.

Quality of asset and installation task inputs

The inputs used for the model comprised of a combination of data from the method statement
and guess values based on the understanding built on the power cable installation tasks and
assets. The reliability of the guess values can not be ascertained. The quality of the inputs is
a determinant on the reliability of the simulation accuracy. The learned outcome from this re-
flection is that for future modelling scenarios, the acquisition of a more detailed data pertaining
to the assets and installation rates is key for an accurate simulation of power cable installation
case study.

Installation process flow assumptions

The process flow for installation used in the model assumed that each cable installation task
is structured in a fixed sequence depending on the method of installation. This may not be
true in real life. Installation processes can be executed in parallel or with an overlap. The
range of the overlap between burial and laying is not known as no information is available on
it. Similarly, the installation of power cables can take place simultaneously. In the model the
installation of cables was also assumed to take place sequentially.

Worker shift patterns and non-work periods

The worker patterns are unknown and were assumed to be 24 hour shifts throughout the
installation project with no holidays. In the method statement, a non work period between the
month of July to August was defined. This was not implemented into the model and therefore
its consequences on the installation time taken is unknown.

Weather window calculation methods for the laying process

The weather window determination for the laying process in reality is not as straightforward as
defined in the model. According to [7], laying windows are defined over a route in parts. For
a simultaneous lay burial installation method a single continuous weather window is required.
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On the other-hand for post-lay burial installation, shorter installation weather windows are
required. The method by which these weather windows are defined and the logic behind their
calculations is unknown. The presumption is that the weather window calculation pattern is
dependent on the route properties or in other words the slack distribution over the route, which
may not always be constant in practice. In this model, the slack variation was assumed to be
minimal over the route and each lay task was assumed to be performed in a single continuous
weather window.

Impact of the marine engineering activities

Itis hard to identify to what extent and what proportion of time and resources are consumed by
the other marine engineering activities in the installation plan compared to the cable installation
tasks. The modelling of the HDDs and assumptions for the crossings are simplistic and do not
capture the scale of the activity accurately. A more accurate breakdown of marine engineering
activities as well as their composition is useful for modelling future case studies.






Conclusion and recommendations

This chapter presents the conclusions and recommendations of the thesis. Section 6.1 high-
lights the key conclusions produced from this study, and section 6.2 lists the recommendations
based on this study for the future.
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6.1. Conclusions
This report documents the steps taken to model the installation of power cables for offshore
wind farms using a discrete event simulation based logistics model. The research question
and sub-questions of this thesis are:

”How can the processes and strategies used for power cable installation for offshore
wind farms be modelled and analysed using a logistics model”

» What are the stages, variables, constraints, and assets involved in offshore wind power
cable installation?

» How can installation processes be captured, modelled and simulated in a logistics frame-
work?

* What are the factors that impact the installation of power cable installation and how can
they be incorporated into the model?

* How can the model be applied to a real case study for simulation and validation?

The conclusions per research question are captured in the following sections.

6.1.1. Main research conclusion

The main research question is addressed in this section. The goal behind the implementa-
tion of a logistics model for power cable installation is to study an installation plan’s time and
resource effectiveness. A literature review on power cable installation is made to build the
framework for defining the installation processes in the model. Next, the UWISE ML language
is used to define the processes in a discrete event simulation environment on ECN Install.
Model input uncertainties are specified and their impacts on an installation program are anal-
ysed through a sensitivity study. Finally, a historical case study is constructed and analysed
using the model.

6.1.2. Elements of power cable installation

Firstly an understanding of the composition of a power cable installation project is built through
a literature study. The project’s stages, processes, assets, installation methods, and influenc-
ing weather parameters are identified. The processes involved in power cable installation are
listed along with their key characteristics. The main assets are cable layers which are chosen
based on the water depth, and cable protection equipment which are selected based on the
burial depth requirements. Installation methods stem from different sequences of processes.
The most important weather parameter impacting a cable installation plan are incident waves.
The outcome of this literature study is the construction of a decision logic where the choices
made in a Marine Installation Program are connected to the cable route properties. The key
conclusions can be summed up as:

* The most important stage for modelling is the Marine Installation Program where an
installation schedule is finalized for implementation.

+ Six processes define power cable installation.
+ The installation of a power cable is centered around the cable layer.

* The relationship between the Route Engineering stage and the Marine Installation Pro-
gram stage is important to understand for the model.

» The decision tree captures all documented power cable installation methods.
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6.1.3. Capturing and modelling the installation processes

The complexity of power cable installation requires dynamic modelling principles for accurate
calculations. This notion is first introduced in order to highlight how the limitations of using
a logistics model can be overcome. The reason dynamic modelling is used for power cable
installation is mainly because it captures the slack for cable laying accurately. Accurate slack
estimation is a determinant for the time required for the laying operation. Dynamic models
capture this accurately by mathematical modelling the forces exerted on a cable under its
different contact configurations over the sea-bed surface. A logistic model represents installa-
tion processes as a function of input rates, therefore its ability to estimate the time required for
installation activities such as cable laying, can be improved by integrating some dynamic mod-
elling principles such as slack calculation. A simplified approach for estimating the input lay
rate is set for the logistics model where the relationship between slack, vessel speed and cable
payout rate is assumed. Besides the incorporation of dynamic model principles, the logistic
model’s base assumptions are set. The process flow per installation method is designated
based on the decision logic developed at the end of the literature study. The conclusions at
the end of this section are:

» Dynamic modelling of power cable installation is used most commonly for accuracy. The
most important transferable property identified from a dynamic model to a logistics model
for describing installation accurately is the slack calculation method.

+ UWISE ML provides a robust set of actions for defining power cable installation pro-
cesses.

* The model base assumptions such as the sea-bed morphology being constant, and that
all installation tasks are executed in a non-parallel order do not mirror reality. These
have been set for simplicity of mapping the process on ECN Install.

6.1.4. Factors impacting power cable installation

Once the installation processes and their flow orders are defined in the model, the effect of
input uncertainties is studied. Uncertainties are defined as the set of input values and ranges
in the model that originate from installation processes, asset operational constraints, and in-
stallation strategies used in a Marine Installation Program. Process uncertainties are identified
by noting the input requirements per installation task and then designating the probable range
based on physical principles or model assumptions that govern the behaviour of the task.
Asset constraint uncertainties are defined based on the possible changes in the operating
conditions of an installation asset such as a cable layer. Finally, installation strategies cover a
broad set of decision making changes that are likely for a MIP. Once these uncertainties are
defined, their impact on the sensitivity of an MIP is studied by setting a simple cable installation
scenario. The key findings of this stage of the thesis are:

» The process uncertainty definition for cable laying has a clear structure because the
physics of cable laying are understood and available more clearly.

* The assumption for the objective of cable loading to be minimizing the incidence of syn-
chronization errors was taken due the lack of information available on its dynamics.

» Based on the estimations used in this thesis, a MIP is most sensitive to cable loading.

* The asset constraint uncertainty was focused on understanding the impact of a cable
layer’'s RAO on its limiting wave height range. The higher the range the higher the
chances of finding weather windows.
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* Installation uncertainties are circumstantial to a given cable installation project.

6.1.5. Application of the model for historical case study

The last step in the study is the implementation of the defined model principles and input
uncertainties by constructing a historical case study. The export cable installation of Gemini
is chosen due to the availability of its MIP documentation. In total, the installation processes
of 9 power cables are modelled sequentially and the weather windows are assigned based on
the uncertainty margins. Simulations of the case yielded results whose validity could not be
ascertained against the MIP implemented. A reflection on the modelling approach is made to
identify points of improvement for future case studies. The case study conclusions are:

» The results of the Gemini case study could not be validated against the real events
however the quality of results is variable with better inputs of the actual vessels from
the project. These are confidential, therefore the usefulness of this conclusion is as a
recommendation for future case studies.

» Worker shift patterns are unknown. The assumption that they are 24 hour work periods
can be a source of erroneous results.

+ The simplification of other marine engineering activities in a MIP can lead to difficulty in
identifying whether their impact on the time required for installation is higher than the
installation tasks themselves.

» Knowing the weather window calculation strategy for the laying process can improve the
realism of the model.

6.2. Recommendations
With the work done in this thesis and its conclusions, the following recommendations are set
for the future.

* MIP optimization: The scope for understanding what the optimization strategies are
for a Marine Installation Program was not explored in this thesis. The model developed
thus-far requires optimization and this can form a new research question.

+ MIP cost modelling: The cost modelling of installation activities in a case study based
on accurately available day rates of vessels and equipment is recommended for future
studies. Cost structure estimations were identified from books and reports [22][4], how-
ever no clear figures were available for analysis using the model framework.

* Integration of more dynamic modelling principles to improve model inputs: In this
thesis, the dynamics of cable laying were integrated into the model to improve the quality
of inputs. An example of adding more dynamic principles can be the incorporation of
sea-bed morphological changes on the MIP at the time of its implementation.

- Simulations with different installation strategy uncertainties: Simulations consid-
ering different installation strategies such as the crew working patterns were not imple-
mented in this thesis due to the lack of information. Future simulations can be set up
upon the availability of such information.



Gemini export cable installation

A.1. Model data

Figure A.1 shows the coordinates used for the cable route.

Name X-coordinate Y-coordinate UTM Zone
m m
text number number text
Landfall 354582.43 5925657.82 32U

Figure A.1: Coordinates used for cable route way points.

Figure A.2 shows the installation asset inputs used for Gemini.

Name X-coordinate Y-coordinate UTM Zone
m m
text number number text
Landfall 354582.43 5925657.82 32U

Figure A.2: Installation asset inputs for Gemini.
Figure A.3 shows the MIP model for the Gemini export cable.
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Figure A.3: Construction of the Gemini export cable MIP process on ECN Install.
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A.2. Simulation results
Figure A.4 shows the MIP model weather driven simulation result overview.

2014
[date] 2014-05-14T00:00:00
[date] 2015-08-30T14:27:21
[date] 2016-01-01T00:00:00
[date] 2017-05-13T00:00:00

Figure A.4: Results of the weather driven simulation.

The detailed weather driven simulation results are provided in the following pages.



UWISE ML Block Action Start Time Total Core Permits Weather Resource Idle End Time
Type Duration Duration Delay Delay Delay Time
[date] [h] [h] [h] [h] [h] [h] [date]
Full Scenario 2014-05- 11,401.08 2,564.63 0.00 1,540.45 7,296.00 0.00 2015-09-
14T00:00:00 01T01:04:41
Core base case 2014-05- 11,401.08 2,564.63 0.00 1,540.45 7,296.00 0.00 2015-09-
14T00:00:00 01T701:04:41
Cable section 1 2015-03- 537.89 241.41 0.00 296.48 0.00 0.00 2015-04-
14T00:00:00 05T09:53:10
Cable section 2 2015-03- 1,116.95 241.41 0.00 337.65 0.00 537.89 | 2015-04-
14T00:00:00 29T12:56:43
Cable section 3 2015-03- 1,622.57 223.93 0.00 101.39 0.00 1,297. 2015-05-
14T00:00:00 25 20T14:34:07
Cable section 4 2015-03- 1,934.73 223.93 0.00 88.23 0.00 1,622. 2015-06-
14T00:00:00 57 02T714:43:57
Cable section 1.Load cable to layer Work 2015-03- 136.84 73.00 0.00 63.84 0.00 0.00 2015-03-
14T00:00:00 19716:50:14
Cable section 5 2015-03- 2,541.75 287.15 0.00 192.87 0.00 2,061. 2015-06-
14T00:00:00 73 27T721:44:53
Cable section 6 2015-03- 2,950.95 287.15 0.00 122.05 0.00 2,541. 2015-07-
14T700:00:00 75 14722:57:09
Cable section 7 2015-03- 3,335.76 222.96 0.00 0.00 0.00 3,112. | 2015-07-
14700:00:00 80 30723:45:39
Cable section 1.Shore pull-in (total) 2015-03- 306.72 24.00 0.00 0.00 0.00 282.72 | 2015-03-
14700:00:00 26T18:43:16
Cable section 8 2015-03- 3,987.46 279.69 0.00 372.01 0.00 3,335. | 2015-08-
14T00:00:00 76 27T703:27:32
Cable section 9 2015-03- 4,105.08 117.62 0.00 0.00 0.00 3,987. | 2015-09-
14T00:00:00 46 01T01:04:41
HDD 2015-03- 1,280.00 109.52 0.00 0.00 0.00 1,170. | 2015-05-
14700:00:00 48 06T07:59:45
Pre-lay grapnel 1 2015-03- 1,297.25 17.26 0.00 0.00 0.00 1,280. | 2015-05-
14700:00:00 00 07T701:15:07
Pre-lay grapnel 2 2015-03- 2,061.73 112.44 0.00 14.56 0.00 1,934. | 2015-06-
14700:00:00 73 07T721:43:35
Pre-lay grapnel 3 2015-03- 3,112.80 146.64 0.00 15.21 0.00 2,950. | 2015-07-
14700:00:00 95 21T716:48:14
Route survey 2015-03- 1,170.48 53.53 0.00 0.00 0.00 1,116. | 2015-05-
14700:00:00 95 01T718:28:40
Cable section 1.Transit to landfall Transit 2015-03- 141.88 0.41 0.00 141.48 0.00 0.00 2015-03-
offshore point 19T16:50:14 25T14:43:16
Cable section 1.Float export cable to Work 2015-03- 4.00 4.00 0.00 0.00 0.00 0.00 2015-03-
shore pull-in 25T14:43:16 25718:43:16
Cable section 1.Shore pull-in Work 2015-03- 24.00 24.00 0.00 0.00 0.00 0.00 2015-03-
25T18:43:16 26T18:43:16
Cable section 1.Joint to onshore cable | Work 2015-03- 20.00 20.00 0.00 0.00 0.00 0.00 2015-03-
26T18:43:16 27T14:43:16
Cable section 1.Lay till joint Cable 2015-03- 59.47 7.95 0.00 51.52 0.00 0.00 2015-03-
Laying 27T14:43:16 30T02:11:40
Cable section 1.Install final joint Work 2015-03- 80.00 80.00 0.00 0.00 0.00 0.00 2015-04-
30702:11:40 02710:11:40
Cable section 1.Transit to port after Transit 2015-04- 1.52 1.52 0.00 0.00 0.00 0.00 2015-04-
lay 02T710:11:40 02711:42:54
Cable section 1.Load SSROV trecher to | Work 2015-04- 3.00 3.00 0.00 0.00 0.00 0.00 2015-04-
Pontoon 02711:42:54 02T14:42:54
Cable section 1.Transit SSROV to Transit 2015-04- 0.09 0.09 0.00 0.00 0.00 0.00 2015-04-
installation route 02T14:42:54 02T714:48:06
Cable section 1.Trench-bury cable till Cable 2015-04- 66.26 26.63 0.00 39.64 0.00 0.00 2015-04-
joint Laying 02T14:48:06 05T09:03:59
Cable section 1.Transit to port after Transit 2015-04- 0.82 0.82 0.00 0.00 0.00 0.00 2015-04-
trench-bury 05T09:03:59 05709:53:10
Cable section 2.Load cable to layer Work 2015-04- 317.22 73.00 0.00 244.22 0.00 0.00 2015-04-
05T09:53:10 18T715:06:19
Cable section 2.Transit to landfall Transit 2015-04- 93.84 0.41 0.00 93.43 0.00 0.00 2015-04-
offshore point 18T15:06:19 22T12:56:33
Cable section 2.Float export cable to Work 2015-04- 4.00 4.00 0.00 0.00 0.00 0.00 2015-04-
shore pull-in 22T12:56:33 22T716:56:33
Cable section 2.Shore pull-in Work 2015-04- 24.00 24.00 0.00 0.00 0.00 0.00 2015-04-
22T716:56:33 23T16:56:33
Cable section 2.Joint to onshore cable | Work 2015-04- 20.00 20.00 0.00 0.00 0.00 0.00 2015-04-
23T16:56:33 24T12:56:33
Cable section 2.Lay till joint Cable 2015-04- 7.95 7.95 0.00 0.00 0.00 0.00 2015-04-
Laying 24T12:56:33 24720:53:33
Cable section 2.Install final joint Work 2015-04- 80.00 80.00 0.00 0.00 0.00 0.00 2015-04-
24T720:53:33 28T04:53:33
Cable section 2.Transit to port after Transit 2015-04- 1.52 1.52 0.00 0.00 0.00 0.00 2015-04-
lay 28T04:53:33 28T06:24:46
Cable section 2.Load SSROV trecher Work 2015-04- 3.00 3.00 0.00 0.00 0.00 0.00 2015-04-
toPontoon 28T06:24:46 28T09:24:46




Cable section 2.Transit SSROV to Transit 2015-04- 0.09 0.09 0.00 0.00 0.00 0.00 2015-04-
installation route 28T709:24:46 28T09:29:58

Cable section 2.Trench-bury cable till Cable 2015-04- 26.63 26.63 0.00 0.00 0.00 0.00 2015-04-
joint Laying 28T09:29:58 29T12:07:32

Cable section 2.Transit to port after Transit 2015-04- 0.82 0.82 0.00 0.00 0.00 0.00 2015-04-
trench-bury 29T712:07:32 29T12:56:43

Route survey.Move to start Transit 2015-04- 1.89 1.89 0.00 0.00 0.00 0.00 2015-04-
29T12:56:43 29T14:49:51

Route survey.Move 2 Transit 2015-04- 8.86 8.86 0.00 0.00 0.00 0.00 2015-04-
29T14:49:51 29T723:41:35

Route survey.Move 3 Transit 2015-04- 14.30 14.30 0.00 0.00 0.00 0.00 2015-04-
29T723:41:35 30T13:59:46

Route survey.Move 4 Transit 2015-04- 13.60 13.60 0.00 0.00 0.00 0.00 2015-05-
30T13:59:46 01T703:36:01

Route survey.Move 5 Transit 2015-05- 5.09 5.09 0.00 0.00 0.00 0.00 2015-05-
01T03:36:01 01T708:41:12

Route survey.Return Transit 2015-05- 9.79 9.79 0.00 0.00 0.00 0.00 2015-05-
01T08:41:12 01T718:28:40

HDD.Move to HDD point Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
01T18:28:40 01T719:14:12

HDD.Prepare HDD Work 2015-05- 108.00 108.00 0.00 0.00 0.00 0.00 2015-05-
01T719:14:12 06T07:14:12

HDD.Return to port Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
06T07:14:12 06T07:59:45

Pre-lay grapnel 1.Move to grapnel-run | Transit 2015-05- 1.42 1.42 0.00 0.00 0.00 0.00 2015-05-
location 06T07:59:45 06709:24:40

Pre-lay grapnel 1.Grapnel run Cable 2015-05- 7.21 7.21 0.00 0.00 0.00 0.00 2015-05-
Laying 06T09:24:40 06T16:37:26

Pre-lay grapnel 1.Grapnel run repeat Cable 2015-05- 7.21 7.21 0.00 0.00 0.00 0.00 2015-05-
Laying 06T16:37:26 06723:50:12

Pre-lay grapnel 1.Return after grapnel Transit 2015-05- 1.42 1.42 0.00 0.00 0.00 0.00 2015-05-
run 06T23:50:12 07T701:15:07

Cable section 3.Transit to trench Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
07T701:15:07 07T702:00:40

Cable section 3.Trench Cable 2015-05- 4.97 4.97 0.00 0.00 0.00 0.00 2015-05-
Laying 07702:00:40 07T06:58:39

Cable section 3.Transit to port after Transit 2015-05- 1.36 1.36 0.00 0.00 0.00 0.00 2015-05-
trench 07T06:58:39 07T708:20:10

Cable section 3.Load cable to layer Work 2015-05- 207.39 106.00 0.00 101.39 0.00 0.00 2015-05-
07T708:20:10 15723:43:23

Cable section 3.Transit to cable route Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
15723:43:23 16T00:28:59

Cable section 3.Lay from 15 km to 37 Cable 2015-05- 12.01 12.01 0.00 0.00 0.00 0.00 2015-05-
km Laying 16700:28:59 16712:29:36

Cable section 3.Install joint at 37 km Work 2015-05- 80.00 80.00 0.00 0.00 0.00 0.00 2015-05-
16T12:29:36 19720:29:36

Cable section 3.Transit to port after Transit 2015-05- 1.51 1.51 0.00 0.00 0.00 0.00 2015-05-
lay 19T720:29:36 19T721:59:58

Cable section 3.Transit to back-fill Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
19T721:59:58 19722:45:31

Cable section 3.Back-fill Cable 2015-05- 4.97 4.97 0.00 0.00 0.00 0.00 2015-05-
Laying 19722:45:31 20T03:43:30

Cable section 3.Transit to port after Transit 2015-05- 1.36 1.36 0.00 0.00 0.00 0.00 2015-05-
back-fill 20T03:43:30 20T05:05:01

Cable section 3.Transit to trench-bury Transit 2015-05- 1.42 1.42 0.00 0.00 0.00 0.00 2015-05-
point 20T05:05:01 20T06:29:57

Cable section 3.Trench-bury Cable 2015-05- 6.49 6.49 0.00 0.00 0.00 0.00 2015-05-
Laying 20T06:29:57 20T12:59:26

Cable section 3.Transit to port after Transit 2015-05- 1.58 1.58 0.00 0.00 0.00 0.00 2015-05-
trench-bury 20T12:59:26 20T14:34:07

Cable section 4.Install joint at 37 km 2015-05- 294.09 80.00 0.00 88.23 0.00 125.85 | 2015-06-
(total) 20T14:34:07 01T20:39:25

Cable section 4.Transit to trench Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
20T14:34:07 20715:19:40

Cable section 4.Trench Cable 2015-05- 4.97 4.97 0.00 0.00 0.00 0.00 2015-05-
Laying 20T715:19:40 20T20:17:39

Cable section 4.Transit to port after Transit 2015-05- 1.36 1.36 0.00 0.00 0.00 0.00 2015-05-
trench 20T20:17:39 20T21:39:10

Cable section 4.Load cable to layer Work 2015-05- 106.00 106.00 0.00 0.00 0.00 0.00 2015-05-
20T721:39:10 25T07:39:10

Cable section 4.Transit to cable route Transit 2015-05- 0.76 0.76 0.00 0.00 0.00 0.00 2015-05-
25T07:39:10 25T08:24:47

Cable section 4.Lay from 15 km to 37 Cable 2015-05- 12.01 12.01 0.00 0.00 0.00 0.00 2015-05-
km Laying 25T708:24:47 25T20:25:23

Cable section 4.Install joint at 37 km Work 2015-05- 80.00 80.00 0.00 0.00 0.00 0.00 2015-06-
29T12:39:25 01T720:39:25

Cable section 4.Transit to port after Transit 2015-06- 1.51 1.51 0.00 0.00 0.00 0.00 2015-06-
lay 01T20:39:25 01T722:09:48

Cable section 4.Transit to back-fill Transit 2015-06- 0.76 0.76 0.00 0.00 0.00 0.00 2015-06-
01T722:09:48 01T722:55:20




Cable section 4.Back-fill Cable 2015-06- 4.97 4.97 0.00 0.00 0.00 0.00 2015-06-
Laying 01T22:55:20 02T703:53:20

Cable section 4.Transit to port after Transit 2015-06- 1.36 1.36 0.00 0.00 0.00 0.00 2015-06-
back-fill 02T03:53:20 02T705:14:51

Cable section 4.Transit to trench-bury | Transit 2015-06- 1.42 1.42 0.00 0.00 0.00 0.00 2015-06-
point 02T705:14:51 02T706:39:47

Cable section 4.Trench-bury Cable 2015-06- 6.49 6.49 0.00 0.00 0.00 0.00 2015-06-
Laying 02T06:39:47 02T713:09:16

Cable section 4.Transit to port after Transit 2015-06- 1.58 1.58 0.00 0.00 0.00 0.00 2015-06-
trench-bury 02T13:09:16 02T714:43:57

Pre-lay grapnel 2.Move to grapnel-run | Transit 2015-06- 1.58 1.58 0.00 0.00 0.00 0.00 2015-06-
location 02T14:43:57 02T716:18:38

Pre-lay grapnel 2.Grapnel run Cable 2015-06- 54.64 54.64 0.00 0.00 0.00 0.00 2015-06-
Laying 02T716:18:38 04722:57:01

Pre-lay grapnel 2.Grapnel run repeat Cable 2015-06- 69.20 54.64 0.00 14.56 0.00 0.00 2015-06-
Laying 04T722:57:01 07T720:08:54

Pre-lay grapnel 2.Return after grapnel Transit 2015-06- 1.58 1.58 0.00 0.00 0.00 0.00 2015-06-
run 07T720:08:54 07T721:43:35

Cable section 5.Load cable to layer Work 2015-06- 134.00 134.00 0.00 0.00 0.00 0.00 2015-06-
07T721:43:35 13711:43:35

Cable section 5.Transit to cable route Transit 2015-06- 1.51 1.51 0.00 0.00 0.00 0.00 2015-06-
13711:43:35 13713:13:57

Cable section 5.Lay Cable 2015-06- 31.92 15.74 0.00 16.18 0.00 0.00 2015-06-
Laying 13713:13:57 14721:08:58

Cable section 5.Install joint at 63 km Work 2015-06- 256.69 80.00 0.00 176.69 0.00 0.00 2015-06-
14721:08:58 25T13:50:26

Cable section 5.Transit to port after Transit 2015-06- 2.54 2.54 0.00 0.00 0.00 0.00 2015-06-
lay 25T13:50:26 25T16:22:42

Cable section 5.Transit to cable route Transit 2015-06- 1.58 1.58 0.00 0.00 0.00 0.00 2015-06-
for trench-bury 25T716:22:42 25T717:57:22

Cable section 5.Trench-bury Cable 2015-06- 49.18 49.18 0.00 0.00 0.00 0.00 2015-06-
Laying 25T17:57:22 27T19:07:55

Cable section 5.Transit to port after Transit 2015-06- 2.62 2.62 0.00 0.00 0.00 0.00 2015-06-
trench-bury 27T19:07:55 27721:44:53

Cable section 6.Load cable to layer Work 2015-06- 134.00 134.00 0.00 0.00 0.00 0.00 2015-07-
27721:44:53 03T11:44:53

Cable section 6.Transit to cable route Transit 2015-07- 3.22 1.51 0.00 1.72 0.00 0.00 2015-07-
03T11:44:53 03T14:58:23

Cable section 6.Lay Cable 2015-07- 15.74 15.74 0.00 0.00 0.00 0.00 2015-07-
Laying 03T14:58:23 04706:42:33

Cable section 6.Install joint at 63 km Work 2015-07- 200.34 80.00 0.00 120.34 0.00 0.00 2015-07-
04T706:42:33 12715:02:42

Cable section 6.Transit to port after Transit 2015-07- 2.54 2.54 0.00 0.00 0.00 0.00 2015-07-
lay 12T715:02:42 12717:34:57

Cable section 6.Transit to cable route Transit 2015-07- 1.58 1.58 0.00 0.00 0.00 0.00 2015-07-
for trench-bury 12T17:34:57 12T719:09:38

Cable section 6.Trench-bury Cable 2015-07- 49.18 49.18 0.00 0.00 0.00 0.00 2015-07-
Laying 12719:09:38 14720:20:11

Cable section 6.Transit to port after Transit 2015-07- 2.62 2.62 0.00 0.00 0.00 0.00 2015-07-
trench-bury 14720:20:11 14T722:57:09

Pre-lay grapnel 3.Move to grapnel-run | Transit 2015-07- 2.62 2.62 0.00 0.00 0.00 0.00 2015-07-
location 14722:57:09 15T01:34:07

Pre-lay grapnel 3.Grapnel run Cable 2015-07- 57.38 53.32 0.00 4.06 0.00 0.00 2015-07-
Laying 15T701:34:07 17710:56:40

Pre-lay grapnel 3.Grapnel run repeat Cable 2015-07- 19.48 19.48 0.00 0.00 0.00 0.00 2015-07-
Laying 17710:56:40 18706:25:15

Pre-lay grapnel 3.Grapnel run repeat 2 | Cable 2015-07- 79.77 68.61 0.00 11.15 0.00 0.00 2015-07-
Laying 18T06:25:15 21714:11:17

Pre-lay grapnel 3.Return after grapnel | Transit 2015-07- 2.62 2.62 0.00 0.00 0.00 0.00 2015-07-
run 21714:11:17 21716:48:14

Cable section 7.Load cable to layer Work 2015-07- 131.00 131.00 0.00 0.00 0.00 0.00 2015-07-
21716:48:14 27703:48:14

Cable section 7.Transit to OSS Transit 2015-07- 3.67 3.67 0.00 0.00 0.00 0.00 2015-07-
Buitengaats 27703:48:14 27707:28:29

Cable section 7.Pull-in Work 2015-07- 16.00 16.00 0.00 0.00 0.00 0.00 2015-07-
27T707:28:29 27T723:28:29

Cable section 7.Lay Cable 2015-07- 15.36 15.36 0.00 0.00 0.00 0.00 2015-07-
Laying 27T723:28:29 28T14:49:51

Cable section 7.Transit to port after Transit 2015-07- 2.54 2.54 0.00 0.00 0.00 0.00 2015-07-
lay 28T14:49:51 28T17:22:07

Cable section 7.Transit to cable route Transit 2015-07- 2.62 2.62 0.00 0.00 0.00 0.00 2015-07-
for trench-bury 28T717:22:07 28T19:59:04

Cable section 7.Trench-bury Cable 2015-07- 47.99 47.99 0.00 0.00 0.00 0.00 2015-07-
Laying 28T719:59:04 307T19:58:18

Cable section 7.Transit to port after Transit 2015-07- 3.79 3.79 0.00 0.00 0.00 0.00 2015-07-
trench-bury 30T19:58:18 30723:45:39

Cable section 8.Load cable to layer Work 2015-07- 169.00 169.00 0.00 0.00 0.00 0.00 2015-08-
30T23:45:39 07T00:45:39

Cable section 8.Transit to OSS Zee- Transit 2015-08- 3.95 3.95 0.00 0.00 0.00 0.00 2015-08-
energie 07T00:45:39 07T04:42:32




Cable section 8.Pull-in Work 2015-08- 16.00 16.00 0.00 0.00 0.00 0.00 2015-08-
07T04:42:32 07T720:42:32

Cable section 8.Lay Cable 2015-08- 19.76 19.76 0.00 0.00 0.00 0.00 2015-08-
Laying 07T720:42:32 08T16:28:09

Cable section 8.Transit to port after Transit 2015-08- 2.54 2.54 0.00 0.00 0.00 0.00 2015-08-
lay 08T16:28:09 08T719:00:25

Cable section 8.Transit to cable route Transit 2015-08- 2.62 2.62 0.00 0.00 0.00 0.00 2015-08-
for trench-bury 08T719:00:25 08721:37:22

Cable section 8.Trench-bury Cable 2015-08- 433.76 61.75 0.00 372.01 0.00 0.00 2015-08-
Laying 08T21:37:22 26T23:23:08

Cable section 8.Transit to port after Transit 2015-08- 4.07 4.07 0.00 0.00 0.00 0.00 2015-08-
trench-bury 26T23:23:08 27T703:27:32

Cable section 9.Load cable to layer Work 2015-08- 47.00 47.00 0.00 0.00 0.00 0.00 2015-08-
27T703:27:32 29T702:27:32

Cable section 9.Transit to OSS- Transit 2015-08- 3.67 3.67 0.00 0.00 0.00 0.00 2015-08-
Buitengaats 29T02:27:32 29T06:07:47

Cable section 9.Pull in OSS- Work 2015-08- 16.00 16.00 0.00 0.00 0.00 0.00 2015-08-
Buitengaats 29T06:07:47 29T22:07:47

Cable section 9.Lay Cable 2015-08- 5.61 5.61 0.00 0.00 0.00 0.00 2015-08-
Laying 29T722:07:47 30T03:44:20

Cable section 9.Pull-in OSS Zee- Work 2015-08- 16.00 16.00 0.00 0.00 0.00 0.00 2015-08-
energie 30T03:44:20 30719:44:20

Cable section 9.Transit to port after Transit 2015-08- 3.95 3.95 0.00 0.00 0.00 0.00 2015-08-
lay 30T19:44:20 30723:41:13

Cable section 9.Transit to cable route Transit 2015-08- 3.79 3.79 0.00 0.00 0.00 0.00 2015-08-
for trench-bury 30723:41:13 31703:28:33

Cable section 9.Trench-bury Cable 2015-08- 17.53 17.53 0.00 0.00 0.00 0.00 2015-08-
Laying 31703:28:33 31721:00:16

Cable section 9.Transit to port after Transit 2015-08- 4.07 4.07 0.00 0.00 0.00 0.00 2015-09-
trench-bury 31T721:00:16 01T701:04:41
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