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Summary

The increasing numbers of anthropogenic emissions within the maritime sector has caused a growing
attention for emission-reducing technologies. The International MaritimeOrganization has set targets to
address the climate crisis through regulatory measures for decarbonisation. This is triggering the mar-
itime industry to reduce its emissions, leading to a transition in marine propulsion methods. A promising
contributor to emission-reducing options is Wind-Assisted Ship Propulsion (WASP). A WASP system
creates additional forward thrust, assisting the main engine during sailing. Modern sail technologies
are in development due to the renewed interest in wind propulsion, grabbing the attention of the mer-
chant shipping sector. Boskalis, as an operator of specialised vessels in technical operations, is also
exploring emission-reducing technologies. The integration of WASP technology within the fleet and its
resulting impact on fuel consumption and emissions is however difficult due to the versatility of the fleet
and the technical operations of the vessels.

A fleet analysis is conducted using a multiple-criteria decision analysis which shows that the heavy
marine transport and subsea rock installation vessels are interesting vessel types for WASP. A perfor-
mance analysis and a general comparison of the existing WASP technologies showed that the rotor sail
is a suitable technology for these vessel types. The heavy marine transport vessel fleet appears to be
a more logical choice for WASP, because of its operational profile. Due to the relatively straightforward
rotor sail placement options, the Triumph is chosen as a case study.

Daily reported data of ship speed and engine power, and an estimation of the propeller characteristics
and other required parameters, are used to develop a 1-degree-of-freedom stead-state model for the
original vessel. This model predicts the resistance and consumed fuel during a typical voyage. The
required parameters for the calculation of the thrust performance of the rotor sails are estimated using
data from existing literature. After picking a representative voyage using historical voyage data, the
wind conditions on this route are determined using statistics. A steady-state model and a time-domain
model including rotor sail forces are developed to show the impact of the rotor sails on the engine
operating points of the Triumph. The steady-state model uses year-round wind conditions as input,
whereas the time-domain model applies Beaufort 5–6 conditions. This information is used to calculate
fuel and energy consumption during the voyage. Emission factors, as provided by the International
Maritime Organization, are used to convert fuel and energy consumption into emissions.

Results indicate that the integration of rotor sails on the Triumph reduces fuel consumption and emis-
sions. Fuel consumption and CO2 and SOX emissions reductions reach up to 5% for the steady-state
model and 8.2% for the time-domain model, with additional reductions observed for other emission
types. The difference in savings is caused by the variation in input wind conditions, withmore favourable
wind conditions in the time-domain model. The results suggest that the steady-state model is more
suitable for estimating annual performance, while the time-domain model is suited for evaluating more
specific operational scenarios.

The Triumph could benefit from rotor sail installation in terms of fuel consumption and emission reduc-
tions. However, the accuracy of the results are limited by the use of a single-degree-of-freedom model
and the absence of detailed relationships between engine operating conditions and emissions. Further
development is recommended to improve the accuracy of these findings, allowing for a more precise
assessment of the operational and environmental impact of WASP systems.
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1
Introduction

Over recent years, attention has grown to decrease the emissions within to the maritime sector. Accord-
ing to the latest International Maritime Organization (IMO) greenhouse gas study, the share of maritime
emissions in global anthropogenic emissions has increased from 2.76% to 2.89% from 2012 to 2018
(IMO, 2020). The increment of carbon dioxide (CO2) emissions in the international maritime sector has
been 5.6% from 2012 to 2018, and is predicted to grow even further until the year 2050. The IMO has
set clear, increasingly stringent targets to address the climate crisis following these worrying emission
values to finally achieve a full-scale decarbonisation by 2050. To support this transition, the IMO has
implemented multiple regulatory measures. The maritime industry is now embarking on a transition
to full decarbonisation for this reason. The transition has grabbed interest of multiple energy-saving
technologies, of which Wind-Assisted Ship Propulsion (WASP) stands out as a particularly promising
contributor to emission reductions by 2030 and is considered one of the technologies with the greatest
long-term potential (IMO, 2024).

Wind propulsion is not exactly a new form of shipping propulsion. For centuries, the international ship-
ping sector was only driven by wind propulsion, until it was replaced by steam and diesel engines during
the industrial age. Due to this innovation, the shipping sector was less dependent on the weather con-
ditions during a voyage, increasing options for the sector (Vance et al., 2026), but it came at a cost:
consumption of fossil fuels leading to harmful emissions. For decades, these emissions remained
largely unaddressed, but growing regulatory pressure and increased climate awareness have refo-
cused attention on alternative propulsion strategies (IMO, 2017). This has caused the come-back of
wind propulsion in the form of an assistance to the existing propulsion system (Kolodziejski & Sos-
nowski, 2025). Modern WASP technologies are mainly implemented in the merchant shipping sector,
showing a steadily increasing number of system installations (IWSA, 2026). Various types of innovative
technologies are developed, designed to optimise for different purposes with regard to the traditional
sails. Examples of these are to decrease operational regard, to increase created thrust forces per area,
or to decrease the required installation time. However, all systems have the same goal: to harvest wind
for propulsion to decrease the need for fossil fuels during a voyage (IMO, 2024).

Boskalis is also exploring options to decrease fuel consumption and emissions within its marine opera-
tions (Boskalis, 2026b). As a Dutch company with a leading position in both the global dredging industry
and the wider marine services sector, Boskalis operates a highly diverse fleet (Boskalis, 2025). The
vessels often have equipment on board used during operations, or are designed for certain operations
that require a large area of free deck space. The unique versatility of the Boskalis fleet makes it difficult
for integrating innovative technologies such as wind-propulsion and estimating the resulting impact of
this.

1



2 Chapter 1. Introduction

1.1. Aim of the research
The aim of this research is to find a suitable vessel within the Boskalis fleet for the application of WASP,
and to find the resulting impact of this technology on the fuel consumption and on the emissions. The
following main research question is addressed:

What is the impact on fuel consumption and emissions when retrofitting an existing heavy
marine transport vessel with wind-assisted ship propulsion?

To find an answer to this question, first, a suitable vessel class within the Boskalis fleet and an ap-
propriate existing WASP technology for this vessel class should be selected. Then, a specific vessel
within the Boskalis fleet should be picked to develop a case study. The addition of a WASP system
causes a deviation of usual engine operations, given that these systems contribute to the vessel propul-
sion. The conventional engine operations and propulsive power conversion efficiencies of this vessel
should therefore be known in order to make an estimation of the impact of WASP on these operations.
A representative operating profile in connection with WASP leads to an estimation of the impact on
fuel consumption and emissions. The emission factors described by the IMO (IMO, 2020) are used to
predict the impact of WASP on the emissions of the vessel.

The following sub-questions are raised:

1. For the Boskalis fleet, which vessel class is most suitable for integrating WASP, and which tech-
nology is optimal for that case, based on explicit criteria?

2. Which specific vessel within the selected class is most suitable to develop a case study?
3. What are the expected changes in the propulsion efficiencies when integrating WASP, and how

can each of these changes be estimated?
4. Which input data are required to parameterise the propulsion chain estimates and to determine

the vessel’s wind-assisted engine operations, and how can these inputs be calculated for the
selected case vessel?

5. Using a representative operating profile and data from previous questions, what is the predicted
impact of WASP on the engine operations of the vessel?

6. Based on the impact on engine operations, what differences are predicted in exhaust emissions
with and without WASP using the IMO emission factors?

1.2. Research outline
The chapter following the introduction intends to discuss relevant literature for the research questions.
The contents in chapter 3 discuss an Multiple-Criteria Decision Analysis (MCDA) of the Boskalis fleet
and a current WASP systems analysis. A specific case is decided in chapter 4. The development of
the required components for the ship model, including WASP, is shown in chapter 5. In chapter 6, a
representative shipping route is chosen, and the performance results of the vessel with and without
WASP are given using a steady-state model. Results from the time-domain simulation are given in
chapter 7. The conclusions of this study are discussed in chapter 8, which includes the discussion of
the validity and limitations. A diagram for the outline of this study is shown in Figure 1.1.

Figure 1.1: Research design diagram.
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Literature review

This chapter discusses the state-of-the-art in the research, development, and application of WASP,
selected based on the relevance to the main research question. The literature is organised by the sub-
questions. Several sources are cited more than once, as these address multiple topics relevant to this
study.

2.1. WASP vessels and systems
The first sub-question concerns the identification of the most suitable vessel type for the application of
WASP and the specific system to be implemented. The first section of the review examines the various
available WASP systems on the market, and research on the applications of systems.

Seven predominant categories of wind propulsion systems have been identified: rotor sails, hard sails,
suction sails, kite sails, soft sails, turbines, and hull form design (Werner et al., 2024). The first four sys-
tems have been installed on operational sea-going ships. Rotor sails are the most adopted, whereas
suction wings account for the highest number of systems on order. The systems are most commonly in-
stalled on general cargo vessels, tankers, and bulk carriers (FinOcean, 2024; IMO, 2024; IWSA, 2025),
as shown in Figure 2.1. These ship types are particularly interesting due to their large, unobstructed
deck areas. Figure 2.1 also shows a relatively large ‘other’ category; the vessels inside this category
consists of different types of vessels. For instance, other than merchant ships, WASP systems have
been retrofitted on a heavy lift vessel (Buitendijk, 2024b), a heavy load carrier (HANSA, 2024), and an
offshore supply vessel.

25% 22% 10% 9% 8% 4% 22%

General Cargo
Bulk Carrier

Ro-Ro
Chemical Tanker

Tanker Ferry Other

Figure 2.1: WASP systems applied on different vessels (Q3 2025). Based on IWSA (2025).

2.1.1. Physics of sailing
This section will briefly discuss the physics of sailing. The driving power of sails on a sailing vessel are
generated by the apparent wind. The apparent wind is the air flow experienced by an observer in motion.
The apparent wind conditions are determined using the true wind conditions and the ship speed. The
relation between true wind, ship speed, and apparent wind, is shown in Figure 2.2 (Reche-Vilanova
et al., 2021).
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Figure 2.2: True wind and apparent wind in sailing (Chisnell, 1992).

The True Wind Speed (TWS) and True Wind Angle (TWA) can be converted into the Apparent Wind
Speed (AWS) and Apparent Wind Angle (AWA) by applying trigonometry to Figure 2.2, known as the
velocity triangle. The following equations convert the TWS and TWA into AWS and AWA:

AWS =
√
v2s + TWS2 + 2 · vs · TWS · cos(TWA) (2.1)

AWA = arccos
TWS cos(TWA) + vs

AWS
(2.2)

Or, using vector notation,

AW = [TWS cos(TWA) + vs, TWS sin(TWA)]
T (2.3)

AWS =

√
AW (x)

2
+AW (y)

2 (2.4)

AWA = arctan

(
AW (y)

AW (x)

)
(2.5)

Where AW is the apparent wind condition vector, which is used to calculate the AWS and the AWA.
This velocity triangle highly depends on the ship’s heading.

When the sails experience apparent wind, they generate aerodynamic forces due to the pressure differ-
ences between the leeward and windward sides (see Figure 2.3) of the sails. This aerodynamic force
is composed of a lift and a drag force. Lift is defined to be the force perpendicular to the incoming
flow (Equation 2.6), while drag is the force parallel to the incoming flow (Equation 2.7). The lift and
drag coefficients (CL and CD, respectively) depend on the angle of attack (see Figure 2.3) and the sail
shape. The total aerodynamic force (R, Equation 2.8) depends on the lift and drag coefficients, sail
area (A), air density (ρair) and apparent wind speed.

L =
1

2
· ρair ·AWS2 ·A · CL (2.6)

D =
1

2
· ρair ·AWS2 ·A · CD (2.7)

R =
√
L2 +D2 (2.8)
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The total aerodynamic force can be decomposed into a driving force and a side force. When sailing,
the sail will always be trimmed in such a way that the lift force is in the direction of the driving force.
When sailing downwind, the drag force is in the direction of the driving force, while sailing into the wind,
the drag force is in the opposing direction of the driving force. The aerodynamic side force leads to drift
or heel angles. This will be further explained in section 2.2.

Figure 2.3: Visualisation of aerodynamic forces of a rotor sail, leeward and windward sides, and angle of attack.

The thrust force coefficient can be defined using the lift and drag force coefficients. This coefficient
aligns with Fx in Figure 2.3 and is calculated using the following equation.

Cx = CL ∗ sin(AWA)− CD ∗ cos(AWA) when AWA <= π (2.9)
Cx = −CL ∗ sin(AWA)− CD ∗ cos(AWA) when AWA > π (2.10)

2.1.2. Wing sails
Wing sails (also called hard or rigid sails) consist of rigid materials and designs. Different types exist,
with some wing sails consisting of multiple bodies with steerable flaps for enhancing the maximum lift
power. The technology provides proved fuel savings on the applied vessels. The operation of these
systems are the rotating of the mast such that the optimum angle of attack for given desired operation is
achieved. The thrust is then generated through the effect of Bernoulli’s principle. This is essentially very
similar to aircraft wings (Kolodziejski & Sosnowski, 2025). This principle is illustrated in Figure 2.4a.
Many companies provide different concepts of wing sails, with BAR Technologies being the market
leader as of August 2024 (FinOcean, 2024). The first vessel retrofitted with two modern wing sails
for WASP is the Pyxis Ocean, equipped with WindWings from BAR Technologies (BAR Technologies,
2025). The Pyxis Ocean is shown in Figure 2.4b.

(a)Wing sail working principle (Lisitsin, 2020). (b) Pyxis Ocean (Buitendijk, 2023).

Figure 2.4: Wing sails.
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2.1.3. Suction wings
Suction wings are similar to wing sails, being vertical wing-shaped sails, and the angle of attack can
be adjusted for desirable conditions. However, the suction wings include an internal fan that creates a
suction force which pulls the boundary layer around the wing. This enhances the lift force significantly
(Kolodziejski & Sosnowski, 2025). The parameter for the intensity of the applied suction is known as
the suction coefficient. The working principle is illustrated in Figure 2.5a. This internal fan requires
power input, and higher suction coefficient requires an increased fan power (IMO, 2024). There are
fewer companies providing suction wings. As of August 2024, Econowind is the market leader for this
technology (Econowind, 2026), and suction wings in general are the most ordered type of WASP tech-
nology (FinOcean, 2024). The MV Ankie, a cargo vessel retrofitted in 2020 with Econowind Ventifoils,
is shown in Figure 2.5b.

(a) Suction wings working principle (Econowind, 2025). (b) MV Ankie (Buitendijk, 2020).

Figure 2.5: Suction wings.

2.1.4. Rotor sails
Rotor sails (also called Flettner rotors, after its inventor Anton Flettner) are vertical rotating cylinders
with a top disc and possibly a bottom disc. The cylinder is spun using an electrically powered motor.
The rotation rate of the rotor is known as the spin ratio, which is a dimensionless parameter defined
as the ratio between the tangential velocity of the rotor surface to the AWS (Kolodziejski & Sosnowski,
2025). This parameter is identified as the most important operational controlling parameter for lift and
drag generation (Lv et al., 2022). The thrust generated by this sail is created due to the principle of
the Magnus effect; the wind encountering the cylinder is pulled along one side of the cylinder, creating
a pressure difference, which leads to a force perpendicular to the wind direction (IMO, 2024). This
principle is illustrated in Figure 2.6a. Multiple companies provide these rotor sails, which all are rotating
cylinders, but with different aspect ratios, top plate sizes, and smoothness of cylinders. As of August
2024, this type of WASP technology is the most installed, with Norsepower (Norsepower, 2026) as
market leader (FinOcean, 2024). An example vessel retrofitted with Norsepower rotor sails is shown
in Figure 2.6b.

(a) Rotor sail working principle. (b) Maersk Pelican.

Figure 2.6: Rotor sails (Patowary, 2021).
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2.1.5. Other forms of WASP
Three of the seven predominant wind propulsion technologies have been discussed, which leaves four
to be: soft sails, kites, turbines, and hull forms. These four types are less popular in the WASP market
and will be discussed briefly.

Soft sails have been widely used for primary wind propulsion for many decades. Despite this long
operational history, their use is far less common in the WASP sector for merchant vessels. Possi-
ble reasons for this include the low lift coefficient per square meters, operational expenditures, or the
handling complexity compared to other technologies (Werner et al., 2024).

Kites have been applied on two vessels as of August 2024, of which one commercial vessel (FinOcean,
2024). The advantage of kites above the other WASP technology is the fact that these systems can
make use of higher wind speeds found at higher altitudes compared to systems that are positioned on
deck. Furthermore, kites are suitable for vessels with very limited deck space. However, the dynamic
operations of the kites are complex and could lead to great effort in motion controlling. The deployment
and recovery of kites also adds complexity (LR, 2024; Werner et al., 2024).

Wind turbines can be used in a number of different forms. One could be coupled directly to a generator
for electricity production, or could be directly coupled to a shaft for thrust production. An advantage of
wind turbines compared to other technologies is that it can produce electrical power for zero ship speed.
However, the stability of the vessel should be carefully considered. As of September 2024, there are
no full-scale commercial vessels sailing with wind turbines (Werner et al., 2024).

A different approach to the design of the hull form could also generate lift that could be used as an
additional thrust source. A current concept design implementing this idea is the Vindskip design (Lade,
2022). The hull is shaped like a very large sail, generating thrust through the same principle as con-
ventional sails.

2.1.6. General considerations for WASP installation
Before installing a WASP system on a vessel, several general considerations should be addressed.
First, the addition of any extra equipment increases the ship weight, thereby reducing the available
deadweight. Moreover, the forces generated by a WASP system can influence both the manoeuvra-
bility and the stability of the ship. The installation also requires sufficient deck space and clearance,
as the sails depend on unobstructed airflow to operate effectively. The operational efficiency of these
technologies is inherently variable, as it depends on prevailing wind conditions. Most systems addition-
ally require a power supply, which introduces further demands on onboard energy resources. Beyond
the system and installation costs, integrating a WASP system into the structure and operational profile
may lead to additional expenses, for example, the cost of power supply or steelwork for the founda-
tions. Furthermore, the presence of wind-assisted propulsion systems may obstruct lines of sight and
interfere with cargo-handling or evacuation operations (DNV, 2025; LR, 2024). A study on adoption
barriers for retrofitting rotor sails, wing sails, and suction wings, showed that the financial incentives
are the largest barrier for adopting wind propulsion (Chica et al., 2023). Another large barrier for the
uptake of wind propulsion is the operational regard (IMO, 2024).

2.1.7. On the evaluation of WASP across different vessels
There is limited published literature on the evaluation of WASP technology across a fleet of various
types of vessels. Hüllein (2022) conducted a feasibility study on the integration of WASP within the
vessel fleet used in Norwegian aquaculture. In this study, vessel types were screened primarily based
on available deck area and principal dimensions. The discussion of vessel suitability was not based on
a systematic set of criteria, but on available deck space. Regarding the selection of a specific WASP
system, the study favoured the Flettner rotor for its efficiency relative to sail area, referencing Lu and
Ringsberg (2020) and Reche-Vilanova et al. (2021). It is worth noting that these referenced studies did
not include suction wings in their comparative evaluations, which suggests that the technology selection
was shaped by the set of technologies considered in those particular studies.
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2.1.8. Literature reviews and main takeaways on the application of WASP sys-
tems

Although the evaluation of WASP across different vessel types is limited, sufficient information is avail-
able to allow comparisons between WASP systems applied to individual vessels. Kolodziejski and Sos-
nowski (2025) presented a recent review article of studies on WASP systems, the different aspects of
using sail applications in the maritime industry, and the types of WASP systems. The authors concluded
that most studies have been carried out on the saving potential of Flettner rotors, showing validated
fuel savings. The available information of the fuel saving potential of wing sails remain limited. For
suction wings, the authors found a significant deviation between predicted and reported fuel savings.

Khan et al. (2021) presented a review paper published in the Journal of theWind Propulsion Conference.
The references cited ranged from as early as 1934 to more recent works, with the majority being current
at the time of publication. The review focused on three primary WASP technologies: sails, rotors,
and kites. The aerodynamic principles, performance potential, and implementation challenges are
discussed. The authors describe that WASP has the highest potential of energy savings amongst
energy saving technologies. This same conclusion is also found in a more recent study carried out by
the International Windship Association (IWSA) (IMO, 2024).

Lele and Rao (2016) identified five different wind energy strategies for ship propulsion, that are, kites,
wing sails, Flettner rotors, wind turbines, and airborne wind turbines. Each strategy is accompanied by
a chronological list of relevant studies. Most of the reviewed literature focused on kite-based systems.

Werner et al. (2024) is an International Towing Tank Conference (ITTC) document provided by the ITTC
Wind Powered andWind Assisted Ships Committee. This committee is relatively new and includes sev-
eral prominent figures in the WASP research industry. The document outlined the tasks assigned at
the previous ITTC convention in 2021. These included reviewing different WASP technologies, evalu-
ating methods for performance prediction, and analysing long-term statistics. The committee was also
tasked with developing guidelines for fuel consumption prediction, establishing performance indicators
for WASP, investigating effects on propulsive factors, and formulating the ITTC for wind-propulsion
ships.

Many studies have been conducted on the evaluation of different WASP systems on a vessel (Plessas
& Papanikolaou, 2025; Reche-Vilanova et al., 2021; Thies & Ringsberg, 2021; Traut et al., 2014; Viken,
2022). The main takeaways from these studies are the following:

• The dimensions and number of systems influence performance (Tillig & Ringsberg, 2020; Viola
et al., 2015).

• Slower vessels benefit more from WASP, as the contribution of the WASP system can be greater
(Traut et al., 2014; Viola et al., 2015).

• No single non-dimensional coefficient can describe all the important characteristics of a WASP
system (Reche-Vilanova et al., 2021; Traut et al., 2014; Werner et al., 2024).

• The forces generated by a WASP system depend on the vessel context (vessel type, routing),
and certain aspects of WASP systems may be beneficial or unfavourable for specific vessel types
(Traut et al., 2014).

2.2. Changes in propulsive efficiencies during WASP operation
Applying WASP introduces several operational challenges, as the system not only contributes to thrust
but also generates a side force due to lift and drag effects. Research by van der Kolk (2020) illustrated
the changes in hydromechanics and aerodynamics of a WASP-equipped vessel, and is indicated in
Figure 2.7. As shown, the WASP system induces a leeway and heel angle, which alter the resistance.
The prediction of the altered resistance due to leeway and heel angles will be further discussed in
section 2.3. In addition, the inflow to the propeller changes, and the propeller loading differs from the
design condition. These factors influence the efficiencies in the propulsion train.

The propulsion train is described by Klein Woud and Stapersma (2002) and illustrated in Figure 2.8. In
this study, this chain was analysed using recent literature to identify potential changes when WASP is
applied. This analysis begins at the ‘ship’ block in the upper-left corner of Figure 2.8.
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Figure 2.7: Changes in sailing while applying Flettner rotors (van der Kolk, 2020).

Figure 2.8: Propulsion chain (Klein Woud & Stapersma, 2002).

2.2.1. On hull efficiency
The hull efficiency is defined as the ratio of effective power to propulsive power and depends on the
thrust deduction factor (t) and the wake factor (w). The thrust deduction factor represents the interaction
between the operating propeller and the hull. The wake factor accounts for the reduction in water inflow
velocity at the propeller compared to the ship’s speed, due to the influence of the hull. The hull efficiency
is calculated using Equation 2.11 (Klein Woud & Stapersma, 2002).

ηH =
1− t

1− w
(2.11)
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(a)Wake fraction (1 − w). (b) Thrust deduction factor (t).

Figure 2.9: Analysis of hull efficiency factors for different propeller loadings (Werner et al., 2024).

The propeller loading affects both the wake factor and the thrust deduction factor. These varying factors
in propeller loading are illustrated in Figure 2.9. An increased wake factor contributes positively to hull
efficiency, whereas an increased thrust deduction factor has a negative effect. The authors do not
report the resulting total hull efficiency; however, they do provide the effects of t and w on the total
propulsive efficiency, as discussed in subsection 2.2.4 (Werner et al., 2024).

Schot and Eggers (2019) researched the effect of leeway angle on the propulsive performance. The
authors employed viscous flow calculations and model tests on three single-screw vessels and one
twin-screw vessel. The results indicated that the changes in propulsive efficiency were sufficient to
describe performance trends. The thrust deduction factor was held constant, as the aim was to isolate
the effect on the wake factor. The authors reported that the wake field changes due to:

1. The change in mean axial velocity: when the vessel sails at a leeway angle, its velocity can
be decomposed into an x- and y-component. The speed in the x-direction decreases and is
described by the axial wake fraction. This fraction is further reduced by the hull shadowing effect,
meaning that the leeway angle of the vessel also alters the inflow to the propeller.

2. The pre-swirl of flow due to the hull: the hull generates additional vortices in the flow, which
contain pre-swirl. This changes the degree of rotation that the propeller can add to the flow.

2.2.2. On open-water efficiency
The open water efficiency (Equation 2.13) is defined as the ability of the propeller to convert shaft
torque into thrust in open water. An open-water diagram can be used to determine the efficiency (ηO),
the thrust coefficient (KT ), and the torque coefficient (KQ) of a propeller, all of which are a function
of the advance coefficient (J). The advance coefficient (Equation 2.12) is a dimensionless number
expressing the ratio of the advance speed to the propeller’s rotational speed and diameter. The thrust
coefficient (Equation 2.14) represents the relationship between thrust, propeller rotational speed, and
diameter. The torque coefficient (Equation 2.15) relates torque to the same parameters as the thrust
coefficient (Klein Woud & Stapersma, 2002).

J =
vA

np ·Dp
(2.12)

η0 =
1

2π

T · vA
Q · np

(2.13)

KT =
T

ρ · n2
p ·D4

p

(2.14)

KQ =
Q

ρ · n2
p ·D5

p

(2.15)
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Figure 2.10: Propeller loading of WASP vessel (Tillig & Ringsberg, 2019).

Tillig and Ringsberg (2019) investigated the applicability of WASP for three different rotor sail sizes on
two different vessels on a ship route in the Baltic Sea using realistic weather forecasts. The developed
model in this study is based on empirical methods and standard hull and propeller series. For the ship
motions, the study used a steady-state calculation to determine, for instance, the propeller load for a
tanker sailing at a fixed speed. This KT was compared to the normalised KT,design, which represents
the KT for the tanker without WASP (see Figure 2.10). The environmental conditions varied along the
route, leading to a fluctuation in WASP thrust contribution. This led to a fluctuation in the thrust force
coefficient since this case assumed a constant ship speed. The results thus show that applying WASP
will lead to varying propeller loadings.

The authors further noted that applying WASP could lead to backside (pressure-side) cavitation. In con-
ventional vessels, cavitation typically occurs on the suction side due to the local pressure drop induced
by the propeller (Carlton, 2018). However, the reduced propeller loading when WASP is applied may
shift this pressure drop to the pressure side, potentially causing pressure-side cavitation. Conversely,
Plessas and Papanikolaou (2025) examined cavitation in the context of a WASP vessel and suggested
that lighter propeller loads would mitigate cavitation risks. This conclusion, however, appears to be
from analyses restricted to suction-side cavitation, while the potential for pressure-side cavitation was
not discussed.

Reche-Vilanova et al. (2023) developed a model to predict propeller and engine performance in calm-
water conditions at a constant speed. In the model, the WASP contribution was expressed as a per-
centage of the required thrust to maintain the constant ship speed. The authors concluded that the
open-water efficiency of the propeller increases as the net forward thrust contribution from the WASP
system rises. This effect was explained by the increase in the advance coefficient resulting from re-
duced propeller loading, as the propeller’s rotational speed decreases, which in turn leads to higher
efficiency.

Figure 2.11 presents the variation in efficiency as a function of WASP contribution. Beyond a certain
point, this efficiency gain ceases, as the propeller stalls. This result is also found in Eggers (2016) and
in Plessas and Papanikolaou (2025).

It is well established that propeller loading influences propeller performance. A vessel operating at a
drift angle can further modify the inflow conditions experienced by the propeller. For instance, oblique
inflow has been shown to change open-water characteristics (Werner et al., 2024). In addition, Schot
and Eggers (2019) reported that, under drift, changes in the mean axial velocity and the mean rotational
components of the wake field play a dominant role in shaping the resulting propeller performance.
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Figure 2.11: Open water efficiency variance to WASP contribution (Reche-Vilanova et al., 2023).

2.2.3. On relative rotative efficiency
The water velocity field at the propeller is non-uniform due to the influence of the hull, a phenomenon
not accounted for in open-water efficiency. The relative rotative efficiency is used to represent this
effect (Klein Woud & Stapersma, 2002).

Under straight sailing conditions, the relative rotative efficiency is determined bymatching themeasured
thrust coefficient and the propeller open-water thrust coefficient. Differences between these two results
in a relative rotative efficiency value. However, when sailing with a leeway angle, the hull could create a
pre-swirl in the flow to the propeller, which can modify the effective rotational components experienced
by the propeller. Schot and Eggers (2019) modelled this effect explicitly and reported that, for leeway
angles between −5◦ and 5◦, the resulting changes in relative rotative efficiency were minor.

2.2.4. On propulsive and transmission efficiency
The propulsive efficiency is the combined effect of hull efficiency, open-water propeller efficiency, and
relative rotative efficiency. The influence of propeller loading on propulsive efficiency is shown in Fig-
ure 2.12, showing a trend of increasing propulsive efficiency with decreasing propeller loading. This
behaviour can be associated with the improved propeller performance observed at lower loading con-
ditions.

Schot and Eggers (2019) reported that, for twin-screw vessels, differences in propulsive efficiency
between straight-sailing conditions and small leeway angles were generally minor. The reason for this
is that the wake fields of twin-screw vessels is less altered by small leeway angles. Their analysis
indicated that the effects become more noticeable at larger leeway angles, although such operating
conditions are typically less relevant for wind-assisted sailing scenarios. For single-screw vessels, the
study found that changes in propeller performance were more pronounced than for twin-screw vessels,
and the effect increases with the apparent advance ratio. Additionally, the authors noticed that larger
vessels tend to be less sensitive to leeway effects.

The transmission efficiency follows the propulsive efficiency in the propulsion train illustrated in Fig-
ure 2.8. Within the scope of this review, no literature was identified that explicitly investigates how
WASP installation influences transmission efficiency. However, Schot and Eggers (2019) described
that the side velocity of the water due to drift affects the propeller torque. This could lead to effects
such as altered bearing loads, although these potential implications were not addressed in that study
and fall outside the scope of this work. Transmission efficiency forms the link between propulsive and
engine efficiency, the latter of which is discussed in the following section.
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Figure 2.12: Propulsive efficiency for different propeller loadings (Werner et al., 2024).

2.2.5. On engine efficiency and operating conditions
Diesel engine efficiency is described in Klein Woud and Stapersma (2002) using the following equation:

ηe = ηcomb · ηq · ηtd · ηm (2.16)

In this equation, ηe is the total engine efficiency. The combustion efficiency (ηcomb) represents losses
due to incomplete combustion. The heat input efficiency (ηq) represents the heat that is lost inside
an engine cylinder to the cylinder wall transporting its heat to the cooling water. The thermodynamic
efficiency (ηtd) accounts for the largest energy loss, representing the difference between the energy
that is present in the combusted fuel, and the energy that is transferred to useful work for the engine.
The mechanical efficiency (ηm) accounts for losses due to friction between engine components and
pumping losses due to fuel, lubrication oil, and cooling water transportation.

The importance of modelling engine efficiency for WASP application to increase the accuracy of fuel
consumption calculations is pointed out in Traut et al. (2014). However, only a limited number of studies
appear to incorporate this aspect explicitly in their analyses, such as Viken (2022) and Kisjes (2017).
Tillig and Ringsberg (2019) presented the engine operating points during a voyage of a tanker equipped
with WASP. The authors reported that the engine occasionally operated under low power demand, and
that the resulting low engine speed could approach stalling limits, necessitating further investigation.
The corresponding results are shown in Figure 2.13.

Figure 2.13: Engine loading of WASP vessel (Tillig & Ringsberg, 2019).
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Eggers (2016) constructed engine load diagrams for a vessel with and without rotor sails on a selected
route and included an indicative engine operating envelope. The diagrams are presented in Figure 2.14.
In this figure, the operating points of the engine indicate that the titles could be inadvertently swapped.
The stationary engine loads indicate that the engine works in many operating points, indicating a vari-
able engine efficiency, especially in the wind-assisted case.

The engine operating envelope depicted in Figure 2.14 shows a lower rotational-speed limit of ap-
proximately 60 % of the maximum revolutions per minute (rpm), which is higher than what is typically
observed for marine diesel engines (Klein Woud & Stapersma, 2002). This interpretation is supported
by the distribution of the data points in the figure, several of which fall outside the indicated envelope,
suggesting that the plotted limits may not fully represent the operational capability of the engine.

Figure 2.14: Engine load diagrams on a selected route (Eggers, 2016).

Reche-Vilanova et al. (2023) reported that the Specific Fuel Oil Consumption (SFOC) increases when
the engine is partially loaded, operating under off-design conditions. However, as described earlier,
they also found that the positive effect of increased propeller efficiency leads to lower fuel consumption.
Based on these combined effects, the authors concluded that the overall variation in propeller and
engine performance result in a positive effect. It is important to note, however, that their analysis was
conducted using a 1-Degree-of-Freedom (DoF) method. This method does also not include leeway or
heel effects. This modelling approach also does not account for additional resistance due to waves.

Plessas and Papanikolaou (2025) developed an engine layout diagram and a SFOC diagram for a
vessel during a wind-assisted voyage. The IMO propulsion power requirements were applied to deter-
mine the necessary power for a concept design of a Very Large Crude Carrier (VLCC). As shown in
Figure 2.15a the engine operating point without WASP lies at a relatively low engine operating point.
This indicates slow-steaming conditions, although this is not explicitly discussed by the author. This
interpretation is supported by the SFOC diagram shown in Figure 2.15, indicating an operating point
below the most efficient value. The SFOC plot shows that the engine shifts to a less efficient operational
condition. Furthermore, the operating points of the engine with and without sail in Figure 2.15a appear
to lie on the same curve. This indicates that the author considered a constant propulsive efficiency.

The influence of dynamic engine behaviour due to WASP has received limited attention. Kuo (2020)
addressed this gap by modelling the dynamic response of a diesel engine driving a fixed-pitch propeller
on a rotor sail-equipped vessel. In this study, the effects of both wind and wave disturbances on the
engine behaviour were considered. The results indicated that variations in engine rotational speed and
torque were more sensitive to wave-induced wake disturbances than to fluctuations in wind speed. The
governor was found to counteract changes in wind speed, keeping the engine speed relatively constant.
Moreover, the dynamic engine operating points remained within the safe working limits during simula-
tions, and the study concluded that the engine efficiencies under static and dynamic environmental
conditions were similar.
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(a) Engine layout diagram. (b) Power vs. SFOC.

Figure 2.15: Engine characteristics of a ship during a journey with and without WASP (Plessas & Papanikolaou, 2025).

Outside the WASP domain, Shi (2013) investigated the influence of dynamic variations during the
dredging cycle of a Trailing Suction Hopper Dredger (TSHD) on the behaviour of its energy system.
Measurements conducted on board demonstrated that the diesel engine responded rapidly to changes
in fuel supply during transient operating conditions. As a consequence, the study reported that the
fuel consumption during these transient events was comparable to that observed under equivalent
steady-state conditions.

The reviewed literature on the engine operating conditions during WASP operations shows that the
operational points of the engine changes. This alters the efficiency of the engine. Furthermore, the
dynamic response of the engine as an effect of WASP is not expected to result in substantial differences
in engine efficiencies compared to the stationary case.

2.3. WASP performance prediction
Numerous models have been developed to predict the performance of WASP systems. However, few
are commercially available or provided as open-source software (Charlou et al., 2023). Two compre-
hensive reviews of the existing Performance Prediction Program (PPP) methods are presented by
Smeets (2024) and Werner et al. (2024). The PPPs mentioned in these studies are examined to gain
insight into the type of modelling program required to address the research question.

The performance of different systems has been predicted using various forms of PPPs, using different
modelling approaches, leading to varying results. However, as highlighted byWerner et al. (2024), clear
guidelines on the results have only recently been established. Furthermore, discrepancies have been
reported between measured and predicted performance values (Kolodziejski & Sosnowski, 2025). To
address this, the ITTC specialist WASP committee was tasked with developing performance indicators
to enable the comparison of WASP systems at the design stage (Werner et al., 2024):

• Power saving: Express the total propulsion power with and without WASP for the same route and
speed. Assuming positive WASP thrust contribution, this indicates how much less the propulsion
power the ship needs using wind propulsion. This represents the simplest means of expressing
performance.

• Fuel saving: Calculate the fuel consumption with and withoutWASP for the same route and speed.
This requires modelling the machinery efficiency.

• Energy saving: Determine the energy consumed by the propeller (propeller power multiplied by
time on route) with and without WASP. This does not require modelling the engine and indicates
saved propeller power.

• CO2 saving: Calculate the CO2 emissions with and without WASP. This can be achieved by using
a conversion factor, assuming a linear relationship between fuel consumption and CO2 emissions.
Therefore, the fuel saving needs to be determined.
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These different indicators require a different level of modelling effort. The power saving can be used
for a straightforward idea of the impact of a WASP system compared to the total installed power. The
energy consumed by the propeller shows the altered propulsive efficiency, where the fuel saving indi-
cators shows the efficiencies in the total drive train.

Many simulation studies express the performance as a percentage of fuel savings. However, this rep-
resentation could be misleading when the reference conditions are not clearly defined. This may create
unclarity regarding what the reported savings are relative to, and may contribute to the discrepancies
between predicted and measured fuel savings reported in Kolodziejski and Sosnowski (2025).

PPPs can be performed using different numbers of DoFs. Typically, the fuel consumption of a mer-
chant vessel is determined using a 1-DoF method (surge). However, implementing WASP on a vessel
introduces additional forces that influence the total force required to propel the vessel, as illustrated
in Figure 2.7 (Charlou et al., 2023). Some studies emphasise the need for a 4-DoF approach (surge-
sway-roll-yaw) when predicting the performance of WASP (Thies & Ringsberg, 2021; Tillig & Ringsberg,
2019). Others have adopted a 3-DoF method (surge-sway-yaw), assuming that the roll angle induced
by the WASP systems is low (Viken, 2022; Viola et al., 2015). Reche-Vilanova et al. (2021) addressed
this assumption by calculating the roll angle for a large-beam tanker using a 6-DoF model and found a
maximum roll angle of 0.2 degrees. This study also reported that the difference in results between the
6-DoF and 4-DoF was minimal.

To illustrate the difference between a 1-DoF and a 4-DoF method, the results from Tillig and Ringsberg
(2019) are summarised. In this study, an existing 1-DoF PPP was expanded to include sway, roll, and
yaw, after which both models were used to evaluate a typical voyage with WASP. Figure 2.16 shows the
predicted main engine power demand, normalised by the 4-DoF prediction without sails, for different
sail areas. The comparison reveals that the 1-DoF method often overestimates the sail-assist benefit.
For instance, at the start of the voyage, strong winds force the 4-DoF model to reef the sails due to
excessive heel or rudder angles.

At approximately 500 nautical miles (nm), the apparent wind becomes a tailwind, resulting in negligible
sail contribution. At 1300 nm, headwinds cause the rotor sails to induce drag, increasing the main
engine’s power demand. Accounting for heel and rudder constraints produces a maximum difference
of 40% in power demand between the two models. Note that this is the same study as described in
Figure 2.10, and the propeller loading variation can be recognised.

Figure 2.16: Simulation results with various sail configurations on the tanker (Tillig & Ringsberg, 2019).

Incorporating additional DoFs into the prediction programme brings both technical challenges and com-
putational effort. In particular, accounting for the added resistance caused by the induced leeway angle
remains a challenging task (Schot & Eggers, 2019; Tillig & Ringsberg, 2020). For a multiple DoF model,
manoeuvrability models can be consulted to calculate induced drift resistance (Kisjes, 2017). The de-
cision on the number of DoFs to include in a model depends on the scope and objectives of the study.
To help standardise this process, the ITTC WASP Committee was tasked with proposing guidelines for
the performance predictions of wind-assisted ships (Werner et al., 2024). According to the committee,
estimating the expected fuel saving from a wind propulsion solution involves the following four principal
steps:
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1. Generating the background data required for the model input; more accurate input enables the
development of more advanced models.

2. Generating models from these data to describe each sub-system’s response to a change of state.
For instance, the aerodynamic force of sails in different wind angles.

3. Derive steady-state force equilibrium using a PPP.
4. Conduct route studies with varying environmental conditions.

Following this, the committee defined several levels corresponding to the scope of a case study. An
overview of this is given in Figure 2.17. In this table, low fidelity (*) methods refer to data or regression
models, or lifting line methods. High fidelity (**) refers to case-specific Computational Fluid Dynamics
(CFD), model test, or full-scale test.

While the IMO regards WASP as a large contributor to marine emission reductions, the ITTC WASP
committee did not consider guidelines on the calculations of emissions for the case studies.

Figure 2.17: Overview of methods for prediction of power saving of wind propulsion technologies (Werner et al., 2024).

The ITTC guidelines are relatively recent (September 2024), and earlier studies have applied different
argumentations for selecting the number of DoFs. Some notable statements regarding the choice of
DoFs in these studies are listed below.

Plessas and Papanikolaou (2025) presented a 1-DoFmethod for designing a VLCCwithin a parametric,
multi-objective optimisation framework. The authors cited Tillig and Ringsberg (2019) to justify their
choice of a 1-DoF approach:

A case study by Tillig and Ringsberg [11], examining the use ofWAPSs on a tanker operating
between Gothenburg and St. Petersburg in the Baltic Sea, found that fuel consumption
estimates for wind-assisted vessels using a 1-DOF model differed from those using a 4-
DOFmodel by betweenmerely 2% (for smaller sail areas, e.g., 300 m2) to 7% (for larger sail
areas, e.g., 900 m2), with the 4-DOF model providing more conservative saving predictions.

While the reported values are consistent with those presented by Tillig and Ringsberg (2019), the basis
of the comparison used in Plessas and Papanikolaou (2025) requires some clarification. The underlying
results in Figure 2.18 show fuel-saving estimates that are calculated relative to a no-sail reference case.
For assessing differences between the 1-DoF and 4-DoF approaches, a more appropriate comparison
may be found between the predictions of the two methods themselves, rather than between each
method and the no-sail baseline. Consequently, for the 300m2 sail, the percentage difference is 2/12×
100% = 16.7% with respect to the 4-DoF case. For the 900m2 sail, the corresponding difference is
7/20× 100% = 35%.
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Figure 2.18: Comparison of fuel consumption of the tanker with different sail configurations (Tillig & Ringsberg, 2019).

Reche-Vilanova et al. (2023) conducted a preliminary study on variations in propeller and engine perfor-
mance with wind propulsion technologies using a 1-DoF method. The authors noted several simplifying
assumptions in their modelling approach, including calm-water conditions, negligible added resistance
associated with leeway, and a uniform, curl-free inflow at the propeller. They justified these simplifica-
tions explaining that the scope of the study was to examine the effects of a lightly loaded propeller and
the engine on the overall propulsion system efficiency.

The analysis of the statements regarding the choice of number of DoFs in the study showed that this
depends on the goal of the research. The guidelines given in Figure 2.17 shows a reasonable overview
for the applicability of a certain method to achieve a certain goal. However, these guidelines lack the
consideration of emissions calculations.

2.3.1. Input requirements for vessel and WASP characteristics
The review of existing PPP approaches provides insight into the parameters commonly required for
predicting the performance of a vessel equipped with WASP. A concise and well-structured overview
of these parameters is given by Reche-Vilanova et al. (2021). Based on the literature reviewed, the
following information appears to be minimally necessary for constructing a 1-DoF PPP:

• Vessel mass.
• Hydrostatic properties.
• Hull resistance.
• WASP system thrust force.

For more advanced analyses, such as incorporating additional DoFs or accounting for other effects,
more information may be required, including:

• Added resistance in waves or due to wind.
• Propeller characteristics (to account for variations in propeller efficiency).
• Aerodynamic characteristics of the superstructure.
• Rudder hydrodynamic forces.
• Added resistance in response to WASP.
• Influence of other hydrodynamic efficiencies, which include hull and relative rotative efficiency.
• Variable engine efficiency.

The following parameters are typically required to represent the WASP system itself:

• Working principles and corresponding governing equations.
• Lift and drag coefficients and system dimensions.
• Reference data for verification.
• Wind conditions.

More sophisticated prediction methods include interacting effects (Smeets, 2024), such as:

• Hull-system airflow interaction.
• System-system airflow interaction.
• Changing airflow speed over the height.
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2.4. Diesel engine emissions
This section discusses the main mechanisms for different emissions caused by the combustion of fuel
oil in a diesel engine, and the relation to WASP operations. A complete source for the explanation of
emission mechanisms is Heywood (2018). The contents in subsection 2.4.1 are based on this work.

2.4.1. Emission mechanisms
Emissions such as CO2 and sulphur oxides (SOx) are governed primarily by the characteristics of the
fuel itself. CO2 is directly proportional to fuel consumption, while sulphur dioxide (SO2) emissions are
determined by the sulphur content of the fuel. These emissions can be calculated using fuel conversion
factors, which depend on the type of fuel.

Other emissions also depend on the conditions in the cylinder, for instance nitrogen oxides, a group of
gases including NO, NO2, and N2O (NOx). The largest part of NOx emissions is nitrogenmonoxide (NO).
The temperature and oxygen concentration mainly influence the NO emissions. A higher temperature
and oxygen concentration generally lead to higher NO emissions. The contribution of dinitrogen oxide
(N2O) to total NOx is relatively minor. The nitrogen dioxide (NO2) can account for 10–30% of NOx
emissions from diesel engines, and grows for lighter engine loads.

Incomplete combustion can lead to carbon monoxide (CO) emissions. In these conditions, there is
insufficient oxygen to fully oxidise the present carbon in the fuel to CO2. Another emission resulting
from incomplete combustion is Non-Methane Volatile Organic Compound (NMVOC) emissions. These
are unburnt or partially burnt hydrocarbons (HC) (excluding methane (CH4)), which under insufficient
oxygen can not ignite properly. Furthermore, a low temperature at the cylinder wall engine can cause
an extinguished flame, leading to unburnt fuels at these walls. Low cylinder wall temperatures are
associated with light engine loading.

The mechanisms behind Black Carbon (BC) emissions, or soot, are difficult, and depend on multiple
different influences. Soot formation is found to be occurring in locally fuel-rich mixtures. These con-
ditions may arise for several reasons, but within the context of the engine operational envelope, the
smoke limit of the engine is an important reason for soot formation. In this regime, despite the pres-
ence of overall excess air, the fuel sprays cannot find and mix with the remaining air quickly enough,
resulting in widespread locally rich mixtures that produce excessive soot. The smoke limit of an engine
is approached by an increment of the injected fuel per cycle.

The IMO provided conversion factors in IMO (2020) for the calculation of different emissions. The
conversion factors are constant values that are used to calculate CO2 and SOx depending on the fuel
type and fuel consumption, and NOx, CH4, CO, N2O, and NMVOC depending on amount of energy
consumed by the engine. The only constant factor that depends on the stationary engine load are
the BC emissions. These guidelines also provide factors for determining Particulate Matter (PM) and
CH4. The PM emissions (PM10 in the document) are classified as a consequence of the amount of
sulphur contents in the fuel. The CH4 emissions are defined as the residual fraction of total hydrocarbon
emissions. Within diesel engines, CH4 are relatively low, but classified as a more potent Greenhouse
Gas (GHG) compared to CO2.

Using the IMO constant conversion factor may lead to indicative values of the emissions during a
voyage, but the given information in this section shows that these values must be treated with care.
The complex mechanisms behind emission formation lead to non-linear relations (except for CO2 and
SOx) between fuel type, fuel consumption, and engine operations, and may not be accurately described
using constant conversion factors.
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2.4.2. On emissions under WASP operation
Although many studies acknowledge that applying WASP can reduce GHG emissions through de-
creased fuel consumption, relatively few quantify this. In several cases, reductions in CO2 emissions
are approximated by linearly scaling the modelled fuel savings using a fuel conversion factor (Hüllein,
2022; Reche-Vilanova et al., 2023; Viken, 2022).

Furthermore, the European Maritime Safety Agency (EMSA) reported the following (Laursen et al.,
2023):

‘As explained above, since the use of WASPs is expected to lower the ship’s fuel consump-
tion, the ship emits less GHG emissions but also other air pollutants (SOx, NOx, PM, etc.).
The amount of air pollution that is reduced depends on how much less fuel is burned, the
sulphur content of the fuel and the type of engine powering the ship.’

This quote describes an assumption on direct proportionality between fuel savings and reductions in
all air pollutants and GHG emissions. While the IMO describes constant conversion factors that im-
ply a proportionality between consumed fuel or consumed energy and emissions (except for BC), the
emission mechanisms discussed earlier suggest that this relationship is not universally valid.

Few studies in the WASP field have considered emissions other than CO2. The study in Seddiek and
Ammar (2021) considered the SOx, CO, HC, NOx, and CO2 emission reductions due to WASP. The
authors used constant conversion factors provided by the IMO in 2018 and 2019. These constants
caused the relative emission savings to be identical to the relative energy savings.

While the study on dynamic engine operations due to WASP in Kuo (2020) did not study the resulting
emissions from these operations directly, the results indicate changing in-cylinder behaviour during
operations. Such changes imply that the resulting emission profile may differ from the stationary case.

The authors in Rakopoulos et al. (2009) investigated the effect of engine, load, and turbocharger pa-
rameters on the transient emissions of a diesel engine, focusing on NO and soot. The study reported
that both pollutants exhibited peak values during transient load increases due to turbo lag. A sudden
increase in engine load results in a reduced air-fuel equivalence ratio, leading to higher combustion
temperatures that favour NO and soot formation. Furthermore, a large load increase (from 10% to
90%) requires more engine cycles to reach steady-state equilibrium, increasing the total cumulative
mass of NO and soot. The authors did not study the emissions during transient load decreases.

Shi (2013) measured NOx emissions aboard a TSHD during transient operations and found that the
NOx molar fraction followed the same general trend as engine load. The author stated that changes in
NOx molar fraction are a function of temperature, oxygen molar fraction, and pressure. For increasing
loads, NOx values were lower than in the corresponding static case. Even though higher combustion
temperatures are reached during load increments, the drop in inlet pressure causes a local lack of
oxygen, which results in an overall lower NOx molar fraction. Conversely, for decreasing engine loads,
the NOx molar fraction increases.

The findings in Rakopoulos and Giakoumis (2009), resulting in increasing NO emissions during engine
load increments, and the findings in Shi (2013), resulting in decreasing NOx emissions during engine
load increments, seem to be contradicting. Both studies agree that turbocharger lag causes a lower air
excess ratio, leading to higher cylinder temperatures. However, the use of a constant engine speed by
Shi may have caused a contradictory result from the results by Rakopoulos et al., who use a variable
engine speed.

An additional conclusion from Shi (2013) is that the long-term effects of transient load changes on NOx
emissions are minimal. The increases and decreases during opposite load transitions cancel each
other out, meaning that the mean NOx emissions over extended operating periods show little to no
impact from dynamic loading.
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2.5. Research gap
The literature review reveals that, while wind propulsion is not a new concept, most of the systems
currently under development remain in an early stage of maturity for merchant shipping application.
Adoption is slowed by investment costs and operational regard. Discrepancies between predicted
and reported fuel savings raise doubts about the reliability of current calculation methods, although
increasingly accurate PPPs are being developed by multiple researchers. These programmes often
express the performance of WASP systems in terms of fuel savings, with few studies also considering
CO2 emissions. The other types of emissions receive less attention. The guidelines on the applicability
of different performance prediction methods also lack an assessment method for the emissions.

A research gap exists regarding the potential of WASP for versatile fleets consisting of special-purpose
vessels, such as those operated by Boskalis. Most existing applications involve merchant ships, and
only a limited number of special vessels have been retrofitted with WASP technologies. Consequently,
the applicability and potential benefits of WASP for many special ship types remain unknown.

Furthermore, the existing literature consists mainly of individual case studies, with limited approaches
for systematically evaluating WASP suitability across multiple vessel types. This lack of fleet-level
assessment is particularly relevant for diverse operators such as Boskalis.

Outside the scope of this thesis, another research gap is identified in the relation between the affected
emission characteristics of a diesel engine assisted with wind propulsion. Most recent studies onWASP
focus on hydrodynamic or aerodynamic aspects, with only a few considering engine operating condi-
tions.
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Suitable vessel type & system for

WASP

This chapter discusses the analysis of different vessel types within the Boskalis fleet for suitability
of WASP. The wing sails, suction wings, and rotor sails discussed in section 2.1 will also be further
analysed.

3.1. Fleet-level multiple-criteria decision analysis
An MCDA can be used to evaluate multiple conflicting criteria in decision-making. The analysis leads
to a clarification in trade-offs between multiple objectives. The general approach steps for an MCDA
are (Taherdoost & Madanchian, 2023):

• Identify and select the criteria
• Determine the weights of the resources
• Rank resources using a suitable method

The MCDA is defined as a distinct set of alternatives, a distinct set of criteria that are used to evaluate
the alternatives, and a set of normalised weights assigning to each criterion based on importance.
Different types of MCDA exist and the process of choosing an appropriate method depends on the use
case. Whitcomb (1998) provides a set of different MCDA methods generally used in shipbuilding. The
weighted sum method is used in this study, because of the simplicity of the formulation. This method
gives quick results, but could, for complex analyses, lead to conflicting scores inside the matrix.

3.1.1. Fleet subdivision
The first step in the MCDA is to define the alternatives. For this research, the different categories of
vessels inside the Boskalis fleet serve as alternatives. This fleet consists of various types of vessels,
with some vessels being converted to another type during its operational time (Buitendijk, 2024a). The
Boskalis equipment portal (Boskalis, 2025) and other internal information are used to divide the vessel
fleet into main categories. The main categories are shown in Figure 3.1. Only the self-propelled vessel
types are considered.
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Figure 3.1: Boskalis fleet divided into various ship types.

These main categories are divided into more sub-categories to capture vessel-specific properties. Ex-
amples of these are vessel length, the equipment, or the hull form. Some discrete examples are:

• TSHD: theMedway is 121meters long (medium) while the queen of the Netherlands is 230meters
long (large).

• Crane vessels: the Bokalift 1 is a crane vessel, while the Taklift 7 is a crane barge.
• Survey vessels: the vessels are of similar length in this class. In this example, the Braveheart
Spirit is equipped with an a-frame, while the Horizon Geodrill has a drill tower. The operations of
these equipment types require different installation locations on the deck.

These example vessels are given in Figure 3.2. The categorisation of every vessel is given in Ap-
pendix A.

(a) Medway (b) Bokalift 1 (c) Braveheart spirit

(d) Queen of the Netherlands (e) Taklift 7 (f) Horizon Geodrill

Figure 3.2: Fleet category subdivision example (Boskalis, 2025).
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3.1.2. Criteria
Some common observations about factors affecting WASP technologies are an influence on the ma-
noeuvrability, deck- and airspace, air draught, intermittence of WASP thrust, power demand, and (hid-
den) costs (LR, 2024). The criteria used in the MCDA method could therefore be extensive, but this
would defy the use of a simple method. Only the effectiveness of the WASP system and the opera-
tional interference of such a system are considered. These are the main categories of criteria. The
main categories are subdivided in criteria. This is shown in Figure 3.3.

Figure 3.3: Criteria used for MCDA. Effectiveness weighs more heavily compared to operational interference.

The effectiveness and operational interference are both subdivided into four criteria.

• Effectiveness:

– Sailing speed: a slower sailing vessel could benefit more from WASP since the apparent
wind conditions will be more favourable for thrust production more often. Also, the power
contribution of the system can be larger.

– Free airflow: the WASP system works best in undisturbed airflow. Large equipments could
for instance disturb this airflow. Disturbed airflow decreases the effectiveness of the system.

– Sailing time: a vessel that could benefit the most from WASP is one that sails most of the
operational time. A ship that remains stationary does not benefit from thrust production (as-
suming that a WASP system cannot be used during Dynamic Positioning (DP) operations).

– Wind conditions: an inland vessel encounters lower wind speeds more often compared to a
sea-going vessel.

• Operational interference:

– Free deck space: a vessel with much free deck space has more options for the placement of
new equipment, whichmakes it easier to assign a location where the operational interference
is minimised.

– Manoeuvrability: a WASP system will impose forces on the ship, influencing stability and
manoeuvrability. A ship with a large mass moment of inertia suffers less from this effect.

– Height restriction: a WASP system could negatively influence vessels that operate in areas
with height restrictions.

– Versatility impact: the strength of some vessels lies in the option to purposely fit a deck
layout specifically for a project. This is influenced when a new type of equipment is added.

The weights of the effectiveness and operational interference are shown in Figure 3.3 (4 for effective-
ness, 2 for operational interference). The effectiveness has a higher weight compared to operational
interference. The effect on the operations of the vessel can be changed by considering multiple WASP
system design concepts. There is some leverage on the deck layout; the sail system can be placed
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such that the operational interference is minimised. The effectiveness of the sail is determined by ex-
ternal influences. For this reason, the effectiveness has a higher score compared to the operational
interference.

Scores within the matrix are evaluated with the help of multiple professionals within Boskalis. Scoring
examples are given in Figure 3.4. For instance, a semi-submersible Heavy Marine Transport Vessel
(HMTV) (Figure 3.4a) has a higher score in free airflow compared to a large cutter dredger (Figure 3.4d)
due to the lower chance in disturbed airflow. A barge class crane vessel (Figure 3.4b) has a lower
score on free deck space compared to a medium class backhoe dredger (Figure 3.4e). A vessel class
crane vessel (Figure 3.4c) has a lower score on versatility impact compared to a drilling survey vessel,
because the mission of the survey vessel remains the same throughout different projects, while the
deck layout of the crane vessel is very likely to change while switching projects.

One particularly difficult criterion to score is the wind conditions of a vessel. The self-propelled fleet
of Boskalis consists largely of special purpose vessels whose operational locations vary substantially
between projects and can be situated virtually anywhere worldwide. As a result, the wind environment
experienced by each vessel is highly project-dependent rather than route-dependent, making it difficult
to characterise with a single representative wind profile. Therefore, most ocean-going vessels have
identical wind conditions scores.

(a) Semi-sub HMTV (b) Crane vessel — barge (c) Crane vessel — vessel

(d) Cutter dredger — large (e) Backhoe dredger — medium (f) Survey vessel — drilling

Figure 3.4: Category scoring example: free airflow (a & d), free deck space (b & e), versatility impact (c & f) (Boskalis, 2025).

These criteria exclude installation and operational costs, the main barrier to adopting WASP (IMO,
2024). Although capital costs can be estimated, operational costs and earnings are case-dependent,
and a more expensive system may ultimately yield higher returns (Chica et al., 2023). Because these
costs are highly uncertain in a simple MCDA, they are not considered.

The criteria also do not consider vessel-specific properties, such as vessel age and propulsion system
layout. This is deemed to be less interesting in this stage of the project while the goal is to find an
interesting vessel subtype for application of WASP.

The scoring of alternatives for each criterion is subjective and in principle, the discussion on this can
be extended indefinitely. The scorings in the matrix are determined in close consultation with Boskalis
professionals, and is deemed to be sufficiently correct for further analysis. The MCDA is given in
Appendix B.

3.1.3. MCDA results
The result of the MCDA is a Figure of Merit (FOM), which can be used to rank the alternatives. The
normalised FOM is given in Figure 3.5. Only the vessel subtypes with a normalised score higher than
0.8 are given in the figure. The total list with scores is given in Appendix C.
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0.0 0.2 0.4 0.6 0.8 1.0
FOM score

Hopper dredgers - large

Hopper dredgers - small

Backhoe dredger - medium

Hopper dredgers - medium

Survey vessel - other

Subsea rock installation vessel

Semi sub HMTV

Figure 3.5: FOM scores from MCDA for highest-scoring vessel types.

Figure 3.5 indicates that the HMTV fleet is the most suitable type for WASP application according to
the used method. This vessel type scores high in all criteria, except for the versatility impact, where
the lowest score is given. The second vessel type is the subsea rock installation vessel, which in turn
scores lower in all categories compared to the HMTV vessels, but high for the versatility impact. The
survey vessels in this list are the ones that do not have signature equipment installed on deck. On this
vessel type, it is relatively easy to fit new equipment, and the versatility impact is low. The medium
backhoe dredger vessel type (Figure 3.4e) is one that came as a surprise in this list. It scores high for
sailing speed since these vessels are very slow, and do not have much equipment on deck compared
to the other backhoe dredger types, which makes it more favourable. At last, all hopper types are in
the list. The medium type is scoring higher compared to the others. This vessel type is often operating
along the Dutch coast, where wind conditions are favourable for WASP, since the wind will be sideways
with respect to the vessel most of the time.

The HMTV and subsea rock installation fleets are most interesting according to the analysis. After
checking with Boskalis’ own professionals working more closely with the operations of these vessels,
it is decided that there are no true showstoppers to apply WASP on either of these vessels. Therefore,
no solid reason can yet be found to pick one of the types for further analysis. The choice for the specific
vessel case will further be discussed in chapter 4.

3.2. WASP systems comparison
This section discusses a closer analysis of the wing sails, suction wings, and rotor sails. First, the
general properties of the sails will be compared. After this, the performance of the sail types will be
analysed by comparing lift and drag coefficients.

3.2.1. System specific properties
The literature review shows that the wing sails, suction wings, and rotor sails are all applied in practice.
The fuel savings due to rotor sails are reported, but the data on wing sails and suction wings is limited
to simulations or very few trial data (Kolodziejski & Sosnowski, 2025).
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In general, the Capital Expenditures (CAPEX) for a suction wing is lower compared to a wing sail or
rotor sail. This could make the choice for a suction wing easier since the investment barrier is lower.
However, the CAPEX also depends on the type of system installation. For instance, to decrease cargo
handling constraints, a shipowner could consider a foldable system (Chica et al., 2023).

The sizes and weights of the different systems also impose important differences. For instance, the
wing sails are larger compared to suction wings or rotor sails (the reason for this will be discussed
hereafter), which would increase the heeling moment of this system. This also means an increasing
installation costs, since the foundation for this system is likely to be subjected to higher stresses due to
the higher centre of effort. This also makes a wing sail less practical when it comes to bridge visibility.

The general differences between the wing sails, suction wings, and rotor sails are given inTable 3.1.
The literature review reveals information about the maturity and the reported fuel savings of these
technologies. This table also shows information about lift and drag. This is discussed in the following
section.

Table 3.1: WASP system general properties.

Aspect Wing Sail Suction wing Flettner rotor
Maturity of technology + + ++
Reported fuel savings + + ++
CAPEX + ++ +
OPEX ++ + +
Heeling moment + ++ ++
Maximum lift + ++ ++
Lift over drag +++ ++ +

3.2.2. Lift and drag coefficients
The lift and drag for different WASP systems are compared to show the possible thrust contributions
of these. The coefficients are all compared by means of the 2-dimensional values; this means that the
effects of the profile ends of the systems have been disregarded. In other words, the system designs are
assumed to have an infinite Aspect Ratio (AR). This means that the lift coefficients will be overestimated
and the drag coefficients underestimated. This eliminates the need for system dimensioning and gives
a preliminary overview of performance differences across various WASP system designs.

Wing sails with flap
Firstly, wing sails will be analysed. The wing sail manufacturers provide various designs. Two leading
wing sail providers are OceanWings (2026) and BAR Technologies (2025). OceanWings’ wing sail
consists of a two-element wing design, while BAR Technologies’ wing sail consists of a three-element
wing design. The advantage of a multi-element wing sail compared to a one-element wing sail is that
the camber can be varied by controlling the angles of the flaps. This increases the lift of the system.

The lift and drag coefficients given in Kramer et al. (2016) are used to show the coefficients of a two-
element wing sail with various flap angles for different angles of attack. The authors used a design
with a leading element based on the NACA 0020 profile and the trailing element based on the NACA
0015 profile. They varied the flap angle from 0◦ to 15◦. The flap angle significantly improves the lift
coefficient as shown in Figure 3.6. The increasing flap angle also shows an increasing drag coefficient,
leading to lower lift/drag ratios at higher flap angles.



3.2. WASP systems comparison 29

0.0

0.5

1.0

1.5

2.0
C L

 (-
)

0.00

0.05

0.10

0.15

C D
 (-

)

0 2 4 6 8 10 12 14
Angle of attack (deg)

0

10

20

C L
/C

D
 (-

)

Flap angle 0
Flap angle 5
Flap angle 10
Flap angle 15

Figure 3.6: Wing sail lift, drag, lift/drag. Based on Kramer et al. (2016).

A flap angle of 15◦ is assumed for comparison to the other WASP systems, further discussed in sub-
section 3.2.3. The lift coefficient, drag coefficient, and lift/drag are given in Figure 3.7. The maximum
lift for this two-element wing is used for further analysis, which is indicated in the figure. It should be
noted that the scale of the different items, which is given in the legend.
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Figure 3.7: Used wing sail with flap coefficients for analysis. Note the scale of the elements, given in the legend. Based on
Kramer et al. (2016).
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Wing sail NACA profile
A single-element wing sail is also analysed for clarification in the difference between a two- and single-
element wing sail. A NACA 0015 profile is used for this. The data for this specific profile is publicly
available (Airfoil Tools, 2025). A comparison of the coefficient values in Figure 3.7 and Figure 3.8 shows
that the flap imposes a larger lift coefficient with the cost of a lower lift/drag ratio. The maximum lift
coefficient used for further comparison is also indicated in Figure 3.8.
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Figure 3.8: Wing sail NACA profile: lift, drag, lift/drag ratio. Based on Airfoil Tools (2025).

Suction wings
The lift and drag coefficients of the suction wings are reproduced from Charrier et al. (1985). The
authors provided two figures: one showed the lift coefficient against different angles of attack, and one
showed the lift coefficients against drag coefficients. Both these figures showed results for different
suction coefficients. The reproduced graphs are given in Figure 3.9.

Figure 3.9 shows that, for a fixed suction coefficient, the lift coefficient increases almost linearly up to
the stall point. The figure also indicates that higher suction coefficients delay the stall point to larger
angles of attack. Comparing this behaviour with Figure 3.6 or Figure 3.8 confirms that active suction
significantly increases the stall angle. At the same time, Figure 3.9 shows that the lift-to-drag ratio
decreases as the suction coefficient increases.

Using the maximum suction coefficient, Figure 3.10 presents the resulting lift, drag, and lift-to-drag
ratio for different angles of attack. Drag values are obtained through linear interpolation of the values
in Figure 3.9. The maximum lift coefficient from this figure is used in further analyses. The figure also
illustrates that the lift-to-drag ratio remains relatively high over a broad range of angles of attack.
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Figure 3.9: Suction wings lift and drag coefficients. Based on Charrier et al. (1985).
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Figure 3.10: Suction wings used data for analysis. Based on Charrier et al. (1985).

Rotor sails
For the 2D rotor sail coefficients, this study adopts the data from Reid (1924). The results are shown
in Figure 3.11. The coefficients are not plotted against angle of attack for the rotor sail, since the only
controlling parameter is the spin ratio of the rotor. The results show a high lift coefficient with the cost
of a lower lift/drag ratio compared to the other discussed WASP system types.
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Figure 3.11: Rotor sails lift, drag, lift/drag. Based on Reid (1924).

3.2.3. Thrust coefficients
The thrust force coefficient (see subsection 2.1.1) can be used to compare the contribution of the
systems. This means that the lift and drag coefficients must be assumed. The maximum found lift co-
efficient for the controlling parameters of the systems are used for this. Figures 3.7, 3.8, 3.10, and 3.11
indicate these by the red dot. The thrust force coefficients for the different WASP systems against ap-
parent wind angle are shown in Figure 3.12. The figure shows that the wing sails produce a significantly
lower thrust compared to the suction wing and rotor sail at optimum angles. This shows that a wing sail
creates less thrust force per area, which means that these systems would have to be larger in order to
create the same thrust. However, what this figure does not show, is that the lift/drag is much smaller
for a wing sail, which makes it more efficient. Furthermore, a negative thrust at an apparent wind angle
of 0◦ and a positive thrust at 180◦ is observed for the rotor sail and suction wing, which are caused by
the assumption of a maximum possible lift coefficient, leading to relatively high drag coefficients. As
seen, the maximum thrust is not generated at 90◦ but at a slightly higher angle. This is because the
drag coefficient becomes positive for the thrust after 90◦, as illustrated in Figure 2.2.
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Figure 3.12: Thrust force coefficients for analysed WASP systems.
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This comparison provides useful insights, but relying only on the thrust force coefficient has limitations.
When assuming maximum lift, the resulting side force is also maximised. As a result, at an AWA of
roughly 45◦, the systems would generate side force equal to the thrust force. This is an unrealistic
scenario, since in practice, the systems are controlled to maximise thrust while keeping side forces
within acceptable limits. Although the rotor sail delivers the highest thrust under ideal conditions, this
advantage may reduce in suboptimal conditions. Figures 3.10 and 3.11 show that the suction wing is
more efficient across its controllable range. This suggests that, in terms of operability over a broader
range of wind angles, the suction wing could outperform the rotor sail.

3.2.4. Regression analysis
Figure 3.13 shows the area of installed wing sails, suction wings, and rotor sails against the Gross
Tonnage (GT) of the vessel (IWSA, 2025). The WASP area gives an idea of the size of the system and
the GT gives an idea of the size of the vessel. This figure shows multiple insights:

• The rotor sails are the most installed WASP systems across various vessel sizes.
• The suction wings are mainly installed on smaller vessels.
• The wing sails are larger compared to rotor sails on the same vessel.

Furthermore, the information can be used as a guideline for the size of the WASP system to be installed
on the Boskalis vessel. The following chapter will discuss that the Triumph is chosen for further analysis,
which is shown in this figure.
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Figure 3.13: Installed frontal area of WASP systems on various vessel sizes, expressed in Gross Tonnage. Based on IWSA
(2025).

3.2.5. Specific WASP system selection
Both vessel types from subsection 3.1.3 are negative affected by the installation of an additional piece
of equipment. Therefore, the WASP systems are preferred to be as small as possible. The WASP
analysis showed that this either has to be a suction wing or a rotor sail. The system-specific analysis
shows these systems have similar performance characteristics, with both systems having each their
own strengths and weaknesses. However, literature has proven the rotor sails to be more mature, and
more savings have been reported (see Table 3.1). For this reason, the rotor sails are chosen for further
analysis.





4
Specific vessel selection

The previous chapter gives an analysis of the existing self-propelled Boskalis fleet for the suitability
of the application of WASP. The result of this analysis indicates that the HMTV and subsea rock in-
stallation fleets are suitable vessel types for WASP application. The chapter also gives an analysis
of existing WASP systems, which gives as a result that the rotor sails are chosen for further calcula-
tions. The findings in this chapter support the decision of the T-class HMTV Boskalis vessels for further
calculations.

First, information on PPP models from the literature review is summarised. This will form a basis for
the understanding of required parameters for the development of a PPP, and forms a basis for the
assessment of validity of the developed model.

4.1. Existing PPP models
The goal of the PPP to be developed is to determine the fuel consumptions and emissions during a
typical voyage, and how a WASP system could influence this, as discussed in chapter 1. The general
required information for the development of a PPP is discussed in subsection 2.3.1.

Furthermore, section 2.2 describes the alterations of the efficiencies of the components in the propul-
sion chain when applying WASP. Relating this to the propulsion chain given in Figure 2.8, the following
insights have been given:

• The wake fraction changes due to a leeway angle.
• The thrust deduction factor changes due to a leeway angle and a propeller loading.
• The open water efficiency changes due to leeway angle and propeller loading.
• The relative rotative efficiency could change due to leeway angles and propeller loading.
• Engine efficiency decreases if the engine operational point is deviating from most optimal operat-
ing point.

The analysis of existing PPPs gives the following insights:

• Required ship and WASP system parameters (subsection 2.3.1)
• The number of considered DoFs depend on the goal of the calculations and the quality of input
information

• Since the WASP system effectively takes over part of the total vessel resistance, this resistance
must first be determined.

• The possible leeway and heel angles caused by the WASP will influence the resistance of the
vessel. To calculate this, a force in multiple DoFs balance should be found between the ship and
rudder hydromechanics, and the WASP system aerodynamics.

35
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• The coefficient data on modern WASP system is limited, and the aspect ratio has an influence on
the performance of the WASP system.

4.2. Specific vessel
The results in Figure 3.5 shows that the HMTV fleet scores higher according to the chosen criteria.
Furthermore, Boskalis’ HMTV fleet is considerably larger compared to the subsea rock installation
fleet. Applying WASP on an HMTV gives the opportunity to have a larger impact on the entire Boskalis
fleet. However, the discussion with Boskalis’ professionals on the placement of WASP systems on
this vessel type seems inconclusive. Integrating an additional piece of equipment may compromise
the operational versatility. The top of the floaters are often discussed to be a straightforward option,
but here, mooring winches and other types of equipment are installed. Consequently, placement of a
WASP system on top of the floaters would require an innovative design.

The placement of the WASP systems on the decks of the subsea rock installation vessels is lower com-
pared to the HMTV vessels. A short conversation with the operations manager already gave promising
results about the placement of the systems. This is due to the fact that this vessel mainly will have the
same mission and operational profile. This makes it more feasible to find a permanent location for the
WASP systems.

4.2.1. Activity data
The activity data of the vessel types shows the potential effectivity of a WASP system. The Rockpiper
is a representative vessel for the subsea rock installation fleet, and the Boka Vanguard for the HMTV
fleet. The daily activities of these vessels are shown in Figure 4.1. It should be noted that only the
transit time is clearly presented in this figure. The other activities are labelled as other activities due to
confidentiality reasons. This figure shows that generally, an HMTV will be more often in transit mode
compared to a subsea rock installation vessel. Although the lengths of the data sets differ, the figure
is considered sufficiently representative for the purposes of this comparison.

The Rockpiper also operates in DP mode during rock dumping operations. The potential applicability of
WASP systems during DP operations presents an interesting research topic. Understanding whether,
and under what conditions, WASP could be integrated into DP control strategies may offer insights into
its operational usefulness for these ship types, but this will not be further considered.
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Figure 4.1: Daily activities of the Rockpiper and the Boka Vanguard (Boskalis, 2026c).
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4.2.2. Potentially available information
A preliminary check on the potentially available information gives insight into modelling efforts for dif-
ferent vessels. On most of the Boskalis vessels, the crew members keep daily reports. These reports
contain average operational data for one day. The data found in these report consist of information
about the location and routing of the vessel, general engine data, and bunkering information.

Aside from the daily reports, it is currently unclear how much additional data is available or what the
quality of that data will be. A short research in the internal documents gave the insight that, in general,
a younger vessel will have more information and data available compared to an older vessel.

4.2.3. Specific vessel type selection
Even though the placement of the WASP systems would be more straightforward on a subsea rock
installation vessel, the goal of this study is not to find the optimal placement, but to assess the potential
of WASP within Boskalis. Furthermore, the results indicate that the HMTV would be more interesting
according to the MCDA, the impact on the entire Boskalis fleet, and the transit time. The HMTV vessel
will be picked for further analysis in this research.

Innovative concepts are being explored to overcome spatial and operational constraints associated
with WASP installations (Lv et al., 2022). Recent examples, such as rotor sails fitted on a deck carrier
vessel (HANSA, 2024), show that even special ship types can accommodate WASP systems when
appropriate design modifications are made. Despite these developments, installing a rotor sail on an
HMTV remains challenging. These vessels are required to be versatile to handle a wide range of cargo
types. This leaves limited options for the installation of additional equipment. However, one vessel
class stands out as having relatively few placement constraints: the T-class vessels.

4.3. T-class vessels
The T-class fleet consists of three very similar vessels: the Triumph, the Trustee, and the Target. These
vessels are converted Suezmax oil tankers, originally built around the 1990s, and converted to HMTV
around 2007–2008. During this period, the vessels bow and stern were cut, and a stronger middle sec-
tion was fitted, because the tanker hull structure was not sufficiently strong for heavy marine transport.
The conversion from the MV Marble to the Triumph is illustrated in Figure 4.2. The T-class vessels
have a bow and stern which are not used for cargo transport, unlike the other HMTV, which makes the
potential placement of rotor sails less complicated compared to other vessels within the HMTV fleet.

The T-class vessels have a relatively straightforward propulsion system layout: a two-stroke marine
diesel engine, directly driving an Fixed Pitch Propeller (FPP). There is no shaft generator mounted.

(a) Marble in 2007. (b) Triumph in 2010.

Figure 4.2: Conversion of the Marble tanker to Triumph HMTV (Cargo Vessels International, 2010).
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4.3.1. Triumph main data
The Triumph is one of the vessels within the T-class fleet and will be used for further reference. The
main particulars are given in Table 4.1. The engine is a two-stroke MAN B&W S70MC6.

Table 4.1: Triumph main data.

Length overall 216.79 (m)
Breadth moulded 44.50 (m)
Depth moulded 14.00 (m)
Summer draft 10.44 (m)
Displacement 76023.220 (t)
Deadweight 54000 (t)
Gross Tonnage 42515 (-)
Trial speed 15.00 (kn)
Original build year 1992
Year of conversion 2008
Engine Maximum Continuous Rating (MCR) 13364 (kW) at 85 rpm

4.3.2. Triumph with WASP
The dimensioning of the potential WASP is considered in a straightforward manner. The GT of the
Triumph, given in Table 4.1, is used in Figure 3.13 to determine the dimensions of rotor sails. Then,
existing systems are analysed, and systems with a similar frontal area are picked. According to the
regression analysis, the area for the rotor sails on the Triumph would be 229.9m2. With this frontal area,
the Triumph is assumed to have two Norsepower rotor sails with the dimensions 28× 4m, equal to 224
m2. A simple sketch of these rotor sails is given in Figure 4.3. This figure also shows the dimensions
of potential wing sails, dimensioned using the same method, indicating the large differences in size.

The effect of the actual placement of the rotor sails is not considered in this study. The place of the sails
in Figure 4.3 is purely indicative. These locations have been chosen on the basis of conversations with
transport engineers, keeping in mind that these locations will interfere minimally with the versatility of
the vessel. Furthermore, the assumption has been made that the equipment at the current placement
of the rotor sail (such as mooring winches) could be moved to a different location. For further research,
a consideration of the optimal placement could improve the rotor performance (Thies & Ringsberg,
2021).

Figure 4.3: An indication of the Triumph with two rotor sails (blue, 28× 4m), and two wing sails (yellow, 55× 10m), drawn to
scale (Boskalis, 2025).
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However, there are some considerations taken into account regarding rotor placement:

• The largest available rotor sail (35× 5m) does not provide the sail area required for the Triumph
according to the regression analysis, meaning at least two rotors are needed.

• Using two equal-sized rotors placed roughly the same distance from the vessel’s centre of gravity
results in opposing side forces, which cancel out much of the generated yawing moment.

• A single large rotor is preferable to two smaller ones because one rotor can disrupt the airflow of
the other, causing aerodynamic losses (van der Kolk, 2020).

• Installing fewer rotor sails is more cost-efficient (Tillig et al., 2020).

4.3.3. T-class available data
There are multiple different sources to find T-class data for the development of a PPP. Externally, some
information can be found about the voyages, speed, and main particulars and technical information of
the vessel. The project guide for the engine is also publicly available (MAN Energy Solutions, 2009).
Internally, more information is found, such as technical drawings, stability reports, specifics of the pro-
peller, and voyage preparation calculations. No sea trial data is available for the calculation of the
resistance of the vessel. The daily report data of the Triumph dates back to January 1st 2024.

4.3.4. T-class voyages
The T-class vessels have been sailing across the North Atlantic Ocean since January 1st, 2024, trans-
porting monopiles from different locations in Europe to different offshore locations near Canada and
the United States of America. Figure 4.4 shows the Automatic Identification System (AIS) data of the
T-class vessels from January 1st, 2024 to December 27th, 2025. As seen, different routes have been
taken over time. This is purely due to weather routing.

AIS activities of Triumph, Target, Trustee from 01-01-2024 to 28-10-2025

Target
Trustee
Triumph

Figure 4.4: T-class routes (Boskalis, 2026c).





5
Model components development

This chapter describes the development of a steady-state 1-DoF model of the Triumph, both with and
without WASP. The model is based on data extracted from the daily reports. First, the filtering and inter-
pretation of this data are explained, followed by the development of the individual model components.
The resulting steady-state model results are presented in chapter 6.

The first objective is to estimate the vessel’s resistance, since no direct resistance data for the Triumph
is available. This estimate is derived from the daily reports. After determining the rotor-sail forces
across wind conditions, the resistance is used to compute the required propeller thrust during WASP
operation. This thrust then provides the engine operating point under WASP. Figure 5.1 illustrates the
model components development.

Figure 5.1: Diagram for the model components development process.

Before the model is developed, an important note is made about the convention of the coordinate
system. This study adopts the system as defined by Journée and Massie (2008), which presents a
North-West-Up (NWU) coordinate system. Other PPPs often adopt a North-East-Down (NED) coordi-
nate system, likely due to the global wind North-East-South-West convention.

Figure 5.2: Definition of ship motions in six degrees of freedom (Journée & Massie, 2008).
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5.1. Daily reports
As discussed in subsection 4.2.2, the crew takes daily reports of general information about the vessel,
averaged for one day. The data logged in these reports are the following:

• Date, latitude, longitude, time zone.
• Average ship speed, course, departure information, estimated time of arrival, last port of call,
remaining miles, sailed distance.

• Bunkering information, used fresh water, used Low Sulphur Marine Gas Oil (LSMGO), used lu-
brication oil.

• Average main engine load (% of MCR), main engine running hours, main engine speed (rpm).

Even though the data in these reports is quite useful, it has to be filtered. Mistakes can be made
easily while logging this information. Furthermore, many datasets are incomplete. The main engine
running hours have been selected as a preliminary data filter. Only data with the main engine running
for 24 hours are deemed to be useful. Figure 5.3 shows the data filtering process for the total dataset.
This figure illustrates the amount of empty datasets. Some data points show an unrealistic number of
running hours per day, indicating possible logging mistakes.

Figure 5.3 shows the same data filtering process, but on the right-hand figure, the y-axis is capped at
26 hours. This figure shows the data sets being filtered above and below 24 running hours. In total,
103 days out of 667 days can be used after this data filter.
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Figure 5.3: Main engine running hours data filter.

5.2. Delivered power coefficient
For ships with Froude numbers between 0.1 and 0.2, the resistance is proportional to the ship speed
squared (Equation 5.1) (Klein Woud & Stapersma, 2002). The power required to tow such a vessel at
a certain ship speed (the effective towing power) is proportional to the cube of the ship speed (Equa-
tion 5.2).

R = c1 · v2s (5.1)
PE =R · vs = c1 · v3s (5.2)
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The Froude number of the Triumph is calculated using Equation 5.3. The trial speed (vs,trial) as stated
in Table 4.1 and an assumed waterline length (Lwl) based on technical drawings are used to calculate
this number. The estimated value is given in Table 5.2. As seen, the resistance of the Triumph follows
the cube law.

Fr =
vs,trial√
g · Lwl

= 0.173 (5.3)

Because no direct resistance or effective towing power data is available for this vessel, an alternative
method is needed to estimate resistance at different ship speeds. The daily reports provide average
brake power corresponding to average ship speeds, and this information can be used to establish a
relationship between brake power and ship speed using the delivered power coefficient (CD). This
approach relies on several assumptions:

• A constant hull efficiency.
• A constant propeller efficiency.
• A constant relative rotative efficiency.

With all these assumptions in place, the delivered power (power available at the propeller, see Fig-
ure 2.8) can be expressed as being proportional to the cube of the ship speed, just as the effective
power:

PD =
PE

ηD
=

c1 · v3s
ηD

= c2 · v3s = CD · ρ1/3 ·∆2/3 · v3s (5.4)

Equation 5.4 shows that the relationship is also influenced by the displacement (∆). The delivered
power may also vary due to hull fouling, weather conditions, or water depth. Especially in HMTV, the
type of cargo may also have an influence, due to increased air resistance for cargo with large frontal
areas.

Since the Triumph does not have a gearbox, the only conversion from delivered power to brake power
is the shaft efficiency (see Figure 2.8). The shaft efficiency is assumed to remain constant at a value
of 0.99 for the Triumph (Klein Woud & Stapersma, 2002). This assumption leads to the following rela-
tionship between the brake power and the vessel speed:

PB = ηS · PD = ηS · c2 · v3s = ηS · CD · ρ1/3 ·∆2/3 · v3s (5.5)

CD =
PB

ηS · ρ1/3 ·∆1/3 · v3s
(5.6)

Where the displacement is calculated based on the summer draft and seawater density is assumed.
Equation 5.5 can be rewritten for CD, shown in Equation 5.6. Now, different values for PB and vs could
be used to calculate a representative CD:

• Using the MCR and trial speed.
• Using the most common engine load and corresponding ship speed from the daily reports.
• Calculating CD for every daily report index, and taking a mean value.
• Calculating CD for every daily report index, and use a least-squares fitting.

It is important to quantify which values represent the actual case with the highest accuracy. A higher
accuracy for the delivered power coefficient ultimately leads to a higher accuracy for the estimated
resistance. This can be illustrated by calculating CD for every data point, and plotting the CD using the
methods described above in the same plot, while calculating the error (R2). This is shown in Figure 5.4.



44 Chapter 5. Model components development

8 9 10 11 12 13 14 15
Ship speed (kn)

5

10

15

20

25

30

35

40

45

10
00

 C
D
 (-

)
Per data point
Mean value of 
all data points. 
 R2 = 0.06
Least squared of 
all data points. 
 R2 = 0.24
Trial speed and MCR. 
 R2 = 0.16
Most common 
daily report values. 
 R2 = 0.24

Figure 5.4: CD values using different calculation methods.

The low R2 values in Figure 5.4 indicate that the chosen CD values might not represent the relationship
from Equation 5.5 sufficiently to use in further calculations. The figure also shows that some CD points
are diverging from the more common data points. These deviant points might be due to rough weather
conditions, other external factors, or simply due to logging errors. Therefore, the data will be filtered
even further to acquire a representative CD value.

For the second filtering step, an acceptable error margin is first defined. Subsequently, multiple can-
didate values for CD are tested to determine which value results in the largest number of data points
falling within this margin. This is carried out as an iterative procedure, where each trial value of CD

is evaluated based on how many observations it classified as valid. The outcome of this process is
shown in Figure 5.5.

A CD value is identified that retains a sufficiently large subset of the measured data while remaining
within the prescribed error bounds. It should be noted that this error margin is computed using only the
data points that passed the second filter. The figure demonstrates that the selected CD produces a
reasonable approximation of the vessel’s brake power around its most frequently observed operating
speed from the daily reports.
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Figure 5.5: CD value filter.
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The delivered power coefficient is used to describe a relationship between the engine brake power
and the ship speed. This is shown in Figure 5.6. This forms a basis for the calculations of the ship
resistance. For this, the relative rotative efficiency, propeller efficiency, and hull efficiency have to be
estimated. A diagram for this process is shown in Figure 5.7.

The daily report data analysis also gave insight into the actual operations of the ship. The most impor-
tant insights are listed below. The mean ship speed will be used for further calculations.

• The most common engine load is at 65% of the MCR
• The mean ship speed at this engine load is 13.2 knots
• The mean engine rotational speed at this engine load is 71.9 rpm
• The ship sails on Marine Gas Oil (MGO)
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Figure 5.6: Engine brake power against ship speed.

Figure 5.7: Diagram showing steps from engine brake power to ship resistance.

The relation between the brake power of the engine and the ship speed has been established. A
constant shaft efficiency is assumed, which means the next step is to determine the relative rotative
efficiency. This parameter is however calculated using an empirical method, which includes the calcu-
lation of the hull efficiency. Therefore, first, the propeller open water efficiency will be discussed.

5.3. Propeller open water diagram
An internal document is available for the design parameters of the Triumph propeller. This document is
from 1987, and the propeller type has not been changed since then. The parameters for this ‘Meridian
Propeller’, designed by Stone Manganese Marine Limited, are given in Table 5.1. This table includes
information about the originally designed thrust and torque values of the propeller.
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Table 5.1: Meridian propeller design parameters.

Parameter Value
Diameter (Dp) 8050mm
Mean pitch (Pp) 5510mm
Expanded surface area (Ae) 29.640 (m2)
Number of blades 4 (−)
Calculated moment of inertia 105570 (kgm2)
Estimated moment of inertia of entrained water 26530 (kgm2)
Ship speed 14.85 kn
Max. shaft power 14197 kW
Propeller rotational speed 89.90 rpm
Gear ratio 1:1
Mean propeller thrust 1557482N
Mean propeller torque 1479546Nm

The open-water diagram is given in this document, so an approximation must be made to determine the
propeller efficiency. This is done by assuming a Wageningen B-series propeller. Using the parameters
listed in Table 5.1, the required propeller characteristics can be calculated:

Ae/A0 =
29.640

π · 4.0252
≈ 0.6 (5.7)

Pp/Dp =
5510

8050
≈ 0.7 (5.8)

The Meridian propeller is approached using the Wageningen B4–60 with P/D = 0.7. The open water
diagram can be created by using an interpolation function of the model test results of the Wageningen
B-series propeller (van Lammeren et al., 1969). The method for this is described in Carlton (2018).
The open water diagram of the approached propeller is shown in Figure 5.8.

The ship characteristics can be implemented into the open water diagram, which is used to calculate
the advance coefficient, thrust, torque, and propeller efficiency (Klein Woud & Stapersma, 2002). The
procedure follows from engine brake power to propulsion power (see Figure 2.8). The following equa-
tion to calculate the torque coefficient (KQ) of the vessel, to be matched with the propeller, is used
(Prof. Dr. Ir. Kuiper, 2003):

KQ,ship =
PO

2π · ρ ·D2
p · v3A

J3 =
PB · ηS · ηR

2π · ρ ·D2
p · (vs · (1− w))

3 J3 (5.9)

In which the brake power is calculated using Equation 5.5. The determination of the wake fraction (w)
and relative rotative efficiency (ηR) will be described in section 5.4. The intersection of KQ,ship and
KQ,prop gives the KT , KQ, ηO, and the J . The result is shown in Figure 5.8. The advance coefficient
is used to calculate the propeller rpm (Equation 5.10). The thrust and torque coefficients are used to
calculate the thrust and torque of the propeller (Equations 5.11 and 5.12, respectfully).

J =
vA

Dp · np
→ np =

vA
J ·Dp

(5.10)

T = KT · ρ · n2
p ·D4

p (5.11)
Q = KQ · ρ · n2

p ·D5
p (5.12)
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Figure 5.8: Open water diagram of the Meridian propeller, matching of vessel and propeller.

5.4. Remaining parameters
The remaining parameters for the approximation of the resistance of the vessel are the relative rotative
efficiency (ηR), the wake factor (w), and the thrust factor (t). Because these parameter values are not
available in the Boskalis database, an alternative method must be used to approximate them.

The wake, thrust, and relative rotative efficiency all can be calculated using Holtrop and Mennen (1982).
This empirical method is well-known for its reliable results in the design phase of a vessel for these types
of vessels (Bertram, 2012). However, several parameters must first be defined before the calculations
can be performed.

The waterplane area of the Triumph can be calculated by using the stability booklet. This booklet
contains information about the displacement of the vessel (∆) for different draft values. The waterplane
area (AWP ) is then calculated by dividing the displacement by the draft for a small strip:

AWP =
∆2 −∆1

ρ ∗ (T2 − T1)
(5.13)

The Longitudinal Centre of Buoyancy (LCB) is also given for different draft values. The LCB for the
summer draft can be found by linearly interpolating between the two closest draft values. The bulb,
tunnel thruster, rudder, and midship dimensions are estimated using internal technical drawings. The
wetted surface area is calculated using the empirical formula given in Holtrop and Mennen (1982). The
input parameters are given in Table 5.2. The results for the thrust deduction factor, wake fraction, and
relative rotative efficiency are also given in this table.
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Table 5.2: Input parameters and propulsion factors from Holtrop and Mennen (1982).

Parameter Value
Lwl 203.7 (m)

T = TA = TF 10.44 (m)
AWP 7773.0 (m2)
LCB −2.66% aft of 1/2 (Lpp)
ABT 50.15 (m2)
hB 5.12 (m)

CBTO 0.005 (-)
dBTO 2.2 (m)
AT 0 (m2)
S 11003.6 (m2)

SAPP 163.6 (m2)
Cstern 0 (-)
(1 + k2) 1.75 (-)

CB 0.784 (-)
CM 0.991 (-)

CP = CB/CM 0.791 (-)
CWP = AWP /(Lwl ·B) 0.858 (-)

w 0.602 (-)
t 0.216 (-)
ηR 1.02 (-)

The results in Table 5.2 show a reasonable thrust deduction factor and relative rotative efficiency. How-
ever, the wake fraction seems overestimated. Bertram (2012) describes that empirical formulas, like
Holtrop and Mennen (1982), tend to overestimate the wake fraction for full vessels. Given that this
fraction normally is in the range between 0.2–0.45 (Wartsila, 2026), this estimated wake fraction is
assumed to be too high for further calculations.

The wake fraction can also be estimated using the design information of the Meridian propeller provided
in Table 5.1. This table specifies the ship speed, engine power, and corresponding engine rpm for the
design point of the propeller. Using these values, the propeller open-water characteristics can be
revisited following the same methodology described in section 5.3. In this case, however, the engine
rpm (60 · np) is already known. Therefore, the propeller-matching procedure is performed iteratively:
successive values of the wake fraction are applied, and for each trial value the resulting propeller
advance coefficient is used to compute the corresponding rpm via Equation 5.10. The wake fraction is
adjusted until the calculated rpmmatches to the design rpm provided in the table. Through this iterative
procedure, a representative wake fraction of w = 0.352 is obtained. The results of this calculation are
summarised in Table 5.3.

Table 5.3: Meridian propeller design and calculated parameters.

Parameter Meridian Calculated Difference
Rotational speed (rpm) 89.90 89.91 0.0 %
Propeller thrust (N) 1557482 1531049 -1.7 %
Propeller torque (Nm) 1479546 1541139 4.0 %

The Meridian propeller thrust and torque in Table 5.3 show some deviations from the calculated values.
The results show that there is less torque required to propel the vessel, and more thrust. This may be
due to various reasons:
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• The Meridian propeller is approached using a Wageningen B-series linear interpolation
• The ship was converted from a tanker to a HMTV, which influenced the hull form
• Hull fouling is influencing the speed profile of the entrained water at the propeller

However, given that no more information is available, the wake fraction value of w = 0.352 is used for
further calculations. Finally, now that the wake fraction and thrust deduction factor are estimated, the
hull efficiency can be calculated using Equation 2.11.

5.5. Resistance estimation
The resistance can be calculated using empirical methods, for instance Holtrop and Mennen (1982),
using the parameters from Table 5.2. The resistance according to Holtrop and Mennen (1982) is shown
in Figure 5.9. The bulb resistance in this figure is relatively high due to the overestimation of the
dimensions of the bulb. Furthermore, the wave-making resistance is relatively low, due to the low
Froude number of the vessel.
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Figure 5.9: Resistance components according to Holtrop and Mennen (1982).

The empirical resistance in Holtrop andMennen (1982) calculates the still water resistance of the vessel.
In real conditions, the ship also encounters influences from the environment, that is wind, waves, and
currents. The real resistance is therefore expected to be higher.

The resistance of the vessel can be estimated using Equation 5.1, requiring the constant c1, calculated
using Equation 5.14. The calculated resistance, together with the total resistance from Holtrop and
Mennen (1982), is shown in Figure 5.10. This figure shows indeed that the approximated resistance is
higher compared to the empirical method. For further calculations, the approximated resistance (blue
line in Figure 5.10) will be used.

c1 =
R

v2s
=

PE

v3s
=

PD · ηR · ηO · ηH
v3s

= CD · ρ1/3 ·∆2/3 · ηR · ηO · ηH = 17390.2 (5.14)
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Figure 5.10: Estimated resistance of the Triumph using Holtrop and Mennen (1982) and operational ship data.

5.6. Engine data
The project guide shows the performance curves of the engine as well as the engine layout and load dia-
grams of the MAN B&W S70MC6 (MAN Energy Solutions, 2009). The Triumph was originally delivered
in 1989 and the project guide is from 2009. Therefore, performance differences are expected.

With the assumptions established in this chapter, an additional useful relationship can be derived be-
tween the propeller torque and the rotational speed, known as the propeller law (Klein Woud & Sta-
persma, 2002). This law shows that the propeller torque is proportional to the square of the shaft
speed Equation 5.15.

Mp ∝ n2
p (5.15)

In this case, since the vessel does not have a gearbox (therefore the engine speed and propeller
speed are equal, Equation 5.16) and a constant shaft efficiency is assumed, another relationship can
be derived between the engine speed and the engine brake power:

np = ne (5.16)

MB =
MP

ηS
∝ n2

e (5.17)

PB = MB · ne · 2π = c · n3
e (5.18)

The constant c can be determined by using the MCR of the engine. This relationship is also described
in the project guide of the engine (MAN Energy Solutions, 2009). The engine load diagram, together
with the propeller law, is shown in Figure 5.11. The project guide data shows similar behaviour as the
propeller law with a small performance difference. This may be due to the time difference between the
published date of the engine and the original building date of the Triumph, or due to the digitising of the
data from the project guide.
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Figure 5.11: MAN B&W S70MC6 engine load diagram. Based on MAN Energy Solutions (2009).

5.7. Specific fuel oil consumption and emission factors
The SFOC of the engine depends on multiple different factors such as weather conditions, stability
conditions, fouling, and much more, just as the resistance. The SFOC can be calculated per data point
from the daily reports, resulting in a very scattered plot (see Figure 5.12). The data points are only
reliable around 13.2 knots, since the other data more or less has been filtered.

Above 50% MCR, a constant SFOC is typical for low speed diesel engines (Klein Woud & Stapersma,
2002). This is also the case for the MAN B&W S70MC6 engine (MAN Energy Solutions, 2009). There-
fore, to simplify further calculations, the SFOC is taken as constant. The definition of the specific fuel
oil consumption is shown in Equation 5.19 (Klein Woud & Stapersma, 2002).

sfc
( g

kWh

)
=

1

ηe · hL(kJ/kg)
· 1000

(
g

kg

)
· 3600

( s
h

)
(5.19)

In this equation, hL is the lower heating value of the fuel, which is a constant. The equation shows that
by assuming a constant SFOC, this also means the assumption of a constant engine efficiency ηe. A
valid value for the SFOC is however difficult to determine as shown in Figure 5.12. The figure shows
constant SFOC values, calculated using different methods:

• A mean value of every daily report data point.
• A median value of ever daily report data point.
• A mean value for the daily report data points only at the calculated mean ship speed of 13.2 knots.
• A mean value from the Project Guide (MAN Energy Solutions, 2009).
• A mean value from the Ship Energy Efficiency Management Plan of the Triumph.

The error (R2 value) associated with these SFOC values is also shown in Figure 5.12. These results
indicate that the accuracy of the fuel consumption estimation would only decrease if the mean value
from the daily report data were not used. Furthermore, it is likely that the fuel consumption of the
generators is included in the daily report values. This may explain the difference between the MAN
specified and the median calculated SFOC value. To minimise the influence of outliers, the median
SFOC is used in further calculations.
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Figure 5.12: Specific fuel oil consumption value comparison.

The emissions are calculated using emission factors as described by the IMO (IMO, 2020). These
emission factors relate the emissions to consumed fuel and consumed energy during a voyage. The
values for the emission factors are given in Table 5.4 for both the fuel-based and energy-based emission
factors. The values for the black carbon emission factors, which depend on the engine load, are given
in Table 5.5. The emission factors are taken for MGO, a slow-speed two-stroke marine diesel engine
of Tier I, generation I, and the most recent fuel data, which is from 2018.

Table 5.4: Fuel-based and energy-based emission factors for MDO. Based on (IMO, 2020).

Emission type Factor Unit
CO2 3.206 (g/g)
SOx 0.0014 (g/g)
NOx 17.0 (g/kWh)
PM10 0.18 (g/kWh)
CH4 0.010 (g/kWh)
CO 0.044 (g/kWh)
N2O 0.030 (g/kWh)
NMVOC 0.632 (g/kWh)

Table 5.5: Black carbon emission factors for MDO. Based on (IMO, 2020).

Engine load [%] <5 10 20 30 40 50 60 70 80 90 100
BC factor (×10−5) (g/g) 10.0 8.0 6.0 5.0 4.0 4.0 4.0 4.0 3.0 3.0 3.0

Using constant emission factor values can provide a reasonable approximation for CO2 and SOx. How-
ever, for other emission types, these constants give only indicative results. The calculated emission
values will not accurately describe real conditions because of the complex relationship between engine
operating behaviour and the resulting emission profile, as discussed in subsection 2.4.1.
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5.8. Rotor coefficients
The lift and drag coefficients used in Figure 3.2.2 assume infinite aspect ratio (2D coefficients). This
means that the influence of the flow at the end of the rotor is not considered. However, this can lead to
an overestimation of the rotor performance, as this section will show.

The 3D coefficients (including aspect ratio and end plate influences) are calculated using the data from
Reche-Vilanova et al. (2021) (originally Reid (1924)), by digitising the data given in this study. This
gives access to data for 3D lift and drag coefficients for rotor sails with a varying AR from 1.68 to 12.0,
and for varying end plate diameters (De/D, ratio of end plate diameter (De) to rotor sail diameter (D),
from 1.0 to 3.0). This is shown in Figure 5.13. It should be noted that this data is from model tests, not
from real-world application, which may influence the lift and drag coefficients.
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Figure 5.13: 3D lift and drag coefficient for different rotor sail designs. Based on Reche-Vilanova et al. (2021).

The determination of the size of the rotor sails has been discussed in subsection 4.3.2. The Norsepower
rotor sail 28× 4m has an aspect ratio of 7 and an end plate diameter against rotor sail diameter of 1.67
(Norsepower, n.d.). These parameters can be interpolated for using the data in Figure 5.13. This
requires a 2-dimensional interpolation function. The python regular grid interpolation function is used
for this (SciPy, 2026b).

The values for the lift and drag coefficients are shown in Figure 5.14. This figure also shows the
difference between the calculated coefficients in Figure 3.2.2. The large differences between the values
(especially the drag coefficient) shows the importance of considering the aspect ratio and end plate
configurations of the rotor sail.

The rotor sails are assumed to remain a constant spin ration for further calculations, to simplify the
calculations. The spin ratio is assumed to remain at a value of 4, because the gain in extra propulsion
above this value is very small compared to the extra power that is required to spin the rotor sail (Eggers,
2016).

This assumption is however not necessarily valid for all operating conditions. van der Kolk (2020) dis-
cussed that the spin ratio may vary for apparent wind angle, to find a balance in thrust force and side
force, and that the spin ratio for upwind sailing conditions should be lower compared to downwind sail-
ing conditions. Assuming a constant spin ratio of 4 may lead to an overprediction of generated thrust
in different apparent wind conditions.

This study treats the apparent wind as uniform and non-disturbed. In reality, the apparent wind will be
disturbed by the hull and accommodation, depending on the apparent wind conditions. It also depends
on the altitude, as discussed in Smeets (2024). To include these effects, the particular locations of the
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systems on the deck should be known. Furthermore, this study does not consider the required power
to spin the rotor, or the added air resistance when the rotor is not spinning.
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Figure 5.14: Lift and drag coefficients of a 28× 4m rotor sail.

In section 3.2, the performance of the WASP systems is compared using a thrust force coefficient. The
same can be applied to assess the performance of the rotor in 2D and 3D. The deviant lift and drag
coefficients shown in Figure 5.14 leads to an altered thrust force coefficient. Figure 5.15 shows that the
3D coefficients have a large impact on the thrust force coefficient. The figure shows that the rotor only
delivers a positive thrust force after round 25 degrees of apparent wind angle. Furthermore, the peak
of the thrust force shifts more towards a higher degree, due to the higher drag coefficient.
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Figure 5.15: Rotor thrust force coefficient of 2D and 3D lift and drag coefficients.
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5.9. WASP operation
The required components for calculating the propeller thrust inWASP operations have been determined.
The engine operational points during WASP operations can be estimated assuming arbitrary wind con-
ditions, following the method illustrated in Figure 5.1. This section provides an example calculation for
the engine operational point in WASP operations, to be later used in the models.

The forces from the installed rotor systems are calculated using Equation 5.20. In this equation,
Fx,WASP is the thrust force generated by the rotor sail, Arotor is the total-projected rotor sail area,
and ρair is the density of air, taken at 20◦C (The Engineering ToolBox, 2003). To calculate the forces,
arbitrary values of AWS = 20m/s and AWA = 90◦ are used. These conditions are very favourable for
WASP operation and can clearly illustrate the difference in engine operational points implied by WASP
systems.

Fx,WASP = Cx ·Arotor ·
1

2
ρair ·AWS2 (5.20)

The propulsive force from the propeller is calculated using Equation 5.21. This force is used to calculate
the thrust required by the ship propeller (Equation 5.22), which in turn can be used in the open water
diagram using Equation 5.23 (Prof. Dr. Ir. Kuiper, 2003).

Fprop,WASP = R− Fx,WASP (5.21)

Tprop,WASP =
Fprop,WASP

1− t
(5.22)

KT,ship,WASP =
Tprop,WASP

ρ · v2a ·D2
p

· J2 (5.23)

The open water diagram is shown in Figure 5.16. This diagram shows that the propeller efficiency will
increase in WASP operation. This is consistent with findings in chapter 2. The efficiency will increase
since the thrust from the propeller decreases, while the advance speed at the propeller remains equal.

0.0 0.2 0.4 0.6 0.8 1.0
Advance coefficient (-)

0.0

0.2

0.4

0.6

0.8

1.0

K T
, 1

0K
Q
, 

O
 (-

)

KT, prop

10KQ, prop

O, prop

10KQ, ship

KT, ship, WASP

Figure 5.16: Example of propeller open water diagram, with and without WASP.
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The open water diagram again is used to match, in this instance, KT,ship,WASP and KT,prop, to find
the intersection point. This gives ηo,WASP , KQ,WASP , and JWASP . These parameters are used to find
the propeller rotational speed (Equation 5.24) and propeller torque (Equation 5.25). Together with the
relative rotative efficiency and the shaft efficiency, the brake torque is found (Equation 5.26). Finally,
this leads to engine brake power (Equation 5.27), which can be plotted in the engine load diagram
(Figure 5.17).

np,WASP =
vA

JWASP ·Dp
(5.24)

Qprop,WASP = KQ,WASP · ρ · np,WASP ·Dp (5.25)

MB,WASP =
Qprop,WASP

ηR · ηS
(5.26)

PB,WASP = MB,WASP · np,WASP · 2π (5.27)
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Figure 5.17: Example of engine loads in base and WASP operation using arbitrary wind conditions.

Figure 5.17 shows the engine load diagram, with various stationary engine operating points. The daily
report data deviates from the propeller law. A plausible reason for this is due to external factors, for
instance, hull fouling and weather conditions. Logging errors might also explain outliers. The figure
also shows the data point for a ship speed of 13.2 knots according to the propeller law. The ‘without
WASP’ data point is equal in power, but lies at a higher rpm value. This indicates that the model
underpredicts the engine torque. The reason for this underprediction may be due to the estimation of
the thrust deduction factor, wake fraction, and propeller characteristics, as discussed in section 5.4.

Furthermore, the figure shows the engine operating point for WASP operations. As seen, in these wind
conditions, the WASP system is able to take much of the required ship thrust at 13.2 knots. This is a
result of the assumed favourable wind conditions.
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5.10. Assumptions
The development of the components discussed in Figure 5.1 have been discussed. A steady-state
model can be developed using this information. This is discussed in the next chapter. The assumptions
in this chapter are summarised below.

• Resistance:

– Square relation with ship speed (Klein Woud & Stapersma, 2002).
– No added resistance due to WASP side forces or rudder angles. This would require a multi-
ple DoF model (Tillig & Ringsberg, 2019).

– No added resistance due to the projected area of the rotor. Air resistance is by far the
smallest of the vessel resistance components (Carlton, 2018). Furthermore, from the frontal
view, the vessel already exposes approximately 960m2 of above-water frontal area (670m2

from the bow and 290m2 from the superstructure). The rotor adds 112m2, corresponding to
roughly 12% extra frontal area. Although this suggests that the rotor could have some effect
on the resistance when not operated, it is expected to contribute only marginally to the total
resistance of the vessel.

• Efficiencies:

– Constant engine efficiency. This assumption is reasonable down to 50% of the MCR (MAN
Energy Solutions, 2009)

– Constant shaft efficiency of 0.99.
– Estimated relative rotative efficiency of 1.02, assumed to be constant. The value is reason-
able, and for small values, the leeway angles during WASP operations does not have a
noticeable effect on this parameter (Schot & Eggers, 2019).

– Varying propeller efficiency, calculated using an approximated propeller design. The increas-
ing propeller efficiency during WASP operations is as expected according to the literature.

– Approximated and constant thrust deduction factor and wake fraction. The propeller loading
has an effect on these parameters, which are omitted in this study. For the leeway effects,
larger vessels are less sensitive to changes in the wake fraction (Schot & Eggers, 2019).

• Rotor operations:

– Lift and drag coefficients for a finite AR (3D coefficients) calculated using interpolation of
data from model tests. The 2D and 3D coefficient indicate deviant results, mainly in the drag
coefficient.

– Constant spin ratio of 4. In practice, the spin ratio may vary for AWA, resulting in lower
values, thus lower thrust contribution (see section 5.8).

– Undisturbed and uniform wind flow at the rotor is assumed. In reality, the turbulent wind
layer slows down toward the hull surface because turbulent mixing couples the free stream
to the boundary layer and its surface skin friction (Smeets, 2024). This creates a vertical
wind-speed gradient. For TWS values of 6 kn or higher, the influence of this gradient is
largely confined to the lowest 1–2 m above the surface (Bethwaite, 2008). However, the
wind flow may also be disturbed by the equipment on deck, the cargo, or the superstructure,
which is also not considered.
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– The power required to spin the rotors is not considered in this study. In reality, the power will
be delivered by the auxiliary engines. This may lead to an overprediction in fuel consumption.
To check this, the required rotor power is calculated using the following equations (Seddiek
& Ammar, 2021):

Urot = Crot · Va (5.28)

Pcon =

((
0.455

log(Re)
2.58 − 1700

Re

)
· ρa ·

U2
rot

2
·Ar

)
· Urot (5.29)

Re =
ρA · Crot · Va · LRe

µ
(5.30)

Where Urot is the rotational speed of the rotor sail, Crot is the rotation coefficient (spin ratio),
Va is the AWS, Pcon is the consumed rotor power, ρa is the air density, Ar is surface area
of the rotor, Re is the Reynolds number, LRe is the characteristic length of the rotor (the
diameter), and µ is the air dynamic viscosity. Using a wind speed of 20m/s, the consumed
power of a single rotor is approximately 25 kW. This is roughly 0.3% of the most common
main engine power. The consumed power increases for higher wind speeds, with maximum
values around 80–90 kW per rotor for the considered rotor sail size (Seddiek & Ammar, 2021;
Tillig & Ringsberg, 2020; Viken, 2022).

Given these assumptions, the results obtained in this study should be interpreted as quantitative out-
comes with a certain degree of accuracy. While they may not represent exact real-world values, they
are sufficiently reliable to describe and analyse the underlying trends.
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Steady-state model

This chapter discusses the further development of a 1-DoF steady-state model using the components
in the previous chapter. This agrees with a ‘level 1’ PPP according to the ITTC guidelines shown in
Figure 2.17. First, a representative voyage with wind conditions is determined. After this, the steady-
state model results are discussed. The results from the steady-state model are used to develop and
verify the development of a time-domain model, discussed in chapter 7.

6.1. Simulated voyage
As discussed in chapter 4, the T-class vessels have been sailing across the North Atlantic Ocean be-
tween North America and Europe regularly. The daily report data of the Triumph during these voyages
has made it possible to create a ship model that estimates the performance of this vessel on this route.

A generic route between Europe and North America has been chosen to simulate the performance of
the Triumph with WASP. This route is shown in Figure 6.1. Weather routing has not been considered
in this instance. The waypoints of this route are given in Table 6.1.

Table 6.1: Simulated route waypoints.

Longitude (◦) Latitude (◦)
7.911 53.960
4.615 53.789
3.129 52.754
1.357 50.736
-4.774 49.297
-28.633 47.701
-56.146 43.149
-66.241 41.024
-71.225 41.042

The length of this voyage is approximately 3419 nautical miles. The duration of the voyage is calculated
by dividing the route length by the constant ship speed (see Equation 6.1). The voyage is estimated to
be 259 hours.

ttotalV oyage (hours) =
3149

13.2

nm

kn
≈ 259hours (6.1)
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Voyage length: 3419 nm

T-class voyages
Simulated Voyage

Figure 6.1: Simulated voyage (Boskalis, 2026c).

6.2. Available data
Now that a generic route has been established, the wind conditions during a typical voyage have to be
acquired. The most accurate data would be to use actual measured wind data from the vessels. The
T-class vessels do have wind data sensors available, which measure apparent wind conditions, but this
data is not logged. Furthermore, the heavy marine transport department calculates wind conditions for
all the voyages of all the vessels in the HMTV fleet. The most probable maximum for a duration of
three hours with a probability of 95% is calculated every fifteen minutes. These conditions are used to
calculate the possible accelerations that could result from these wind conditions. It would be incorrect
to use these calculations for the assessment of the performance of a WASP system, since these values
are probable maxima.

The analysis of available data has made it clear that there are no wind conditions data ready to use for
the assessment of the WASP performance. Therefore, this study adopts statistics for this route. The
IMO created guidelines for the Energy Efficiency Design Index (EEDI) calculation for innovative en-
ergy efficiency technologies, including WASP (IMO, 2013). The document describes that the available
effective power of a WASP system can be calculated using Equation 6.2.

(feff · Peff ) =

0.5144 · Vref

ηT

m∑
i=1

n∑
j=1

F (Vref )i,j ·Wi,j

−

 m∑
i=1

n∑
j=1

P (Vref )i,j ·Wi,j

 (6.2)

In this equation, feff · Peff is the available effective power of a WASP system. These two factors are
combined since the product of availability and power is a result of a matrix operation. The Vref is the
reference ship speed in knots, converted to meters per second using the factor 0.5144. The factor ηT
is the total efficiency of the drive train of the considered ship. Furthermore, F (Vref ) is the force matrix
of a wind propulsion system for a given ship speed, and Wi,j is the global wind probability matrix. An
example of the lay-out of a wind probability matrix is given in Figure 6.2. At last, the required power to
operate the wind propulsion system is accounted for using P (Vref ).

Figure 6.2: Lay-out of the global wind probability matrix (IMO, 2013).
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An equation for the determination of the effective force can be determined from Equation 6.2:

feff · Feff =
m∑
i=1

n∑
j=1

F (Vref )i,j ·Wi,j (6.3)

It should be noted that the losses due to the operation of the rotor sail are not considered in this equation
by only considering the effective force. To use this equation, a matrix should be derived for the available
rotor forces for different wind conditions, and a wind condition probability matrix for the route should be
found.

6.3. True wind conditions
The wind probability matrix is obtained using the MARIN Blue Route application (MARIN, 2025), a tool
developed to evaluate the performance of generic WASP-equipped vessels. Within this application, a
route can be defined for which the corresponding true wind conditions along the voyage are computed.
The resulting wind rose plots, shown in Figure 6.3, present the probability of occurrence of each wind
condition for both directions of the voyage. These probabilities are provided on an annual basis, which
is advantageous for this study, as it enables the performance assessment of the Triumph to be based
on representative yearly averages.

The information from Blue Route is extracted twice: one for the voyage from Europe to North America,
and one for the returning voyage. Figure 6.3 shows that the trip from EU-NA is not very favourable
for WASP since the most probable true wind conditions are headwinds. The probability of apparent
headwinds will only increase for a ship sailing into these true headwinds. However, the NA-EU route
shows promising true wind conditions, consisting of high probability values for tailwinds, favourable for
the apparent wind conditions of a wasp-equipped vessel.

(a) EU-NA voyage (b) NA-EU voyage

Figure 6.3: True wind on modelled route (MARIN, 2025).

The statistics from Blue Route are given from 0–25 (m/s) with a step of 1m/s, and from 0◦–355◦ with
a step of 5◦. This is the same lay-out as indicated in Figure 6.2. One thing that should be noted is
that the data from Blue Route adopts the NED-coordinate system, while this study makes use of the
NWU-coordinate system. That means that the true wind angles should be converted from NWU to NED.
The probability of occurrence for different wind conditions for the different routes in the NED-coordinate
system are shown in Figure 6.4.
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Figure 6.4: Probability of occurrence of true wind conditions on the simulated voyage. Based on MARIN (2025).

6.4. Rotor sails thrust force
The WASP forces for the true wind conditions discussed in section 6.3 should be calculated to estimate
the performance of the rotor sails on both routes. The thrust force coefficient for the rotor sail in different
true wind conditions is shown in Figure 6.5a. This figure shows that the rotor sail will generate negative
forces for true headwinds with angles up to 30◦ from the bow. This is due to the created drag of the
sail, recognised in Figure 5.15.

These negative forces are a particular issue for the EU-NA route, where the most probable wind con-
ditions are headwinds, as shown in Figure 6.4. Under these conditions, Equation 6.3 gives negative
thrust for the EU-NA route. However, in practice, the operator would stop the rotor sail in conditions
were it produces negative thrust. Therefore, the negative values from the force matrix are disregarded,
resulting in a force matrix only containing positive thrust values. Mind that in the real case, the rotors
would still produce drag even if they are not spinning, due to the exposed area. The extra drag is
however not considered. Furthermore, it is assumed that the rotor sails will not produce any thrust with
wind conditions of Beaufort scale 8 or higher (Kuo, 2020). The rotor forces for wind speeds of 18 m/s
or higher are therefore set to zero.

The thrust force of the rotor sail in different true wind conditions is shown in Figure 6.5b. This figure
indicates no negative rotor sail forces, as discussed. Furthermore, the wind speeds go up to 17 m/s
in this figure. As seen, the TWA of the maximum thrust force is not equal to the TWA of the maximum
thrust coefficient. This is due to the fact that the force increases with the AWS squared, which is higher
for beam winds compared to tailwinds.

The components for Equation 6.3 have been determined. This means that the forces can be calculated.
The following values have been found:

• No WASP: feff · Feff = 0N

• WASP on route Europe-North America (EU-NA): feff · Feff = 22301.1N

• WASP on route North America-Europe (NA-EU): feff · Feff = 33575.7N
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Figure 6.5: Force coefficients and values for different true wind conditions.

6.5. Stationary engine points
The stationary engine operating points, using the same methodology as described in section 5.9, are
calculated using these rotor sail forces, as shown in Figure 6.6. This plot indicates that the engine has
to deliver less power, which means that the WASP forces are creating positive thrust.

Even though the wind conditions for NA-EU are more favourable, the engine operating point does not
strongly differ from the EU-NA route. This is due to the apparent wind speed. On the EU-NA route, a
TWA below 90◦ or above 270◦ is more probable compared to other TWA values. For these angles, the
ship speed is causing the AWS to be higher, leading to higher forces. On the NA-EU route, a TWA of
90◦–270◦ is more probable, giving the opposite result.
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Figure 6.6: Engine load during WASP operation, steady-state model.
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6.6. Fuel consumption and emissions
The reduced engine load would consequently lead to a reduced fuel consumption, since the engine
efficiency is assumed to be constant. The fuel consumption is calculated using the SFOC described in
section 5.7. The fuel consumption for the voyages is shown in Figure 6.7. This shows that the route
from EU-NA would lead to less fuel savings compared to the route NA-EU, because the latter has more
favourable wind conditions.

The emissions are calculated using the emission factors presented in section 5.7. The results in Fig-
ure 6.7 show the absolute values for the considered emissions and indicate a reduction in all emission
types. The relative reductions in CO2 and SOx emissions correspond directly to the fuel savings, as
these emissions are directly proportional to the fuel consumption. For the remaining emission types,
the assumed linear relationship with fuel consumption leads to relative reductions identical to the fuel
savings. However, as discussed in subsection 2.4.1, the emission formation mechanisms indicate
that the relationships for these emissions are not directly proportional in reality. Therefore, Figure 6.7
reports only the relative CO2 and SOx emissions.
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0%

20%

40%

60%

80%

100% 100.0 96.6 95.0
No WASP WASP EU NA WASP NA EU

MGO (t) 404.37 390.81 384.01
CO2 (t) 1296.40 1252.95 1231.14
SOx (t) 0.57 0.55 0.54
BC (kg) 16.17 15.63 15.36
NOx (t) 36.14 34.93 34.32
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N2O (kg) 63.78 61.64 60.57
NMVOC (t) 1.34 1.30 1.28
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Figure 6.7: Relative and absolute emissions, steady-state model.

The results indicate that applying WASP will lead to fuel savings and emission reductions on both
voyages. The savings on the NA-EU route are higher compared to the EU-NA route due to more
favourable wind conditions.
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Time-domain model

The time domain model is created with Python using the components in the steady-state model. This
model is based on the model presented in de Vos (2015), with adjustments, such that a rotor sail force
could be introduced. The diagram in Figure 7.1 shows the different components and their relation in the
model. The blue components are present in de Vos (2015), and the green components are added in this
study. It should be noted that the disturbance factor, which can be used to change the ship resistance,
is shown in the diagram in dotted lines. This factor is included in the model, but not considered during
calculations.

Figure 7.1: Diagram of time simulation model. The blue components are present in de Vos (2015), the green components are
added in this study.

The diagram in Figure 7.1 essentially shows the same calculation steps as explained in chapter 5.
The ship resistance is calculated using the cube law. The wind conditions and ship speed lead to the
apparent wind conditions, and subsequently, the WASP forces. The propeller open water diagram is
used to determine the propeller thrust and torque from the advance ratio and the shaft rotational speed.
The differences with the steady-state model are the ship translation and shaft rotational dynamics, and
the addition of a diesel engine block.

65
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The ship translational dynamics block is the block that integrates the dynamics of the ship resistance,
the rotor sail thrust force, and the propeller thrust force. The ship is accelerating if the sum of these
forces are not equal to zero. When assuming that the mass and added mass of the vessel remain
constant, the change in momentum can be expressed using Equation 7.1 (Kuo, 2020).

dvs
dt

=
Fprop + Frotor − Fship

mship
(7.1)

In this equation,mship is thus the mass of the ship, plus the added mass in surge direction. This added
mass is assumed to be 8% of the displacement of the vessel (∆) (Journée & Massie, 2008).

mship = ∆ · 1.08 (7.2)

The diesel engine block calculates the engine torque due to the present engine rotational speed and the
fuel rack, which is an input setting, and modelled to be a percentage of the MCR of the engine (Equa-
tion 7.3). This only holds for constant engine efficiency, which is assumed in this study, as discussed
in section 5.10.

PB = MB · 2π · ne → MB =
PB

2π · ne
(7.3)

The shaft rotational dynamics accounts for differences in the shaft and the engine torque. A non-zero
value leads to an acceleration of the shaft. Equation 7.4 holds if the total mass moment of inertia Itot
remains constant (Stapersma & Vrijdag, 2017), which is assumed in this study.

dn

dt
=

Mshaft −Mprop

2π · Itot
=

Meng · ηs −Mprop

2π · Itot
(7.4)

In this equation, the total moment of inertia contains the shaft, propeller, and the entrained water in
the propeller. The propeller values Ip have been given in the Meridian propeller data (see Table 5.1).
Furthermore, internal documentation contains information about the propeller shaft and the intermedi-
ate shaft weights ms and diameter Ds. The total moment of inertia is calculated using Equation 7.5
(Leijendeckers & Beke, 2004).

Itot = Ip + Is = Ip +

(
1

2
·ms ·

(
Ds

2

)2
)

(7.5)

7.1. Differential equation solver
The shaft rotational speed and the ship speed are solved numerically using an ordinary differential
equation solver. The SciPy function solve_ivp is used in this study (SciPy, 2026a). The solver nu-
merically integrates a system of Ordinary Differential Equations (ODE)s with a variable time step. The
required initial conditions are determined using the steady-state model.

The solver can integrate a system of equations using different methods, which can be categorised
as explicit and implicit. The user must select either an explicit or an implicit integration method. The
explicit methods are suited for non-stiff problems, while the implicit methods are suited for stiff problems.
When an explicit method is applied to a stiff system, the algorithm is forced to keep the variable time
step small because it cannot find a stable solution. A simple way to find the nature of the system is
therefore solving the system during a test run using different methods and analysing the variable time
step size. Figure 7.2 shows this process. In this figure, the ‘RK23’ and ‘RK45’ are explicit Runge-Kutta
methods of the order 3 and 5, respectively. Radau and the Backward Differentiation Formula (BDF)
are implicit methods of order 5 and of variable order, respectively. Figure 7.2 shows that this system of
equations is stiff, and an implicit method should be used. The BDF method is used because of its low
computational cost (Butcher, 2000).
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Figure 7.2: Solving the system of ODEs in the time-domain model using different integration methods. The BDF method is
used for further modelling.

7.2. Time domain model verification
The time-domain model must be verified against the results of the steady-state model, and its dynamic
behaviour should align with physical expectations. Several preliminary checks are performed to ensure
this, including:

1. Consistency with stationary behaviour (no WASP).
2. Convergence between steady-states under changing rotor sail forces.
3. Propeller law behaviour with variable fuel rack (no WASP).
4. Propeller law behaviour in WASP operations.

Test 1: Consistency with stationary behaviour, no WASP

Themodel should reproduce the same brake power as in the steady-statemodel in stationary conditions.
Without disturbances, the ship speed should remain constant. This first check is shown in Figure 7.3.
This figure shows that for zero WASP forces, the ship speed and shaft rotational speed are constant.

Test 2: Convergence between steady-states under changing rotor sail forces

When the initial condition corresponds to zero rotor sail forces and the final condition to a non-zero rotor
sail force, the model should converge from the initial steady-state to the final steady-state. Figure 7.3
shows that the initial conditions are zero AWS and an AWA of 90◦. The wind speed slowly increases to
20m/s, keeping the AWA at 90◦. This final condition is identical to the condition described in section 5.9.
The required engine power at the final condition is calculated using the steady-state model. The shaft
rotational speed converges correctly from the initial condition to the final condition.

The results for test 2 in Figure 7.3 shows that the ship speed is decreasing during the first part of the
simulation. This is caused by the fact that the fuel rack is not adjusted according to the amount of
available WASP force. Instead, the fuel rack is slowly decreasing from the initial to the final condition.
This is causing a decrease in ship speed. A changing fuel rack according to the available WASP force,
designed to keep a constant ship speed, would be a more accurate modelling method.
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Figure 7.3: Time-domain model test outputs.

Test 3: Propeller law behaviour with variable fuel rack, no WASP

In normal operation (without WASP forces), the engine operational points should follow the propeller
law (as described in section 5.6), because the efficiencies in the propulsion chain (Figure 2.8) remain
constant.

The fuel rack is varied through simulation time (see Figure 7.3), leading to varying engine operational
points. This behaviour is indicated in Figure 7.4. The figure shows the propeller law using the MCR
points of the engine, as well as the propeller law constructed with the initial conditions of the simulation.
The engine operating points are indeed following the propeller law of the initial condition with some
deviations. These deviations may be explained by the influence of the ship translational dynamics on
the propeller loading.
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The efficiencies in Figure 7.4 shows that the efficiencies remain constant through the test simulations.
However, the sudden change in engine power leads to a jump in the propeller thrust, causing a jump
in efficiency.
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Figure 7.4: Propeller law check and efficiency values during normal operation (test 3).

Test 4: Propeller law behaviour in WASP operations

For variable rotor sail forces, the engine operating points should not follow propeller law, because the
propeller efficiency increases. The conditions of test 2 are used to check this behaviour. The results
are shown in Figure 7.5. As seen, the engine operational points do not follow the propeller law due to
the increased propeller efficiency.

The use of a constant propeller efficiency by Plessas and Papanikolaou (2025) discussed in subsec-
tion 2.2.5 is now certain, because the engine operational points in both normal and WASP operations
lie on the same curve in the engine diagram, as shown in Figure 2.15a.

40 50 60 70 80 90
Shaft rotational speed (rpm)

2

4

6

8

10

12

14

16

En
gi

ne
 b

ra
ke

 p
ow

er
 (M

W
)

PropLaw using MCR
PropLaw initial conds
Initial condition
Operating points

0 1000 2000 3000
Test simulation time (s)

0.6

0.7

0.8

0.9

1.0

1.1

1.2

Ef
fic

ie
nc

y 
va

lu
e 

(-)

Propeller efficiency
Hull efficiency
Relative rotative efficiency
Shaft efficiency

Figure 7.5: Propeller law check and efficiency values during WASP operation (test 4).
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7.3. Input parameters
The previous subsection discussedmultiple checks for verifying the behaviour of the model. This shows
that the model behaves as expected. The next step is to recreate the voyage from Figure 6.1 in this
time simulation model. First, the input wind conditions must be determined.

The Marin Blue Route data in Figure 6.3 shows that the most common wind speeds are in 5–6 Beaufort.
To create a varying wind speed for the input of the model, an API wind spectrum is created around a
mean wind speed value of 10.9 m/s (the mean wind speed of Beaufort 5 and 6 (see KNMI (2026))) using
OrcaFlex software, internally available at Boskalis (OrcaFlex, 2026). This spectrum gives a signal for
a varying wind speed over one hour, with a time step of 0.1 seconds. This signal is shown in Figure 7.7.
The signal is repeated for the voyage duration given in Equation 6.1.

The varying wind speed signal produces AWS values that occasionally fall outside the Beaufort 5–6
range, as shown in Figure 7.7. However, the majority of the values remain within this envelope. This
signal is considered adequate for use in further calculations.

The wind angles are determined using the true wind probability matrix defined in Equation 6.3. Only the
values for a wind speed of 8, 9, 10, 11, 12, and 13 m/s (approximately the wind speeds within Beaufort
5–6) are considered. The probabilities for every wind speed at a certain angle are now summed and
normalised with the total probability of the considered wind speeds. Therefore, a new matrix is found:
a matrix which contains the probability values of Beaufort 5–6 wind speeds at varying angles. The
method for this is schematically shown in Figure 7.6.

Figure 7.6: Finding wind angle probability values for Beaufort 5–6 wind speeds.

This newmatrix gives the probability of occurrence of a certain wind angle during a voyage with Beaufort
5–6 wind speeds. To model different wind angles during a voyage, the assumption has been made that
the vessel will start sailing with a TWA of zero degrees, and encounter every possible TWA during
the voyage. The time that a certain angle has been encountered is the probability value of that wind
angle times the total voyage time. For instance, if the voyage time is one hour and the probability of
a zero degree TWA is 5% during that voyage, then the vessel will encounter a zero-degree TWA for
0.05 · 3600 = 180 seconds. After this time, the TWA shifts to 5 degrees, and so on, until 355 degrees.
This finally adds up to a slowly varying wind speed during the voyage. The values for the TWA for the
EU-NA and the NA-EU route are shown in Figure 7.7. This figure shows that the TWA for the NA-EU
route will be sideways for longer periods compared to the EU-NA route, which is a result of the wind
rose plot shown in Figure 6.3. The true wind conditions are converted to apparent wind conditions
using the ship speed during the simulation.
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Figure 7.7: Time-domain model input signals.

It should be noted that the assumption of a desired constant ship speed of 13.2 knots is assumed
during these simulations. A positive rotor force causes a reduction in fuel rack, resulting in a constant
ship speed of 13.2 knots. Like the steady-state model, negative WASP forces are excluded from the
calculation, because it is still assumed that the ship operator will turn the rotor sails off when creating
negative thrust forces. Furthermore, a disturbance factor is present in the model (see Figure 7.1), but
is not regarded during simulations.

To maintain a ship speed of 13.2 kn, the required fuel rack setting for each wind angle is first determined
using the steady-state model. In the time-domain simulation, the fuel rack adjustment is applied at the
moment the wind angle changes. This approach imitates an operator responding to variations in WASP-
induced thrust and ensures that the vessel speed remains approximately constant throughout the simu-
lation. A more sophisticated approach would be to incorporate a Proportional-Integral-Derivative (PID)
controller for regulating the engine response. However, this is not pursued here in order to maintain
modelling simplicity.

7.4. Model outputs
The model is run for the total time of the voyage duration shown in Equation 6.1. The model outputs
for the EU-NA and NA-EU route are shown in Figures 7.8 and 7.9, respectively.

The two plots show similar behaviour. The true wind speeds input signals are identical for the two
calculations. The true wind angle input signal from Figure 7.7 is recognised. As shown, these true
wind conditions are converted into apparent wind conditions. The WASP force Fwasp resulting from
these apparent wind conditions shows high values for favourable wind conditions and low values for
unfavourable wind conditions. Furthermore, the created rotor sail forces correspond to the polar plot
of the rotor thrust forces in the steady-state model, as indicated in Figure 6.5b. The Fwasp line shows
that the negative wasp forces are not regarded in the calculations.

The time step size can be recognised from the input wind signal. The ODE equation solver takes a
small time step when the Fwasp becomes greater than zero. This is shown by the density of the TWS
input signal. This results in a varying ship speed and shaft rotational speed. To avoid too large time
steps, the maximum time step value is set to 1000 seconds.

The fuel rack setting is adjusted in response to the WASP force: a higher WASP contribution results
in a lower required fuel rack position. This adjustment keeps the vessel operating close to the target
mean speed of 13.2 kn. The reduced fuel rack input also leads to a corresponding reduction in the
shaft rotational speed.
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Figure 7.8: Ship model output for the EU-NA route.
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7.5. Engine operations
To check the validity of the assumed constant engine efficiency, which is valid down to 50% MCR (MAN
Energy Solutions, 2009), but will rapidly decrease below this value (Klein Woud & Stapersma, 2002),
the engine load diagrams in the time-domain model are shown in Figure 7.10. As seen, the operational
points come close to, but do not exceed, the limit below 50% MCR.

50 60 70 80 90
Shaft rotational speed (rpm)

6

8

10

12

14

En
gi

ne
 b

ra
ke

 p
ow

er
 (M

W
)

EU-NA

Engine load diagram
Engine overload
MCR
50% MCR

50 60 70 80 90
Shaft rotational speed (rpm)

NA-EU

Figure 7.10: Engine load during the time-domain simulation.

Sudden changes in wind speed introduce variations in the WASP forces, which in turn cause small fluc-
tuations in propeller rpm, as observed in the simulations. Because the vessel operates with a directly
driven FPP, these variations are transmitted directly to the engine. If sufficiently large, such fluctuations
could lead to issues such as thermal overloading of the cylinder liners (Kuo, 2020). To assess this risk,
the simulated rpm changes per second are compared to MAN load-up program for engines with FPP
(MAN Diesel, 2009), shown in Figure 7.11a. This guideline recommends increasing the engine speed
from 80% to 90% MCR rpm over 30 minutes, corresponding to 0.00472 rpm/s. Although intended for
engines with an 80 cm bore and above, MAN indicates that following this program is also beneficial for
smaller-bore engines such as the S70MC6 (70 cm). The comparison in Figure 7.11b should therefore
be viewed only as an indicative reference. The high initial peaks in Figure 7.11b result from model initi-
ation issues. These are also observed in Figure 7.10. Overall, the accelerations caused by the WASP
forces remain well below levels that would meaningfully affect engine rpm. Consequently, significant
engine load or thermal issues due to the WASP system are not expected.

(a) Recommended FPP load-up program (MAN Diesel, 2009).
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(b) Variations in shaft rotational speed over time during simulations.

Figure 7.11: Variations in shaft rotational speed compared to the recommended engine load-up program.
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7.6. Consumed fuel and emissions
The consumed fuel is not included in the engine block. However, the consumed brake power at every
time step is calculated, and the model assumes a constant SFOC. This information can be used to cal-
culate the total consumed fuel during a voyage. First, the fuel mass flow per second can be calculated
using the SFOC and the brake power of the engine using Equation 7.7 (KleinWoud & Stapersma, 2002).
Then, the total consumed fuel can be calculated by integrating this value over the total simulation time
(Equation 7.8). In Python, the NumPy trapezoidal function is used for this (NumPy, 2026).

PB = FR · PMCR (7.6)

sfoc =
ṁf

PB
→ ṁf

(g
s

)
= sfoc

( g

kWh

)
· PB

1000
(kW ) · 1

3600
(7.7)

mf (g) =

∫ t1

t0

ṁf dt (7.8)

The relative fuel consumptions for the vessel without WASP, and on the EU-NA route and the NA-
EU route with WASP, are shown in Figure 7.12. These relative savings are higher compared to the
steady-state model calculations, shown in Figure 6.7. This is due to the fact that the WASP forces in
the steady-state model include probabilities of low wind speeds. The time domain model only includes
wind speeds approximately within Beaufort 5–6, which results in higher WASP forces. This indicates
that the time-domain model may lead to more accurate results during specific weather conditions.

The emissions are calculated using the same method described in section 5.7. Therefore, the first
step is to determine the total energy consumed during the voyages. This is done using the relationship
between SFOC, fuel consumption, and effective work (We) (Klein Woud & Stapersma, 2002), as ex-
pressed in Equation 7.9. The corresponding emissions are obtained by applying the conversion factors
from Table 5.4. The absolute values for the emissions resulting from the time-domain simulation are
shown in Figure 7.12.
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(7.9)

The black carbon emissions depend on the engine power during the voyage. This means that the factor
must be determined using the samemethod as for the consumed fuel. The black carbon emission factor
is converted from gram/gram to gram/second using Equation 7.10. The black carbon emissions are
calculated using Equation 7.11.
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(7.10)

BCemission =

∫ t1

t0

˙BCemission dt (7.11)

The relative CO2 and SOx emission savings are related to the steady-state model emissions in Fig-
ure 6.7. These relative emissions show higher values compared to the steady-state model because of
the higher wind speed input into the time-domain model.
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Figure 7.12: Relative and absolute emissions, time-domain model.

The time-domain model results show the same general trends as the steady-state model results. The
higher fuel savings and emission reductions are caused by the assumed wind conditions. This shows
that the time-domain model may give more accurate results for specific voyages. Moreover, the thrust
forces created by the WASP systems, leading to a variation in propeller loading and subsequently a
variation in engine loading, are not expected to be significantly high to cause problems.



8
Conclusion and discussion

This chapter presents the conclusions drawn from the research, structured around the sub-questions in-
troduced in chapter 1. The discussion hereafter reflects on the limitations of this study and its relevance
to the field. Finally, recommendations for further research are given.

8.1. Conclusion
In this section, the main conclusions from the literature review are first summarised. After this, the sub-
questions are answered based on the findings in this study, after which the main research question is
addressed.

The analysis of current literature shows that the application of WASP is growing consistently and is
gaining popularity due to an increasing amount of reported fuel savings. This topic is currently trending
in the academic world. The research on WASP is more present in hydromechanics and aerodynamics
compared to the marine engineering field. Especially study on emissions due to WASP are limited.

For the Boskalis fleet, which vessel class is most suitable for integrating WASP, and which
technology is optimal for that case, based on explicit criteria?

The properties of the vessels in the Boskalis fleet make it more difficult to apply WASP compared to
merchant vessels. However, the development of various forms of WASP systems allows for more
possibilities. The HMTV and subsea rock installation fleet contain appropriate vessel types for WASP
application. Rotor sails generate the highest force per square meter, which makes it suitable for appli-
cation within Boskalis, since a low footprint of the equipment is desired for these types of vessels.

Which specific vessel within the selected class is most suitable to develop a case study?

The selection of the HMTV fleet for further analyses is mainly due to the operational profile of these
vessel types. Within the HMTV fleet, the T-class vessels are most suitable for WASP application,
because the discussion of placement on these vessels are the lowest for the entire HMTV fleet.

What are the expected changes in the propulsion efficiencies when integrating WASP, and how
can each of these changes be estimated?

Integrating WASP into a vessel induces changes to the hydromechanics and marine operations of a
vessel. Some of these effects are more pronounced compared to others. Although a 1-DoF method
can capture the primary influences on ship resistance and propulsion, a 3-DoF method is needed at
minimum for more advanced analyses. The development of such a complex model requires accurate
and complete input data.

Which input data are required to parameterise the propulsion chain estimates and to determine
the vessel’s wind-assisted engine operations, and how can these inputs be calculated for the
selected case vessel?

77
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The available data of the T-class vessels at Boskalis do not allow for accurate modelling of fuel con-
sumption and emissions. However, a 1-DoFmodel that predicts the engine power for given ship speeds
with acceptable accuracy can be developed with the available data. The operational fuel consumption
of the vessel shows large scattered data, which makes it difficult to assess the accuracy of this estima-
tion. The WASP force coefficients can be estimated using published literature. An estimation of the
actual forces require wind input data.

Using a representative operating profile and data from previous questions, what is the predicted
impact of WASP on the engine operations of the vessel?

WASP appears applicable on the Triumph, indicating trends to significantly decrease fuel consumption
and emissions. These findings may help reduce internal barriers to the adoption of WASP technolo-
gies within Boskalis. Furthermore, the thrust forces created by the rotor sail are not expected to create
problems for the engine. The induced WASP forces are insufficient to cause substantial vessel accel-
erations, and the resulting fluctuations in engine rpm remain well within acceptable limits.

Based on the impact on engine operations, what differences are predicted in exhaust emissions
with and without WASP using the IMO emission factors?

The CO2 and SOx emissions decrease linearly with fuel consumption. Other emission types appear to
decrease as well, due to the use of constant emission factors in this study. This assumption omits the
complex relationship between the engine operating parameters and emission profiles.

What is the impact on fuel consumption and emissions when retrofitting an existing heavy ma-
rine transport vessel with wind-assisted ship propulsion?

Within the Boskalis fleet, the T-class vessels seem suitable for the application of rotor sails, and the
resulting impact will be positive in terms of fuel and emission savings during a typical voyage. These
findings are relevant given the increasingly stringent environmental regulations to decarbonisemaritime
operations, making WASP a viable option to reduce fuel consumptions and emissions, and enhancing
fleet sustainability.

8.2. Discussion
This study evaluates the potential of WASP across the Boskalis fleet and quantifies expected reduc-
tions in fuel consumption and emissions. The modelling framework combines validated methods from
literature with operational ship data and is directly transferable to the sister vessels with only minor
parameter adjustments. External applicability is conditional, as the approach assumes a quadratic re-
lationship between ship speed and total resistance and a propulsion train consisting of a two-stroke
engine with a fixed-pitch propeller. Under these assumptions, the model provides a plausible and
methodologically sound basis for estimating WASP benefits in terms of fuel savings.

The MCDA results indicate that vessels in the HMTV fleet have the highest potential for the application
of WASP. This outcome aligns with expectations, as these vessels typically operate over long distances
and have transport-oriented mission profiles. These characteristics are commonly associated with suc-
cessful WASP integration in the literature. The results of the model development further demonstrated
it is capable of capturing the relationship between engine power and vessel speed around the ves-
sel’s most common operating point with an acceptable level of accuracy. Additionally, the fuel-saving
estimates generated by both the steady-state and the time-domain models fall within the range of val-
ues typically reported for ship propulsion assisted by rotor sails. Together, these findings support the
conclusion that the addition of rotor sails is likely to provide a net positive thrust contribution under
representative operating conditions.

The results should be interpreted with caution due to the number of assumptions required throughout
the analysis. The criteria used in the MCDA were developed based on the author’s understanding
and discussions with Boskalis professionals. Consequently, the relative importance assigned to each
criterion reflects the priorities of a single operator; other companies may weigh these factors differently,
which could influence the ranking of vessel types. In addition, the selected case vessel is relatively
old, raising questions about the practical feasibility of installing a new technology. Several important
aspects, such as costs, structural integration, ship stability, rotor system sizing and placement, and
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operational constraints, were also beyond the scope of this study and therefore not considered, but are
important aspects.

Developing the performance prediction model required simplifying assumptions. Many efficiencies
were assumed constant, while propeller efficiency was estimated using characteristics of a similar pro-
peller type. The accumulated effect of these assumptions is visible in the mismatch between the mod-
elled and actual engine operating points given in the daily reports. Also, the specific fuel oil consumption
data from the daily reports showed that this is particularly difficult to estimate accurately. Moreover, the
resistance model does not account for the added resistance or course-keeping corrections associated
with WASP, which is consistently reported in the literature. The rotor dimensions are realistic based on
existing systems, but their aerodynamic coefficients were approximated, and a constant spin ratio was
assumed. This is an unrealistic simplification for real-world operations. The model also omits rotor-
power consumption, a non-uniform flow of apparent wind at the rotor sails, and potential negative rotor
forces, which all can significantly affect net performance. Furthermore, the calculations do not relate
in-cylinder combustion behaviour and emissions.

Further research could enhance the prediction model developed for the Triumph, beginning with rela-
tively simple improvements to the current 1-DoF model. A more representative rotor operation, instead
of a constant spin ratio, would already increase accuracy of the findings. In addition, a more system-
atic investigation of the practical considerations associated with WASP installations, such as feasible
sail placement, structural integration, and operational implications, would help clarify which retrofits are
realistic for vessels of this type. An analysis of the operational use of the currently developing amount
of innovative WASP system designs could also help adoption within Boskalis. By presenting a clear
picture of the possibilities, the inevitable discussion on the impact of WASP systems on the versatility of
the deck layout may be positively influenced. Research on modelling of engines and emissions could
further enhance the accuracy of the emission profiles during WASP operations.

While many of these limitations could be mitigated through relatively straightforward additions, achiev-
ing more reliable results ultimately requires access to more detailed operational and design data. A
more comprehensive assessment of data availability at the start of the research could have reduced
development time and enabled a stronger focus on refining the model, thereby improving the accuracy
and robustness of the conclusions. The analysis would have benefited from a concise overview of
the available data per vessel. To reduce modelling efforts in future research, it is recommended that
Boskalis provides such an overview.

The findings of this study indicate that the HMTV fleet represents a particularly promising option for
the adoption of WASP. The modelling results, supported by insights from the literature, show that rotor
sail installations have the potential to reduce fuel consumption and associated emissions under rep-
resentative operating conditions. For Boskalis, this implies that the current fleet configuration may be
overlooking an opportunity to achieve measurable reductions in both operational costs and environmen-
tal impact. Implementing WASP on a heavy marine transport vessel would also extend the application
of these technologies beyond the merchant shipping sector, where most existing installations are cur-
rently concentrated. Demonstrating successful integration on a special-purpose vessel could lower the
barrier to adoption, both within Boskalis and across the broader offshore and heavy-transport indus-
tries, by providing a concrete example. More broadly, the results underline that the feasibility of WASP
should not be considered exclusive to traditional merchant vessels; other vessel types may also offer
favourable conditions for achieving meaningful fuel and emission reductions.

8.3. Future research
For more accurate performance predictions, a transition toward at least a 3-DoF model (level II in
Figure 2.17) would ultimately be necessary. Such an approach, however, requires significantly more
detailed input data. Given the age of the Triumph, it is uncertain whether sufficient data quality or
availability can be achieved to justify this level of modelling effort. A more comprehensive analysis
might therefore be better undertaken on a different vessel within the HMTV fleet, preferably a younger
ship with more complete design and operational data, allowing greater confidence for results.

The literature review also highlighted an additional research gap that extends beyond the scope of this
study: the effect ofWASP on the emission characteristics of diesel engines. While this thesis assumes a
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linear relationship between fuel consumption and emissions, a present study indicates dynamic engine
loading due to WASP, which may influence in-cylinder conditions, and consequently, the formation of
emissions. A deeper understanding in this field would improve the accuracy of emission estimates and
contribute to more comprehensive evaluations of WASP technologies.

While WASP may be a solution to decrease fuel consumption and pollutant emissions, this innova-
tion plays a small role in the global energy transition. Research on technologies and innovations that
improve the overall energy efficiency of the maritime sector, which may apply to ship design, ship struc-
tures, marine engineering, ship hydromechanics, or operations management, must be sustained, and
application of these should be expanded. The industry could reduce its environmental footprint through
continuous development, testing, and adoption of these innovations. This will meet increasingly strin-
gent international regulations and contribute to a cleaner future.
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A
Fleet analysis: vessel subdivision

Type Subtype Name Length Service
(m) speed (kn)

Backhoe dredger Small HH 47 30.0 7.0
Medium Kreeft 52.0 9.0

Zeekoe 56.4 6.0
Large Aquila 85.9 9.0

Crane vessel Vessel Bokalift 1 216.0 12.5
Bokalift 2 231.0 11.0
Giant 7 137.0 12.5

Crane barge Taklift 7 72.6 7.0
Asian Hercules III 106.4 7.0
Asian Hercules II 91.4 7.0

Cutter dredger Small Cyrus ii 107.0 11.5
Ursa 105.4 11.3
Taurus II 112.6 11.0

Large Helios 152.0 11.5
Krios 152.0 11.5

Diving support vessel Offshore Komodo 70.9 10.0
Kamara 70.9 13.5
Boka Atlantis 115.4 11.0
Boka Da Vinci 115.4 11.0
Boka Polaris 113.6 10.0

Inland Falcon 20.0 5.3
Jan van Gent 41.5 9.5
Smit Ranger 12.9 17.0

Subsea rock Rockpiper 158.6 12.0
installation vessel Seapiper 147.2 11.5

Seahorse 162.0 13.0
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86 Appendix A. Fleet analysis: vessel subdivision

Type Subtype Name Length Service
(m) speed (kn)

Hopper dredger Small Deo-Gloria 70.8 8.4
Sospan Dau 72.8 8.0
Shoalway 90.0 11.0
Strandway 92.1 11.0
Causeway 92.1 11.0
Coastway 97.7 12.5
Waterway 97.7 12.5
Shoreway 97.5 13.0
Crestway 97.5 13.0
Freeway 92.1 11.0

Medium Medway 121.3 11.5
Beachway 120.4 11.5
Gateway 143.5 15.4
Willem van Oranje 143.5 15.4

Large Oranje 201.0 15.4
Queen of NL 230.7 16.0
Fairway 230.7 16.0
Prins der Nederlanden 201.0 15.4

Multi-purpose Small Ndurance 99.0 11.5
Ndeavor 99.0 9.7
Spirit 90.0 9.0
Boka Atlantic 115.4 10.0

Medium Boka Pride 130.0 10.0
Sea1 Spearfish 120.9 10.0
Sub C 138.5 10.0

Multipurpose tugs Supply tug Manta 75.5 12.0
Nicobar 70.9 9.0
Bear 73.5 10.0

Construction tug Boka Pioneer 82.2 10.0
Boka Falcon 93.4 10.0
Boka Fulmar 93.4 10.0

Ocean going tugs Small Union Topaz 33.0 10.0
Union Onyx 33.0 10.0
Terramare 1 30.1 11.0
Wrestler 40.7 9.0
Fighter 40.7 9.0
Warrior 40.7 10.0
Boxer 40.7 9.0

Large Boka Glacier 75.0 11.0
Boka Summit 75.0 11.0
Boka Expedition 75.0 11.0
Boka Alpine 75.0 11.0
Boka Sherpa 75.0 11.0
Princess 67.4 10.0
Sovereign 67.4 12.0

Supply vessel Boka Southern Ocean 133.6 11.0
Boka Topaz 106.6 11.0
Boka Tiamat 98.1 11.0
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Type Subtype Name Length Service
(m) speed (kn)

Semi-sub HMTV Boka Vanguard 275.0 14.5
Mighty Servant 3 181.2 15.0
Blue Marlin 224.8 13.0
Forte 216.8 14.0
White Marlin 216.7 14.5
Black Marlin 217.8 14.5
Transshelf 173.0 15.5
Target 216.8 15.0
Trustee 216.8 15.0
Triumph 216.8 15.0

Survey vessel Other Ocean Endeavour 77.1 8.0
Ocean Observer 80.4 8.0
Kommandor 68.5 8.0

Drilling Gard Horizon 75.0 9.0
Horizon Geodiscovery 83.9 10.0
Horizon Geobay 87.0 10.0
Horizon Geodrill 81.6 10.0
Horizon Prospector 78.3 10.0
Ocean Reliance 85.4 8.0
Ocean Resolution 79.2 8.5
Ocean Vantage 68.0 9.0
Quest Horizon 65.0 10.0
Kommandor Susan 83.7 10.0

Crane/a-frame Braveheart Spirit 73.2 10.0
Horizon Nomad 60.0 10.0
Horizon Zenith 68.0 10.0
RV Ocean Researcher 69.4 8.0
Horizon Surveyor 40.2 10.0
Ocean Geograph 73.0 10.0





B
MCDA
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C
MCDA results

FOM Normalised FOM Ship name
64 1.00 Semi sub HMTV
60 0.94 Subsea rock installation vessel
54 0.84 Hopper dredgers — medium
54 0.84 Backhoe dredger — medium
54 0.84 Survey vessel — other
52 0.81 Hopper dredgers — small
52 0.81 Hopper dredgers — large
50 0.78 Crane vessel — vessel
48 0.75 Survey vessel — drilling
48 0.75 Multi purpose — small
48 0.75 Multi purpose — medium
46 0.72 Backhoe dredger — small
44 0.69 Backhoe dredger — large
44 0.69 Ocean going tugs — large
44 0.69 Survey vessel — crane/a-frame
42 0.66 Crane vessel — barge
40 0.62 Ocean going tugs — small
36 0.56 Multi—purpose tugs — construction
36 0.56 Multi—purpose tugs — supply
36 0.56 Diving support vessel — offshore
36 0.56 Supply vessel
34 0.53 Diving support vessel — inland
32 0.50 Cutter dredger — large
30 0.47 Cutter dredger — small
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