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Abstract
As offshore wind turbines grow in size, the installation of monopile foundations faces increasing techni-
cal, operational, and environmental challenges. A key concern is underwater noise pollution generated
during pile driving, which poses risks to marine life and must comply with increasingly strict environ-
mental regulations. While conventional impact piling is still the most commonly used technique, it often
requires extensive mitigation measures to reduce noise levels. As turbine dimensions, and conse-
quently the required driving energy, continue to increase, these mitigation measures may no longer be
sufficient to ensure compliance with noise limits. This has led to growing interest in alternative instal-
lation techniques, such as vibropiling and vibrojetting, which are expected to operate more quietly but
introduce technical uncertainties, particularly regarding drivability.

This thesis presents a comparative evaluation framework to support early-phase decision-making for
low-noise monopile installation and related mitigation strategies. The framework quantifies trade-offs
between underwater noise emissions, technical feasibility (drivability risk), operational duration, and
total cost across a wide range of installation-mitigation combinations. It is implemented as a modular
Python model with Excel-based inputs, in which the user can specify the relevant project parameters.
This setup enables flexible and transparent comparison of fundamentally different technological strate-
gies.

The framework was developed through an iterative process of four main steps. First, the current state of
installation methods and mitigation technologies was assessed, including recent innovations. Second,
internal Van Oord data was analysed to identify key parameters, complemented by expert interviews to
validate assumptions and fill data gaps. Third, a dynamic model was implemented and verified through
logic testing. Lastly, the framework was applied to case studies to evaluate performance trends, with
sensitivity analyses to assess robustness under varying assumptions.

The results demonstrate how the framework enables systematic comparison of installation strategies
and the trade-offs between noise, technical feasibility, and cost. This integrative approach is made
possible by linking expertise from different specialisation fields within Van Oord. Information that was
previously considered in isolation is now combined, creating a holistic overview. While still in its early
stages, the framework shows strong potential to provide valuable insights for decision-making, partic-
ularly as it is further expanded and refined with additional data.

The case studies indicate that, under current conditions, impact piling remains the most cost-efficient
option, primarily due to uncertainties in the drivability of alternative methods. For Van Oord, meeting
noise regulations is essential, but achieving the required penetration depth is equally critical, and this
is still most reliably achieved with impact piling. According to the model, compliance with noise limits
can be reached using an impact hammer with full mitigation, although this relies on idealised assump-
tions and leaves very little margin, as the hammer operates close to the noise threshold. In practice,
site-specific conditions may still lead to exceedances. Moreover, this framework is based on a 15 MW
turbine, and as turbine sizes are expected to increase towards 20 MW or beyond, the likelihood that
impact piling can meet noise regulations will further diminish. This underlines the importance of ad-
vancing alternative installation methods.

For vibropiling and vibrojetting, however, it cannot yet be guaranteed that the target penetration depth
will consistently be achieved. A backup impact hammer is therefore still required to ensure installation
can proceed if the primary method fails. This increases vessel requirements, raises costs, and, if the
hammer is used, adds to the total noise emissions. Vibropiling appears attractive in theory, but its ap-
plication is currently limited by uncertainty in drivability. Vibrojetting shows somewhat greater promise
in terms of technical feasibility, but it requires additional equipment, making it more expensive than
vibropiling. If either method can be demonstrated to reliably achieve full penetration, the interpretation
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of the results would change significantly, shifting the balance in favour of vibratory techniques. Improv-
ing the technical feasibility of vibropiling therefore emerges as one of the most promising directions for
future development. Beyond additional jetting, other methods of reducing drivability risk should also be
explored.

The framework also evaluates combinations of mitigation strategies, showing how different near- and
far-field systems interact in terms of noise reduction and cost. These comparisons highlight, for in-
stance, that enhanced or double bubble curtain systems can provide substantial additional noise re-
duction at relatively modest extra cost. In this way, the framework not only quantifies trade-offs but
also identifies leverage points where meaningful noise reductions can be achieved without dispropor-
tionate increases in cost.

Finally, the robustness of the framework has been tested through uncertainty analyses, demonstrating
how key assumptions influence comparative outcomes. Recommendations have been formulated for
future improvements, identifying which elements should be refined or expanded to increase accuracy,
and which currently excluded aspects should be incorporated. A practical usage guide is provided in
the appendix, enabling Van Oord staff to apply the framework directly to different projects. This ensures
the framework serves its primary purpose: to support repeated, structured comparisons across a wide
range of project scenarios and thereby inform well-balanced installation strategy decisions.
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1
Introduction

1.1. Noise Challenges in Offshore Wind Foundation Installation
As climate change accelerates and global energy demand continues to rise, the transition to sustain-
able energy sources has become increasingly important. Wind energy plays a crucial role in this shift,
offering a clean, renewable, and economically viable alternative to fossil fuels. Offshore wind, in par-
ticular, is gaining momentum due to its higher and more consistent wind speeds, larger potential scale,
and fewer spatial and acoustic constraints compared to onshore installations.

However, the installation of offshore wind farms presents considerable challenges. One of the most
pressing concerns is underwater noise pollution generated during foundation installation, particularly
when using impact piling to drive monopiles into the seabed. Impact piling remains the most widely
used method for installing monopile foundations. This technique involves the repeated use of a hy-
draulic hammer to drop a heavy ram onto the top of the pile, gradually driving it into the seabed. The
process requires significant energy and generates high noise levels through repeated impact. These
elevated sound levels pose serious risks to marine life, prompting governments to enforce strict under-
water noise regulations. As turbine capacities scale up to 15-20 MW, accompanied by corresponding
increases in monopile dimensions, increasingly more energy is required to install the foundations. As
a result, it is becoming ever more difficult to comply with noise limits using conventional installation
methods.

Although various noise mitigation techniques have been introduced, they offer only partial reduction.
For this reason, there is growing interest in alternative installation methods that inherently produce less
noise, such as vibratory hammers, jetting, vibro-jetting, EQ-piling, and vibrotwisting. While promising,
these methods come with their own technical, operational, and cost-related uncertainties.

1.2. Relevance of Comparative Evaluation for Van Oord
Van Oord is a leading Dutch offshore installation contractor. For the company, it is essential to apply
responsible engineering practices that minimise harm to marine life and the natural environment dur-
ing installation. Another fundamental requirement is ensuring that the monopile can be successfully
installed, meaning it can be driven to the required depth. Once these objectives are secured, the focus
can shift toward optimising operations and costs. From a commercial perspective, Van Oord aims to
evaluate alternative installation and mitigation technologies in terms of compliance with environmental
regulations, technical feasibility, and cost efficiency. Particularly in early project or tender phases, the
ability to assess these strategies in a structured manner enables more informed and balanced decision-
making, ensuring that wind turbines are installed as effectively as possible while reducing overall project
costs.

1



1.3. Objective of This Project: Building a Comparative Evaluation Framework 2

Each installation method comes with specific operational characteristics and corresponding mitigation
needs. A comparative framework is therefore essential to understand their combined implications.
Such a tool would allow Van Oord to make project-specific choices that meet regulatory noise limits
while simultaneously minimising total installation costs.

1.3. Objective of This Project: Building a Comparative Evaluation
Framework

The objective of this project is to develop a comparative evaluation framework that supports early-phase
decision-making for offshore monopile installation and noise mitigation strategies. The framework is
designed not to prescribe a single optimal solution, but to serve as a flexible and transparent tool that
allows project developers to compare alternative strategies based on project-specific constraints and
priorities.

By integrating cost, operational duration, underwater noise levels, and regulatory compliance, the
framework enables users to assess the trade-offs between environmental performance and installa-
tion efficiency. It aims to provide Van Oord with a structured basis for evaluating the feasibility and
impact of different technology combinations in the planning phase of offshore wind projects.

To support this main objective, the following sub-objectives are formulated:

• Determine which parameters most significantly influence the performance and environmental im-
pact of offshore monopile installation methods.

• Evaluate the potential of alternative installation and mitigation technologies in reducing underwa-
ter noise while maintaining installation feasibility and efficiency.

• Develop a modelling structure that captures the interactions between installation method, mit-
igation strategy, and project-specific conditions in a transparent and adaptable way, verify its
correct functioning through internal consistency checks, and generate outputs that allow direct
comparison of candidate installation strategies in terms of noise compliance, technical feasibility
(drivability), installation duration, and total cost.

• Quantify and compare the trade-offs among noise compliance, technical feasibility (drivability risk),
installation duration, and total cost across representative installation strategies using a consistent
set of assumptions and normalised metrics.

• Assess how uncertainties in key input parameters, such as drivability assumptions and noise
reduction effectiveness, influence the reliability and robustness of the framework’s outcomes.

• Identify the main limitations of the current framework resulting from its underlying assumptions,
and suggest priorities for future data collection and framework improvements.

1.4. Methodology for Developing and Applying the Comparative
Framework

To meet the objective and sub-objectives outlined in the previous section, a structured and iterative
approach has been followed. The methodology is divided into several stages, each contributing to the
development, implementation, and evaluation of the comparative decision-making framework.

The report begins with a review of the current state of the art in offshore monopile installation, with a
focus on silent installation techniques. This literature study also includes insights from the Specialisa-
tion Project previously carried out at NTNU (Wentink, 2024). Where relevant, the information from that
earlier study is extended with additional findings and reflections, particularly where it proved incomplete
for the current research scope. The chapter concludes with a summary of identified knowledge gaps
and a clear definition of this project’s scope.

Next, an internal analysis is performed using Van Oord’s internal project data. By reviewing both com-
pleted and planned installation projects, a better understanding is gained of which parameters influence
performance and how different components interact. Based on these insights, a list of assumptions is
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compiled and knowledge gaps are identified. To address these, experts from various Van Oord depart-
ments are consulted. Their input is used to validate assumptions, supplement missing data, and align
the framework with operational reality. All assumptions are documented in the report, along with the
reasoning or references on which they are based.In parallel, the collected knowledge is translated into
a set of components that represent key aspects of the installation process.

Following this, the structured components are brought together in a dynamic model, implemented in
both Python and Excel. Excel serves as the input interface and contains fixed project data, while Python
is used to process inputs, apply logical relationships between components, and generate the final out-
put. The way this model is structured and how specific calculations, such as the estimation of noise
reduction or total cost, are performed, is explained in detail in Chapter 4. The model is also subjected
to a series of verification tests to ensure it functions as intended and that the relationships between the
components are correctly implemented.

Once verified, the model is applied to a range of case studies. These evaluate the performance of differ-
ent combinations of installation and mitigation techniques, providing insight into their relative strengths
and weaknesses. In addition, sensitivity analyses are performed to assess how the assumptions made
earlier in the project influence the model’s outcomes, thereby identifying the robustness of the frame-
work under varying input conditions.

The report concludes with a summary of the key findings in Chapter 6, including a reflection on the
main objective and the value of the developed framework, followed by practical recommendations for
its further development and future use in offshore wind installation projects.

To support future users, a user guide is included in Appendix B. This appendix provides a practical
explanation of how to use the framework, how to input project data, and how to interpret the results.
It is intended to facilitate further use of the framework within Van Oord, in line with the original goal of
enabling structured early-phase decision-making in offshore monopile installation projects.



2
State of the Art in Offshore Monopile

Installation
For this graduation project, a literature report was previously written as part of the course TBM4501
Specialization Project at NTNU. Although the scope of the project has since been slightly adjusted and
made more specific, the report contains useful and relevant information for this thesis. This chapter
briefly highlights the main topics covered in that literature report. The full version, including all refer-
enced sources, can be found in (Wentink, 2024).

2.1. Impacts and Regulation of Underwater Noise on Marine Life
The second and third chapters of the literature report discuss the impact of underwater noise on various
marine species, as well as the frequency ranges to which different animals are most sensitive. While
this information is important for understanding the broader ecological effects of piling activities, it falls
outside the scope of this thesis. Instead, the research presented in this report focuses primarily on har-
bour porpoises as a representative species, since current government-defined noise regulations are
especially based on their hearing sensitivity. This makes them particularly relevant from Van Oord’s
perspective.

Nevertheless, it is essential to take the regulation of underwater noise into account when developing
the model for this project. Since regulations vary significantly between countries, and even between
individual projects, this aspect will be implemented as an adjustable parameter in the model, which
must always be met.

In many countries, there are no general or harmonized underwater noise regulations. However, Ger-
many is known for having the strictest guidelines. These include threshold values for sound levels: a
Sound Exposure Level (SEL) of 160 dB and a zero-to-peak Sound Pressure Level (Lp,pk) of 190 dB,
both measured at a distance of 750 meters from the source. These thresholds are intended to minimize
the risk of Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS) in marine mammals.
The selection of these specific values is based on scientific studies assessing the hearing sensitivity of
various marine species to underwater noise.

2.2. Underwater Sound Metrics and Their Relevance to Installation
Techniques

To assess whether an installation technique meets the required underwater noise limits, it is important
to understand how underwater sound is measured. The first chapter of the literature report explains
how underwater sound is measured and introduces the two main metrics used for this purpose: Sound
Pressure Level (SPL) and Sound Exposure Level (SEL).

4
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2.2.1. Sound Pressure Level (SPL)
Sound Pressure Level (SPL) is a measure of the instantaneous intensity of a sound wave and is ex-
pressed in decibels (dB) relative to a reference pressure. In underwater acoustics, this reference pres-
sure is typically 1 µPa. SPL is useful for describing the average sound level over a given period, which
helps in assessing general sound intensity.

The SPL is calculated using the following formula:

SPL = 10 · log10

(
1

T

∫ T

0

p(t)2

p20
dt

)
[dB re 1 µPa2] (2.1)

where:
• p(t) is the instantaneous sound pressure,
• p0 is the reference pressure (1 µPa),
• T is the averaging time period.

For impulsive sounds like pile driving, the zero-to-peak SPL (Lp,pk) is used to capture the maximum
instantaneous pressure during the event. This metric is particularly relevant for regulatory compliance
and evaluating peak pressure impacts on marine life. It is calculated as:

Lp,pk = 20 · log10
(
|ppeak|
p0

)
[dB re 1 µPa] (2.2)

where ppeak is the peak sound pressure. High SPL values, whether averaged or peak, can result in
Temporary Threshold Shift (TTS) or even Permanent Threshold Shift (PTS) in marine organisms.

2.2.2. Sound Exposure Level (SEL)
To quantify the total acoustic energy over time, the Sound Exposure Level (SEL) is used. It integrates
the squared pressure over the duration of a sound event and normalizes it to a reference time period
of 1 second. SEL is especially valuable when comparing different types of exposures, for example, a
short loud impulse versus a longer low-intensity noise.

The SEL is calculated as:

SEL = 10 · log10

(
1

T0

∫ T2

T1

p(t)2

p20
, dt

)
[dB re 1 µPa2s] (2.3)

where:
• p(t) is the sound pressure over time,
• p0 is the reference pressure (1 µPa),
• T0 is the reference time (usually 1 s),
• T1 and T2 define the sound event duration.

Measurements are typically made using hydrophones, and the pressure data is squared, integrated,
normalized, and converted to decibels. This provides a consistent basis for evaluating total sound ex-
posure.

It is also important to highlight that, according to the following report (Bellmann et al., 2020), all Ger-
man offshore construction projects that met the commonly applied noise limit of 160dB SEL at a 750m
distance, based on the 5% exceedance level (SEL05), were also found to comply with the 190 dB
zero-to-peak Sound Pressure Level (Lp,pk) at that same distance. This indicates a strong correlation
between the two metrics and suggests that meeting the SEL threshold typically ensures compliance
with peak pressure limits as well.

Although SEL is the official and scientifically accepted way to express total underwater sound exposure,
in practice, Van Oord and its clients typically refer to SEL values simply in terms of decibels (dB), without
explicitly mentioning SEL or the full reference notation (dB re 1 µPa2s). Since the data used in this
report is presented in the same manner, this report will, for the sake of consistency and alignment with
industry practice, adopt the same convention and express sound levels in dB throughout.
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2.2.3. Equal Energy Hypothesis
The Equal Energy Hypothesis assumes that two sound exposures with the same total energy will have
the same biological effect, regardless of how that energy is distributed over time. For instance, a
190 dB impulse lasting 1 second and a 160 dB continuous sound lasting 1000 seconds could result in
the same SEL. However, studies show that impulsive sounds generally cause more damage than con-
tinuous ones at the same energy level. This highlights the importance of considering not just energy,
but also the temporal characteristics of sound when assessing environmental impact.

This consideration is especially relevant when comparing offshore monopile installation techniques,
such as impact piling and vibratory driving. Impact piling produces high-intensity impulsive sounds,
while vibratory driving generates lower-intensity but continuous sound over longer durations. Although
impulsive sound is generally more harmful per unit of energy, it is important not to underestimate the
potential impact of continuous sound, particularly when it is sustained over extended periods. Lower
sound levels do not automatically imply lower ecological risk. Therefore, both the type and duration of
sound must be taken into account when evaluating and comparing installation methods.

2.3. Alternative Offshore Monopile Installation Techniques
One of the final chapters of the literature report contains highly relevant information for the remainder
of this project. It begins by describing the current standard installation technique: impact piling. This
method involves the use of a hydraulic impact hammer, positioned above the pile, which drops a heavy
mass to generate a powerful impact that drives the pile into the ground. The technique generates
substantial impulsive noise, which can be harmful to the hearing of marine animals. As turbine sizes
continue to increase, conventional mitigation techniques alone are no longer sufficient to meet regu-
latory noise limits. Therefore, the issue must be addressed at the source by developing new types of
installation methods. These alternative techniques are introduced in the first part of this section.

Before evaluating these alternatives, it is important to understand the key factors that influence un-
derwater noise generation. While discussed in more detail in the literature report, a brief summary is
provided below for context.

2.3.1. Factors Affecting Noise in Pile-Driving
Underwater noise levels depend on both environmental and structural factors. Environmentally, soil
type plays a key role through soil coupling, which affects how sound is transmitted or dampened. For
example, sandy soils can reduce noise levels by up to 20 dB compared to direct water transmission.
Water depth is another important factor, as it determines the cut-off frequency below which sound can-
not effectively propagate. Shallow waters tend to dampen low frequencies more strongly. Transmission
loss, due to geometric spreading, absorption, and reflection, also reduces sound levels with distance.

Structurally, noise levels are influenced by pile diameter, required driving depth, hammer type and
settings, and the duration of installation. Larger piles and greater driving depths require more impact
energy, resulting in higher noise emissions. Additionally, the noise characteristics vary with hammer
type and operational parameters; for instance, larger hammers used at lower energy produce less in-
tense but broader-frequency sound than smaller hammers at full capacity.

These dependencies highlight the importance of considering site- and design-specific parameters when
modelling underwater noise in installation activities. They also influence several key variables within
the framework developed in this project and will be further addressed in later sections of this report.

2.3.2. Alternative Low Noise Offshore Monopile Installation Techniques
In the final part of the chapter, five alternative offshore monopile installation techniques, currently still
under development, are introduced. These installion techniques include: vibro piling, jetting, combined
vibro-jetting, environmental quiet piling (EQ-piling), and vibrotwisting (Gentle Driving of Piles - GDP).
For each method, the operating principle, test results (if available), and the corresponding Technology
Readiness Level (TRL) are briefly outlined. The TRL scale, ranging from 1 (fundamental research) to 9
(market-ready technology), is used to assess how far each technique has progressed in its development
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and practical applicability.

Vibro Piling
Vibro piling uses a vibratory hammer to install piles through high-frequency vibrations, reducing friction
between the pile and the surrounding soil. It produces significantly less noise than impact piling and
is suitable for soft soils. During the KASKASI II project, underwater measurements revealed that the
vibratory process consistently produced noise levels of at least 20dB above the background level, with
sound remaining detectable up to 15kilometers from the source. While such levels naturally result in
some degree of disturbance to marine life compared to non-operational conditions, they are clearly
lower than the peak noise levels typically produced by impact piling.

Moreover, the noise spectrum was observed to evolve during the installation process. It initially fea-
tured low-frequency components at relatively low amplitudes, transitioning to higher-frequency sounds
with increased amplitudes as the pile driving progressed. These shifts were associated with temporary
interruptions in the vibratory process due to increasing soil resistance. Rather than indicating a disad-
vantage, this behavior demonstrates the adaptive interaction between the vibratory system and varying
soil conditions.

Vibro piling has now reached Technology Readiness Level (TRL) 9 and is already being applied in
commercial offshore projects, including by Van Oord at the Ecowende wind farm.

Jetting
Jetting involves injecting high-pressure water at the pile base to reduce soil resistance and facilitate
installation. It is often combined with mechanical methods for improved efficiency. During the Gode
Wind 3 project, jetting demonstrated a remarkable reduction in underwater noise levels; up to 34 dB
lower than conventional installation methods. Even without the use of additional mitigation measures,
noise levels were reduced to just above the ambient noise typical of the German Bight. These results
highlight the significant environmental benefit of jetting as a low-noise installation technique.

In addition to its acoustic advantages, jetting also shows promise for increasing installation efficiency.
This was demonstrated through the successful installation of next-generation wind turbines of up to
11MWon the foundations at GodeWind 3. The technique performed particularly well in sandy seabeds,
confirming its suitability for such soil conditions. However, it should be noted that the effectiveness of
jetting decreases significantly in cohesive soils such as clay, where water injection alone may be insuf-
ficient to overcome soil resistance.

Jetting is currently at Technology Readiness Level (TRL) 7, pending further validation in a wider range
of soil types and project environments.

Combined Vibro-Jetting
This method integrates vibro piling and jetting, combining vibration and water injection to improve driv-
ability and reduce noise. Developed byGBMWorks under the SIMPLE program, it has shown promising
results in dense sandy soils, achieving up to three times greater installation depth and four times faster
progress compared to vibro piling alone. Strain measurements have also indicated substantial noise
reduction during installation. A water flow control system has been developed to minimise potential
impacts on lateral bearing capacity.

At the time of writing the Specialization Project, SIMPLE III was still planned to validate the technology
offshore using 4-meter diameter, 62-meter long piles. Since then, the offshore trials have been suc-
cessfully completed: the pile was driven to target depth, and the results were promising. Vibrojet is
currently at TRL 7, with commercial deployment expected in 2026.

Environmental Quiet Piling (EQ-Piling)
EQ-Piling, developed by IQIP, uses a heavy water tank to deliver a cushioned impact to the pile, extend-
ing the impact duration and thereby reducing peak noise levels. Simulations show significant reduc-
tions in both sound exposure and pressure levels, often eliminating the need for additional mitigation
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measures such as bubble curtains. This lowers project costs and simplifies logistics. The method is
environmentally friendly, requiring fewer vessels and less energy, and aligns with long-term climate
goals. Additionally, the smooth force application reduces pile fatigue by up to 90%, extending foun-
dation lifespan. EQ-Piling is currently at TRL 6 and remains in an advanced testing phase, aiming to
support the installation of larger monopiles in more challenging soil conditions.

Vibrotwisting: Gentle Driving of Piles (GDP)
GDP combines low-frequency axial and high-frequency torsional vibrations to reduce soil resistance
and noise during pile installation. A specially designed shaker mobilizes soil shear resistance in a
circumferential direction, lowering friction along the pile and reducing the energy required for installa-
tion. Medium-scale field tests at the Maasvlakte II site in Rotterdam demonstrated efficient installation
and high penetration rates in dense soils, with no refusal and comparable energy consumption to con-
ventional methods. The technique achieved faster installation while maintaining control and stability,
highlighting its potential as a sustainable and innovative alternative for offshore applications. GDP is
currently at TRL 5 and requires further development and offshore validation.

2.4. Noise Mitigation Techniques
The chapter following the installation techniques in the literature report is also highly relevant to this
project. It addresses a range of noise mitigation techniques that can be applied in conjunction with both
conventional and alternative installation methods. In the later sections of this report, the mitigation tech-
niques most frequently applied by Van Oord will be discussed in more detail, as these are considered
particularly relevant for inclusion in the model. These techniques can be broadly classified into three
categories: at-source hammer dampers, near-field mitigation, and far-field mitigation.

Each of these mitigation categories represents a different approach to reducing the propagation of un-
derwater noise, based on their position relative to the noise source. At-source mitigation methods, such
as internal dampers, aim to reduce noise generation at the origin, typically the pile-driving equipment
itself. Near-field mitigation involves techniques applied in the immediate surroundings of the monopile,
for instance AdBm or isolation casings placed close to the structure. These serve to attenuate the
sound before it propagates into the wider marine environment. Finally, far-field mitigation strategies
operate at a greater distance from the pile, often by creating secondary barriers, for example, outer
bubble curtains, that intercept and scatter sound waves further away from the source. In Figure 2.1,
these three types of mitigation are illustrated in the context of offshore installation operations.

As part of the literature study, an overview was compiled of the most established and commonly applied
mitigation systems. In several cases, their effectiveness was supported by results from experimental
testing. Based on consultation with environmental specialists at Van Oord, a selection was made of
the techniques most commonly used in practice, and therefore most relevant for incorporation into the
modelling framework.

This selection also includes several systems that were not yet extensively discussed in the literature re-
port, or that deviate somewhat from the standard classifications. For that reason, all mitigation systems
considered in the framework will be described in more detail in the following subsections.
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Figure 2.1: Overview of underwater noise mitigation strategies during monopile installation. Mitigation at the source addresses
noise generation directly. Near-field mitigation surrounds the pile to block or absorb sound close to the structure. Far-field

mitigation is positioned at a distance to further reduce noise propagation (Oord, 2025).

2.4.1. IQIP Pulse
PULSE is an at-source noise mitigation technology developed by IQIP to reduce underwater noise dur-
ing pile driving. It consists of two plungers with a fluid layer in between, placed directly between the
hammer and sleeve. This setup allows for adjustable stiffness during installation, enabling real-time
optimization of noise reduction without compromising drivability or installation speed (IQIP, 2020).

Tests have shown that PULSE alone can reduce the Sound Exposure Level (SEL) by 6 to 9 dB and the
peak Sound Pressure Level (SPLz-p) by 9 to 12 dB, with greater reductions for larger hammers. When
combined with IQIP’s Integrated Monopile Installer (IMI), PULSE can eliminate the need for external
bubble curtains.

In addition to noise reduction, PULSE significantly decreases fatigue damage in the pile (up to 60%)
and avoids the use of additional vessels or compressors, making it a cost- and energy-efficient solution
for offshore wind projects.
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Figure 2.2: Integration of IQIP PULSE system in offshore monopile installation (IQIP, 2020).

2.4.2. MENCK Noise Reduction Unit (MNRU)
The MENCK Noise Reduction Unit (MNRU) is an at-source noise mitigation system integrated into
MENCK’s hydraulic hammers (MHU). It actively reduces underwater noise during pile driving by mod-
ifying the force-generation characteristics of each hammer strike. This reduces the peak noise levels
by 9 to 12 dB, equivalent to a reduction of more than 80% in acoustic energy (Acteon, 2024).

By softening the impact without compromising drivability, the MNRU also reduces fatigue damage to
the pile. This benefit may enable more efficient pile design and lead to material and cost savings. As
an integrated solution, the MNRU requires no external equipment or vessels, making it a compact and
efficient tool for reducing environmental impact during offshore construction.

Figure 2.3: MENCK Noise Reduction Unit (MNRU) deployed around a monopile offshore (Acteon, 2024).
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2.4.3. Hydro Sound Damper (HSD)
The Hydro Sound Damper (HSD) is a near-field noise mitigation system designed to reduce underwater
sound during offshore piling. It consists of gas-filled elastic balloons and polyethylene foam elements
mounted on a ballasted net, which is deployed around the pile frame on the seabed (Koschinski and
Lüdemann, 2020).

As a passive system, the HSD does not rely on external energy sources such as compressors. Instead,
noise is reduced through physical mechanisms including absorption, scattering, material damping, and
sound reflection at the water-to-air interface.

The system can be tuned to target specific frequency ranges by adjusting the size and composition
of the damping elements. Larger components are suited for lower frequencies, while different balloon
sizes are used to compensate for increased hydrostatic pressure in deeper waters. Its flexible net
basket design allows for adaptation to various pile sizes and site conditions (Elmer, 2018).

Figure 2.4: Visualisation of an installed HSD-System. (OffNoise-Solutions, n.d.) Figure 2.5: Layered HSD-Net with
sound-absorbing elements to reduce

underwater noise.
(OffNoise-Solutions, n.d.)

2.4.4. AdBm Noise Abatement System
The AdBm Noise Abatement System is a near-field noise mitigation technology that reduces underwa-
ter sound through arrays of tuned Helmholtz resonators. These resonators are optimized to absorb
acoustic energy at specific frequencies, making the system particularly effective at targeting dominant
noise components during offshore piling and other marine operations (AdBm Technologies, 2024).

The system is passive by default and does not require compressors or active power input. Its modular
design is lightweight, flexible, and suitable for deployment under pile grippers, seabed frames, or tem-
plates. AdBm’s approach is customizable in terms of resonator configuration, target frequency range,
and structural integration, with optional bubble curtain support for enhanced high-frequency attenuation.

The technology has been proven to operate at water depths up to 40m, with capability beyond 100m.
It meets European regulatory standards, offers rapid deployment times, and is supported by in-house
modeling and acoustic expertise. Designed with logistical and environmental efficiency in mind, the
system can be produced locally and leased to fit individual project needs.
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Figure 2.6: AdBm system with Helmholtz resonators for underwater noise mitigation (AdBm Technologies, 2024).

2.4.5. IQIP NMS DG-12000
The IQIP Noise Mitigation System (NMS) DG-12000 is a near-field mitigation solution designed for XXL
monopiles, building on the proven NMS architecture (NMS-8000/8800/T-10000) (IQIP, 2023, 2024). It
consists of a double-walled steel screen with an air-filled annulus and multi-level bubble curtains, which
attenuate underwater noise by creating strong acoustic impedance differences and reflecting sound.

The DG-12000 variant is engineered to accommodate monopiles up to 12m in diameter. Due to its sub-
stantial size, the system alone weighs approximately 2,000t, with the supporting frame adding another
600t, bringing the total to around 2,600t. The enormous deck footprint also typically reduces monopile
carrying capacity by one per voyage, impacting logistics compared to more compact systems.

This system is typically deployed from floating vessels and includes integrated features to maintain pile
alignment (inclination, rotation, leveling). Despite its heavy weight and space demands, the DG-12000
remains a crucial tool for offshore wind projects facing strict noise regulations, offering robust near-field
attenuation (IQIP, 2023).

Figure 2.7: IQIP NMS-T-10000 during onshore assembly at Heerema yard (IQIP, 2024)
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2.4.6. Bubble Curtains
Bubble curtains are classified as far-field noise mitigation systems. Rather than acting directly at the
source or in the immediate vicinity of the pile, they mitigate underwater sound further outward by dis-
rupting its propagation through a vertical curtain of air bubbles rising from the seabed. These systems
are typically applied around the pile or installation frame and are especially effective in reducing sound
transmission over larger areas during offshore piling activities.

Four common configurations can be distinguished: the single bubble curtain, double bubble curtain,
and their enhanced variants. While all share the same fundamental working principle, they vary in
complexity, installation effort, and effectiveness.

Single Bubble Curtain
The single bubble curtain is the most basic form, consisting of a single perforated hose placed on
the seabed around the pile. Air is continuously pumped through the hose, producing a rising wall of
bubbles that scatter and reflect underwater sound at the water–air interface. The system is quick to
deploy, relatively inexpensive, and widely used (Atlas Copco Specialty Rental, 2025). However, its
effectiveness may be reduced in strong currents or under high acoustic loads, as gaps in the bubble
wall can allow sound to pass through.

Double Bubble Curtain
The double bubble curtain builds upon the single configuration by incorporating a second concentric
hose, forming two layers of bubbles. This layered structure enhances acoustic shielding by increasing
the path length and density of the bubble barrier. According to (Atlas Copco Specialty Rental, 2025),
under ideal and controlled conditions, such systems can theoretically achieve up to 95% sound miti-
gation. However, in practical offshore environments, this level of performance is rarely achieved due
to variability in current, depth, and pile geometry. The double curtain setup requires more deck space
and installation time, and is generally regarded as the most logistically intensive bubble curtain variant.
Nevertheless, it is widely applied and considered a best practice in modern offshore piling (Secretariat,
2019).

Enhanced Bubble Curtain
Enhanced bubble curtains refer to any bubble curtain system-single or double-that incorporates performance-
improving features such as variable bubble sizes, multi-depth nozzle arrangements, or containment
structures to stabilize the bubble plume in dynamic water conditions (Atlas Copco Specialty Rental,
2025). These enhancements extend the effective frequency range of the system and improve noise
mitigation under strong currents or complex seabed geometries. While the use of such features in-
creases the engineering effort and deployment complexity, they can significantly improve performance,
particularly when targeting specific frequency bands or working in challenging conditions.

The choice between configurations depends on site-specific factors such as current velocity, water
depth, environmental thresholds, and logistical constraints. More advanced systems offer better acous-
tic shielding but require a careful balance between performance gains and operational feasibility.

Figure 2.8: Double Bubble Curtain (Lewis, 2023) Figure 2.9: Bubble Curtain in Use (Hydrotechnik Lübeck
GmbH, 2024)
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An overview of all mitigation techniques is also presented in a table in Section 3.6, including the as-
sumed noise reduction values based on practical experience within Van Oord. These assumptions are
explained in more detail in the corresponding chapter.

2.5. Identified Gaps and Scope of the Project
As outlined in the preceding sections, both the development of low-noise installation techniques and
the application of underwater noise mitigation systems have advanced significantly in recent years.
However, there is currently no structured approach to evaluate their combined impact on installation
duration, underwater noise levels, and overall project costs.

This lack of integration poses a challenge for contractors such as Van Oord, who are required to make
critical early-phase decisions based on limited or fragmented information. There is a clear need for
a practical, project-specific method that brings together technical performance, regulatory compliance,
and financial feasibility. Such an approach would enable more informed decision-making that balances
environmental responsibility with commercial considerations.

Given the broad range of technologies under development and the limited scope of this graduation
project, the focus was placed on comparing vibro piling and combined vibro-jetting. These methods
were selected due to their relatively high Technology Readiness Levels, anticipated application in up-
coming Van Oord projects, and the availability of relevant internal expertise and data. Conventional
impact piling is included in the framework as a benchmark to provide a clear reference point.

In total, the comparative framework includes four installation techniques: conventional impact piling us-
ing the IQ6 and MHU6000W hammers, vibro piling, and combined vibro-jetting. As two distinct variants
of impact piling, both the IQ6 and MHU 6000W hammers are separately assessed within the framework
to capture their respective technical and operational characteristics.

The IQ6 hammer, developed by IQIP, is currently the largest hydraulic impact hammer in the world
and part of IQIP’s IQ-series. It is specifically designed for the installation of the next generation of off-
shore wind foundations, suitable for turbines of up to 16MW and even 20MW in the near future. With
a maximum energy of 6600kJ, the IQ6 is capable of installing the largest monopiles. The hammer
dynamically adjusts its energy output to match driving conditions, enabling more efficient and stable
installation. Furthermore, the system can be combined with PULSE technology to reduce underwater
noise, pile fatigue, and operational costs (WindpowerNL, 2023).

The MHU 6000W from MENCK, part of Acteon, is the most powerful hydraulic impact hammer devel-
oped by the company, with a maximum energy output of 6250kJ. Although slightly smaller than the
IQ6, it remains one of the largest hammers available on the market and is suitable for monopiles with
diameters of 9 metres or more. The system features a double-acting hydraulic drive, closed-loop con-
trol system, and shock absorber cartridges. It is connected to a digital platform that provides offshore
operators with real-time data and uses environmentally friendly lubricants to reduce environmental im-
pact (Group, 2025).

While both hammers are designed for the installation of extremely large monopiles, they differ in sev-
eral relevant technical and operational aspects. The MHU 6000W is more compact, lighter, and less
expensive than the IQ6. Due to its lower mass and smaller dimensions, the MHU 6000W requires a
higher blow frequency to achieve equivalent pile-driving performance. This difference in blow rate may
affect underwater noise emissions, pile fatigue, and overall installation duration. For these reasons,
both hammers are included in the comparative framework, allowing an investigation into how these
design characteristics influence total performance, cost, and environmental footprint.

The next chapters describe the development, structure, and implementation of the comparative frame-
work, followed by case-specific results that demonstrate its value in supporting early-stage selection of
offshore monopile installation strategies.



3
Data Analysis and Assumptions for

Offshore Monopile Installation
The previous chapter outlined the current state of offshore monopile installation technologies and
methodologies based on existing literature. While this provides valuable context, practical implemen-
tation often involves additional complexities that are only visible in real project data.

This chapter analyses internal project data from Van Oord to better understand how monopile installa-
tions are performed in practice. These insights help identify key dependencies, constraints, and influ-
encing factors, providing a solid foundation for modelling installation strategies within the comparative
framework developed in this study.

3.1. Assessment of Existing Knowledge
A preliminary assessment of internal Van Oord data was performed to evaluate conventional impact
piling alongside emerging techniques such as vibro piling and combined vibro-jetting, in combination
with various near-field and far-field noise mitigation measures.

3.1.1. Insights from Internal Projects and Studies on Developing Installation
Techniques

As a starting point, data on impact piling was particularly relevant, since this method has been applied
in multiple executed projects within Van Oord. This made it the most reliable and complete dataset,
offering a clear picture of the typical activities, durations, and cost drivers involved in offshore monopile
installation. Based on this, an initial structure was developed to define which components and relation-
ships should be included in the comparative framework. The framework was divided into the following
seven components, each representing a key aspect of the installation process:

• General Input: project-specific parameters such as soil type, water depth, and selected installa-
tion technique.

• Weight: weights of monopiles and equipment, affecting logistics and vessel capacity.
• Operation Times: durations of individual activities throughout the installation cycle.
• Drivability: Indicates the risk that the chosen installation method may not achieve the required
penetration depth.

• Noise - Installation Techniques: noise levels generated by different installation methods.
• Noise - Mitigation Techniques: noise reduction achieved by various mitigation systems.
• Costs: cost estimates for equipment, vessels, operations, and mitigation.

These components are discussed in more detail in Section 3.1.3.
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To gain insight into developing installation methods, the most relevant input was obtained from internal
Van Oord studies, in which several techniques were assessed using shared reference cases. The find-
ings provided valuable input on which parameters influence installation performance, how operational
sequences and durations vary, and how vessel layout and capacity affect both time and cost under
different project conditions.

In particular, these internal studies offered fixed durations for specific operations associated with al-
ternative techniques, which could be directly incorporated into the framework. They also clarified how
these durations are influenced by parameters such as soil type, monopile diameter, penetration depth,
vessel type, and the number of foundations carried per trip. As such, they contributed both structural
insight for the framework’s logic and a practical basis of input values for its implementation.

3.1.2. Development of a Preliminary Model Structure
In addition, data from these internal sources was used to develop initial ideas for a suitable structure of
the framework. A Python model was created based on this data, with the idea that the user can enter
input parameters such as the installation method and project characteristics, and receive output in the
form of operational time and corresponding costs.

Through this process, it was quickly found that a combination of Excel and Python provides the most
effective approach. Excel is considered well suited for storing all fixed values related to monopile instal-
lation, such as standard equipment weights, typical durations for specific operations, and fixed costs
for certain activities or equipment. It is also more user-friendly for managing and updating such values.

Python, on the other hand, is used to link these components together into a single dynamic model.
Based on the user-defined input, which is entered in Excel, Python generates the appropriate output
by importing the necessary fixed values. This allows for the evaluation of different cases using project-
specific input parameters.

3.1.3. Input From Internal Experts to Address Knowledge Gaps
The previous subsection outlined the starting point of this study and described how initial insights were
gained into the key parameters relevant for the comparative framework, as well as how the model could
best be structured. By breaking the framework down into separate components, it also became clear
which information was still missing and needed to be gathered in order to enable a meaningful compar-
ison across different installation approaches.

To obtain this missing information, specialists from a wide range of departments and teams within Van
Oord were consulted. These interviews quickly revealed the broad scope of the project. The strength
of the framework lies in integrating many technical and logistical aspects into one coherent evaluation
method. At the same time, it became evident that going too far into detail would not serve the purpose
of the project. The goal is not to build a detailed engineering model but to support early-stage evalua-
tions and comparisons between strategies.

As a result, many elements in the framework were simplified or represented through clearly defined
assumptions. The next sections provide an overview of the departments involved in the interviews, the
insights they contributed, and the assumptions that were made. It also explains why these assumptions
are appropriate within the context of this study.

3.2. Assumptions for General Input Parameters
As part of developing the framework, it was necessary to determine which general input parameters
would be included. This immediately raised the challenge of managing the broad scope of offshore
monopile installation while maintaining a focused and workable model. Given the complexity of the
subject and the limited time available for this study, a number of assumptions were made to keep the
framework both practical and consistent.

The subsections below describe and justify the key assumptions applied to the general input param-
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eters, including choices related to the installation techniques, soil conditions, monopile dimensions,
vessel selection, and other representative project characteristics.

3.2.1. Installation Techniques
As introduced in Section 2.5, the framework includes four primary installation techniques: the IQ6
hammer, the MHU6000W hammer, vibro piling, and combined vibro-jetting. For impact piling, full pen-
etration of the monopile is generally achievable. However, for vibro piling and vibro-jetting, there is
currently no guarantee that the monopile can reach full depth using these methods alone, especially in
challenging soil conditions.

To reflect this uncertainty, the framework also includes combined installation cases in which an impact
hammer and its associated equipment are available onboard alongside the vibro system. In such cases,
the vibro technique is applied during the initial phase of the installation, and if resistance becomes too
high, the impact hammer is used to complete the final part of the driving process.

This results in eight installation cases evaluated in the framework:

Table 3.1: Overview of Installation Techniques and Combinations Considered in the Framework

Installation Technique Configuration
impactIQ6 Individual
impactMHU Individual
vibro Individual
vibrojet Individual
impactIQ6 + vibro Combined
impactIQ6 + vibrojet Combined
impactMHU + vibro Combined
impactMHU + vibrojet Combined

However, to enable a consistent comparison between these techniques, the framework assumes in all
cases that the monopile can be installed to full depth without refusal or the need for prolonged interrup-
tions. This also includes the theoretical cases where only vibro piling or vibro-jetting is applied. While
this assumption facilitates a direct comparison of technical, cost, and noise performance, it does not
necessarily reflect operational feasibility and should therefore be interpreted with caution.

To account for this limitation, a drivability factor is included in the framework for these techniques. This
factor serves to reflect the increased uncertainty regarding full-depth installation when using vibro-
based methods. Further details on the definition and application of this factor are provided in Sec-
tion 3.5.

3.2.2. Soil
Following discussions with several specialists at Van Oord, a standard sandy soil profile was selected
as the basis for the framework. This decision was primarily driven by the limited availability of reliable
drivability data for vibro piling and vibro-jetting in non-sandy soil types, particularly at commercial scale.
In contrast, for sandy soils, reasonable estimates could be made in consultation with a geotechnical
engineering expert. These assumptions are further explained in Section 3.4.

Vibro-jetting is currently not suitable for use in cohesive soils such as clay. The method relies on high-
pressure water jets to reduce soil resistance during installation, which is effective in non-cohesive soils
like sand but fails in dense, water-resistant clay layers. Although research is ongoing to develop variants
of vibro-jetting that can be applied in clay, the current technology remains limited to sand-dominated
conditions. This supports the decision to assume a sandy seabed, ensuring consistency and realism
in the evaluation of installation techniques.

Additionally, a statistical analysis of offshore construction projects in the German EEZs of the North Sea
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and Baltic Sea, as reported in (Bellmann et al., 2020), found that underwater noise levels in the Baltic
Sea were up to approximately 2dB higher than those in the North Sea, despite comparable pile designs
and blow energies. This difference is likely due to the more heterogeneous seabed composition in the
Baltic Sea, which often includes alternating layers of sand, till, and chalk. In contrast, the North Sea
typically features more homogeneous sandy soils. These findings highlight that seabed composition
can significantly influence both drivability and noise emissions during installation, reinforcing the value
of expanding the framework to cover a broader range of soil conditions in the future.

3.2.3. Turbine Size
Many of the assumptions used in the framework are based on what is currently most commonly applied
within Van Oord. This approach was chosen not only because it provides the most reliable and com-
plete dataset to build the framework on, but also because it ensures that the output remains realistic
and aligned with present-day project conditions.

For this reason, the framework assumes a turbine size of 15MW. This capacity reflects the average
turbine size currently being installed in offshore wind projects such as Hollandse Kust West (HKW)
and the Nordseecluster (NSC). Fixing the turbine size is essential, as it directly determines the re-
quired monopile dimensions. In current industry practice, a 15MW turbine typically requires a monopile
weighing approximately 1,600 to 2,000tonnes. This, in turn, defines critical aspects of the installation
campaign, such as deck layout, vessel selection, and lifting capacity. The framework is therefore based
on a representative monopile configuration capable of supporting a 15MW turbine, ensuring internal
consistency across all related assumptions.

3.2.4. Installation Vessel & Crane Capacity
For similar reasons as those applied to the turbine size, the offshore installation vessel Boreas was
selected as the fixed installation vessel within the framework. The new generation of heavy monopiles
exceeds the operational capabilities of vessels such as the offshore installation vessel Aeolus, particu-
larly regarding lifting capacity and deck space. Consequently, the current framework is fully based on
the Boreas, both in terms of deck layout and cost assumptions.

This decision was made because internal feedback at Van Oord indicated that the Aeolus is currently
facing operational challenges, and most upcoming projects are planned using the Boreas. Therefore,
it made the most sense to use this vessel as the basis for the initial version of the framework.

In line with this, the Boreas is equipped with a main crane with a maximum lifting capacity assumed at
3250 tonnes at a 39-metre radius. This value has been adopted as the default crane capacity through-
out the framework. It represents the maximum allowable hook load under specific offshore operational
conditions, as defined by the crane manufacturer.

This capacity includes a Dynamic Amplification Factor (DAF), which in this case is assumed to be
1.1. The DAF accounts for additional dynamic forces caused by vessel motion, wave action, and load
swinging. The specified lifting capacity also applies only under a defined maximum wind speed; if wind
conditions exceed this limit, lifting operations must be postponed or modified to ensure safety.

Furthermore, the actual weight lifted includes not only the load itself (e.g., the monopile) but also the
rigging and lifting gear between the crane hook and the load. In more demanding sea states, a higher
DAF may be applicable, which further reduces the effective lifting capacity. These aspects should be
considered in detailed project-specific assessments or when adapting the framework for alternative
vessel configurations.

3.2.5. Water Depth to LAT
Water depth plays a critical role in multiple aspects of the offshore installation process. When installing
in deeper waters, the crane must reach further and higher to lower the monopile from the vessel deck
to the seabed. This increased reach affects the crane loading and vessel stability, and typically results
in longer lifting durations.
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For jack-up vessels such as the Boreas, water depth also significantly affects the jacking operation.
As depth increases, longer leg extension is required before the vessel reaches its elevated working
position, which directly increases jacking time.

A constant water depth of 40 metres is assumed in this model. This value was determined in consul-
tation with a specialist from Van Oord, based on its representativeness for ongoing offshore wind farm
developments in the North Sea. As the primary objective of the framework is to compare different in-
stallation methods for a specific wind farm site, it is necessary to fix the water depth in order to ensure
consistency and comparability across all scenarios. The monopile dimensions used in the framework,
comprising length, diameter, weight, and penetration depth, are defined in accordance with this refer-
ence condition.

If water depth were to increase, the required monopile length would also increase, resulting in heav-
ier foundations. This would reduce the number of foundations that can be transported in a single trip,
extend the required penetration depth, and may necessitate changes in the installation strategy. In ad-
dition to logistical and structural implications, water depth also affects the performance and feasibility
of underwater noise mitigation systems.

Big Bubble Curtains (BBC), for example, are considered effective up to approximately 45 metres. How-
ever, above 40 metres, the required air volume increases substantially due to higher hydrostatic pres-
sure, which complicates deployment and may reduce effectiveness. Hydro Sound Dampers (HSD) are
typically suitable up to similar depths and provide consistent attenuation, particularly at lower frequen-
cies, independent of current or depth. IHC Noise Mitigation Systems (IHC-NMS) have been success-
fully used at depths up to around 40 metres and offer omnidirectional attenuation unaffected by current
or depth. Nonetheless, the system length is fixed, which limits adaptability in areas with significant
depth variation. In general, most mitigation techniques are most effective up to about 40 to 45 metres.
Beyond that, technical and operational challenges arise that often require system modifications or com-
bined solutions (Cefas Noise and Bioacoustics Team, 2020).

By selecting a realistic and representative fixed water depth, the model ensures consistency across
monopile design, vessel operations, and installation planning. It also guarantees that the noise miti-
gation systems assumed in the framework remain practically feasible. This allows the framework to
produce technically coherent results that align with the depth ranges typical of current offshore wind
projects in the North Sea.

3.2.6. Currents
In this framework, offshore currents are assumed to be negligible, meaning that the current is set to zero.
This simplification was made to reduce model complexity and maintain focus on the comparative as-
sessment of installation and mitigation techniques. Accounting for current would require vessel-specific
responses and case-dependent parameters, such as dynamic positioning capabilities and soil interac-
tion during pile lowering, which fall outside the scope of this generalised model.

Nevertheless, it is important to acknowledge that in real offshore conditions, currents can significantly
influence various aspects of the installation process. Lateral forces caused by current can induce
movement of the monopile during free-hanging lowering, reducing placement accuracy and increasing
operational risks. Jack-up vessels may also be affected, as hydrodynamic loading on the jacking legs,
especially when extended, can impact positioning precision.

The sensitivity to current can vary between installation methods. For example, vibratory piling in non-
cohesive soils such as sand often results in limited lateral support during the early stages of installation,
making the pile more susceptible to hydrodynamic loading (Achmus et al., 2020). Jetting-based tech-
niques may also be affected, as horizontal currents can disturb the targeted distribution of the jetting
fluid, reducing the efficiency and accuracy of the process. In general, installation methods with longer
durations are more prone to current-induced deviations or delays.

In addition to affecting the installation process, currents also influence the performance of noise miti-
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gation systems. Bubble curtains, for instance, depend on a stable vertical column of rising air bubbles,
which can be disrupted or carried away by horizontal flow, reducing their effectiveness. Similarly, hang-
ing screens and encapsulated net systems may deform or shift under lateral loads, compromising both
their positioning and sound attenuation capabilities. Studies indicate that sound reduction performance
typically declines at current velocities exceeding approximately 0.75 m/s, especially in the direction of
the current, due to the drifting of bubbles and other mitigation elements (Cefas Noise and Bioacoustics
Team, 2020).

Although current effects are not included in the present version of the framework, this omission is con-
sistent with the high-level and comparative nature of the analysis. The framework is intended as a
first-step evaluation tool to compare installation methods under uniform conditions. Prior to the final se-
lection of an installation strategy for a specific project, more detailed and site-specific studies, including
the influence of tidal and oceanic currents, are essential.

3.2.7. Pile Diameter
Several aspects of the installation process depend on the diameter of the monopile. The pile diameter
directly influences the total weight on deck, which in turn affects the number of foundations that can be
transported per trip and thus impacts the total operational time.

Additionally, pile diameter plays a role in drivability. Larger piles experience greater soil resistance,
requiring more energy to install. This not only affects the driving speed and overall installation time but
also influences the amount of noise generated during pile driving.

It is also important to note that the choice of pile diameter can be influenced by the installation tech-
nique due to differences in bearing capacity observed between impact driving and vibratory installation
methods. Studies on large-diameter open-end steel pipe piles, have shown that vibratory installed pipe
piles may exhibit up to approximately 50% reduction in bearing capacity compared with sister piles in-
stalled by impact driving (Lamiman and B. Robinson, 2022). This capacity loss is believed to result
from the disturbance of soil around the pile shaft and tip during vibratory installation, affecting shaft
resistance and tip bearing. While the magnitudes and exact behavior may differ for monopiles specif-
ically designed for offshore wind turbines, these findings provide a useful indication of the potential
impact vibratory installation can have on bearing capacity. Consequently, in practice, piles installed
with vibratory methods might require larger diameters or alternative design approaches to meet capac-
ity requirements. However, the detailed implications of pile diameter variation based on installation
method and corresponding capacity effects are beyond the scope of this project.

To keep the scope of the model manageable and the development process feasible within the available
timeframe, a standard monopile diameter of 9m was selected. This choice is based on the availability
of relevant internal data within Van Oord regarding deck layouts, drivability, and noise production or
reduction for this pile size. Furthermore, 9m is a commonly used diameter in current offshore wind
projects, which ensures that the framework generates realistic and practically relevant output.

3.2.8. Weather Workability
The actual operational time is significantly affected by weather workability and must therefore be ac-
counted for within the framework. While detailed analyses based on historical metocean data and
probabilistic modelling are possible, weather-related delays are incorporated in this framework in a
simplified yet realistic manner.

In consultation with specialists at Van Oord, it was established that a base weather workability of 80%
is a reasonable average for general offshore operations. This value is adjusted depending on the type
of vessel used. For large offshore installation vessels such as the Boreas, a conservative reduction of
5% is applied, resulting in an effective availability of 75%. For smaller vessels such as the Aeolus, the
reduction may be up to 10%, yielding an availability of 70%. However, only the Boreas is considered
in the current version of the framework.

To reflect seasonal variability, the model applies monthly weather workability factors based on the
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project’s start month, which can be specified in the General Input sheet in the Excel file. The project
timeline is divided into 30-day periods that correspond to calendar months. Each period is then classi-
fied as either a summer or winter month, based on typical North Sea conditions:

• Summer: May to September
• Winter: October to April

For each period, a weather workability percentage is applied:

• Summer months: 80%
• Winter months: 65%

These values can be manually adjusted in the General Input sheet to reflect project-specific weather
conditions. To account for weather-related delays, the actual number of calendar days required to
complete the calculated work duration is obtained by dividing the number of effective working days by
the applicable workability factor. If the remaining duration in the final period is less than 30 days, it is
proportionally adjusted using the same logic.

By summing all weather-adjusted periods, the framework derives the total adjusted installation duration.
This approach enables the model to incorporate seasonal effects more realistically than applying a
single uniform correction factor across the entire schedule.

3.3. Assumptions for On-Deck Weight
To gain insight into the typical weight distribution of offshore monopile installation equipment, the deck
layouts from three Van Oord projects were analysed:

• Nordseecluster (NSC): In this project, all monopiles are installed using an IQ6 impact hammer.
The monopiles have an average diameter of 9 metres.

• Hollandse Kust West (HKW): This is Van Oord’s first commercial project in which vibro piling is
applied as the primary installation method. However, earlier tests showed that vibro piling alone
was not always sufficient to reach full penetration depth. As a result, an MHU impact hammer is
also included on deck, making this project a representative example of a combined installation
case. The monopiles in this project also have an average diameter of 9 metres.

• SIMPLE III: This R&D project was conducted in collaboration with GBM Works, CAPE, and sev-
eral other partners, and involved the offshore installation of a 4-metre diameter monopile using a
vibro-jetting system. As this was a pilot-scale project carried out using a smaller vessel, its deck
layout must be scaled up to reflect the operational context of a full-scale offshore wind installation.

From these three projects, the equipment located on deck was identified and categorised into shared
and method-specific items. For instance, certain components such as cranes, lifting tools, and safety
equipment are present in all configurations, regardless of installation technique. In contrast, installation-
specific components such as impact hammers, vibro units, or jetting skids vary depending on the ap-
plied method.

The data analysis incorporates several assumptions to ensure consistency and relevance within the
comparative framework. One key consideration is the number of monopiles that can be transported
per vessel trip, as this directly influences the total number of trips and the corresponding installation
time. This number is primarily determined by the vessel’s weight capacity and available deck space.

Jack-up vessels have amaximum elevated weight capacity that includes not only installation equipment
and foundations, but also fuel, ballast water, personnel, and other operational loads. For example, the
Boreas has an elevated weight capacity of XXXXX metric tonnes. Since this framework focuses exclu-
sively on comparing different installation strategies, many of these broader operational elements are
deliberately excluded. Only the weight of the deck equipment is taken into account.



3.4. Assumptions for Operation Times During Installation 22

To reflect this simplified scope, a reduced maximum weight threshold of 15,000 mT was assumed for
the deck-related equipment. This assumption was discussed and agreed upon in consultation with a
specialist from Van Oord’s Operations Department, and is considered a realistic operational upper limit
within the context of this study.

3.4. Assumptions for Operation Times During Installation
An overviewwas compiled of all individual activities involved in offshoremonopile foundation installation,
including lifting, positioning, pile driving, noise mitigation, and vessel transit. As outlined in Section 3.1,
representative operation times were derived from internal Van Oord sources such as project schedules,
post-execution reports, and previous internal studies.

The duration of certain activities depends on the selected installation technique and, in some cases,
on specific project conditions. For example, the operation Drive Pile is defined separately for each
technique, as drivability differs significantly between methods. Test data show that vibro piling gener-
ally proceeds faster than impact piling, while vibro-jetting is expected to be even quicker due to lower
soil resistance. Based on recent experience and consultation with a geotechnical specialist, drivability
speeds were estimated assuming 9-metre diameter monopiles with a penetration depth of 30 metres
in sandy soil. Under these conditions, impact piling takes approximately 2 hours, vibro piling 1 hour,
and vibro-jetting 30 minutes. These estimates exclude preparation time for the jetting system, which
would need to be included in a more detailed model.

In projects where two techniques are combined, such as in the HKW project where vibro piling is
followed by impact piling, pile driving operations are executed twice. It is assumed that the first 10
metres are driven using vibro piling or vibro-jetting, and the remaining 20 metres with impact piling.
Accordingly, the total drive time is calculated using a weighted average:

Total Drive Time =
1

3
× Drive Time Vibro(jet)+ 2

3
× Drive Time Impact (3.1)

In addition to pile driving, other activities within the installation process are influenced by project-specific
parameters. For example, the vessel’s transit time to the offshore site depends on the selected tran-
sit speed, while lifting durations may vary depending on pile dimensions and the vessel’s deck layout.
These dependencies are further illustrated in the Dependency Diagram shown in Figure 4.1, which is
included in Section 4.8. In some cases, operations may be carried out in parallel, depending on the
chosen working strategy. When applicable, the durations of such parallel activities are not added to
the total installation time.

An example of such a parallel operation is the installation of near-field mitigation systems. Based on
input from a Van Oord expert specialised in project cycle times, this activity is typically carried out in
parallel with other tasks in practice. The same assumption is therefore applied in this framework.

To calculate the total time for one installation trip, all applicable activity durations are summed. For op-
erations performed per monopile, the base duration is multiplied by the number of foundations carried
per trip. The total installation time for the entire wind farm is then determined by multiplying the number
of required trips, calculated as the total number of monopiles divided by the foundations per trip, by the
duration of one round trip.

For vibro piling, preparation and handling procedures are assumed to be similar to those for conven-
tional impact piling. In contrast, vibro-jetting involves additional steps: deploying the jetting pump,
assumed to be handled with the main crane, and connecting the umbilicals between the monopile and
the manifold. Because no reliable duration data for these activities are currently available within Van
Oord, the model includes an additional allowance of 2.5 hours per monopile covering both tasks. This
provisional value was set in consultation with a Van Oord specialist and is highly sensitive to whether
the main crane is used, as this would put the work on the critical path. As more information becomes
available, the allowance can be updated in the Operation Times sheet.
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3.5. Assumptions for Drivability Performance
Due to the limited available data on the drivability of vibropiling and vibrojetting, particularly regarding
installation speed compared to impact piling and the likelihood of reaching the target depth depending
on soil type, it is currently challenging to incorporate drivability in the framework with high accuracy.

Nonetheless, various test results have indicated that achieving full penetration depth with vibropiling
can be challenging, and even with vibrojetting, full installation depth is not always assured. This high-
lights the inherent uncertainty surrounding the drivability of these alternative methods. To account for
this in the comparative assessment, drivability has been included as a critical factor. In consultation
with a Van Oord specialist, indicative refusal risks were defined: 30% for vibropiling and 20% for vi-
brojetting. The lower value for vibrojetting reflects the expectation that jetting facilitates soil loosening,
thereby generally improving penetration performance. Notably, in recent projects such as SIMPLEIII,
full target depth was successfully achieved using vibrojetting, demonstrating that this technique can be
viable under favourable conditions.

This assumption is reflected in some of the generated results, such as those presented in Figures
Figure 5.10 & Figure 5.11, to make the user of the framework aware of the potential risks and limitations
associated with these alternative installation methods.

3.6. Assumptions for Produced and Mitigated Underwater Noise
After selecting an installation technique, it is essential to assess whether the associated underwater
noise limits comply with the applicable regulatory threshold. If predicted levels exceed this threshold,
mitigation measures must be considered.

3.6.1. Installation Techniques
For the framework, each installation method is associated with a representative unmitigated reference
sound level, based on internal Van Oord project experience, literature values, and expert consultation.
In the framework, these levels are expressed as Sound Exposure Level (SEL) rather than Sound Pres-
sure Level (SPL), as SEL incorporates both sound magnitude and duration, providing a more accurate
measure of total acoustic energy. This aligns with the format in which most governmental noise limits
for offshore piling are specified, enabling direct compliance assessment.

The calculation of SEL differs between impact piling and vibro piling. Noise levels can be expressed
in terms of SELss and SPL. Here, SELss refers to the single-strike sound exposure level, which applies
to impulsive sound sources such as impact piling and represents the sound exposure from a single
hammer blow. Its unit is dB re 1 µPa2·s.

For techniques such as vibro piling and vibro-jetting, where the sound is more continuous or vibration-
like without discrete strikes, the SELss metric is not applicable. Instead, the relevant quantity is the
Sound Pressure Level (SPL), expressed in dB re 1 µPa. SPL represents an instantaneous or equivalent
continuous sound level (Leq) over a specified time period and is suitable for characterizing continuous
noise.

The difference in approach arises from the nature of the sound source-impulsive versus continuous.
For impulsive sources, such as impact piling, the cumulative sound exposure level (SEL) can then be
estimated from the single-strike value using:

SEL = SELss + 10 log10(N) (3.2)
where N is the number of strikes, which can be calculated as r · T , where r is the blow frequency and
T is the pile driving time.

For continuous sources, such as vibro piling, SEL can be derived from the measured SPL over the total
operating duration by integrating the acoustic energy over time:

SEL = SPL+ 10 log10(T ) (3.3)
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where T is in seconds (Ainslie, 2011).

However, although this would provide a more accurate approach for determining the SEL levels of the
various installation techniques, the limited availability of data, particularly on the SPL levels produced
by vibro piling and vibro jetting, led to a different approach. In consultation with experts at Van Oord,
SEL values were directly assumed based on existing data and logical reasoning. These values repre-
sent the average unmitigated sound exposure level generated during the installation of a 9m diameter
monopile in sandy soil, measured at a distance of 750m from the source. The following sections outline
the basis for these assumed values.

For impact piling with a large hammer such as the IQ6, the baseline unmitigated source level was es-
timated at approximately 185 dB re 1 µPa at 1m. This estimate draws on multiple sources, including
Bellmann et al. (2020), which reports an average source level of 179 dB for a 7.5m monopile installed
using a noise-optimised pile-driving procedure with blow energies exceeding 3000 kJ. Additional in-
put came from internal consultation with a Van Oord specialist and project-specific predictions. For
instance, a forecast for the NSC project predicted a source level of XXXXX dB for an 8.9m monopile
installed with XXXXX kJ blow energy. Taking into account these references and the assumption of a
9m pile in the framework, the baseline source level was conservatively rounded to 185 dB.

For the smaller MHU hammer, a baseline unmitigated source level of 187 dB re 1 µPa at 1 m was
adopted. This reflects the fact that smaller impact hammers generally require higher blow energy at
full capacity to achieve comparable drivability, which typically results in higher underwater noise emis-
sions. Analyses and practical experience from the NavES project (Bellmann et al., 2020) demonstrate
that large impact hammers with a heavy falling mass, operated under noise-optimized procedures at
reduced capacity (typically 50-60%), produce significantly lower peak noise levels compared to smaller
hammers running at full capacity. This difference is attributable to the longer contact duration between
hammer and pile head with large hammers, which reduces peak force and thus noise amplitude. The
adoption of the higher source level for the MHU hammer is further supported by Van Oord’s internal
environmental engineering expertise.

Vibro piling and vibro-jetting are expected to generate significantly lower noise levels than impact piling.
This is primarily because vibro piling produces a continuous, low-frequency vibration (typically between
0 and 35 Hz), rather than the short, high-intensity acoustic peaks associated with impact piling. As a re-
sult, vibro piling is generally considered less disturbing to the marine environment, provided that proper
coupling between the pile and the hammer is ensured (Bellmann et al., 2020).

Based on internal test results and expert consultation, both vibro piling and vibro-jetting are currently
assumed to provide a conservative noise reduction of approximately 20 dB compared to impact piling
under sandy soil conditions and in the absence of additional mitigation measures. Vibro piling is there-
fore estimated to result in an average noise level of around 165 dB. Vibro-jetting, due to the further
reduction of soil resistance by water jets and the expectation of shorter installation durations (as SEL
is time-dependent), is assumed to emit even lower noise levels, estimated at approximately 160 dB.
These assumptions are summarised in Table 3.2.

Table 3.2: Assumed unmitigated sound levels (expressed in SEL) produced by different installation techniques, measured at a
distance of 750m from the source (Bellmann et al., 2020).

Installation Technique Assumed Noise Level [dB re 1 µPa2 · s]
impactIQ6 185
impactMHU 187
vibro 165
vibrojet 160

It should be noted that the source levels presented here are indicative and subject to validation. Ongo-
ing and future field measurements, such as those conducted in the SIMPLE III project and at the HKW
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site, are expected to provide additional data to support or refine these assumptions.

Furthermore, subsequent discussions with an environmental noise specialist at Van Oord indicated
that the assumption of vibrojetting producing, on average, 5 dB less noise than vibropiling may not be
correct. The rationale behind this assumption was that the vibro hammer would operate at a lower
power output due to the reduced resistance, resulting in a lower noise level. However, it was also
suggested that the water jetting process could reduce the soil confinement around the embedded pile
section, potentially increasing vibration levels. This was likewise hypothesised by researchers at Delft
Cymatics, as communicated in recent exchanges.

Based on these insights, it could be assumed that the produced noise levels for vibro piling and vibro
jetting are similar, with the main effect of jetting being an extension of the applicability range of vibro
piling rather than a reduction in noise. Nevertheless, in this report the originally assumed values have
been retained due to the limited time available for revising the framework calculations. It should be
noted, and this is also included in the recommendations, that if more data on the noise levels of vibro
piling and vibro jetting become available and differ from the assumptions made here, the framework
should be updated accordingly.

In the case of a combined installation strategy, the overall SEL cannot be obtained by taking the arith-
metic mean of the SEL values from the two individual installation methods. As described in Section 3.4,
when an impact hammer and vibro(jetting) are applied together, it is assumed that one-third of the pile
length is installed using vibro(jetting) and the remaining two-thirds using impact piling. This shortens
the driving duration for both techniques and, since SEL is time-dependent, reduces their SEL compared
to the full-duration individual cases.

The time-adjusted SEL for each method is computed by scaling the original SEL with the ratio of the
new driving duration to the original duration:

∆SEL = 10 log10
(
Tnew
Torig

)
. (3.4)

Example: combination of impactIQ6 and vibro.

• ImpactIQ6: original SEL= 185 dB for Torig = 2 h. In the combined case, Tnew = 2
3 ·2 = 4

3 h, hence

∆SEL = 10 log10
(
4/3

2

)
≈ −1.76 dB, SELnew ≈ 185− 1.76 = 183.24 dB.

• Vibro: original SEL = 165 dB for Torig = 1 h. In the combined case, Tnew = 1
3 · 1 = 0.33h, hence

∆SEL = 10 log10
(
1/3

1

)
≈ −4.77 dB, SELnew ≈ 165− 4.77 = 160.23 dB.

The total combined SEL is then obtained by summing energies and converting back to dB:

SELtotal = 10 log10
(
10SELimpact,new/10 + 10SELvibro,new/10

)
≈ 10 log10

(
10183.24/10 + 10160.23/10

)
≈ 183.26 dB.

(3.5)
This procedure ensures that the time dependence of SEL is correctly accounted for when combining
sequential installation methods. It should be noted that this is a simplified approach for combining the
contributions of sequential installation methods, which assumes constant source levels within each
phase, identical propagation conditions, and sequential (non-overlapping) phases. As such, it is most
appropriate for comparative scenario analyses and conceptual design studies, rather than for detailed
compliance assessments. For higher accuracy it would be preferable to model impact piling based on
single-strike SEL (SELss) combined with the number of blows N , and vibro(jetting) based on its sound
pressure level (SPL) and effective drive time, applying the scaling and mitigation band-by-band in the
frequency domain and using measured spectra where available. However, as such detailed input data
were not available for this study, the simplified time-scaling method described above was adopted.
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3.6.2. Mitigation Techniques
If the estimated noise levels exceed the applicable regulatory threshold, mitigation systems can be
applied at different stages along the sound propagation path: at the source, in the near field, or in the
far field. As described in Chapter 2, based on consultation with environmental specialists at Van Oord,
the techniques most commonly applied in practice were selected for inclusion in the framework. These
systems can also be combined to strengthen overall noise reduction, allowing the framework to explore
which combinations yield the most effective results.

The actual noise-reducing performance of a mitigation system depends on various factors and cannot
be described by a single fixed value. Therefore, a frequency-based modelling approach was adopted
to simulate the noise reduction achieved by different mitigation techniques. This approach is described
in more detail in Section 4.6.

To apply this frequency-based model, specific input data are required for each mitigation technique.
First, indicative overall noise reduction values are needed. These values were established in collab-
oration with Van Oord’s environmental engineering department, based on experience from previous
projects and available test data. An overview of the assumed reductions is provided in Table 3.3.

Table 3.3: Assumed average noise reduction per mitigation technique

Mitigation Technique Type of Mitigation Assumed Noise Reduction [dB]
Pulse from IQIP At source 3 - 6
MENCK Noise Reduction Unit (MNRU) At source 3 - 6
HSD Near field 10 - 13
AdBm Near field 10 - 17
IQIP NMS Near field 13 - 16
Single Bubble Curtain Far field 10 - 12
Double Bubble Curtain Far field 15 - 16
Enhanced Single Bubble Curtain Far field 12 - 14
Enhanced Double Bubble Curtain Far field 17 - 18

In addition, it is important to consider the frequency ranges in which each mitigation technique is most
effective. Based on a review of literature and industry reports, frequency-dependent attenuation char-
acteristics have been identified and incorporated into the model. This enables a more realistic spectral
representation of each technique’s performance. Moreover, it allows for the assessment of combined
mitigation strategies, where multiple techniques targeting different frequency bands are applied simul-
taneously to achieve broader and more effective noise reduction.

Figure 3.1 illustrates the noise reduction performance of several mitigation techniques as a function of
frequency. The figure shows that certain systems perform better in specific frequency ranges, and that
these patterns vary between mitigation methods.
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Figure 3.1: Average noise reduction (insertion loss) of NMS8000, HSD, and BBC/DBBC systems based on applications in the
German North Sea EEZ (Bellmann et al., 2020)

According to (Maquil, Müller, and Wildemann, 2024), the PULSE at source mitigation system is most
effective in the low to mid-frequency range, approximately between 40 and 250 Hz. The system opti-
mizes the impact process to reduce sound energy within this critical band. This aligns with both the
spectral characteristics of the optimized impact hammer and the typical underwater noise emission
profiles observed in practice.

For the MNRU system, no specific optimal frequency range was identified. However, since it is also an
at source mitigation technology, its effectiveness is assumed to fall within the same frequency range
of 40 to 250 Hz.

Furthermore, (Jongbloed et al., 2021) point out a clear mismatch between the frequency range where
piling noise typically peaks (around 80 to 400 Hz) and the range where conventional bubble curtain
systems achieve their maximum noise reduction, which is generally above 500 Hz. Shifting the effec-
tive mitigation range of these systems toward lower frequencies could enhance their ability to reduce
broadband underwater noise. This may be achieved, for instance, by generating larger bubbles with
lower resonance frequencies.

This principle has been applied in alternative systems such as HSD (which uses encapsulated bubbles)
and AdBm (which relies on Helmholtz resonators). These technologies are designed to perform best
in the 80 to 400 Hz range but tend to be less effective at higher frequencies.

In contrast, traditional bubble curtain variants such as SBBC, DBBC, ESBBC, and EDBBC are reported
in (Jongbloed et al., 2021) to achieve their peak reduction in the 250 to 1000 Hz range, with a noticeable
decrease in performance above 1 kHz. As such, this frequency band is considered their primary zone
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of effectiveness within this framework.

The table below also briefly summarizes the assumed effective frequency range for the different miti-
gation systems.

Table 3.4: Assumed effective frequency range per mitigation technique

Type of Mitigation Assumed Effective Frequency Range [Hz]
At Source Mitigation 40 - 250
Near Field Mitigation 80 - 400
Far Field Mitigation 250 - 1000

Finally, a few general assumptions have been made regarding noise. For impact piling, source mit-
igation is considered standard procedure and is always included by default. The associated cost is
typically part of the hammer rental agreement. For the IQ6 hammer, this involves the use of the Pulse
from IQIP, while for the MHU hammer the MENCK Noise Reduction Unit (MNRU) is used.

This does not apply to vibro piling or vibro-jetting, where this type of source mitigation is not relevant due
to differences in the installation mechanism. However, the framework assumes that when additional
near-field or far-field mitigation systems are selected, they are applied to both installation techniques
if used in combination. For instance, in cases where both impact and vibro piling are employed, it is
assumed that if mitigation is applied during the impact phase, the same systems remain active during
the vibro phase. Since the equipment is already present on board, mobilisation and demobilisation
costs are already covered, and extending the use of the systems incurs only marginal additional cost
while supporting consistent environmental performance.

3.7. Assumptions for Calculating Monopile Installation Costs
In consultation with a cost specialist from Van Oord, the key elements contributing most significantly
to the total installation expenses were identified. These include vessel rental (encompassing all as-
sociated costs such as personnel and onboard systems), fuel consumption, the costs of the selected
installation and noise mitigation techniques, and the use of noise monitoring equipment. The related
costs were grouped into three main categories: mobilisation, demobilisation, and operational costs.
This classification reflects the primary cost drivers in offshore monopile installation projects.

The cost inputs were compiled from completed project evaluations, tender documentation, and expert
estimates provided by the Cost Engineering department at Van Oord. The goal was to ensure that the
comparative framework incorporates all components that have a significant impact on overall project
costs.

3.7.1. Cost Structure and Assumptions
The framework distinguishes between different cost components to allow a structured and consistent
comparison of installation strategies. Operational costs depend on time-based factors such as vessel
usage, fuel consumption, the selected installation method, and the application of additional systems,
such as noise mitigation or monitoring. These costs vary with project configuration and duration.

In contrast, mobilisation and demobilisation costs are treated as fixed values, as they generally repre-
sent standardised procedures for preparing and dismantling equipment and are not expected to vary
significantly with project-specific parameters. Together, these cost categories provide a robust basis
for evaluating the trade-offs between environmental impact and financial performance.

By varying the combination of installation and mitigation techniques, the framework enables assess-
ment of the balance between underwater noise emissions and total project costs. This functionality
is particularly relevant in early project phases, such as tendering, where decisions must often weigh
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environmental compliance against economic feasibility.

To ensure consistency across different project scenarios, several assumptions have been applied. The
remainder of this section outlines how the main cost categories were defined and on what basis the
underlying assumptions were made. First, the approach used to estimate mobilisation and demobilisa-
tion costs for each component is explained. This is followed by a description of how operational costs
are calculated.

Mobilisation and Demobilisation Costs
The following assumptions apply to the configuration using the Boreas installation vessel and its asso-
ciated equipment:

• Vessel: A mobilisation duration of 22 days is assumed (21 days for rigging and 1 day for transit),
while demobilisation is estimated at 8 days (1 day for transit and 7 days for de-rigging). The daily
vessel rate includes all associated costs, such as personnel, fuel, and onboard systems.

• Fuel: Boreas is currently assumed to run on Marine Gas Oil (MGO). Methanol (MeOH) could
also be considered as an alternative, but its higher consumption and cost are not expected to
significantly impact the relative comparison between scenarios. Therefore, it has been excluded
from this analysis.

• Installation Hammers: The mobilisation and demobilisation durations for all hammer systems
(including IQ6, MHU, vibro, and vibro-jetting) are defined as follows. Mobilisation includes 2 days
for transport, 4 days for rigging, and 1 day of vessel transit, adding up to a total of 7 days. De-
mobilisation consists of 1 day of vessel transit, 2 days for de-rigging, and 2 days for transport,
adding up to 5 days.

• At Source Noise Mitigation: The IQ6 hammer is always assumed to include the Pulse system,
and the MHU hammer includes the MNRU system. These are considered part of the hammer
system package and are not listed as separate mitigation items.

• Near-Field Noise Mitigation:

– AdBm system: For the AdBm system, a base lump-sum mobilisation cost is applied, with
an additional fixed rate charged per monopile. This means that the total cost of the AdBm
noise mitigation system increases proportionally with the number of monopiles in the wind
farm.

– HSD (Hydro Sound Damper): It is assumed that one HSD net is required for every 40
monopiles. Based on this assumption, the framework applies a base cost for one HSD
system covering up to 40monopiles. If the wind farm contains between 41 and 80monopiles,
the cost is doubled, and for more than 80 monopiles, it is tripled accordingly. Since the HSD
system is purchased rather than rented, no demobilisation costs are incurred.

– IQIP NMS: Mobilisation includes 7 additional days of Boreas time to allow for rigging and
the required sea-fastening of the system. Similarly, demobilisation includes 7 extra days
for de-rigging. During operations, it is assumed that two dedicated operators are present
on board Boreas to manage the system. The associated personnel costs are included in
the operational cost estimates. It is further assumed that the IQIP NMS has a total weight
of 2,600 mT, consisting of 2,000 mT for the system itself and an additional 600 mT for the
supporting frame (Buitendijk, 2023).

• Far-Field Noise Mitigation: For the deployment of the far-field bubble curtain system, a two-
vessel setup is assumed using Platform Supply Vessels (PSVs). These offshore support vessels,
typically used to transport supplies to and from offshore platforms, are in this context repurposed
to carry and operate the bubble curtain infrastructure. PSV #1 is fitted with an enhanced in-
ner curtain system comprising 22 compressors and 4 spare units, while PSV #2 manages the
outer curtain with 15 compressors and 3 spares. Additionally, PSV #2 is assumed to carry the
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noise monitoring equipment (Faunaguard), thereby eliminating the need for a separate monitor-
ing vessel. The daily charter rates for both PSVs include the vessels themselves, the compressor
systems, and all additional required equipment. Hose procurement is treated as a one-time addi-
tional cost.

• Transportation: Mobilisation and demobilisation costs also include equipment transport costs,
in addition to vessel and equipment day rates.

• Noise Monitoring: The cost of noise monitoring equipment (Faunaguard) is always included,
regardless of installation method, as continuous noise monitoring is typically required by authori-
ties.

Operational Costs
Operational costs are calculated as the product of operational duration and the daily rates of all ac-
tive components involved in the installation process. These include the main installation vessel, the
selected hammer system, noise mitigation systems, and monitoring equipment.

Because these costs are directly linked to the total time required for offshore operations, they are sen-
sitive to the chosen installation strategy and the number of activities performed. For example, applying
multiple mitigation systems or using slower techniques increases operational duration, whereas effi-
cient methods can reduce it. This makes operational costs a critical parameter in assessing trade-offs
between environmental impact and total project expenditure.

To ensure the cost estimates remain realistic and applicable, all underlying assumptions were derived
from supplier quotations, expert input, and recent project data from Van Oord. Since certain rates,
particularly those for vessel rental or hammer systems, may vary between projects or over time, it
is recommended to update these values when more accurate or case-specific information becomes
available.

3.8. Additional Assumptions and Limitations
While the cost model aims to capture the most significant components of offshore monopile installation,
several relevant factors have been excluded from the current framework due to limited data availability
or scope restrictions. These elements are outlined below to ensure transparency and provide context
for interpretation.

• Uncertainty in Achieving Required Bearing Capacity with Jetting: When applying jetting
techniques, it remains uncertain whether the installed monopile will achieve the required bearing
capacity, particularly in soils where loosening effects may occur. Similar to the reduction in hori-
zontal bearing capacity observed for monopiles installed using jack-up platforms due to seabed
disturbance from support leg penetration and extraction (Fabo et al., 2021), jetting can alter soil
structure around the pile, potentially reducing lateral resistance. Assessing this effect would re-
quire detailed geotechnical analysis and site-specific testing, which is outside the scope of this
study. Nevertheless, this represents an important technical consideration when evaluating jetting
as an installation method.

• Fatigue Effects on Equipment: Fatigue-related effects, such as increased crane wear due to
vibrations during impact piling, have not been included. It is known that such vibrations can signif-
icantly reduce the operational lifetime of crane systems, potentially affecting long-term equipment
costs. However, incorporating these effects would require a lifecycle cost analysis or depreciation
model, which falls outside the scope of this study.

• Monopile-Related Costs Beyond T&I Scope: In some cases, specific installation techniques
may require design adaptations to the monopile. For example, vibrojetting typically involves the
integration of internal jetting nozzles, which introduces additional fabrication costs. Similarly, cer-
tain techniques may necessitate deeper pile penetration to ensure sufficient geotechnical stability,
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resulting in longer and heavier monopiles with higher material and manufacturing costs. These
implications are not included in the current analysis, as the framework focuses exclusively on
Transport and Installation (T&I) activities. Monopile design and production costs are typically the
responsibility of the client and therefore fall outside the contractor’s scope in a Transport and
Installation (T&I) setting.

Although these aspects are excluded from the cost calculations, their potential impact should not be
overlooked. They represent relevant considerations that could influence the overall cost-effectiveness
of different installation strategies. While not included in the current framework, these factors should be
kept in mind when interpreting the results or applying this model to future project evaluations, as they
may affect the overall costs of the wind farm, particularly in the context of an EPCI contract, where such
elements may fall within the contractor’s scope.



4
Implementation of a Model for

Comparing Alternative Installation
Technologies

4.1. The Position of the Model Within the Framework
As outlined in the previous chapter (Chapter 3), collecting and structuring the necessary data proved
to be one of the most time-consuming aspects of developing the framework. A major part of this effort
involved identifying which departments within Van Oord held the relevant information and coordinating
across multiple teams to retrieve it. Since each department focuses on its own area of expertise, it was
challenging to strike the right balance between digestibility and the technical detail needed to ensure
reliability.

A key added value of this study is the integration of diverse data sources into a single framework. By
combining operational, technical, environmental, and economic inputs from across the organisation,
the framework enables meaningful data connections and supports practical, cross-disciplinary analy-
sis. While individual aspects within the framework are simplified, this level of abstraction is considered
acceptable given its intended use as a comparative decision-support tool in early tender phases.

Embedded within this framework is a model that processes inputs, establishes relationships between
key variables, and compares different installation strategies. This allows users to explore a range of
options and assess the effects of design and planning choices in a consistent and transparent manner.

To maintain clarity and structure, the collected information was categorised into key components that
together form the model. This chapter explains how these components are integrated and how the
model was made interactive. Users can adjust input parameters to simulate different project config-
urations, compare combinations of installation and mitigation techniques, and assess their impact on
project performance.

The chapter first outlines the model’s basic structure, including the required input parameters and the
type of output generated. It then describes how the components are interconnected and the logic used
to link them. As introduced in Section 3.1.2, the framework was developed using a combination of
Excel and Python. Seven worksheets in the Excel file provide the data input for Python, where the
calculations are performed.The noise model used to calculate the reduced underwater noise levels is
also discussed in more detail.

Finally, Section 4.9 describes how the model was verified. This was done by conducting intermediate
tests and breaking down the model into separate components, each of which was independently tested.
Based on this verification process, it can be assumed with confidence that the model performs as
intended.

32
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4.2. General Input Parameters and User Interface
As shown in Table 4.1, the first worksheet in the Excel file contains the general input parameters. This
is the most important sheet for the user, as it requires entering project-specific values that are used
throughout the framework to calculate the output. In the figure, some cells are green while others are
red. The red cells contain fixed values based on the assumptions described in Section 3.2 and cannot
be changed by the user. Although these values could potentially be made adjustable in future versions
of the model, this is not within the scope of the current project.

The green cells are open for user input. Some of them include dropdown menus, as illustrated in
Table 4.2, offering a predefined list of options to choose from. Other fields require the user to manually
enter a value. To guide the input process, the column to the left of each field indicates the expected
data type, such as an integer or a float. The values entered in this sheet form the basis for the entire
framework, as they are linked to all five other worksheets.

Table 4.1: Overview General Input Parameters Framework
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Table 4.2: Example of Dropdown Menu for General Input Parameters

As shown in the dropdown menu in Table 4.2, it is also possible to select a combination of one of
the impact hammers and a vibro-driven installation method. As previously discussed in this report,
choosing such a combination implies that the activities related to pile driving must be carried out for
both installation techniques, and that the required equipment for each method needs to be brought
onboard. This leads to the next subsection.

4.3. Deck Load and Weight Calculation
The second worksheet in the Excel file provides an overview of all equipment included in the vessel’s
deck layout, together with the corresponding weights. A simplified version of this layout is shown in
Table 4.3. Due to confidentiality, specific equipment names and weights are not displayed, but the
figure still illustrates the structure and logic used in the model. The equipment is divided into separate
sections, each representing a specific function. These include standard onboard equipment, as well
as components related to different installation and mitigation techniques.

This worksheet is directly connected to the General Input sheet. Based on the selected installation and
mitigation techniques, the relevant equipment sections are either included in or excluded from the total
weight calculation.

Two other important input parameters that influence the total deck load are the Number of foundations
on vessel and the Max. deck-load. The user can specify how many monopiles are transported per
trip, and this number is used to compute the total weight. If the calculated weight exceeds the ves-
sel’s maximum capacity, the number of monopiles per trip is reduced by one. This means that more
transport cycles are required, which increases both the total installation time and the overall project cost.

Additionally, when the IQIP NMS system is used, one less monopile can be transported per trip due
to space limitations. Moreover, the use of the IQIP NMS eliminates the need for a gripper, which is
therefore excluded from the total weight calculation. Instead, the weight of the IQIP NMS frame itself
is included. All of this is accurately accounted for in the model.
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Table 4.3: Overview of Deck Layout Including Components, Quantities, and Weights (Confidential Values Not Displayed)
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4.4. Operational Time Calculation
As explained in the previous subsection, the total operational time is partly influenced by the deck lay-
out and the total weight carried on board. The overall installation duration of the wind farm is calculated
using the third worksheet, titled Operation Times, which is visualised in Table 4.4. This sheet provides
an overview of the various operational activities and the assumed duration of each activity, based on
project experience within Van Oord. Due to confidentiality, specific activity names and values are not
displayed in this report, but the figure still gives a clear impression of the number and variety of tasks
involved in installing a single monopile.

The operational time depends on several factors. One of the most important is the number of monopiles
that can be transported per trip. If fewer monopiles can be carried due to weight or space limitations,
more trips are needed, which increases the overall installation time. The value for Number of founda-
tions on vessel in the General Input sheet is directly linked to the operation times, as many activities
are performed per monopile per trip and must therefore be multiplied by this number. This multiplica-
tion is applied after verifying compliance with the Max. deck-load. In addition to vessel capacity, other
project-specific parameters from the General Input sheet also influence the operational sequence.

As described in Section 3.4, each installation technique has its own assumed pile drive speed. The
selected technique in the General Input sheet determines which value is applied. If a combination
of two techniques is selected, certain activities must be repeated, such as lifting and detaching the
hammer or performing an intermediate flange inspection. Additionally, when vibrojetting is applied, the
model incorporates an additional time allocation to account for the supplementary activities previously
described in Section 3.4.

The operation time model also includes tasks related to installing a Transition Piece (TP), which are
only relevant when a separate TP is used, such as an MPTP. Since the current version of the frame-
work only considers the Extended Monopile concept, these activities are not triggered. However, the
model is set up so that these can be included later when expanding the framework to other monopile
types.

Finally, some activities can be performed at the same time and do not have to be added to the total
installation time. This is indicated in the fourth column in Table 4.4.

4.5. Incorperating Drivability
To account for the risk that vibropiling and vibrojetting may not achieve the required penetration depth,
the indicative refusal risks described in Section 3.5 are applied in the model. This is a simplified ap-
proach, and Section 6.2 suggests further refinement in future work. For the current framework, how-
ever, it provides a practical means of incorporating drivability into the comparison. This ensures that
results do not present vibropiling as the most favourable option purely based on cost or noise, without
considering the critical role of drivability in installation feasibility.
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Table 4.4: Operation Times: Overview of Activities Performed On Site and In Port (Confidential Values Not Displayed)

4.6. Calculation of Noise Emission Levels with Mitigation
The fourth and fifth worksheets in the Excel file provide overviews of the different installation techniques
and their associated noise levels, as well as the mitigation techniques and their corresponding noise
reduction ranges, as shown in Table 4.5 and Table 4.6.

As illustrated in Table 4.5, the sheet includes both red and green cells. In the green cells, the user
can indicate via dropdown menus whether a mitigation system is applied. For the At Source mitigation
category, this choice is fixed: as previously explained in the report, source mitigation is always applied
for both impact hammers, as it is included in the hammer rental price. For vibro piling and vibro-jetting,
however, source mitigation of this type is not applicable and therefore not included.
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Table 4.5: Noise: Average noise levels per installation technique measured at a distance of 750 metres from the source

Table 4.6: Noise: Average noise reduction achieved per mitigation technique

4.6.1. Frequency-Based Modelling of Underwater Noise and Mitigation Effects
To estimate the expected sound level after the application of noise mitigation techniques during off-
shore monopile installation, a frequency-based modelling approach is applied. In this method, the total
single-event sound exposure level (SEL), which represents the total acoustic energy released during
a single pile-driving strike, is distributed across standard one-third octave bands. Frequency-specific
attenuation values are then applied to each band to account for the effect of mitigation techniques.

One-third octave bands are standardized frequency intervals commonly used in acoustic analyses to
divide the sound spectrum into manageable components. Each band spans approximately one third
of an octave, meaning that the upper frequency limit is about 26% higher than the lower limit. For
example, the band centered at 100 Hz typically covers the range from approximately 89 Hz to 112
Hz. This segmentation enables a structured representation of the spectral distribution of sound energy
(Bellmann et al., 2020).

The standard center frequencies most commonly used in underwater acoustic modelling, and also
applied in this framework, are as follows (in Hz):

[12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160,
200, 250, 315, 400, 500, 630, 800, 1000, 1250, 1600, 2000,
2500, 3150, 4000, 5000, 6300, 8000, 10000, 12500, 16000]

These frequencies align with commonly adopted standards in underwater acoustics (Bellmann et al.,
2020), and follow the international IEC 61260 standard for one-third octave filter bands, which is also
referenced in that report.

This frequency-based breakdown is particularly useful when assessing underwater noise impacts, as
marine species often exhibit frequency-dependent hearing sensitivity. Moreover, many noise mitiga-
tion techniques do not attenuate sound uniformly across all frequencies. Instead, their effectiveness
varies across the spectrum, often being most efficient within specific bands. By applying frequency-
dependent attenuation profiles, the model accurately reflects this variable performance and enables
more realistic estimation of the residual sound levels after mitigation.

The noise modelling approach used in this framework follows the frequency-dependent methodology
described by (Bellmann et al., 2020), (S. P. Robinson, Theobald, and Lepper, 2012) and (Danish En-
ergy Agency, 2023), and will be further explained in the next subsection. In consultation with an envi-
ronmental specialist at Van Oord, this spectral method was chosen because it offers a practical balance
between accuracy and computational efficiency. It avoids unnecessary complexity while still capturing
the essential spectral characteristics of both the noise source and the applied mitigation measures.
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4.6.2. Distributing Total SEL Over Frequency Bands
A Python-based model was developed, comprising multiple functions designed to calculate the under-
water noise level after the application of mitigation techniques. This subsection provides a structured
explanation of the methodology used in this model, detailing each step of the calculation process and
the corresponding formulas.

Based on Table 3.2, the relevant sound exposure levels (SEL) for each installation technique can be
identified. SEL is defined as:

SEL = 10 log10
(

E

p2reftref

)
, (4.1)

where:

• E is the integrated acoustic energy in Pa2 · s,
• pref = 1µPa,
• tref = 1 s.

Since all SEL values used in this work are expressed in dB re 1µPa2 · s, the term p2reftref equals unity,
and the conversion from decibels to linear energy simplifies to:

Etotal = 10SELtotal/10. (4.2)

This total energy is then distributed over N standard one-third octave bands using a predefined energy
share vector s, such that:

N∑
i=1

si = 1 (4.3)

The energy in each frequency band is calculated as:

Ei = Etotal · si, for i = 1, . . . , N (4.4)

These values are then converted back into dB units, yielding the initial spectrum:

SELi = 10 · log10(Ei) (4.5)

The energy share vector s is based on an empirical distribution (e.g., 10 bands with 4%, 10 with 3%,
10 with 2%, and 2 with 1%), representing the typical frequency distribution of impact pile driving noise
(Bellmann et al., 2020).

4.6.3. Applying Frequency-Specific Mitigation
Each mitigation system m is assumed to be effective only within a specific range of frequencies, as
defined in Section 3.6.2. This range is translated into a binary mitigation profile p

(m)
i , defined over the

N standard one-third octave bands:

p
(m)
i =

{
1, if frequency band i lies within the effective range of m
0, otherwise

(4.6)

For each frequency band i, the applied reduction r
(m)
i is calculated using a linear interpolation between

an assumed minimum and maximum reduction value:

r
(m)
i = r

(m)
min +

(
r
(m)
max − r

(m)
min

)
· p(m)

i (4.7)

In this formulation, all frequency bands receive at least the minimum reduction r
(m)
min , and bands within

the effective range (where p
(m)
i = 1) receive the full reduction r

(m)
max . Bands outside the range (where

p
(m)
i = 0) only receive the base reduction r

(m)
min . Both r

(m)
min and r

(m)
max are defined per mitigation technique

in the project input file as can be seen in Table 4.6.
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4.6.4. Combining Multiple Mitigation Measures
If multiple mitigation systems are used, it is assumed that their effects act independently and do not
interfere with each other’s performance. Under this assumption, the reductions can be summed in the
decibel domain as an approximation:

Ri =
∑
m

r
(m)
i (4.8)

However, since decibels represent logarithmic energy units, this decibel summation corresponds to
multiplication of reduction factors in the linear energy domain. The mitigated energy level per frequency
band Emit

i is then calculated as:

Emit
i = Eorig

i ·
∏
m

10−r
(m)
i /10 (4.9)

This formulation ensures that mitigation effects are correctly combined according to acoustic principles.
It is consistent with the implementation in the Python-based framework.

4.6.5. Computing the Mitigated Spectrum and Total SEL
Once the cumulative frequency-dependent mitigation reduction Ri has been computed for all N third-
octave bands, it is subtracted from the original band-specific spectrum to obtain the mitigated sound
exposure level per band:

SELmit
i = SELi −Ri (4.10)

This step results in a new spectrum that represents the expected sound levels after applying all se-
lected mitigation techniques, accounting for their frequency-specific effectiveness.

To assess whether this mitigated noise profile complies with regulatory thresholds, it is necessary to
convert the mitigated band spectrum back into a single total SEL value. This is done by first converting
each band to linear energy units and summing them:

Emit
total =

N∑
i=1

10SELmit
i /10 (4.11)

The total mitigated energy is then converted back to decibels to yield the overall mitigated source level:

SELmit
total = 10 · log10(Emit

total) (4.12)

This final value, SELmit
total, represents the predicted source sound level at 750 m distance (or another

reference range depending on model assumptions), after all mitigation systems have been applied. It
provides a single metric that can be directly compared against the user-defined Project Noise Limit.
If the calculated SELmit

total remains below the limit, the selected combination of installation and mitigation
techniques is considered compliant. If the value exceeds the limit, the user is advised to adjust the
configuration, for example by adding more effective mitigation or selecting alternative technologies.

4.6.6. Dual Installation Techniques
In cases where two installation techniques are used (for example, impactIQ6 & vibro), the compliance
is assessed independently for each technique using the same methodology. Final results are printed
per technique to assess their individual contributions to underwater noise.

4.7. Computation of Overall Project Costs
The final sheet in the Excel model is the Costs sheet, as shown in Table 4.7. Although the confidential
values have again been omitted, the figure still provides a clear overview of the various components
that make up the total installation costs.

As outlined in Section 3.7.1, the cost structure is divided into three main categories: mobilisation costs,
demobilisation costs, and operational costs. The Costs sheet presents these categories for the key



4.8. Final Output Parameters of the Model 41

cost drivers identified as most relevant to offshore monopile installation. Each cost component is di-
rectly linked to the project-specific inputs entered in the General Input sheet, particularly the selected
installation and mitigation techniques.

This sheet also highlights the importance of the parameters calculated in the previous sheets. While mo-
bilisation and demobilisation costs are treated as fixed values, the operational costs are directly linked
to the vessel’s operation time, after applying weather workability corrections. These time-dependent
costs include vessel usage, fuel consumption, noise monitoring equipment, the installation technique
applied, and any noise mitigation techniques used.

By adjusting the combination of installation and mitigation techniques, the user can explore different
trade-offs between underwater noise emissions and overall project costs. This can be particularly useful
in early project phases, such as during tendering, where such trade-offs often need to be made. The
framework allows the user to assess whether opting for lower noise emissions justifies higher costs, or
whether cost efficiency takes precedence despite higher noise levels. It may also provide insight that, in
some cases, the same cost level could lead to significantly different noise outcomes depending on the
selected approach, or conversely, that similar noise levels may come at very different costs. Examples
of such cases will be presented in Chapter 5.

Table 4.7: Cost Overview per Component, Categorised into Mobilisation, Demobilisation, and Operational Costs (Confidential
Values Not Displayed)

4.8. Final Output Parameters of the Model
Throughout this chapter, references have been made to the general input parameters used within the
model. Equally important, however, are the output results generated by the framework. The model
calculates the total deck load, the operational time per trip, and the total project duration, both includ-
ing and excluding the impact of weather workability. It also determines the reduced underwater noise
level and verifies whether it complies with applicable noise regulations. In addition, it provides the total
project costs as well as the cost per installed monopile.

By adjusting the project-specific parameters in the General Input sheet, results can be produced for
various scenarios. This enables a structured comparison of different installation and mitigation strate-
gies. The results of these scenarios will be discussed in more detail in Chapter 5.

Finally, a simplified overview of all internal relationships defined within the model is presented in Fig-
ure 4.1. This figure provides a clear visualisation of the dependencies between the various components
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of the framework, supporting both the interpretation of results and potential sensitivity analyses. On
the left, the model’s general input parameters are listed, with arrows indicating the parameters they
influence. Red values represent input parameters from the General Input sheet, purple values refer to
assumed fixedOperation Times, blue values are outputs computed by the model based on these inputs
and assumptions, and the black boxes denote the main components that constitute the framework.

Figure 4.1: Overview of the internal relationships in the model. Arrows indicate dependencies between components: red
values are input parameters from the General Input sheet, purple values are assumed fixed Operation Times, blue values are

model outputs based on inputs and assumptions, and black boxes denote the main framework components.

4.9. Verification of Model Functionality
As described in this chapter, the model consists of several interconnected components: general input
values, weight, operation times, costs, and noise, all of which interact with one another. To ensure
that the model is correctly implemented and functions as intended from both a technical and logical
perspective, various checks were performed during its development. This section presents several
examples of how the model was verified, demonstrating its reliability for use in further analyses.
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4.9.1. General Verification of Individual Functions in the Model
These individual components, which interact with one another, have been translated into separate
functions within the model. Before integrating these functions into a complete framework, each function
was tested to confirm that it performed as intended. This was achieved by printing a DataFrame for
each function that displayed not only the output but also the intermediate values used to generate it.
This approach provided clear insight into how the results were constructed.

4.9.2. Verification of Weight Calculation
As previously described, all fixed parameter values for the different installation and mitigation tech-
niques are stored in separate sheets within an Excel file. For example, in the Weight sheet (see Sec-
tion 4.3), equipment is grouped by installation technique. By default, all entries are set to False and
are therefore excluded from the calculation. When a specific technique is selected in the General In-
put Parameters, such as impactMHU, the corresponding entries within that section are set to True and
included in the total. Equipment that is used universally across all techniques is always set to True by
default.

By checking the DataFrame output and confirming that values correctly switched between True and
False when different techniques were selected, the correct behavior of the function was verified across
a range of input cases.

4.9.3. Verification of Operation Time Calculation
Operational times are calculated based on individual activities, which, similar to the weight calculations,
are toggled between True and False depending on the selected input parameters. These activities can
also be repeated depending on the installation setup. For example, when two installation techniques
are combined, all pile driving activities must be performed twice. Similarly, operations directly related
to monopile installation need to be repeated for each foundation transported per trip. The number of
foundations per trip depends on the Maximum Deck Load and whether the IQIP-NMS system is used
as near-field mitigation, as this system takes up additional deck space.

To verify that these dependencies were correctly implemented, several targeted tests were carried out.
The Maximum Deck Load was varied to check its influence on the calculated Number of Foundations
on Vessel. In addition, the IQIP-NMS setting was manually switched on and off to assess whether the
resulting reduction in transport capacity was accurately reflected in the operational planning. In each
case, the relevant DataFrame outputs were reviewed to confirm that the number of repeated operations
matched expectations.

4.9.4. Verification of Cost Calculation
To verify the correct implementation of the cost model, several internal consistency checks were per-
formed. A key validation method involved setting the operational duration to zero. In this case, all
variable operational costs should drop out of the calculation, and the total cost should equal the sum
of the fixed mobilisation and demobilisation costs. This allowed for a straightforward test to confirm
whether the separation between fixed and variable components was correctly implemented.

In addition, unit costs and cost rates were manually verified for selected installation steps, by isolating
individual activities and checking whether the computed costs matched expectations based on the in-
put data. One important verification focused on the effect of project scale: when increasing the number
of monopiles to be installed, the cost per monopile is expected to decrease due to the mobilisation and
demobilisation costs being distributed over a larger number of units. This effect was explicitly tested
and found to behave as expected within the model as can be seen in Figure 4.2.

Furthermore, scenarios involving the use of two combined installation techniques were assessed. In
such cases, the model is expected to output significantly higher total costs due to the fact that certain
operations must be performed twice and that duplicate installation equipment is required. These com-
bined cases were tested and confirmed to yield substantially higher costs compared to single-technique
installations, in line with expectations.
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These verification steps confirm that the cost model produces consistent and realistic outputs across a
range of operational scenarios, and that it adequately captures both fixed and variable cost dynamics
as well as scaling effects.

Figure 4.2: Effect of increasing the number of monopiles on cost per monopile and total installation duration. Values are
normalised to the same baseline (120 monopiles) for consistent comparison.

4.9.5. Verification of Weather Workability
The function for Weather Workability was tested separately to verify its correct implementation. This
was done by running a series of targeted test cases, covering both simple and more complex scenarios.

For example, a short installation duration of 60 hours was tested starting in June, where only the sum-
mer weather factor applied. The expected result of 60 / 0.75 = 80 hours (after weather adjustment)
matched the function output exactly.

A longer duration of 40 days starting in September was also tested to verify that transitions between
months were handled correctly and that the appropriate weather factors were applied to each month.

Finally, an extreme case with a total duration of 360 days starting in January was used to ensure that
the month logic remained robust across a full year.

These verification steps confirm that the weather workability logic is technically sound and functions
reliably under a wide range of input conditions.

4.9.6. Verification of Noise Model
To verify the correct functioning of the noise model, all steps in its computational process were system-
atically tested. The validation focused on both the frequency-dependent mitigation behaviour and the
overall consistency of the total Sound Exposure Level (SEL) reduction.

First, the distribution of a total SEL value across third-octave bands was verified by using a constant
input, such as 165 dB, and checking whether the band energies and resulting total SEL remained con-
sistent after recombination. Manual recalculation confirmed that no energy was lost or added during
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the band distribution and recombination steps.

Second, frequency-selective mitigation was tested using predefined binary effectiveness profiles. For
each mitigation technique (such as AdBm, DBBC, HSD), the expected frequency range of effectiveness
was translated into a binary profile. The profile-based band reductions were then verified by comparing
the adjusted band spectra with the original spectra. For instance, applying a 10-20 dB reduction in
the range 250-1000 Hz showed expected reductions only in the affected bands, with unaffected bands
remaining stable.

Next, the cumulative SEL reduction for each mitigation layer (At Source, Near Field, Far Field) was
evaluated. The total SEL per layer before and after mitigation was recalculated and compared to ver-
ify that each mitigation step contributed as expected. This was repeated for various combinations of
techniques and installation types, including single and combined methods.

Finally, several full end-to-end simulations were executed using known combinations of installation and
mitigation techniques. In each case, the final SEL output was compared to the noise limit defined in the
input. For configurations where mitigation was expected to be sufficient (such as impactIQ6 + Pulse
+ AdBm + DBBC), the function correctly identified compliance. For unmitigated or partially mitigated
cases, the output correctly flagged exceedance of the noise limit.

These verification steps confirm that the model reliably calculates frequency-specific mitigation effects
and correctly aggregates them to determine final SEL values relative to the project-specific noise thresh-
old.

4.9.7. Conclusion
The verification steps presented in this section confirm that all core components of the model function
correctly across a wide range of input conditions.

In addition to verifying individual functions, interactions between components were tested to ensure
that the model captures logical dependencies. For example, it was confirmed that increasing monopile
weight reduces the number of foundations per trip, leading to more trips, longer durations, and higher
costs. These linked effects were tested step by step to confirm consistency.

Altogether, the verified behaviour of individual modules and their interrelations provides confidence in
the model’s reliability and supports the analyses presented in the following chapters.

4.10. Limitations Regarding Model Validation
While the model has been verified to ensure that all components function correctly and produce inter-
nally consistent results, validation would offer an additional level of confidence by comparing the model
outputs to real-world data. However, such validation is currently not possible due to the lack of project-
specific or empirical data related to the novel alternative installation technologies.

As a result, the validation process cannot yet be carried out. This step can be performed by Van Oord
at a later stage, once more project-specific data becomes available and validation becomes feasible.

In the meantime, the verified model is assumed to function as intended. The following chapter presents
several case studies and uncertainty analyses that showcase the model’s capabilities and demonstrate
its applicability across a variety of input scenarios. The resulting outputs also serve as an implicit
validation step, as they confirm that the model behaves logically and produces outcomes that align
with expected trends.
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Case Studies and Sensitivity Analysis

The main objective of this project was to develop a framework that enables comparison of silent in-
stallation and mitigation technologies in the early phase of a project. In the preceding chapters, the
development process of this framework has been described, and Chapter 4 outlines its technical imple-
mentation. Based on a defined set of input parameters, the model generates estimates for expected
underwater noise levels, deck load, operational duration, and project costs. By systematically varying
these parameters, multiple scenarios can be constructed, each yielding distinct outcomes. These re-
sults can then be compared to evaluate the relative performance of different installation and mitigation
strategies.

The framework can support Van Oord in identifying, at an early project stage, which installation ap-
proach offers the most favourable balance between cost and compliance with underwater noise regu-
lations.

In Section 4.9, a verification procedure was carried out to evaluate whether the model produces real-
istic and internally consistent outputs. As this has been confirmed, the potential of the framework can
now be demonstrated. Several example cases were executed by looping through various combinations
of input parameters using the base model developed in Python for the framework. In Section 5.1, a
selection of these scenarios is presented to illustrate the types of analyses the framework supports and
the insights that can be derived from them.

Because the framework relies on several assumptions due to limited data or necessary simplifications,
an uncertainty analysis was performed (see Section 5.3) to evaluate the robustness of the results. In
addition, sensitivity analyses were conducted to assess how variations in individual input parameters
affect the model outcomes, specifically whether such changes influence the relative ranking of installa-
tion techniques in terms of cost-efficiency and compliance with the noise limit. If the ranking remains
stable despite these variations, the conclusions can be considered more robust and less sensitive to
the underlying assumptions.

5.1. Case Study Results for Different Installation and Mitigation
Techniques

The initial step in the analysis involves comparing the different installation techniques without applying
any mitigation measures. This comparison provides a baseline understanding of how the eight instal-
lation cases introduced in Section 3.2.1 perform in terms of underwater noise generation, operational
duration, and associated costs. These baseline results are essential to later assess the added value
of mitigation strategies.

It is important to note that in the calculation of both installation duration and costs, as previously stated
in Section 3.2.1, all installation cases are assumed to proceed without refusal or interruptions during
the pile driving process. In other words, monopile installation is assumed to be completed smoothly,
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without the need for pauses or delays.

To account for the fact that this assumption does not fully reflect reality for techniques such as vibro
piling and vibrojetting, a drivability factor was introduced in Section 3.5. This factor is also applied later
in the results. However, the assumption of uninterrupted installation with regard to both duration and
cost calculations applies to all results presented in this chapter.

For the results presented in this section, the input parameters for the Installation technique, Near-field
mitigation, and Far-field mitigation were systematically varied. All other input parameters were kept
constant, using the values shown in Table 4.1.

5.1.1. Comparison of Installation Techniques Without Mitigation
By using the model described in Chapter 4, a loop was executed in Python over all eight installation
cases, automatically calculating and plotting the results for each scenario. The outcome of this process
is shown in Figure 5.1. The x-axis lists the eight installation cases; the left y-axis reports the normalised
values (%) for total project operation time and cost per monopile, while the right y-axis shows the pro-
duced noise as sound-exposure level (SEL, dB) at 750m from the source. Additionally, the regulated
Project Noise Limit is visualised with a red dashed line, and the produced noise for each installation
case is marked with blue dots. For combined installation techniques, two dots are shown, one for each
of the applied methods.

Figure 5.1: Comparison of normalized operation time, cost, and produced underwater noise for eight different installation
cases without noise mitigation.

During wind farm construction, it is essential to comply with the imposed maximum noise limits. Ex-
ceeding these limits may result in immediate operational delays, regulatory penalties, or suspension of
activities. As shown in Figure 5.1, nearly all installation techniques exceed this noise threshold when
no mitigation is applied. Vibrojetting is the only case that exactly meets the limit. However, since the
data represents average values, it is likely that individual outliers in the vibrojetting case still exceed the
permitted level. This already leads to the conclusion that noise mitigation will be necessary in all cases.

Regardless of compliance with the noise limit, the figure also provides valuable insights into the relative
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operational durations and costs per monopile for each installation technique. The MHU 6000W ham-
mer, for example, results in both the shortest operation time and the lowest cost. This can be attributed
to its relatively low weight and favourable day rate in comparison to the other techniques.

In Figure 5.2, the deck loads for all eight cases are shown in light blue, normalised to each other. These
deck loads have been compared against theMax. Deck Load Limit, which in this case is assumed to be
15,000 mT. This Max. Deck Load Limit is indicated by a dark blue dashed line in the figure. As shown,
the total deck loads of all cases exceed this limit, except for the impactMHU hammer. When the limit
is exceeded, the load is corrected by reducing the number of monopiles transported per trip by one. In
this analysis, four monopiles are originally carried per trip, but after adjustment only three monopiles
per trip are transported for all cases exceeding the limit. The adjusted deck loads with three monopiles
instead of four are shown as the dark blue bars in the figure. Since the impactMHU hammer does
not exceed the Max. Deck Load Limit, one additional monopile can be carried per trip. Consequently,
fewer transport cycles are required, reducing the total project duration and ultimately lowering overall
costs.

Figure 5.2: Comparison of normalized initial weights and adjusted weights after maximum deck load verification for eight
different installation cases without noise mitigation.

However, while the MHU 6000W hammer shows favourable results in terms of operation time and cost,
it also generates the highest levels of underwater noise, as shown in Figure 5.1. As a result, it is ex-
pected to require the most extensive mitigation measures, which in turn would increase the total project
costs.

5.1.2. Comparison of Installation Techniques With Mitigation
Figure 5.3 presents the same comparison as shown in Figure 5.1, but now with noise mitigation applied.
The selected mitigation strategies, HSD in the near field and EDBBC in the far field, were chosen to
ensure that the produced noise levels for all installation techniques remain below the regulated noise
limit. While the vibrojet technique achieves a relatively low SEL of 131.5 dB, the MHU hammer oper-
ates much closer to the threshold at 154.55 dB.

It is also noteworthy that, in this figure, the noise levels of the combination cases, where an impact
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hammer is combined with vibro or vibrojetting, are not significantly lower than those of the cases using
only an impact hammer. This can be explained by the fact that in these combination cases, two-thirds
of the pile penetration is still performed using impact piling, with only one-third installed using vibro or vi-
brojetting. Consequently, the impact hammer continues to have a dominant influence on the total SEL.
It should be noted, however, that these values may not be fully accurate for actual combination cases
in practice, as they are based on the assumptions adopted in this framework. Once projects such as
HKW, which will employ combined installation techniques, have been executed, more measurement
data are expected to become available to refine these estimates.

Notably, in this scenario (5.3) the installation duration for the MHU hammer is nearly equal to that of the
ImpactIQ6 case, whereas it was shorter in the previous comparison without mitigation. This increase
is not driven by the far-field system (EDBBC), which is deployed independently of the main vessel and
does not affect deck layout or logistics. Instead, it stems from the additional weight introduced by the
HSD system. In the MHU case, this extra weight pushes the total deck load just over the vessel’s
capacity, reducing the number of monopiles that can be transported per trip. As a result, logistical
efficiency declines and the total installation duration converges with the other strategies. Although the
added weight from HSD is relatively small, it is important to recognise that it can tip the total deck load
over the maximum limit, indirectly making the installation method substantially more expensive.

Additionally, Figures 5.1 and 5.3 show that scenarios employing two installation techniques are substan-
tially more expensive than those using a single method. The main reason is the additional handling
inherent to dual-technique execution. For example, in the impactIQ6 & vibro case, the vibro hammer
must first be rigged to the main crane hook to install the pile; it is then de-rigged, the impact hammer
is rigged to the main crane to complete installation, and finally de-rigged again, before repeating the
sequence for the next pile. Although these combined cases also exhibit longer operational durations,
the increase in time alone does not fully explain the higher total cost. This is evident in the plots: for
combined cases the gap between normalised operation time and cost is noticeably smaller than for
single-technique cases, indicating that costs rise disproportionately relative to time. The primary cost
driver is the requirement to carry two complete installation spreads on board the Boreas, which signifi-
cantly increases equipment-related expenses. The extended operation time further adds to total cost,
but to a lesser extent.
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Figure 5.3: Comparison of normalized operation time, cost, and produced underwater noise for eight different installation
cases using HSD and EDBBC as mitigation techniques.

A notable observation from the cost comparison is that vibro piling appears to be the most cost-effective
installation technique, more attractive than impact piling. This likely reflects two main factors: pile driv-
ing with a vibro hammer is expected to be faster than with an impact hammer, and the mobilisation,
demobilisation, and operating costs are lower for the vibro hammer. By contrast, vibro-jetting intro-
duces additional jetting steps and associated equipment, which makes it inherently more expensive
than vibro piling alone. Nevertheless, vibro-jetting can be advantageous for improving drivability; this
is discussed further in Section 5.2.

The plot also shows that the vibro hammer’s noise performance is more than 20 dB below the Project
Noise Limit. While lower noise levels are, of course, preferable, this margin also creates an opportunity
to reduce costs by reconsidering the use and combination of mitigation systems. Accordingly, the next
section compares several mitigation combinations for a single installation technique to assess their
impact on both noise performance and cost.

5.1.3. Comparison of Mitigation Strategies for Selected Installation Techniques
Figures 5.4 and 5.5 compare mitigation combinations for two installation methods, the impactMHU
hammer and the vibro hammer, assessing underwater noise reduction and cost per monopile. As in
the previous figures, the left y-axis shows the normalised cost per monopile (%), the right y-axis shows
the produced noise as sound-exposure level (SEL, dB) at 750m from the source, and the x-axis lists
the different cases. To improve readability, the three near-field mitigation options are colour-coded,
HSD (blue), AdBm (green), and IQIP NMS (pink), each combined in turn with the far-field mitigation
systems considered in this framework. Noise levels are indicated by blue dots, and the Project Noise
Limit is shown as a red dashed line. The aim is to assess whether, and how, both noise and cost can
be optimised by varying the combinations of installation and mitigation techniques. Several notable
patterns emerge from these plots.

Firstly, all configurations that include the IQIP NMS system lead to substantially higher costs than the
alternative mitigation strategies. Although NMS also delivers the strongest noise reduction, the im-
provement does not appear to justify the disproportionately large increase in cost. This reinforces the
earlier conclusion that, under the present assumptions, the cost-effectiveness of IQIP NMS is question-
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able. It should be emphasised, however, that these findings are based on Van Oord project models
(including specific vessel selection and monopile dimensions). Other stakeholders, such as IQIP, may
apply different assumptions or operational configurations that yield a more favourable cost-benefit pro-
file; such alternatives were not assessed in this study.

Furthermore, the analysis reveals that the configuration of the bubble curtain has a significant influ-
ence on noise reduction, while the associated cost implications remain limited. Specifically, employing
a double bubble curtain yields a marked improvement in noise attenuation relative to a single bubble
curtain, with only a modest increase in cost. A similar observation holds for enhanced bubble curtains,
which outperform standard variants with minimal additional expense.

This relatively modest cost increase can be explained by the fact that the additional expenses for a dou-
ble bubble curtain primarily consist of extra compressors and hoses. These are minor compared to the
fixed costs associated with vessel day rates and crew deployment, which remain largely unchanged.
Moreover, bubble curtain systems are typically deployed from a separate support vessel rather than
from the main installation vessel. As a result, they do not interfere with critical path operations and
have limited impact on overall installation efficiency. This makes the ecological benefits of DBBCs
achievable at relatively low additional cost.

As illustrated in Figure 5.4, the impactMHU hammer requires the combined use of near-field and far-
field mitigation to comply with the regulated Project Noise Limit. By contrast, vibro installation can
achieve compliance with either near-field or far-field mitigation alone, and, in fact, all tested vibro com-
binations meet the limit. For example, Figure 5.5 shows that near-field mitigation with the AdBm system
is the most cost-effective option. Even so, adding a bubble curtain increases cost only marginally while
substantially improving noise reduction, offering clear ecological benefits. This option may therefore
still be selected on environmental grounds, with the final trade-off made at the time of decision.

These trade-offs, now made quantitatively transparent through the framework, support more informed
decision-making. By clearly visualising the balance between cost and environmental benefit, the results
enable project developers to make deliberate and well-substantiated choices. A relatively modest in-
crease in expenditure can, in turn, result in a substantial reduction in underwater noise impact, thereby
contributing to the protection of marine ecosystems.



5.1. Case Study Results for Different Installation and Mitigation Techniques 52

Figure 5.4: Comparison of Normalized Cost and Produced Underwater Noise for ImpactMHU with Different Mitigation
Combinations

Figure 5.5: Comparison of Normalized Cost and Produced Underwater Noise for Vibro piling with Different Mitigation
Combinations
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5.1.4. Performance Optimization of Cost and Noise
As illustrated in the figures above, the framework can generate results for a wide range of input com-
binations. This enables an optimisation over up to 8 × 4 × 5 = 160 configurations, based on eight
installation cases, three near-field mitigation options plus a “none” option, and four far-field mitigation
options plus a “none” option. In the optimisation considered here, we assume that at-source mitigation
is always applied for impact-hammer cases and never for vibro-driven cases. The goal of this optimiza-
tion is to identify the most cost-effective combination that still complies with the Project Noise Limit.

A Python script was developed to perform this optimization, which outputs results such as the following:

>>> Optimal combination (lowest total cost):
- Installation Case: vibro
- Near-Field Mitigation: AdBm
- Far-Field Mitigation: None
- Cost per Monopile: €XXXXXX
- Total Cost: €XXXXXX
- Max SEL after mitigation: 152.55 dB

As shown above, the most cost-efficient solution that still satisfies the noise constraint is the use of
vibro piling in combination with AdBm as near-field mitigation, and no far-field mitigation. It should be
noted, however, that this outcome assumes the monopile can be successfully driven to target depth
using vibro piling without refusal.

Beyond identifying the single most cost-efficient option, it is also valuable to explore whether there are
other combinations that come close in terms of total cost, but offer improved noise performance. To
gain insight into this trade-off, Figure 5.6 presents the 20 most cost-effective combinations that comply
with the Project Noise Limit, plotting both the normalized cost and the resulting noise levels. As in
the previous figures, noise performance is indicated by blue dots and the Project Noise Limit by a red
dashed line. The left y-axis shows the normalised cost per monopile (%), while the right y-axis reports
the sound-exposure level (SEL, dB) at 750m from the source. The x-axis lists the different case com-
binations. The leftmost case on the x-axis represents the most cost-optimal option, with the ranking
progressing from left to right in order of increasing cost.

This figure shows, for instance, that the fourth-ranked combination (vibrojet + AdBm + None) results in
only a 6.5% increase in total cost, while reducing the produced noise by an average of 5.0 dB. In more
extreme cases, such as the 14th-ranked combination, the average noise level is reduced by as much
as 17.3 dB, with a cost increase of only 17.2%.

Such trade-offs could be of strategic interest to Van Oord, particularly in tender procedures where
additional points may be awarded for staying well below the specified Project Noise Limit, thereby
increasing the likelihood of winning the contract.
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Figure 5.6: Top 20 Most Cost-Efficient Installation and Mitigation Combinations Based on Normalized Cost and Produced
Underwater Noise

In addition to the normalized cost and noise levels, a cost breakdown has been provided for the same
20 most cost-efficient combinations. This plot illustrates how the total project cost is distributed across
different cost categories.

Interestingly, the distribution is relatively consistent across all installation techniques. It clearly shows
that the largest portion of the total cost is associated with operational expenses, which are strongly
driven by the total operation time.

This provides an important insight for Van Oord: if cost reductions are desired, the greatest potential
for savings lies in optimising the duration of operations. Efficiency improvements in this area could
significantly reduce overall project costs.

Figure 5.7: Cost Breakdown of Top 20 Most Cost-Efficient Installation and Mitigation Combinations Based on Normalized Cost
and Produced Underwater Noise

5.1.5. Results of Frequency-Dependent Noise Reduction Calculations
While the previous comparisons focused on total SEL values at 750 m from the source, the model can
also provide insight into how each mitigation technique contributes to noise reduction across specific
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frequency bands. This is particularly relevant when evaluating the compatibility and complementarity
of different mitigation systems in a layered setup (at source, near field, and far field).

The figures below visualise the output of the noise model by showing the sound-exposure level (SEL)
per third-octave band before and after applying mitigation. Each line represents the cumulative effect of
mitigation at the At Source, Near Field, and Far Field layers. Results are presented for two installation
methods: the impactMHU hammer and vibrojet. The y-axis reports the SEL (dB) at 750m from the
source, while the x-axis shows the third-octave centre frequencies.

The blue dashed line represents the unmitigated noise spectrum of the installation method, while the
other coloured lines show, as indicated in the legend, themitigated spectra for eachmitigation technique
and thus the achieved reduction. The sharp drops in specific frequency ranges reflect the frequency-
dependent effectiveness of individual mitigation techniques. For instance, MNRU and Pulse are active
between 40-250 Hz, while DBBC and SBBC target 250-1000 Hz. These profiles were implemented
using binary effectiveness filters per frequency band.

The final purple line represents the total reduced spectrum after all selected techniques have been
applied. These plots illustrate how frequency-specific attenuation is modelled per mitigation layer, and
how the cumulative effect is constructed across the full frequency range.

This frequency-specific modelling approach is not only technically relevant, but also reflects the growing
importance of frequency weighting in underwater noise regulation. As shown by Tougaard and Dähne
(2017), different countries and regulatory bodies apply diverging approaches when setting acoustic
exposure limits for marine species. For example, Germany often relies on unweighted Sound Exposure
Level (SEL) values, whereas the United States, such as through NOAA, uses frequency-weighted
criteria based on the hearing sensitivity of marine mammals. The study highlights that applying an
inappropriate weighting function can lead to either excessive restrictions or insufficient protection in
relation to offshore activities. This underlines the need for accurate, frequency-dependent modelling to
support effective regulation and ensure consistency across national boundaries.

Figure 5.8: Sound exposure level per frequency band for the installation method impactMHU, showing the effect of individual
mitigation layers including MNRU in the at-source layer, HSD in the near field, and DBBC in the far field, as well as the

cumulative effect of all applied techniques.



5.2. Installation Technique Performance Relative to Base Case and Noise Limit 56

Figure 5.9: Sound exposure level per frequency band for the installation method vibrojet, showing the effect of individual
mitigation layers including IQIP NMS in the near field and SBBC in the far field, as well as the cumulative effect of all applied

techniques.

5.2. Installation Technique Performance Relative to Base Case and
Noise Limit

In coordination with Van Oord, the following Figures (5.10 & 5.11) were developed to provide a clear
comparison between various monopile installation techniques. Unlike earlier comparisons, this as-
sessment includes drivability. The evaluation is based on five key factors that influence environmental
performance as well as operational and economic performance:

• Underwater Noise Emission: indicates the produced noise level relative to the project noise
limit, showing whether the limit is exceeded and to what extent.

• Drivability Risk: indicates the likelihood that the chosen installation method will achieve the
required penetration depth, with 100% representing full certainty. Values above 100% reflect an
increased risk of not reaching the target depth.

• Total Installation Duration: shows the total time required to install the wind farm relative to the
base case, including weather workability effects.

• InstallationDuration perMonopile per Trip: shows the time required to install a singlemonopile,
excluding weather workability effects.

• Cost per Monopile: shows the cost relative to the base case for the different installation strate-
gies.

The figures compare various monopile installation techniques, including cases where two installation
methods are combined. Both figures represent a different noise mitigation scenario:

• Figure 5.10: No near-field or far-field mitigation (only Pulse and MNRU are applied by default for
impact hammers).

• Figure 5.11: Near-field mitigation using HSD, combined with far-field mitigation using EDBBC.

All values, except for the noise levels, which are shown relative to the project-specific noise limit, are
normalised with respect to the following base case:
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impactIQ6 + Pulse + AdBm + DBBC.

This configuration has been chosen as the reference case because it is frequently applied in Van Oord’s
current offshore wind projects and, for now, still complies with the regulated noise limit of 160 dB. Nor-
malizing the data against this reference allows for a direct and transparent comparison with the current
practice, highlighting the relative performance of alternative installation methods in terms of environ-
mental impact, technical feasibility, efficiency, and cost-effectiveness.

Each bar group in the figures (5.10 & 5.11) represents a specific installation technique or combination
of techniques, shown on the x-axis. Each colour indicates performance on a different factor: noise
emission relative to the project limit (blue), drivability risk (green), total installation duration (grey), du-
ration per monopile per trip (light blue), and cost per monopile (orange). All values are shown as a
percentage of the base case, with noise expressed as a percentage of the project-specific noise limit.

When examining Figure 5.10, several key insights emerge. First, the cases involving only a single
installation method are noticeably more cost-effective than the base case. This cost difference arises
because, in this analysis, no mitigation measures are applied, except in the base case. In addition,
as already discussed in Section 5.1.2, the combined techniques generally perform the worst in terms
of both cost and duration. This is due to the fact that both installation methods must be executed
sequentially, which significantly increases the total installation time and, consequently, the cost. The
produced noise levels for these cases are also relatively high. On the other hand, these combinations
ensure that the pile reliably reaches the required depth, which is reflected in their high drivability scores.

Since it is assumed that mitigation measures are applied in parallel to the installation activities, their
presence does not affect the critical pact, and thus the operational duration. This explains why in Fig-
ure 5.10 the total duration of single-technique methods (especially impact-based ones) is comparable
to that of the base case, in which mitigation is applied.

The effect of mitigation is most clearly visible in the noise emissions. As shown in Figure 5.10, the
blue bar, representing underwater noise, exceeds 100% in all cases except the base case, indicating
that the noise limit is not met without mitigation. This underlines the importance of sound mitigation
systems when environmental compliance is required. Since non-compliance would render installation
unfeasible under current regulations, a second analysis was performed in which both near-field (HSD)
and far-field (EDBBC) mitigation were applied across all installation cases. As shown in Figure 5.11,
this approach ensures compliance with the project noise limit in every scenario.

With regulatory compliance ensured, the focus can shift to evaluating the remaining performance fac-
tors for each method. For example, the fourth bar group from the left in Figure 5.11 corresponds to the
vibro installation technique. While this option meets the noise requirement, the green bar, representing
drivability, reaches 130%, indicating reduced confidence in achieving the required penetration depth
without refusal. For Van Oord, both noise compliance and drivability are considered critical; if either
condition is not met, the method is deemed non-viable, regardless of other advantages.

Nevertheless, the remaining three indicators present a favourable profile: the grey bar shows a total
installation duration of approximately 95% compared to the base case, indicating a slightly faster ex-
ecution; the light blue bar is similar in height, suggesting comparable trip efficiency; and the orange
bar drops to around 75%, meaning the cost per monopile is significantly lower. Combined with one of
the best-performing noise levels across all cases, this makes vibro piling a particularly attractive option.
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Figure 5.10: Normalized comparison of cost, duration, noise, and drivability across installation techniques without near- or
far-field mitigation, relative to the base case and project noise limit.

However, because noise compliance and drivability remain the primary decision criteria, operational
and cost benefits are considered secondary. Consequently, if vibro piling is pursued, an impact ham-
mer must still be retained as contingency. This effectively shifts the operation to a combined installation
case, such as impactIQ6 & vibro or impactMHU & vibro, which, as shown in earlier results, performs
significantly worse in terms of cost. As a result, the most optimal technique in practice shifts towards the
impactMHU. This hammer shows low drivability risk and offers a high level of reliability at relatively low
cost. However, this comes at the expense of environmental performance, as it generates the highest
underwater noise emissions among all evaluated techniques. From an operational and economic per-
spective, impactMHU may therefore be attractive, but from both a regulatory and ecological standpoint
it is less favourable, making it unlikely to be a viable option in projects with strict environmental con-
straints. The impactIQ6 hammer produces lower noise levels, but at higher cost, which introduces an
additional trade-off: whether to prioritise lower environmental impact or lower project costs. Exceeding
the noise limit also carries the operational risk of immediate installation shutdowns, further complicating
this decision.

Furthermore, when considering the mitigated results in Figure 5.11, it is evident that the impact ham-
mers operate with very little margin below the project noise limit. Since this framework is based on a
15MW turbine and turbine capacities are expected to increase towards 20MW, impact hammers are
likely to exceed the noise threshold under future conditions. This underlines the importance of advanc-
ing vibro hammers and vibrojetting, particularly by improving their drivability, to ensure they can become
viable alternatives. While combined installation cases remain possible, they are neither cost-effective
nor sustainable solutions, as two-thirds of the pile penetration still relies on impact piling, generating
the same high impulse noise (SELss) that is particularly harmful to marine life. The apparent reduction
in total SEL levels arises only from the shorter piling duration, not from a reduction in the severity of the
individual blows. If drivability concerns can be resolved, however, vibratory techniques could emerge
as highly attractive installation methods, offering not only substantial noise reduction but also potential
cost advantages over impact piling, as suggested by Figure 5.11.
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Figure 5.11: Normalized comparison of cost, duration, noise, and drivability across installation techniques with HSD and
EDBBC applied, relative to the base case and project noise limit.

5.3. Uncertainty and Sensitivity Analysis of Assumed Input Param-
eters within the Installation Framework

To support a deeper understanding of the model’s behaviour and reliability, an uncertainty analysis was
conducted for a number of key assumptions to evaluate the model’s robustness. This was done by test-
ing how sensitive the results are to variations in these assumptions. The corresponding analyses and
findings are discussed in this section.

Two types of uncertainty analysis were carried out. The first type involved hypothetical variations, for
example, in soil conditions, for which no alternative data are available within the framework. In such
cases, the expected influence of changing these parameters on the model outcomes is qualitatively
assessed. The second type involved varying assumed input values within realistic ranges to quantify
their effect on key output parameters.

Together, these analyses provide insight into the model’s reliability and clarify the impact of simplifica-
tions made during its development.

5.3.1. Uncertainty Analysis of Assumed Soil Type
The current framework assumes sandy soil conditions. However, seabed compositions at offshore
wind farm sites can vary significantly, from loose sediments to cohesive clay, silt, gravel, glacial till,
or even weathered rock. This variability introduces uncertainty in the applicability and performance of
installation techniques, particularly for vibropiling and vibrojetting.

Vibropiling is generally effective in sandy or gravelly soils, particularly when these are water-saturated
and of low to medium density. In such conditions, the vibrations from the hammer can reduce soil
resistance around the pile, allowing for efficient penetration. However, in stiff or highly plastic clays,
vibropiling becomes significantly less reliable. These cohesive soils absorb vibrational energy rather
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than allowing it to loosen the soil structure. As a result, the pile may encounter strong resistance and
reach refusal before the target depth is achieved. In such cases, the use of heavier hammers or a switch
to an alternative installation technique may be necessary to reach the required embedment (Pile Buck,
2024). Additionally, the presence of dense or cemented layers, such as glacial till or compacted silts,
further reduces the effectiveness of vibropiling and increases the risk of incomplete installation.

Vibrojetting also performs well in loose sandy soils, where the high permeability and low cohesion al-
low the jetting fluid to effectively displace and fluidise the surrounding sediment. However, in cohesive
soils such as clay, the technique encounters considerable limitations. The low permeability and strong
inter-particle bonding in clay prevent the water jets from penetrating and loosening the soil effectively.
As a result, far more energy and water flow are required to achieve any significant displacement (Sol
and Tack, 2022). In practice, this leads to a marked reduction in efficiency and can result in incomplete
penetration, prolonged installation durations, or the need to combine jetting with other techniques to
achieve the desired depth.

Impact hammering remains the most robust technique across soil types. However, in very soft soils, it
introduces a different risk: pile run. This occurs when a monopile rapidly sinks below the target depth
due to insufficient ground resistance, particularly in heavy XXL foundations. Such uncontrolled settle-
ment can lead to structural issues or damage (CAPE Holland, 2024). In contrast, in hard or very dense
soils, increased driving energy and longer durations may be required to reach the planned penetration
depth.

Soil composition remains a key source of uncertainty in monopile installation modelling. While the cur-
rent framework assumes sandy soil, favourable for most techniques, this simplification limits themodel’s
applicability to real-world conditions where heterogeneous or cohesive seabeds are often encountered.
Research initiatives such as those conducted by the Noise Desk in Germany (Bellmann et al., 2020)
have shown that soil dependency plays a significant role in both installation efficiency and underwater
noise propagation. Due to the complexity and site-specific variability of these geotechnical conditions,
this aspect has been consciously excluded from the current model. Nevertheless, expanding the frame-
work to incorporate a broader range of soil types, such as clay, silt, or layered strata, represents an
important avenue for future work to enhance the model’s robustness and real-world relevance.

5.3.2. Uncertainty in the Assumed Monopile Design
This framework uses the extended monopile (Ext. MP) as the baseline foundation configuration. In
this design, the transition piece is integrated into the monopile, eliminating the need for a separate
component and simplifying the installation process. However, in current industry practice, monopiles
with a separate transition piece (MPTP) are still commonly used. To reflect the uncertainty introduced
by this design variation, an uncertainty analysis was conducted to assess the impact of using MPTP
on model outcomes.

Although the framework accounts for the additional installation time associated with handling a sepa-
rate transition piece, other implications of using MPTP, such as altered deck layouts or the presence
of additional equipment like grouting or bolting systems, are not explicitly included. The vessel con-
figurations used in this model are based on the NSC and HKW projects, both of which assume the
use of Ext. MPs and do not reflect the spatial and logistical constraints introduced by MPTP handling.
These constraints could notably reduce the number of monopiles transported per trip due to limited
deck space or integration of specialised equipment. Accurately modelling such effects would require
a dedicated configuration update, which falls outside the scope of this study. Therefore, MPTP is not
fully embedded in the framework and is instead assessed through a targeted sensitivity analysis.

It is also important to note that this framework is not intended to compare different foundation concepts,
such asExt. MP versusMPTP. Such comparisonsmay be considered in future extensions of themodel.

However, to quantify the potential impact of the additional installation time associated with usingMPTP,
all installation scenarios were re-evaluated with MPTP-specific additional activities included. The re-
sults were compared against the Ext. MP baseline, focusing on relative differences in total installation
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time and associated costs, as shown in Figure 5.12. In this figure, all values are normalised with respect
to the impactIQ6 case using Ext. MP. The grey bars represent the operation times, while the orange
bars indicate the costs. The hatched bars correspond to the MPTP values. In all scenarios, it can be
seen that using MPTP instead of Ext. MP results in substantially longer operation times, which subse-
quently increases the total costs. From this, it could be concluded that switching to a different monopile
type already has a considerable negative impact on both operation time and costs. However, this is
not a fully comprehensive comparison, as, as previously noted, many factors have been excluded from
this analysis that could potentially offset part of this large cost difference.

Among the single-technique cases, vibropiling exhibits the largest relative increase. This is due to
its initially short baseline duration, as shown in Figure 5.3. Applying the same absolute additional time
across all cases results in a proportionally greater effect onmethods with shorter original durations. This
also translates into a stronger relative cost increase. As a result, when considering only the additional
operational activities introduced by MPTP handling, the differences between installation techniques
become less pronounced.

Figure 5.12: Relative installation cost and operation time for different foundation configurations (MPTP vs. External MP). The
values reflect the additional time required for separate transition piece installation. No corrections were applied for changes in

foundation weight or vessel layout; the cost impact shown is solely attributed to increased operational duration.

5.3.3. Uncertainty in the Assumed Frequency Ranges in the Noise Model
To calculate the reduced noise levels, a noise model was developed based on assumed values for the
noise produced by the installation techniques, the frequency ranges in which the mitigation techniques
are most effective (based on literature), and the average noise reduction (in dB) per mitigation tech-
nique.

Figure 5.13 presents an uncertainty analysis in which different frequency ranges were assumed in
which the SBBC mitigation technique performs best. The figure illustrates how the final reduced SEL
changes depending on the frequency band in which the technique is assumed to be most effective. The
y-axis reports the SEL (dB) at 750m from the source, while the x-axis shows the third-octave centre
frequencies. Each line in the plot represents a different frequency range, namely:

• Original range (orange): 250-1000 Hz
• Wider range (green): 200-1250 Hz
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• Narrower range (red): 315-800 Hz
• High frequency range (purple): 500-1000 Hz
• Low frequency range (brown): 250-500 Hz

The original unmitigated SEL used as the starting point for this analysis (indicated by the blue dotted
line) is 185 dB. Although the plot initially suggests that the variations in frequency ranges lead to large
differences in output, the final reduced noise levels, after conversion back to dB, show relatively minor
variation. The specific SEL values for each frequency range are provided in the legend of the figure,
where it can be seen that all values are close to that of the original frequency range and are also
comparable to one another.

Figure 5.13: Uncertainty analysis showing the effect of varying assumed frequency bands for the SBBC mitigation technique
on the resulting noise reduction (SEL).

When multiple mitigation techniques are applied simultaneously, each with its own assumed frequency
range of effectiveness, the overall uncertainty naturally increases. Figure 5.14 illustrates this by show-
ing how the resulting noise spectrum changes when three mitigation techniques, Pulse, AdBm, and
SBBC, are used in combination.
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Figure 5.14: Uncertainty analysis showing the effect of varying assumed frequency bands when the Pulse, AdBm, and SBBC
mitigation techniques are applied simultaneously, and their combined impact on the resulting noise reduction (SEL).

Five different frequency band combinations were defined for this uncertainty analysis, each represent-
ing a different assumption regarding the effective frequency range of the mitigation techniques:

• Original range (orange): Pulse (40-250 Hz), AdBm (80-400 Hz), SBBC (250-1000 Hz)
• Narrower range (green): Pulse (63-160 Hz), AdBm (125-315 Hz), SBBC (315-800 Hz)
• Wider range (red): Pulse (31.5-315 Hz), AdBm (63-630 Hz), SBBC (160-1600 Hz)
• Low frequency range (purple): Pulse (20-125 Hz), AdBm (50-200 Hz), SBBC (125-500 Hz)
• High frequency range (brown): Pulse (160-500 Hz), AdBm (315-800 Hz), SBBC (630-2000 Hz)

These combinations were used to evaluate the sensitivity of the total reduced spectrum to variations
in the assumed frequency ranges. As in the previous analysis, the original (unmitigated) SEL used as
the starting point is 185 dB. The results, shown in the legend of Figure 5.14, indicate that while spectral
shifts occur across the scenarios, the overall variation remains within a reasonable and non-critical
range. However, a clear difference can be observed when comparing Figure 5.13 and Figure 5.14: in
the latter, the differences between the SEL levels for the various frequency ranges are larger than in
the former. This suggests that when using a single mitigation technique, the influence of the assumed
frequency range is smaller, whereas when multiple mitigation systems are applied, these effects accu-
mulate.

5.3.4. Sensitivity in Assumed Pile Driving Time for Impact Piling
As outlined in Section 3.4, assumptions were made regarding the duration of various operational activ-
ities, including pile driving. For impact piling, the assumed pile drive time is relatively well-founded, as
it is based on average durations observed in several completed projects. However, it remains relevant
for Van Oord to assess how sensitive the model outcomes are to variations in this parameter. To this
end, a sensitivity analysis was conducted for the impactIQ6 installation technique.



5.3. Uncertainty and Sensitivity Analysis of Assumed Input Parameters within the Installation
Framework 64

Figure 5.15: Boxplot showing the distribution of cost-efficiency rankings for installation combinations involving impact piling,
evaluated across a range of assumed pile drive times. Only combinations that comply with the project noise limit are included.

Lower ranking values indicate better performance.

As explained in Section 5.1.4, all 160 combinations of installation and mitigation techniques were as-
sessed for compliance with the project noise limit. Those that met the requirements were ranked based
on their cost-efficiency, from most to least favourable.

The boxplots in Figure 5.15 show how the cost-efficiency rankings of combinations involving impactIQ6
change when the assumed pile drive time is varied between 2 and 3 hours per monopile, a realistic
range based on available project data. These plots provide insight into the influence of this assumption
on the comparative performance of different techniques.

If changes in the assumed pile drive time cause large shifts in the relative ranking of techniques, this
would indicate that the model outcomes are sensitive to the assumption. Conversely, if the rankings
remain largely unchanged, the assumption can be considered to have limited impact, making the con-
clusions more robust.

As the figure demonstrates, the rankings of combinations involving impactIQ6 remain highly consistent
across the tested range. This suggests that the model’s conclusions regarding the performance of
impact piling are not significantly affected by the precise value assumed for pile drive time.

5.3.5. Sensitivity in Assumed Pile Driving Times for Vibro Piling and Vibrojetting
For vibro piling and vibrojetting, little to no project data is available. The pile driving durations for these
techniques were estimated in consultation with a geotechnical specialist at Van Oord, drawing on ear-
lier test campaigns. Given the higher degree of uncertainty in these assumptions, it is also important
to assess their impact on the overall comparison between installation techniques. For this reason, a
similar sensitivity analysis was performed for vibro piling and vibrojetting.

While vibrojetting is generally associated with higher costs due to additional time allocation for support-
ing activities, it typically results in lower underwater noise levels. As a result, less mitigation is required,
which can partially offset the added costs. Moreover, it is initially assumed that pile installation using
vibrojetting proceeds faster than with vibro piling.
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Figures 5.16 and 5.18 present the top 10 most cost-efficient installation and mitigation combinations
for varying assumed pile driving times for vibro piling and vibrojetting, respectively. In both cases, the
assumed installation duration per monopile was varied from 0.5 to 3.0 hours in six increments. The
figures clearly demonstrate that the composition of the top 10 is sensitive to this input parameter.

To further illustrate this sensitivity, Figures 5.17 and 5.19 present boxplots showing the distribution
of cost-efficiency rankings for combinations involving vibro piling and vibrojetting, respectively, for the
same range of pile driving times. These plots provide insight into the variability of performance rankings
and the robustness of each method under uncertain assumptions.

Taken together, these results indicate that the cost-efficiency ranking of installation and mitigation com-
binations is sensitive to uncertainty in the assumed pile driving time. This underscores the importance
of accurately estimating this parameter when comparing alternative installation strategies.

In practice, pile driving times may vary due to factors such as soil conditions, monopile diameter, and
required penetration depth. These variations can significantly influence the total installation duration
and associated costs. However, such factors are also likely to affect other installation techniques,
such as impact piling. Future research should therefore examine whether these uncertainties affect all
methods equally or whether certain techniques are more sensitive to specific project conditions.

Figure 5.16: Top 10 most cost-efficient installation and mitigation combinations for six different values of the Pile Drive Time of
Vibro Piling.
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Figure 5.17: Boxplot showing the distribution of cost-efficiency rankings for installation combinations involving vibro piling,
evaluated across a range of assumed pile drive times. Only combinations that comply with the project noise limit are included.

Lower ranking values indicate better performance.

Figure 5.18: Top 10 most cost-efficient installation and mitigation combinations for six different values of the Pile Drive Time of
Vibro-Jetting.
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Figure 5.19: Boxplot showing the distribution of cost-efficiency rankings for installation combinations involving vibrojetting,
evaluated across a range of assumed pile drive times. Only combinations that comply with the project noise limit are included.

Lower ranking values indicate better performance.

5.3.6. Sensitivity Analysis of Vibrojetting Time Allocation for Supporting Activi-
ties

As described in Section 3.4, it remains challenging to estimate the additional duration required for the
jetting component of the installation process. This includes activities such as connecting the umbilicals
and deploying the pump. In the current model, an additional time allocation of 2.5 hours per monopile
is assumed for these operations. To assess the influence of this assumption on the model outcomes,
particularly on total cost, an sensitivity analysis was performed.

In this analysis, six different values were assigned to represent the additional time required for vibrojetting-
related activities. As shown in Figure 5.20, this variation affects only the operational cost component,
which is in line with expectations. However, the figure also illustrates the sensitivity of the total project
cost to variations in the assumed additional time allocation. Below the figure, the corresponding per-
centage increases in total cost for each jetting duration are provided. This offers clear insight into how
the total cost per monopile responds to variations in the assumed additional jetting time.

Figure 5.20: Cost breakdown for six different values of the additional time allocation related to vibrojetting activities.
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>>>
5h time allocation increases cost per monopile by 2.8% (vs 2.5h).
7.5h time allocation increases cost per monopile by 5.6% (vs 2.5h).
10h time allocation increases cost per monopile by 8.3% (vs 2.5h).
12.5h time allocation increases cost per monopile by 11.1% (vs 2.5h).
15h time allocation increases cost per monopile by 13.9% (vs 2.5h).

Additionally, Figure 5.21 Presents the top 10 most cost-efficient combinations for each of the six time
allocation values. For every case, an optimization was performed to determine which combinations
result in the lowest total cost while still meeting the noise requirements. The plot shows a clear trend:
increasing the time allocation reduces the number of cost-optimal solutions involving vibrojetting. This
confirms that higher operational penalties reduce the cost-competitiveness of this installation method.

The results indicate that the viability of vibrojetting as an installation technique is highly dependent on
the duration of the additional jetting-related activities. However, the impact on overall cost remains
limited as long as the additional time stays below approximately 7.5 hours per monopile. It is expected
that the actual jetting operations will not exceed this threshold, but this sensitivity remains an important
consideration for future project planning and technology selection.

Figure 5.21: Top 10 most cost-efficient installation and mitigation combinations for six vibrojet time allocation values.



6
Conclusion & Recommendations

6.1. Conclusion
The objective of this project was to develop a comparative framework to evaluate monopile installa-
tion and noise mitigation strategies in the early design phase. The framework successfully quantifies
trade-offs between installation duration, underwater noise generation, and operational cost for a set
of predefined installation and mitigation combinations. It enables flexible evaluation of project-specific
configurations and is built on a modular structure that combines Python and Excel. The verification
steps confirm that the model structure behaves as intended and produces consistent and explainable
outputs.

To identify the parameters that should be incorporated into the framework for assessing offshore instal-
lation performance and environmental impact, an analysis was conducted using internal project data
supplemented by expert input. For Van Oord, it is essential to apply responsible engineering practices
that minimise harm to marine life and the natural environment during installation. Another fundamental
requirement is ensuring that the monopile can be successfully installed to the required depth. Only
once these objectives are met can the focus shift to optimising operations and costs. Taking these
priorities into account, drivability, noise compliance, and operational time were identified as the key
parameters shaping installation outcomes, and were therefore prioritised in the framework’s logic and
structure.

Collecting relevant input from the different expertise areas within Van Oord and structuring it within the
framework ensures that knowledge is no longer limited to the perspective of individual specialisations.
Instead, the framework integrates these contributions into a coherent model. This enables consis-
tent comparison of installation strategies by linking environmental, technical, and operational data. By
modelling the interactions between installation methods, mitigation strategies, and project-specific con-
straints, the framework provides a structured overview that supports well-informed evaluations and
highlights trade-offs that would otherwise remain unclear.

Results from the case studies indicate that, under the assumptions applied in this model, impact piling
with near-field and far-field mitigation remains the most cost-effective method within the current tech-
nical and regulatory landscape. This outcome is primarily driven by the uncertainty surrounding the
drivability of vibropiling and vibrojetting, which necessitates the availability of a backup impact hammer.
The resulting increase in operational complexity and associated costs makes these alternatives less
attractive. In addition, combined cases still generate high SEL levels, since a substantial portion of the
pile is ultimately installed using impact piling, which further reduces their overall attractiveness.

It should be noted, however, that while the results of this framework indicate that impact hammers can
comply with the noise limit, this does not guarantee that compliance will always be achieved in practice.
The results show that impact hammers operate very close to the noise threshold when full mitigation
(at source, near-field, and far-field) is applied, leaving only a narrow margin for unforeseen variations
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in site conditions or modelling assumptions. Moreover, the model has been parameterised for a 15MW
turbine. As the industry advances toward 20MW units, monopile dimensions and the required driving
energy are expected to increase, which will generally elevate noise emissions. Under such conditions,
achieving compliance with the same noise limits through impact piling may no longer be feasible, even
with extensive mitigation. This highlights the need for alternative installation methods, as reliance on
impact hammers entails increasing uncertainty and the operational risk of exceeding noise limits, which
could result in costly installation shutdowns.

An important consideration for future assessments is the impact of reducing or eliminating drivability un-
certainty for vibratory methods. In the current model, the requirement for a backup impact hammer is a
major cost driver for both vibropiling and vibrojetting, reducing their competitiveness despite their lower
noise emissions. If these vibratory installation techniques can be further improved and demonstrated
to reliably achieve target depth without refusal, the need for backup equipment could be removed. This
would substantially reduce installation costs and logistical complexity, thereby strengthening the posi-
tion of vibratory methods as a viable low-noise alternative for future monopile installations.

In such a case, vibropiling is likely to be the more favourable option, as it involves a simpler setup
and fewer handling steps compared to vibrojetting. Jetting is primarily applied to facilitate penetra-
tion depth, but it also introduces additional equipment requirements and operational activities, which
increase costs. It would therefore be highly valuable to explore ways of improving vibropiling as a
standalone method capable of achieving full penetration depth. If this can be realised, vibropiling has
strong potential to become a preferred installation technique, offering both lower costs and reduced
noise emissions compared to impact piling.

The choice of mitigation strategy can also substantially influence the overall outcomes. Comparisons
of different mitigation combinations within the same installation method show that, for example, using
a double instead of a single bubble curtain, or an enhanced instead of a standard bubble curtain, can
deliver disproportionately large noise reductions relative to their additional costs. This underscores the
importance of explicitly incorporating mitigation strategy selection into the framework, as it can shift the
balance between cost and noise compliance and thereby inform more effective decision-making.

Uncertainty analyses further highlight how assumptions in key input parameters affect outcomes. For
example, variations in pile drive time for vibropiling and vibrojetting were shown to influence the cost-
optimal installation strategy, suggesting that reducing drive time could be an important lever for im-
proving competitiveness. Similarly, the analysis of assumed frequency ranges in the noise model
demonstrated that, while the impact on reduced noise levels remains limited when a single mitigation
technique is applied, the influence becomes more pronounced when multiple mitigation measures are
combined. This finding stresses the need to validate and refine such assumptions to ensure accurate
noise predictions.

In addition, several limitations of the current framework have been identified throughout the analysis.
These are consolidated in the recommendations, which propose specific improvements to enhance
both accuracy and robustness, as well as practical steps for how such improvements could be imple-
mented in subsequent projects.

The framework has been designed to be transferable and easy to use across Van Oord, supported by
the Framework Usage Guide in Appendix A. Its modular structure and intuitive Excel-based interface
enable application in future projects and tender phases without requiring detailed knowledge of the
underlying code. With further development and validation, the framework could be integrated as an
internal decision-support tool, providing consistent and data-driven guidance for monopile installation
planning throughout the organisation.

Finally, it should be emphasised that the aim of this study was not to identify a single “best” instal-
lation method, but to provide a structured way of comparing alternatives based on transparent input,
traceable logic, and quantifiable trade-offs. The framework’s adaptable structure ensures it can evolve
as new empirical data becomes available, for example from future vibrojetting projects or updated
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regulatory requirements. By bringing together valuable information from multiple disciplines in an inte-
grated manner, the framework creates a holistic perspective that supports more informed and balanced
decision-making. This integrative capability represents its key strength and main contribution.

6.2. Recommendations
Throughout the development of the comparative framework, several assumptions had to be made due
to limitations in available data, scope, or time. In some cases, elements were deliberately simplified
to maintain model usability and focus on the integrative comparison rather than detailed subsystem
accuracy. As a result, certain technical aspects were kept outside the scope of this project.

To enhance the reliability, applicability, and future relevance of the framework, a number of recommen-
dations are presented below. These suggestions aim to strengthen the model’s accuracy, expand its
coverage of installation and mitigation methods, and improve its alignment with real-world conditions.
By implementing these improvements, the framework can evolve into a more robust and widely appli-
cable decision-support tool for offshore monopile installation planning.

Based on the findings and limitations encountered during this project, the following recommendations
are proposed to further improve the accuracy, completeness, and usability of the developed framework:

• Expand validation with real project data: Once new measurement data becomes available,
for example, from upcoming vibrojet or vibropile installation projects, the framework should be
validated against real-world records of installation duration and underwater noise levels. This
would significantly increase the reliability and credibility of the results.

• Improve drivability modelling: The current framework applies a simplified drivability factor to
account for installation uncertainty associated with vibratory techniques such as vibropiling and
vibrojetting. While this provides a first-order correction, it does not reflect site-specific soil condi-
tions or detailed installation performance. To enable a more technically robust and fair compari-
son between installation methods, the drivability assessment should be expanded. For example,
replace the single factor with a physics-informed, layer-by-layer prediction based on CPT data
(qc, fs, soil behavior type), incorporating vibratory settings (frequency, amplitude, crowd force),
jetting parameters (flow, pressure), plugging state, and layer transitions to estimate penetration
resistance, margin, and penetration rate versus depth. In addition, project data from sites such
as Hollandse Kust West (HKW) can be used to quantify how often target depth is achieved for
given soil conditions and installation methods, and to calibrate the model accordingly.

• Improve noise model and include peak sound pressure levels in noise modelling: It is
recommended to refine the noise-reduction model used in the framework. At present, it applies
fixed effectiveness profiles for each mitigation system and assumes binary attenuation within
predefined frequency bands. This could be improved by incorporating more detailed, frequency-
dependent mitigation profiles based on empirical frequency-response data, by making more ac-
curate assumptions about the specific frequency ranges in which mitigation systems perform
best, and by accounting for variations in system configuration. As more data becomes avail-
able, these profiles should be updated with more precise estimates of actual noise reduction. In
addition, more sophisticated modelling approaches could be adopted to better capture frequency-
dependent effects and site-specific propagation conditions.

As mentioned earlier in this report, for all four installation techniques the assumed SEL levels
were derived from a combination of experience, available data, and logical reasoning. However,
a more reliable approach would be to derive these values directly from actual measurement data.
For impact piling, this would involve converting measured SELss values into total SEL, while for
vibro (and vibrojetting) it would be preferable to convert measured SPL data into SEL values. This
would allow the assumed SEL levels to be more accurately matched to the actual duration of the
activity, resulting in significantly improved accuracy. Furthermore, such an approach would also
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make the calculation of the produced noise for combined installation methods more precise, as
the contributions from each method could then be scaled according to their respective operating
durations based on real measurements.

Furthermore, the framework currently evaluates noise solely in terms of Sound Exposure Level
(SEL), which measures the total acoustic energy over a given period. While effective for assess-
ing cumulative exposure, this can underestimate risks when high-intensity noise occurs over short
durations. For example, if installation is carried out predominantly with vibro piling but completed
with impact hammering to reach the final penetration depth, the brief but intense impulses from
impact driving may contribute little to the SEL yet still reach peak levels harmful to marine life.
Extending the model to also assess Peak Sound Pressure Level (Lpeak) metrics would capture
these instantaneous peaks alongside integrated energy, enabling a more complete evaluation of
potential environmental impacts, particularly in situations where peak noise is the primary risk.

• Incorporate additional cost components: The current cost calculations in the framework pri-
marily consider vessel day rates, equipment rental, and operational time. While this offers a con-
sistent foundation for comparison, it excludes several important method-specific cost drivers that
can substantially affect the overall project budget. For instance, vibrojetting requires monopiles
to be equipped with integrated jetting channels or external nozzles, leading to notable additional
fabrication and material costs per unit. Other techniques may similarly involve design modifica-
tions or specialised handling requirements. Incorporating such secondary cost elements would
enhance the accuracy and realism of the framework’s economic assessment, enabling more rep-
resentative and decision-relevant cost comparisons across installation strategies.

• Re-evaluate vibrojet noise assumptions: As mentioned in Section 3.6, the current framework
assumes that vibrojetting produces, unmitigated, 5 dB less underwater noise than vibro piling
when measured at 750 m from the source. This assumption is based on the rationale that jetting
reduces soil resistance, thereby lowering the required vibratory energy. However, recent internal
feedback, communicated by a Van Oord noise specialist and supported by theoretical consider-
ations from Delft Cymatics, indicates that jetting may also reduce the lateral confinement of the
embedded monopile. This could increase vibratory amplitudes and associated noise levels, sug-
gesting that vibrojetting might produce noise levels comparable to vibro piling. On the other hand,
vibrojetting is expected to allow for faster installation, which would reduce SEL values given their
time dependency. Overall, these uncertainties highlight the need for more empirical data to val-
idate the assumptions. Where possible, measurements from future vibrojetting projects should
be incorporated to refine the noise estimates and ensure a more accurate comparison with other
installation methods.

• Confirm bearing capacity after vibro-jetting: As noted in Section 3.8, jetting may loosen soils
around the monopile and reduce lateral resistance, creating uncertainty in the achieved axial and
lateral capacities post-installation. For future applications, it is recommended to include: (i) a
site-specific geotechnical check that accounts for installation-induced disturbance; (ii) limited ver-
ification on the first pile(s), for example: pre-/post-installation CPTs or a simple lateral response
check; and (iii) predefined contingency measures (backup impact driving) if acceptance criteria
are not met. The framework can reflect this via a capacity-uncertainty factor and a decision rule
to trigger the contingency.

• Account for fatigue and structural effects: In future iterations of the framework, it can be
valuable to incorporate considerations related to fatigue and structural response resulting from
different installation techniques. Vibratory methods such as vibropiling and vibrojetting introduce
continuous dynamic loading to both vessel equipment (such as cranes and lifting tools) and the
monopile structure itself. Over time, these vibrations may contribute to cumulative fatigue dam-
age or require additional maintenance. Including a basic fatigue assessment, such as indicative
load cycles or simplified fatigue life estimations, would enhance the understanding of long-term
mechanical implications, particularly if vibratory techniques become more widely adopted in off-
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shore practice.

• Sustainability measures in installation planning: Van Oord can further improve its environ-
mental performance by embedding explicit sustainability measures in work methods and con-
tracts. Prioritise certified low-CO2 marine fuels (for example, HVO/bio-MGO and, where feasible,
methanol or other drop-in blends) over conventional MGO, and reduce reliance on diesel-powered
compressors for bubble curtains by switching to electric or battery-hybrid units.

• Assess impact on other marine species: The current framework assesses underwater noise
impact based solely on the hearing thresholds and behavioural sensitivity of harbour porpoises,
as these are currently the most stringently regulated. However, other marine species, includ-
ing seals, fish, and invertebrates, may also be affected by construction noise, each with different
sensitivities across the frequency spectrum. To improve ecological relevance and comprehensive-
ness, future studies should evaluate how noise levels predicted by the model align with known
disturbance thresholds for a wider range of marine organisms. This would enable more inclusive
environmental assessments and help support compliance with broader ecological standards be-
yond the current regulatory focus.

• Extend the model to include additional installation methods: As discussed in Chapter 2, sev-
eral alternative installation technologies are currently under development. Including these in the
framework would provide a more complete overview of future installation strategies and improve
the tool’s long-term relevance.

• Deepen component-level modelling: As outlined in Chapter 3, the integrated nature of this
framework required several simplifications to ensure usability and maintain an overview across
components. While this is appropriate for high-level comparisons, technical accuracy can be
improved by deepening the modelling of individual components. In particular, the noise calcula-
tions and drivability risk can be incorporated more accurately, as discussed earlier. In addition,
the weather-workability module could be extended with probabilistic downtime modelling based
on seasonal metocean statistics and threshold exceedances, and the durations of operational ac-
tivities could be parameterised in greater detail, for example, to capture vessel- and site-specific
effects, learning effects, and standby/contingency logic. Enhancing these subcomponents will
make the framework more adaptable to site-specific conditions and enable more accurate project-
specific assessments.

By addressing these points, the framework can be further developed into a more robust and flexible
decision-support tool. It will be able to adapt to new technologies and environmental regulations, while
continuing to support data-informed decision-making in future offshore wind projects.
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A
Framework Usage Guide

This appendix provides a practical guide for using the framework developed in this project to evaluate
offshore monopile installation and noise mitigation strategies. The tool is designed to support early-
phase decision-making by allowing users to systematically compare technology combinations based
on installation duration, underwater noise levels, and total cost.

The framework is structured around a Python model that reads input from a linked Excel file. It is built
to be transparent, adaptable, and suitable for use by other users within Van Oord. This guide explains
how to prepare inputs, run the model, and interpret the results.

A.1. Structure of the Framework
The framework consists of two components:

• A central Python script: Framework.py, which performs all calculations.
• An Excel input file: Fixed Values Framework.xlsx, which defines all fixed input values such as
operational durations, deck load limits, and cost parameters.

Users only need to modify the Excel file. No changes to the Python script are required. After updating
the Excel file, remember to:

• Save the file before running the model.
• Remove existing variables in your Python environment to avoid outdated values.

The Excel file contains the following seven sheets:

• General Input: Main user interface for defining a case
• Weight: Weight parameters for each component, which are used to estimate the total deck load
imposed by the installation equipment on the vessel.

• Operation Times: Time assumptions for each individual activity involved in the monopile instal-
lation process.

• Drivability: Parameters related to soil resistance during monopile installation.
• Noise Inst Tech: Estimated average noise levels generated by each installation method.
• Noise Mit Tech: Estimated average reduction in underwater noise levels for each mitigation
technique.

• Cost: Cost parameters including mobilization, demobilization, and operational costs per compo-
nent.
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A.2. How to Use the Framework
1. Enter Project Parameters
Navigate to the General Input sheet. This is where the user defines the specific case. For each
parameter:

• The first column describes the parameter.
• The third column indicates the type of input expected (e.g. integer, float).
• The fourth column is where the user enters the input value.

Some cells are coloured red, these values are currently fixed and cannot be changed in this version.
Green cells are adjustable. Ensure all required input fields are filled in.

2. Check Mitigation Activation
Go to the Noise Inst Tech sheet and verify that the correct mitigation options are activated (indicated
by yes or no) based on your selection in the General Input sheet.

3. Save and Run
Save the Excel file and open Framework.py in Python. Make sure to:

• Clear previously loaded variables.
• Run the script from start to finish.

The script will automatically process the input, perform the calculations, and output results.

A.3. Output Interpretation
Once executed, the model returns the following outputs:

• Total weight of deck layout
• Installation duration (with and without weather-related delays)
• Total cost per monopile
• Underwater noise level at the source (with and without mitigation)
• Compliance check against the project noise limit

The main output tables are printed in the console and can be saved or used for further analysis.

Batch Analysis (Optional)
Framework.py can also be imported into other Python scripts to perform batch analyses. For example:

• Vary installation techniques
• Loop over different mitigation combinations
• Perform sensitivity analyses
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A.4. Customization and Extension
The framework is designed to be adaptable and expandable. As new data becomes available, users
can update the corresponding Excel sheets to reflect improved insights. Examples include:

• Updating weights and deck loads
• Refining activity durations and operational costs
• Modifying produced noise levels per installation technique
• Adjusting mitigation effectiveness
• Improving drivability assumptions

For advanced users, the Python code can also be modified to incorporate more complex or project-
specific requirements, such as:

• Adding new installation or mitigation techniques
• Including additional input parameters (e.g., soil types, vessel configurations, foundation types)
• Improving the accuracy of the noise propagation model
• Enhancing the weather workability calculations
• Integrating a more advanced approach for modelling [drivability]

Closing Note
The framework is designed to provide insight into the trade-offs between cost, time, and environmental
performance during the early planning stages of a offshore wind project. With further development and
integration, it can serve as a valuable internal decision-support tool within Van Oord.



B
Underlying Python Code of the

Framework Model
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