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Executive summary

The global ever growing energy demand, quest for renewable alternatives for fossil fuels and
desire to reduce dependency on single countries has driven the increasing demand for o shore
wind energy production. The advancing technologies that enable o shore wind turbines to gain

e ciency go hand in hand with increasing sizes of components and foundations. Deeper waters
can be entered, but the accompanied size and weight increase poses various challenges. Fixed-
bottom structures such as monopiles reach diameters of 10m and lengths up to 110m, which
complicates the onshore handling of those monopiles in marshalling ports. This study identi ed

a gap in the existing literature regarding marshalling ports and their role in supporting o shore
wind farm construction.

Using a discrete event simulation (DES) and a case study regarding the construction of an
o shore wind farm in the Baltic Sea, di erent scenarios have been evaluated and assessed in
their resilience and performance in response to schedule changes. The ndings highlight the
importance of a compressed project schedule in achieving cost reductions. A strategy with
approximately 75% overlap between load-in and load-out schedules was identi ed as the most
cost-e cient approach. With this approach, cost savings are not only achieved by reducing
operational expenses such as personnel and equipment rental, but most substantially by the
decreased amount of demanded storage area spaces. With less storage spaces needed, both the
construction costs for storage bunds and the area rental costs decrease.
The analysis of the experiment on schedule overlap revealed that a scenario with only one sup-
port for load-out and zero supports for the load-in exhibited higher average waiting times and
total maximum nes. However, this scenario still performed best in terms of total costs, as the
waiting times for ships did not outweigh the expenses associated with additional supports.
The study also examined the timing of arrivals and found that when a barge arrives the day
after the installation vessel departs, the waiting time for unloading signi cantly decreases. Con-
sidering both the maximum ne related to delays, the total project costs and the waiting times
for ships weighted on their day rate, the preferable order of arrival of the barge is after, at the
same day and before the installation vessel arrives, contrary to the ideal outcome based solely
on barge time.

To be able to implement these desires regarding schedule changes to decrease costs, sub-
contractors such as heavy lifting companies who are responsible for the onshore handling of
monopiles, must collaborate with other actors in an early stage of the project. Collaboration
among stakeholders is emphasized as a key recommendation stemming from the study. Involv-
ing all relevant actors in o shore wind projects from an early stage can yield extensive mutual
bene ts. By establishing an overarching supply chain management, coordinated by the project
developer, overall construction costs can be reduced without harming any particular party.

The developed discrete event simulation might be applied to other projects to extend the
research, under the requirement that the included assumptions are structurally evaluated. In-
vestigating di erent project sizes, schedule variations and load-out methods could improve the
overall understanding of the system dynamics and parameters. In combination with a discrete
event simulation, a mathematical layout optimization might enable decision makers to make
choices regarding the location and priority of placing wind turbine components in marshalling
port, based on the installation variability. This could eventually lead to a decision making
tool suitable for cost-optimising marshalling activities and installation strategies for wind farm
constructions globally, contributing to the acceleration of the energy transition.



Acknowledgements

This thesis has been written to obtain the degree of Master of Science in Management of Tech-
nology, at the faculty of Technology, Policy and Management at Delft University of Technology.
The writing process has been quite a journey, which could not have been completed successfully
without the help of several people. In this section, | want to take the opportunity to express
my gratitude to everyone that helped me accomplish this.

| am very grateful that Mammoet o ered me the opportunity to conduct research on a
very relevant and interesting topic in the rapidly changing o shore wind market. The practi-
cal application and relevance has certainly helped to keep me motivated throughout the project.

Therefore, | would rst like to thank Leo Oorschot for his time, fruitful discussions and
e ort in guiding me within Mammoet. His support was invaluable throughout the whole thesis
trajectory, but also his colleagues were always helpful with brainstorming, clarifying project
details and being open for discussion.

Furthermore, | would like to thank Dr. Fazi and Dr. Verburg for their guidance and feed-
back from the academic point of view, being the rst and second supervisors of my graduation
committee.

My friends and roommates have been a great support along the way, by discussing ideas,
sharing frustrations, or o ering a welcome distraction during breaks.

Last but not least, | would like to thank my parents Peter and Ivonne, brother Robert and
girlfriend Julia for their in nite love and support during my studies. You were always there for
me and made this possible.

Sander Kassels
Delft, August 2023



Contents

1 Introduction 1

2 Theoretical background 3
2.1 Wind turbine components . . . . . . .. 3
2.2 Oshore installation strategies . . . . . . . . . . .. . .. .. . o 4
2.3 Port requirements for xed-bottom turbines . . . . ... ... ... L. 5
24 Supply Chain . . . . . . . e 5
25 Onshore logistics . . . . . . . . 6
2.6 Knowledge gap . . . . . . . . . e e e 7

3 Problem description 8
3.1 Marshalling portchallenges . . . . ... .. .. ... .. .. .. .. .. .. ... 8
3.2 Marshalling portinthe BalticSea . . . .. ... ... ... .. .......... 10
3.3 Assumptions and simplications . .. .. .. ... ... ... .. .. .. ... 12

4 Methodology 14
4.1 Discrete Event Simulation (DES) . . . . . .. . ... ... . ... ... . 14
4.2 Simulation methodology . . . . . . . ... 15
4.3 Modelling . . . . . . e e 16
4.4 Implemented scenarios . . . . . .. ..o 19

5 Numerical results and data analysis 22
5.1 Experimental setup . . . . . . . . .. e e 23

5.1.1 Data collection and systeminput . . . . . . ... ... ... ... ... 23
5.1.2 Replication parameters . . . .. .. . . .. . .. . e 23

5.2 Validation and verication . . . . . .. . ... .. 23
5.3 Experiment 1. Overlapping arrival and installation schedule . . . . .. .. .. .. 24
5.4 Experiment 2: Timing of arrival . . . . . . ... ... ... ... . ... ... .. 29

6 Discussion 33
6.1 Limitations and generalisability . . . . . . ... ... ... .. .. ......... 33
6.2 Management of Technology perspective . . . .. . ... ... ... ........ 33
6.3 Managerial relevance . . . . . . . . . e 35
6.4 Futureresearch . . . . . . . . .. .. 35

7 Conclusion and recommendations 37

References 39

A Pictures Arcadis Ost 1 42

B Arena Simulation models a7

C Schedule variations 51

D Assumptions model 53

E Results Validation TIO-TO1 54

F Results experiment 1 55

G Results experiment 2 57



Final version Chapter 1 Introduction

1 Introduction

In comparison to the emission levels in 1990, the EU is committed to a 55% greenhouse gas
reduction target by 2030, in line with the Paris Agreement objectives (WindEurope, 2023).
Accelerating the clean energy transition is a hot topic on the agenda of many countries across
the globe, not only limited to the EU. Wind energy, in particular o shore wind, is one of the
alternatives to fossil fuels that can help to achieve the set targets: the resources are stable and
abundant, and public acceptance is higher compared to onshore alternatives (European Com-
mission, 2022). Recently revised plans push the wind energy sector even further to install an
additional 57 GW by 2030 on top of the existing 453 GW target, to increase energy indepen-
dency (WindEurope, 2023). These ambitions result in the projected growth in annual o shore
wind farm installation that is depicted in gure 1, which includes an outlook to 2030 for Europe.

Figure 1: Annual installations in o shore wind (GW) (WindEurope, 2021)

One of the main issues in generating more power, especially o shore, is the lack of infras-
tructure needed to serve the type and volume of the work expected, especially in terms of
ports. In particular, marshalling ports can be a serious bottleneck for wind energy develop-
ment. Marshalling ports are used when temporary parking of equipment before deployment
0 shore is necessary, particularly in areas without a nearby manufacturing port (Daz & Soares,
2022). By doing so, they form a key logistic factor in the installation process by providing a
bu er between production and installation rates. Additionally, travelling times for expensive
installation vessels are reduced as marshalling ports are located in the vicinity of wind farms
under construction. However, if the quantity, weight and size of components present at the
marshalling port is large and the assisting resources are not properly balanced, delays can occur
that can compromise the smoothness of the operations.

In this thesis, the goal is to model the operations within a marshalling port. In particular,
we consider that in this marshalling port monopiles are supplied and requested by ships with
varying arrival rates. These monopiles need equipment such as Self Propelled Modular Trans-
porters (SPMT) to be unloaded and positioned on the laydown area, and steel supports or sand
dunes for storage. Depending on the arrival rate, the number of resources and the way they are
utilized should be managed properly to reduce costs and delays.
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The available literature that discusses the logistical challenges of handling o shore wind
structures in marshalling ports is limited. The studied literature has been grouped in o shore
installation strategies, port requirements, supply chain management and onshore logistics. For
the o shore installation, several studies have evaluated di erent sequences, vessels or level of
integration in construction (Tjaberings, Fazi, and Ursavas (2022), Barlow et al. (2015), Guo,
Wang, and Lian (2022)), but either investigate only topside components, or make assumptions
and simpli cations regarding the load-out and onshore handling. The literature regarding port
requirements agrees to the fact that marshalling port area shortage can become a serious bottle-
neck in the development of o shore wind farms, both in Europe and the U.S., but lack a plan for
e cient land use. Rodrguez, Alvarez, and Dono (2019) and Irawan, Song, Jones, and Akbari
(2017) do apply a spatial layout optimization, but either only focus on a manufacturing port
for jackets (Rodrguez et al., 2019) or the layout of topside components (Irawan et al., 2017).
Therefore, the studied literature has insu cient focus on the marshalling of substructures.

Hence, in this study we aim to Il the gap by carrying out a simulation study that mod-
els the aforementioned problem. This will be done by analyzing a specic case of monopile
handling in a marshalling port in Denmark, conducted in 2022 by Mammoet, a heavy lifting
contractor. The collected data will be applied to Discrete-Event Simulation (DES) modelling,
to create a higher level of analysis of the supply chain around marshalling ports, while still
taking internal activities in the marshalling port into account. Time is a crucial performance
indicator in the onshore handling of components, as load-outs have to be conducted quickly to
fully utilize weather windows in installation o shore. However, this can be linked to costs, as
installation vessels have expensive day-rates while lying idle, equipment and personnel onshore
have a price tag, port area has a rent per square meter, and contractors are limited to penalties
for delays. Therefore, it is chosen to use costs as the main performance indicator. Overall, the
focus of this thesis can be translated to the main research question:

Which logistic strategy in terms of resource allocation for the onshore handling of monopiles
in marshalling ports is the most cost-e cient, considering the arrival rates of shipments?

This thesis is structured as follows. Chapter 2 includes a review of the current state of the
available literature, identifying the knowledge gap. Chapter 3 describes the problem that this
research aims to tackle in more detail and introduces the studied case. Next, the methodology
on how this problem will be modelled is treated in chapter 4. The results from the model
are presented in chapter 5, which are discussed in the discussion in chapter 6. The thesis is
concluded with the conclusion and recommendations in chapter 7.
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2 Theoretical background

This section rst introduces some core components of o shore wind turbines in section 2.1.
Furthermore, it contains an overview of the literature studied, grouped in o shore installation
strategies (section 2.2), the expected port requirements for both xed-bottom foundations (sec-
tion 2.3), supply chain (section 2.4) and onshore logistics (section 2.5). It concludes with the
identi ed knowledge gaps resulting from these studies (section 2.6).

2.1 Wind turbine components

The generator of an o shore wind turbine, being propelled by the blades, is located in the na-
celle, depicted in gure 2a. This is why the blades, rotor and nacelle, together with the tower,
are referred to as the wind turbine generator (WTG) components, or the superstructure. The
wind turbine is built on top of a substructure, which can have a separate or integrated transi-
tion piece (TP). Furthermore, the substructure consists of a foundation, which can be found in
various types, as can be seen in gure 2b.

Among those types, a distinction can be made between xed-bottom and oating founda-
tions. Although there are rapid developments in alternative designs, xed-bottom foundations,
especially monopile foundations, will still make up the majority of the installed foundations
for the coming years (Sanchez, lopez-Guterrez, Negro, & Esteban, 2019). Monopile support
structures consist of a cylindrical steel tube, which is drilled into the seabed. Therefore, those
foundations are appropriate for relatively shallow waters, and deeper waters can be entered with
longer monopiles. Due to its wide implementation, the focus of this thesis will center around
monopile foundations. However, also studies regarding logistics for WTG components and other
foundation types are considered in this section to create a complete overview of the existing
literature.

(a) Monopile foundation with topside (b) Foundation types o shore wind turbines

Figure 2: Schematic visualisation wind turbine foundations, retrieved from (Bhattacharya et
al., 2017) and (Jakobsen & lronside, 2021)
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2.2 O shore installation strategies

Several studies have investigated logistical strategies in the installation process of o shore wind-
farms. Guo et al. (2022) for example, reviewed the e ect of the level of integration of components
in three kinds of installation methods. A useful distinction was made between the various as-
pects in the installation process, including onshore manufacturing, loading at dock, marine
transportation, o shore assembly and installation. It was found that an integrated transporta-
tion and installation of foundation and wind turbine is most economical and e cient technology,
by limiting the operations out at sea.

Vis and Ursavas (2016) came to a comparable conclusion, suggesting a pre-assembly strategy
that uses a minimum number of components to be installed onsite and a maximum number of
turbines on a vessel. Since o shore wind farm sites are selected especially for their high wind
potentials, crane operations are limited in terms of an available time window for lifting the
components safely.

Barlow et al. (2015) applied a similar scope, combining a logistical model of the o shore
installation with a synthetic weather time-series model by using a simulation tool. Regarding
the load-out, only activities related to the vessel are mentioned, such as preparations on deck,
loading the asset from quayside to the vessel, and sea-fastening of all loaded assets. Building on
this research, Barlow et al. (2018) expanded the model by adding technical information regard-
ing the foundations of wind turbines. Tjaberings et al. (2022), on the other hand, identi ed
several combinations of transportation and installation strategies for monopile and for jacket
substructures. A di erentiation of strategies was based on the deployed vessels and the instal-
lation sequence of the components. It was found that the lowest costs are achieved in a strategy
where the installation vessel takes care of both transportation and installation. The load-out
operation, which includes bringing the components to be installed from the quayside onto the
transportation vessel or barge, was considered as a given input for the system of analysis.

The load-out operation, which is depicted in gure 3, being either simpli ed, viewed from

the vessel perspective, or not taken into account at all, is a trend that these studies have in
common.

Figure 3: Load out by installation vessel
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2.3 Port requirements for xed-bottom turbines

Parkison and Kempton (2022) analyzed the infrastructure needed for o shore wind power targets
by U.S. state and federal policies, speci cally, manufacturing, vessels, and o shore wind ports.
It is mentioned that the evolving sizes of wind turbines and their components determine the
infrastructure and correlating equipment required to manufacture components, marshal them
to be ready for deployment, load onto installation vessels, assemble in the ocean, and maintain
components over their project lifetime. The analysis of needed infrastructure shows that for
reaching the federal targets, a signi cant bottleneck will be the availability of port area required
to marshal components and load them onto installation vessels. Parkison and Kempton (2022)
state that marshalling ports have the most challenging spatial and load-bearing requirements
of all port types related to o shore wind. The speci ¢ technical and geographical requirements
exacerbate the typical port challenges of e cient management and optimized area capacity:

1. Weight of the components leads to high load-bearing requirements for the port surface
and quay.

2. Component size and count, turning radius for component movements, maneuvering for
partial assembly, and load out to installation vessels determines necessary port area.

3. The logistical sequence-shipments and weather windows- determines residence time of sets
of components.

4. Vessels and related quay length, channel depth etc.
5. Vertical clearance.

These requirements are also acknowledged by Akbari, Irawan, Jones, and Menachof (2017),
who investigate the logistics capabilities of o shore wind ports, namely physical characteristics,
connectivity and layout of the port, for supporting the installation and operation and main-
tenance phases of o shore wind projects. Criteria were given to evaluate suitability of ports,
including quay load-bearing capacity, component handling equipment, storage space availabil-
ity, component laydown (staging) area availability and potential for expansion. The results
of the study suggest that the port's distance to the wind farm is an in uential factor in the
decision-making process, since ports located closer to the wind farm allow for weather windows
to be exploited more e ciently and the transportation time and cost will hence be reduced.
This emphasizes the importance of a marshalling port when the manufacturing location is not
in the vicinity of the o shore wind farm location.

2.4  Supply Chain

Drunsic, Ekici, White, and Gl (2016) highlight key challenges related to supply chain manage-
ment for o shore wind projects with particular focus on the installation and transportation
infrastructure, equipment and logistics. The paper covers the di erent components, the vessels
and equipment, port facilities, coordination of supply and installation and the key challenges for
the U.S. market. It is concluded that the serial nature of the manufacturing and installation of

o shore wind components and the intense cost reduction pressure drive a need for robust supply
chain management, that is unique to o shore wind. However, Drunsic et al. (2016) remain on
an exploratory level, only emphasizing the need of further investigation but not acting upon it.

Shields et al. (2023) dive deeper the o shore wind energy supply chain for the United States.
An important barrier in supply chain development that is mentioned is that existing port and
vessel infrastructure is inadequate to install 30 GW of o shore wind energy by 2030. The
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available acreage of potential U.S. marshalling ports is signi cantly smaller than corresponding
European marshalling ports, which puts the ability of the port to support on-time project in-
stallation at risk. Such a European marshalling port is presented in gure 4. Another barrier
that is mentioned regarding the further development of port and vessel infrastructure, is the
investment risk that is created by the uncertainty surrounding the potential impacts of con-
struction delays, cost overruns, legal complications, and changes in government support.

Figure 4: Marshalling port in R nne, Denmark

Speci ¢ port feasibility studies, like Porter, Gostic, Philips, and MacDonald (2022), also
acknowledge that large investments are required to upgrade existing marine terminals to ports
suitable for supporting o shore wind farms. Rippel, Jathe, Lutjen, and Freitag (2020) conduct
an optimization of a standard inventory stock problem, applied to a base-port, estimating the
required in- and out ows using historical data. They present a method to estimate the required
storage capacity and initial inventory levels at the base-port for an o shore installation project.

A simpli cation applied in this research is that individual components are not distinguished.
Sets consisting of one tower, one nacelle, three blades, and a connection hub including the
required wiring are considered, therefore generalizing the onshore handling of components. The
whole base-port is seen as one system with in- and out ows, while elements like the component
layout and used equipment can be crucial for the storage capacity.

2.5 Onshore logistics

Irawan et al. (2017) proposed mathematical models for generating an optimal layout for an
installation port for an o shore wind farm, with the objective to minimize the total transporta-

tion cost of the components within the port. The port area has been segmented in subareas:
unloading areas, storage areas, staging areas and loading areas. The components included in
the models are the nacelle, tower and blades, so the handling of foundations is left out of scope.

Rodrguez et al. (2019) evaluate the internal logistic strategy in a shipyard in terms of costs
and resources in charge of the transportation to the storage area and Load-Out operations. The
applied research approach is comparable to the expected approach in this thesis. However, their
model on jackets doesn't consider factors relevant for the onshore handling of monopiles, such
as support elements and horizontal spatial limitations in maneuvers, as jacket substructures are
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stored upright. Rodrguez et al. (2019) focus on the manufacturing, and load-out dates and
duration are de ned at the beginning of a project. A more generic simulation, including the

supply and installation rate, would enable an evaluation of strategies from a broader perspective,
making the research more applicable to future developments and global expansion.

2.6 Knowledge gap

From the studies related to o shore installation strategies, Vis and Ursavas (2016) and Bar-
low et al. (2015) only consider the installation of WTG components. Other studies (Barlow
et al., 2018; Tjaberings et al., 2022), being focused on the o shore aspect of the installation
process, include little detail on the type of load-out and the onshore handling in general. The
assumptions that the load-out operation and accompanied storage strategy was considered a
given input, can be seen as a knowledge gap, providing room for further investigation.

When it comes down to port requirements, both studies related to xed-bottom (Akbari et
al., 2017; Parkison & Kempton, 2022) and oating wind (Crowle & Thies, 2022; Daz & Soares,
2022; Martinez & Iglesias, 2022) turbines foresee a marshalling area shortage due to the large
land area required for the laying down components. Future components will demand more
from marshalling ports, like higher loadbearing capacity of both quay and port surface, longer
guaysides, deeper channels, and appropriate component handling equipment.

Some research has been conducted taking the supply chain of o shore wind into account,
mainly for the U.S. market (Drunsic et al., 2016; Shields et al., 2023). Both studies, together with
Porter et al. (2022) acknowledge the need for large investments to make current ports suitable
for o shore wind facilitation. Rippel et al. (2020) optimize the inventory stock of a base-port,
but without varying equipment utilizations and analyzing spatial layout. Irawan et al. (2017)
does optimize this spatial layout, but only considers WTG components and given types of load-
outs. The same holds for (Rodrguez et al., 2019), but then for the manufacturing of jackets
in a shipyard. Therefore, this research aims to Il the knowledge gap by analyzing the various
onshore handling strategies of monopile foundations in marshalling ports, interdependencies of
variables, and impacts on costs and project duration.
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3 Problem description

In this chapter, the scope of this research is provided in section 3.1, along with the main
problem that will be investigated. Next, a case of a marshalling port is presented in section
3.2 to introduce the key concepts in onshore monopile handling and elaborate on the main cost
contributors. The chapter concludes with overview of the most important assumptions that
were made to enable modelling of the real life case, presented in section 3.3.

3.1 Marshalling port challenges

In this study, a marshalling port is considered, where monopiles arrive from distant manufac-
turing facilities and subsequently are handled by several resources until they are transshipped
to installation vessels. The scope of this thesis revolves around the operations that occur within
this port with the goal of reducing waiting times for the arriving barges and installation ves-
sels, since these two share assisting handling resources. Figure 5 depicts this scope within the
overall development of o shore wind farms, highlighting the marshalling port activities and its
interactions with both the barge and the installation vessel.

Figure 5: Scope onshore handling in marshalling ports

Upon arrival in the marshalling port, usually by means of barges (see gure 6), a load-in
activity is performed, with the monopiles being unloaded from the barge. Mooring the barge,
installing ramps and clearing the transport path from the sea fastening grillage are among the
preparatory activities to be carried out before executing the load-in.
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Figure 6: Arrival barge at marshalling port

For both the load-in and positioning on site, a Self Propelled Modular Transporter (SPMT)

is used, which is a commonly used piece of equipment in heavy lifting and transport projects,

including monopile handling, see gure 7. The SPMT positions the monopile on a allocated

storage bund and then is free for other operations. During transport, at least two operators and

a supervisor are required to ensure a safe operation, who remain on site throughout the whole
project to be able to adapt to unexpected schedule changes. After the load-in the monopile
remains on the long term storage location until the assigned installation vessel comes for the
pickup, which is called the load-out. In this case, a SPMT collects the monopile from the storage

bunds and transfers it to quayside, to enable the installation vessel to pick up the monopiles

with its onboard crane.

(a) SPMT (b) SPMT used for monopile transport

Figure 7: Self Propelled Modular Transporter (SPMT)

In order to speed up operations, temporary steel supports could be used to ease the loading
and unloading operations during the load-in and load-out phases. The supports, as depicted
in gure 8, are positioned at the quayside. The SPMT can just unload the monopile from the
barge putting it on the supports and then leave for other operations, freeing the barge right
away. Without those supports, the SPMT would have to move the monopiles one by one to the
long term storage area and in such a case, the barge is bound to remain docked for longer time.
This can be detrimental to the total project duration when the barge is not able to return to
the manufacturing facility in time. However, temporary steel supports are expensive compared
to costs related to barge delays, which raises the concern whether its use outweighs its costs.
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