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1  Introduction

The NoordzeeWind consortium is constructing a Wind Farm in front of the Dutch coast near
Egmond aan Zee (OWEZ – Offshore Windfarm Egmond aan Zee). As part of the
development, NoordzeeWind has made a commitment to the Dutch government to execute a
Monitoring and Evaluation Program (NSW-MEP). The main objective is to acquire
knowledge and experience in the construction and operation of large wind farms in the
North Sea. For this, various learning objectives have been formulated within NSW-MEP.

Referring to the mandatory approach of subject 2.8 of the MEP-NSW, the objectives of this
study are formulated as follows:

Assessment of collision probabilities due to the presence of the OWEZ;
Assessment and impact  of calamitous oil (chemical) spills due to shipping collisions
with the OWEZ;
Assessment of the effects of the OWEZ on shipping radar.

Based on observed incidents at sea over the past decades, it can be concluded that the
number of collision and wash incidents that occurs annually within the NCP (Dutch
Continental Shelf) is extremely low. Actual monitoring of collision and their environmental
is therefore not meaningful. However, in order to demonstrate the potential risks of
collisions and their impact, various numerical models can be applied to quantify these risks
and associated impact on the environment due to the existence of a offshore wind farm.

This report present the results of the study into the aforementioned risks and impacts. This
study was carried out by WL|Delft Hydraulics in conjunction with MARIN. The report is
organised as follows:

Section 2 describes the methodology that is followed in this study;
Section 3 discusses the risk of collisions of ships with the wind farm;
Section 4 present the results of the simulation of hypothetical spills;
Section 5 combines the results  of  Section 3 and 4 into an assessment  of  the long term
risk of pollution;
Section 6 presents the results of the simulation of possible disruption of shipping radar
due to the wind farm;
Section 7 summarises the findings of the study.

This project was carried out on behalf of NoordzeeWind, through a sub-contract with
Energieonderzoek Centrum Nederland (ECN).
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2 Description of the general methodology

2.1 Introduction

Figure 2-1 shows the general overall approach of safety assessment and risk assessment of
spills is outlined. The methodology combines the maritime aspects (expertise of MARIN)
with marine impact (expertise of WL).

Shipping/traffic/
obstacles

Accident probability

Chemical (oil) spills

Environmenal
Impact

Nautical,  environmental
and socio/economic

risks

Traffic and casualty
modelling

Modelling Transport
and fate of chemicals

Cost benefit analysis

Maritime safety assessment
MARIN-MSCN

Marine impact assessment
WL| Delft Hydraulics

Measures & Control
- re-routing of traffic
- training
- construction and loading regulations

Measures & Control
- re-allocation of oil combat vessels
- move spill to less impact areas
- protection of sensitive areas

Figure 2-1 - General approach for casualty assessment and the associated impact on the marine environment.

With the available numerical model framework (SAMSON), MARIN has estimated the
expected number of incidents and frequency due to the existence of the OWEZ in front of
Egmond. Based on these incident probabilities, the risk for the marine environmental of a
potential collision or wash incident can be estimated by using the Delft3D modelling
framework. This modelling framework simulates the hydrodynamic behaviour in the Dutch
coastal zone in detail, given the meteorological conditions. The simulated tidal current
patterns will then be used to simulate the spatial distribution and behaviour of spilled
chemicals, like oil, originating from a ship involved in an accident. This includes the
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advection and dispersion and various bio-chemical processes of chemicals (such as:
volatilisation, emulsification, biodegradation, sedimentation and erosion). Through linkage
of the spill probabilities and the spatial distribution of the oil/chemical, this approach allows
for the quantification of the probabilities of oil (or chemicals) reaching beaches or
ecologically sensitive areas (e.g. areas protected by the Habitat Directive).

2.2 Description of activities

TASK 1: Prediction of  the distribution and fate of  hypothetical  calamitous (oil)  spills
due to the presence of the OWEZ

This task contains the environmental impact assessment given the occurrence of a chemical
(oil) spill due to a collision of a ship with the OWEZ. Hydrodynamic flow data of the Dutch
coastal zone have been estimated for different meteorological conditions. These
hydrodynamic results are used to simulate in time the spatial distribution and behaviour of a
chemical (oil) spill originated at the location of the OWEZ in front of Egmond.

Derived from the characteristics of a selected oil type, the numerical process parameters for
evaporation and dispersion are defined. The selected chemical is considered as a
conservative dissolved substance (no active processes that affect concentration, such as
decay, other than advection and dispersion), representative for a worst case situation for
dissolved chemicals.

In order to evaluate the behaviour of the spill for different meteorological conditions, two
wind conditions are applied to simulate the behaviour of an oil spill: one average (SW 7
m/s) and one storm condition (extreme, NW 17 m/s), to be considered as a worst-case
condition for oil along the shoreline. The Delft3D model output contains:

Spatial distribution of floating and dispersed oil in time;
Spatial distribution of a dissolved chemical in time;
Spatial distribution of the amount of oil stranded along the Dutch shore;
Time series of concentrations at predefined monitoring locations for the compartments
(surface, water column and bottom).

In total 4 model simulations are performed: 2 hydrodynamic/wind conditions and 2
chemicals (representative oil type and one highly soluble chemical).

Based on these predictive model results, insight is obtained concerning the amount of oil
along the shore and the time available for possible mitigation measures (like oil clean-up
strategies), if required.



NSW - MEP : Maritime and marine risk assessment of
calamitous (oil) spills

Z3644.00 juli, 2006

WL | Delft Hydraulics 4

TASK 2: Safety assessment of shipping

Within this task, MARIN has determined the probabilities of ships colliding with the wind
farm for ramming and drifting.  Probability density functions for each class of the leaked oil
and  chemical  are  calculated.   The  probability  of  a  spill  and  the  size  of  a  spill  are  also
calculated. These probabilities are calculated, taking account of the damage patterns for ship
and wind turbine as derived by Jacobs Comprimo Nederland during the locatie-MER.
Combined with the probability of different cargoes, the probability on each possible spill is
determined. These calculations are performed with SAMSON (Safety Assessment Model for
Shipping and Offshore on the North sea.).

TASK 3: Linkage of results Task 1 and 2

Within this activity the probability density function (i.e. frequency versus classes of leaked
oil/chemical) is linked with the results of task 1 in order to get an estimation of the long-
term expected risk (e.g. in terms of expected annual amounts of stranded oil along the Dutch
shoreline). In contrast with the prediction method (task 1), this approach includes the
estimated frequency with which a calamitous spill might occur.

TASK 4: Disruption of the shipping radar

In general it is assumed that the disruption of the radar of a ship by the OWEZ will be
negligible. TNO wrote in an earlier research that the rotor blades have no effect on the
disruption (Memo: “Berekening van de verstoring van de walradar te IJmuiden”, 1999).
Navigation radars on board of ships are in most cases 3 cm radars (the same as in the TNO
study). Relevant distance from the point of view of the disturbance are circa 1.5 - 4 nautical
mile  to  the  OWEZ  and  circa  5  –  10  nautical  mile  to  another  ship,  in  case  of  a  potential
collision risk. Based on the results of the TNO-study it can be concluded that the detection
of the other ship, behind the wind farm, can be done without significant disturbances by the
windfarm.

In order to verify this conclusion, a simulation experiment of  2 scenarios are build up on the
shipping simulator of MARIN. In the radar simulation, the OWEZ is build up together with
the parameters of the navigation radar. Based on the performance of the ARPA radar
function with and without the OWEZ, the effects of the disturbance of the radar are
analyzed.
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3  Risk of collisions of ships with the OWEZ

3.1 Objectives of the risk assessment

The purpose of this part of the study is to determine the effects of the presence of the OWEZ
on shipping. The following parameters are used to quantify the effect of the present of the
wind farm on shipping:

The probability of ramming or drifting against a wind turbine by a passing ship.
The environmental effects; the outflow of oil and chemicals as a result of a ramming or
drifting against a wind turbine.
Human effects; the expected number of people that could die as a result of a ramming or
drifting against a wind turbine.

An estimation of the effects of the presence of the wind farm on shipping outside the
location of the wind farm is also made.

3.2 Approach

3.2.1 SAMSON

The SAMSON1-model has been developed to predict the effected of spatial developments in
the North Sea (or other sea areas). These developments can vary from development within
the shipping industry itself (e.g. changes in ship sizes) to measures for the shipping (e.g.
Traffic Separation Schemes).

The following effects can be determined by the model:
Expected number of accidents per year, divided by type of accident, ship types and sizes
involved in the accidents and objects.
Extra miles that have to be travelled as a result of a certain development and the costs
involved.
Emitted environmental dangerous goods, e.g. exhaust.
Consequences of the accidents, such as the outflow of oil or personal injuries.

During the last 20 years the SAMSON model has been developed, extended, validated and
improved continuously in studies performed for DGTL (the former DGSM) and European
projects  see [1]  – [8].  In the executive summary of  the POLSSS, Policy for  Sea Shipping
Safety  [8]  is  described  how SAMSON is  used  to  predict  the  costs  and  consequences  of  a
large number of policy measures.

The system diagram of the SAMSON-model is shown in Figure 3-1. Almost all blocks
presented in the diagram are available. The large block “Maritime traffic system” contains 4

1 Safety Assessment Model for Shipping and Offshore on the North Sea
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sub-blocks. These sub-blocks describe the complete traffic pattern; the number of ship
movements, the characteristics of the ships (length etc.) and the layout of the sea area. The
different casualty models are used to determine the accident frequencies based on the
complete traffic image. The block “Impacts” contains the sub-blocks which are used to
determine the different consequences of the different accidents.

Impacts

Maritime traffic system
Traffic Demand
- Cargo
- Passengers
- Fishing
- Recreational vessels

Existing traffic
management system

Traffic:
- Traffic intensity
- Traffic mix

Traffic management
measures:
- Routing (TSS)
- Waterway marking
- Piloting
- Vessel Traffic Services

Characteristics of sea
areas

Tactics
(New traffic management
measures)

Traffic accidents:
- Collisions
- Contacts
- Strandings
- Founderings

Other accidents:
- Fire and explosions
- Spontaneous hull accidents
- Cargo accidents

Pipe accidents:
- Foundering on pipe
- Cargo on pipe
- Anchor on pipe
- Anchor hooks pipe
- Stranding on pipe

Financial costs:
- Investment costs
- Operating costs

Environmental consequences:
- Oil spills
- Amount of oil on coast
- Chemical spills
- Dead and affected organisms

Economic consequences:
- Loss of income
- Repair costs
- Cleaning costs
- Delay costs caused by accidents
- Extra sea miles caused by the use of a tactic

Human safety:
- Individual risk
- Societal risk

Search and Rescue
Contingency planning

Ships:
- Technology on board
- Quality of ships
- Quality of crew

Figure 3-1 – System diagram SAMSON-model

3.2.2 Effect of the wind farm

The construction of the wind farm will have some consequences for the shipping near the
location of the wind farm. It is prohibited for a ship to sail trough a wind farm. Therefore, it
is possible that ships have to change their sailing routes in the future and pass the wind farm
at a minimum of 500 m distance. This means that the wind farm will cause nuisance to the
passing ships.
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This rerouting of ships can also have some effects outside the location of the wind farm.
Because  ships  are  forced  to  sail  a  different  route,  the  traffic  density  will  increase  on  the
other traffic routes outside the wind farm. Because of the increased traffic intensity on some
routes the number of encounters between ships and therefore the number of collisions will
also increase.

The  construction  of  the  wind  farm  will  also  introduce  a  new  type  of  accident.  Due  to
different causes a ship can collide with a wind turbine. In the SAMSON model there are two
types of contacts distinguished, a so-called ramming and drifting contact.

A so-called ramming contact takes place when a ship is on a collision course with a
wind turbine and a navigational error occurs. A navigational error can be caused by
different reasons like lack of information, not being able to see the wind farm, not being
present on the bridge, getting unwell and not being able to act etc. A ramming contact
will take place with high speed; 90% of the service speed of a vessel.

A so-called drifting contact occurs when a ship in the vicinity of a wind turbine
experiences a failure in the propulsion engine or in the steering equipment. Since the
ship slowly becomes uncontrollable as it loses speed, the combined effect of wind,
waves and current may carry the ship towards the wind turbine. If dropping an anchor
does not help or is not practical and the repair time exceeds the available time the ship
may collide against a turbine. This generally happens at a low speed.

All these accidents apply to all shipping near the location of the wind farm and do not apply
only  to  the  societal  of  ships  that  used  to  sail  a  cross  the  location  of  the  wind  farm
necessarily.

In order to be able to calculate the effects of the wind farm it is necessary to make a “new”
traffic database for the SAMSON-model. All passing ships have to observe a distance of at
least 500m from the border of the wind farm. Looking at the size of the wind farm the traffic
image at the location of the wind farm will clearly be influenced.

Next, the different models within SAMSON are used together with the new traffic database
to carry out a complete (nautical) risk assessment. This risk assessment implies the “change”
of  risk  for  the  complete  shipping  near  the  wind  farm  and  the  “new”  risk,  being  the
probability of colliding against a wind turbine.

3.2.3 Model input and assumptions

The model inputs, assumptions and parameters are used in the calculation are explained in
Sections 3.2.3.1 and 3.2.3.2.

3.2.3.1 Traffic

In the calculation a traffic database is used. The traffic database contains links, traffic
intensities on the different links and the link characteristics. A link is defined as a straight
link between two so-called waypoints. The traffic intensity of a link describes the number of
ships sailing on the link per year divided into different ship types and ship sizes. The
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characteristic of the link contains the width of the link and the lateral distribution of the
ships across the link.

The maritime traffic is divided into two main groups; the route-bound ships and the non-
route-bound (or random) ships. The route-bound traffic consists of merchant vessels and
ferries sailing along the shortest route from one port to another. The non-route-bound traffic
contains vessels that mainly have a mission at sea, such as fishing vessels, supply vessels,
working vessels and pleasure crafts.

Within the SAMSON-model both groups are modelled in a different way.  The route-bound
traffic is modelled on the shipping routes on the North Sea. Because of the location of the
different ports and the traffic separation schemes in the Dutch Economical Excusive Zone
(EEZ), most of the route-bound ships sail on a large network of links, comparable with the
road network. Every ship is allowed to sail “everywhere” as long as one complies with the
rules and regulations, so ships could also sail outside the defined network. However the
number of ships sailing outside the network is very small, because the network contains the
shortest route between ports.  The shipping intensity on the different links is based on all
shipping voyages on the North Sea for one year. All shipping voyages are collected by
Lloyd’s Marine Intelligence Unit. The traffic database used for the calculation of the effects
of the OWEZ in this study is based on the Lloyd’s database of 2004. The layout of the wind
farm is also taken into account in the construction of the traffic database for the route-bound
traffic.

A new traffic database is generated for the location of the wind farm. The location of the
wind farm is assumed to be a forbidden area, so route bound traffic will not sail trough the
wind farm. This new database is used to determine the probabilities for contact with a wind
turbine.

The non-route-bound traffic can not be modelled in the same way as the route-bound traffic,
because the information about the journeys is not included in the Lloyds database.
Furthermore, the behaviour of these non-route-bound ships at sea is very different. A non-
route bound ship does not sail from port A to port B along a clear route, but from port A to
one or more destinations at sea and than usually back to the port of departure A. The
behaviour of these ships at sea is mostly unpredictable. Fishing vessels also usually sail
from one fishing ground to another during one journey. Therefore the traffic image of the
non-route-bound traffic is modelled by densities of ships in a so-called gridcel (8 x 8 km).
The average number of non-route-bound ships in an area of 8 by 8 km is assessed from the
VONOVI2-flights. During a VONOVI-flight all ships within a certain area on the North Sea
were observed and described; ships name, position, speed and direction. Later all other ship
data is  added to the records and the data  is  analysed.  For  the calculation in this  study the
traffic database for the non-route-bound traffic based on the VONOVI-flight of 1999-2001
is used.  The results of the VONOVI-flights are also used to validate the traffic image of the
route-bound traffic.

Supply vessels: Supply vessels are responsible for supplying the different off-shore
installations on the North Sea. These ships are different from other non-route-bound ships,
because they usually have a fixed destination. Ijmuiden and Den Helder are often used

2 VerkeersOnderzoek NOordzee Visuele Identificatie
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sully-bases. Supply vessels outside the port behave as if they were route-bound traffic;
therefore these ships were removed from the non-route-bound traffic database and added to
the route-bound traffic database with extra defined links.

3.2.3.2 Used models

The total SAMSON-model consists of many different sub-models for the different
accidents. Not all sub-models have to be used to determine the effects of the wind farm.

The following models are applied to determine the expected number of rammings and
driftings with a wind turbine per year:

Contact with a fixed object (wind turbine)
as a result of a navigational error (ramming)
as a result of an engine failure (drifting)

To determine the effect of the wind farm on the shipping outside the location of the wind
farm the risk levels with and without the wind farm are compared. To determine the
“general” risk level the following models are used:

Ship-Ship collision model
Contact with a platform

as a result of a navigational error (ramming)
as a result of an engine failure (drifting)

Contact with a pier
as a result of a navigational error (ramming)
as a result of an engine failure (drifting)

Stranding
as a result of a navigational error (ramming)
as a result of an engine failure (drifting)

3.2.4 Consequences

A collision (ramming or drifting) of a ship with a wind turbine can lead to (serious) damage
to the wind turbine, to the ship, to the environment as a result of an outflow of oil from the
ship or personal damages (injuries, fatalities).  The risk assessment results in drifting and
ramming collision frequencies for the full range of all 36 ship types and 8 ship size classes.
This subdivision makes it possible to perform additional calculations.

Based on the mean displacement of each colliding vessel, added mass and the expected
speed at collision (90% of the service speed for ramming and the drifting speed for drifting),
the kinetic energy of the ship at the moment of the collision is calculated.  This energy level
is used to calculate the damage to the ship based partially on experience and partially based
on complex calculations. The calculations are based on the assumption that all energy is
being absorbed.
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3.2.4.1 Damage to the wind turbine

Due to the limited energy absorption of the collided object (wind turbine) not all the kinetic
energy of the colliding ship will be absorbed. The collapse behaviour of the wind turbine is
being studied [9]. The conclusion of the study is that for almost all ship types the wind
turbine collapses (static) and that only a fraction of the energy of the ship is being absorbed.
For further analysis of the damage to the wind turbine the following two collapse types are
being distinguished:

Pile failure; the wind turbine collapses by bending at the point of impact caused by
plastic deformation (first picture of Figure 3-2). The collapsed part of the wind turbine
will stay attached to the rest of the turbine. Finally the turbine falls toward the ship or
away from the ship. When the turbine collapses towards the ship the rotor and nacelle
can fall on the deck of the ship.

Soil failure; the wind turbine collapses by bending at the foundation of the turbine at
the bottom of the sea caused by plastic deformation (second and third picture from
Figure 3-2). The turbine can as a result of this deformation fracture at the bottom of the
sea or it can also be pushed over (inclusive the bottom of the sea).

Figure 3-2 – Figures of the different collapse types

The collapse type that will occur after a collision can only be determined by dynamic
calculations. Some experts have estimated the frequency of occurrence of the different
collapse  types  based  on  their  research.  When  it  was  not  possible  (yet)  to  estimate  the
frequency one has chosen a conservative result. For example the pile with the turbine can
fall towards the ship or away from the ship depending on the construction and the
environmental factors. For the calculations it is assumed that the turbine will fall on the ship
in all cases in case of a pile failure.

In Table 3-1 collapse types are given with the estimated percentages and the estimation of
the resulting damage to the turbine and the ship. An overview is given of the different
collapse  types  as  a  result  of  a  ramming  or  drifting  collision  per  ship  size  class.  Also  the
expected damage to the ships is given in Table 3-1.

In case of a frontal or frontal/lateral (grazing) collision (ramming) of the turbine there will
be (serious) damage to the bow of the ship, but no (serious) damage to the side of the ship,
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where the cargo tanks are located. The construction of the ship in front of the collision
bulkhead is very rigid which causes the damage to be limited to the front of the ship. So it
will  not  cause  cargo  (oil)  or  fuel  oil  to  flow out  of  the  ship.   In  case  of  grazing  the  rigid
construction with the bow, the ship will absorb the kinetic energy without causing much
damage. There could be some damage to the ship because the pile and the nacelle fall on the
ship.

No environmental damage is expected in case of a drifting collision, because the pile is
constructed in such a way that no parts stick out that could penetrate the hull of the ship,
which could cause the outflow of oil and/or chemicals.  Personal damages
(injuries/fatalities) are only expected when the pile and/or a part of the turbine collapses on
the ship.

When a wind turbine collapses it can be expected that some oil from the turbine flows out.
The pollution will then exists of at most 250 litre mineral oil, which is looking at the
viscosity and evaporation comparable with the cargo oil in the SAMSON-model, and 100
litre diesel oil (comparable to bunker oil in the SAMSON-model).

Ramming Drifting
Frontal
(10%)

Grazing
(90%)

Lateral mid-ships
(100%)

Lateral excentric
(0%)

Damage Damage Damage Damage
Collapse

type
ship size

[GT]
Part Tur-

bine Ship
Part Tur-

bine Ship Part Tur-
bine Ship Part Tur-

bine
<500 0% No None 0% No None
500-1000 0% Yes None 0% No None
1000-1600 5% Nos

Pos3
Deck 0% Yes None

1600-10000 10% Nos
Pos

Deck 5% Nos
Pos

Deck

10000-30000 10% Nos
Pos

Deck 10% Nos
Pos

Deck

30000-60000 10% Nos
Pos

Deck 10% Nos
Pos

Deck

60000-100000 10% Nos
Pos

Deck 10% Nos
Pos

Deck

Pile
failure

>100000 10% Nos
Pos

Deck 10% Nos
Pos

Deck

<500 100% No None 100% No None 100% No None 100% No None
500-1000 100% Yes None 100% No None 100% No None 100% No None
1000-1600 95% Yes None 100% Yes None 100% No Hull 100% No None
1600-10000 90% Yes None 95% Yes None 100% Yes Hull 100% No None
10000-30000 90% Yes None 90% Yes None 100% Yes Hull 100% Yes None
30000-60000 90% Yes None 90% Yes None 100% Yes Hull 100% Yes None
60000-100000 90% Yes None 90% Yes None 100% Yes Hull 100% Yes None

Soil
failure

>100000 90% Yes None 91% Yes None 100% Yes Hull 100% Yes None

Table 3-1 – Collapse types with the estimated percentages and the estimation of the resulting damage to the
turbine and the ship.

3 NosPos = Nacelle On Ship and Pile On Ship after plastic deformation



NSW - MEP : Maritime and marine risk assessment of
calamitous (oil) spills

Z3644.00 juli, 2006

WL | Delft Hydraulics 1 2

3.2.4.2 Personal damage

Starting from the estimated frequencies for ramming and drifting against a wind turbine the
following steps are made per ship type and ship size:

The number of estimated collisions (ramming/drifting) is being multiplied with the
matching probability of a certain collapse type.
Multiplication with the probability that the pile/turbine will fall upon the ship. Since it is
uncertain whether the pile will fall towards the ship of away from the ship, the
probability is set to 1. So the worst case scenario is being addressed.
Multiplication with the part of the deck which is damaged. There are two worst-case
assumptions for this multiplication factor:

The pile falls completely on the deck. In case of grazing it is very well possible that
the pile does not fall on the deck completely.
The surface of the pile and the rotor are being applied completely. So it is assumed
as if the rotor is falling while it is still turning.

Multiplication with the probability that a person is located at the deck when the turbine
falls on the deck. The probability that someone is located at the deck is assumed to be
10%. In reality this probability is (much) lower, because only at fishing vessels the crew
will be mostly on deck, but for this type of vessels the turbine will not bend. This 10%
also includes the probability that some one inside the ship is hit by a part of the falling
turbine.
Multiplication with the average number of people on board.

Injuries or fatalities caused by the impact itself are not included. Also the personal damages
in case of a very small vessel that will be totally destroyed by the impact are not taken into
account. For this category of ships the probability models are very unreliable. Besides, these
smaller ships will almost always just graze the pile and not hit it frontal.

3.2.5 Effects for the general shipping

The  area  of  the  wind  farm  will  be  a  forbidden  area  for  all  ships  except  for  repair  and
maintenance vessels. It could be very well possible that ships have to sail a different route
after the wind farm is built than they did before. This causes the change of the traffic pattern
and therefore the traffic database used in SAMSON. For some routes the traffic intensity
will (may) increase or decrease. The shifting of the traffic intensities can (will) have an
effect on the general safety level.

In the POLSSS  study [8] carried out for Directoraat-Generaal Goederenvervoer (DGG) a
so-called score-table is used to give an overview of the impact of a certain policy measure
on the general safety level. Based on the POLSS score-table a wind farm score-table has
been created by removing the parts which are not influenced (much) by the construction of
the wind farm.

Score-table
For each item on the score-table the total result is given for the complete Dutch Exclusive
Economic Zone for the situation with the wind farm. Also the effect is determined for each
item, i.e. the result with the wind farm minus the result without the wind farm. In order to
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get an idea of the effect on the different items the percentage change is given for the
situation with the wind farm compared with the situation without the wind farm.

The score-table contains the following items:

General
Per ship type the average number of ship present in the Dutch EEZ is given. Because it is
possible that ship have to take a longer route their presence on the Dutch EEZ will be longer
so the average number of ships present at all times will increase.

Safety
The number of ships involved in a collision between ships per year.
The number of strandings per year as a result of a navigational error
The number of strandings per year as a result of an engine failure
Number of contacts with a platform as a result of a navigational error
Number of contacts with a platform as a result of an engine failure
The average number of ships that sinks per year.
The expected number of incidents per year under severe conditions which lead to a hole
in the hull (which could lead to the outflow of oil)
The expected number of accidents with fire and/or an explosion on board
Total number of accidents happening per year.

3.3 Results risk assessments

The results of the (nautical) risk assessment are given in different tables. The route-bound
ships are denoted as “R-ships” and the non-route-bound ships as “N-ships”.

3.3.1 Traffic database

Because the area of  the wind farm will  be a  forbidden area for  almost  all  passing ships,  a
new  traffic  database  used  to  perform  the  risk  calculation  is  created.  In  Figure  3-3  the
location of the wind farm is plotted in the “old” situation. In Figure 3-4 the new traffic
database  is  shown.  From  both  figures  it  becomes  clear  that  some  of  the  ships  (very  few)
have to take an alternate route because of the wind farm.

3.3.2 Ramming and drifting frequencies

A new type of accident is introduced by the presence of the wind farm; the ramming or
drifting collision of one of the wind turbines by a passing vessel. The frequencies of those
accidents are calculated using the SAMSON-model. The new traffic database for 2004
(Figure 3-4) is used for the calculation. The results of the calculations are given as the
expected number of collisions per year for each turbine separately and for the complete
wind farm. The results per wind turbine are given in of Appendix C. From Table C-1 it
becomes clear that the wind turbines at the west side (1 to 11, Table C-1 of Appendix C) and
the south side (13, 22, 30) of the wind farm have a relatively higher risk of a collision by a
passing vessel.
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The total collision frequency is given in Table 3-2. The probability that a passing vessel will
drift against a wind turbine is larger that the probability of a ramming collision. The total
number of expected collisions with a turbine is 0.016 per year, this means an average once
every 62 year.

Ramming Drifting Total
Ships type

Number
per year

Once
every…year

Number
per year

Once
every…year

Number
per year

Once
every…year

Route-bound 0.000966 1035 0.007812 128 0.008778 114

Non-route-bound 0.004419 226 0.002969 337 0.007388 135

Total 0.005385 186 0.010781 93 0.016166 62

Table 3-2 – Total number of rammings/driftings for the OWEZ.

Figure 3-3 – Traffic image near the location of the OWEZ in the present situation.
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Figure 3-4 – Traffic image near the OWEZ "future" situation.

3.3.3 Consequences

3.3.3.1 Damage to the ship

Three different types of damage to the ship are distinguished:
Damage to the ship caused by the fact the nacelle and a part of the pile falls on the ship
(NosPos).
Damage to the hull
No damages

The frequency for each type of damage to the ship is given in Table 3-3. The frequencies are
given for 7 different ship types. From the table it becomes clear that in 60% of all collisions
with a wind turbine there will be no (serious) damage to the ship that collides the turbine.
Only in 0.7% of all collisions there will be some damage to the ship as a result of a falling
nacelle or pile.
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Type of damage
Ships type

NosPos4 Damage to the
hull No damage

Total

Oil tanker 0.000000 0.000183 0.000020 0.000203

Chemical tanker 0.000001 0.000569 0.000027 0.000597

Gas tanker 0.000000 0.000099 0.000005 0.000104

Container vessel 0.000021 0.001413 0.000203 0.001637

Ferry 0.000005 0.000228 0.000046 0.000279

Other R-ships 0.000055 0.003837 0.002066 0.005958

N-ships 0.000025 0.000016 0.007347 0.007388

Total 0.000106 0.006345 0.009715 0.016166

% 0.66% 39.25% 60.09% 100.00%

Table 3-3 – Probability of a certain type of damage caused by the different ship types

3.3.3.2 Damage to the wind turbines

Five different types of damage to the wind turbines are distinguished:
A bend in the pile of the wind turbine
The turbine can become deformed (slope)
The turbine can fall down
The nacelle and/or a part of the pile can fall upon the ship.
No damages

The frequencies of these different types of damages for the complete wind farm are given in
Table 3-4. The table shows that in 52% of all collisions there will be no (serious) damage to
the wind turbine.

Ramming
Frontal Grazing

Drifting TotalDamage
to the

turbine R-ship N-ships R-ship N-ships R-ship N-ships R-ship N-ships

Number
per year

Once
every

…
year

%

None 0.000000 0.000367 0.000009 0.003528 0.001484 0.002953 0.001493 0.006848 0.008341 120 51.59%

Slope 0.000001 0.000025 0.000017 0.000048 0.003810 0.000016 0.003828 0.000088 0.003916 255 24.22%

Fall down 0.000086 0.000045 0.000774 0.000381 0.002519 0.000000 0.003379 0.000427 0.003806 263 23.54%

NosPos 0.000009 0.000005 0.000072 0.000020 0.000000 0.000000 0.000081 0.000025 0.000106 9416 0.66%

Total 0.000097 0.000442 0.000872 0.003977 0.007813 0.002969 0.008782 0.007388 0.016170 62 100%

Table 3-4 – Damage to the complete wind farm.

Based on the average mass of the different ship types and ship sizes and the average speed
the kinetic energy at impact can be calculated. The distribution of the different “impact
energy” classes is given in Table 3-5. The table shows that collisions with relatively low
impact energy are mainly caused by non-route-bound ships. Figure 3-5 also contains the
frequencies for the different energy levels. The figure has to be read as follows. Each point
on the line gives the expected number of collisions per year (x-axis) when the kinetic energy
will exceed a certain energy level (y-axis).

4 NosPos = Nacelle On Ship and Pile On Ship after plastic deformation
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Ramming Drifting TotalKinetic
energy in

MJ R-ship N-ships Total R-ships N-ships Total R-ships N-ships Total

<1 0.0% 8.6% 8.6% 6.4% 18.3% 24.7% 6.4% 26.9% 33.3%
1-3 0.0% 5.8% 5.8% 11.6% 0.1% 11.7% 11.6% 5.8% 17.4%
3-5 0.0% 0.3% 0.3% 10.7% 0.0% 10.7% 10.7% 0.3% 11.0%
5-10 0.0% 8.4% 8.4% 4.7% 0.0% 4.7% 4.7% 8.4% 13.1%

10-15 0.0% 0.0% 0.0% 3.3% 0.0% 3.3% 3.3% 0.0% 3.3%
15-50 0.2% 1.5% 1.7% 10.0% 0.0% 10.0% 10.2% 1.5% 11.7%
50-100 0.0% 0.0% 0.0% 1.4% 0.0% 1.4% 1.4% 0.0% 1.4%

100-200 1.5% 2.8% 4.3% 0.2% 0.0% 0.2% 1.7% 2.8% 4.4%
>200 4.3% 0.0% 4.3% 0.0% 0.0% 0.0% 4.3% 0.0% 4.3%
Total 6.0% 27.3% 33.3% 48.3% 18.4% 66.7% 54.3% 45.7% 100.0%

Table 3-5 - Distribution of the ramming and drifting frequency for the different ship types and energy classes for
all wind turbines.
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Figure 3-5 – Frequency of ramming/drifting per year above a certain kinetic energy value for the complete wind
farm.

3.3.3.3 Environmental damage

The environmental damage as a result of a collision with a turbine is determined by the
amount of oil and chemicals flowing out of a ship after the collision. There are two main
types of oil distinguished; bunker oil and cargo oil. Table 3-6 shows the frequency for the
outflow of bunker oil for different outflow classes. In Table 3-7 the outflow frequencies are
given for the cargo oil. The total outflow frequencies of both oil types are shown in Table
3-8.
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The average outflow of 0.15 m3 cargo oil per year is shown just for comparison. An average
outflow of 0.15 m3 cargo oil per year results in a very different damage to the environment
than an outflow of (0.15 * 2458) 369 m3 at once. Therefore the frequencies per outflow class
are given in Table 3-6 and Table 3-7.

In order to be able to get a good impression of the amount and frequencies of outflows as a
result of a collision with a wind turbine, the total outflow frequencies for the total Dutch
EEZ are also shown in the table (based on [10]). The last row of Table 3-8 shows the
increase of the probability of an outflow of oil. So for cargo oil and bunker oil together the
probability of an oil spill will increase with 0.08% due to the presence of the wind farm.

The outflow of cargo oil is much lower than the outflow of bunker oil. This is due to the fact
that not many (very little) oil tankers pass the location of the wind farm, so therefore the
probability of a collision of a wind turbine by a (large) oil tanker is very small.

Near Shore Wind farm; traffic 2004Outflow of
bunker oil in m3

Frequency Once every …
year

Average outflow per year in
m3

0.01-20 0.000003 325962 0.000
20-150 0.000132 7575 0.010
150-750 0.000179 5577 0.059

750-3000 0.000052 19270 0.075
3000-10000 0.000000 8339719 0.000

Total 0.000366 2729 0.144

Table 3-6 – Frequency and volume of an outflow of bunker oil as a result of a drifting collision with a wind
turbine.

Near Shore Wind farm; traffic 2004Outflow of
cargo oil in m3

Frequency Once every …
year

Average outflow per year in
m3

20-150 0.000000 - 0.000

150-750 0.000004 235427 0.002

750-3000 0.000014 73833 0.033

3000-10000 0.000021 46678 0.099

10000-30000 0.000001 902717 0.018

30000-100000 0.000000 55389900 0.001

Total 0.000040 24789 0.153

Table 3-7 – Frequency and volume of an outflow of cargo oil as a result of a drifting collision with a wind
turbine.

Bunker oil Cargo oil Total

Frequency
Once

every …
year

Average
outflow per
year in m3

Frequency
Once

every …
year

Average
outflow per
year in m3

Frequency
Once

every …
year

OWEZ 0.000366 2729 0.144 0.000040 24789 0.153 0.000406 2458
EEZ 0.353402 2.8 68.04 0.148723 6.7 1499.5 0.502125 2
% increase 0.10% 0.21% 0.03% 0.01% 0.08%

Table 3-8 – Outflow of bunker oil and cargo oil as a result of a ramming collision with a wind turbine.
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Not only can the outflow of oil cause environmental damage, the outflow of chemicals may
also be harmful. Not all chemicals are equally harmful for the environment. To what extent
the chemical outflow causes damage to the environment is indicated by the ecological risk.
The number of outflows per year of chemicals in certain ecological risk levels is given in
Table 3-9.

Ecological risk-indicator traffic 2004

Very high ecological risk 0.000008
High ecological risk 0.000003
Average ecological risk 0.000002
Minor ecological risk 0.000014
Neglectable ecological risk 0.000010

Total 0.000038
Once every … year 26411

Table 3-9 – Frequency and volume of an outflow of chemicals as a result of drifting collision with a wind
turbine.

3.3.3.4 Personal damage

The personal damage is given as the probability of people dying because of a collision with
a wind turbine. The different probabilities per ship type are given Table 3-10.

A real standard for the risk for humans at sea does not exist, but a connection is made with
the risk-standards for the transport of dangerous goods. ([11])

All  so-called  risk-contours  for  the  individual  risk  are  located  at  sea  in  the  vicinity  of  the
wind farm, so the norm for the individual risk will always be met.

In  [11]  a  so-called  “orientation”-value  is  given  for  the  societal  risk;  the  frequency  of  10
people dying per seaway (per kilometre) is allowed to be maximal 10-4. It is questionable
whether or not this standard can/may be used for this study, because the “orientation”-value
is applied to victims of the carrier (who also causes the accident) and not only to victims in
the vicinity of the location of the accident. Despite this, the orientation-value is used to
assess the societal risk. Table 3-10 shows that the frequency for more than 10 fatalities (at
once) is (1/174368) 5.73510-6 per year. The total length of the wind farm is about 8 km, so
the probability per seaway kilometre is 7.17 10-7. Considering the ‘worst-case” approach for
the calculation of the societal risk, it can be concluded that the risk of dying due to collision
with the wind farm is not significant.
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Collision type
Number per year Direct fatalities Societal risk

Ships type
Frontal Grazing

Together
once every

… year
Average

number of
fatalities per

collision

Average
number of

fatalities per
year

Once every
… year more

than 10
fatalities

Oil tanker 0.000000 0.000000 18181818 1.07 0.000000

Chemical tanker 0.000000 0.000001 1298701 1.06 0.000001 1298701

Gas tanker 0.000000 0.000000 18181818 1.09 0.000000 18181818

Container vessel 0.000002 0.000018 48508 6.00 0.000124

Ferry 0.000001 0.000004 203666 26.21 0.000129 203666

Other R-ships 0.000007 0.000048 18183 0.88 0.000048

N-ship 0.000005 0.000020 0.00 0.000003

Total 0.000014 0.000092 9416 2.87 0.000305 174368

Table 3-10 – Risk of dying as a result of a ramming/drifting collision with a wind turbine (rotor diameter 90m).

3.3.4 Effects for the shipping outside the wind farm area

Because  some  ships  are  forced  to  choose  another  route  because  of  the  wind  farm  it  is
possible that the intensity on other routes as well as the number of collision between ships
increase. The effects of the construction of the wind farm on shipping outside the wind farm
area can be quantified by a so-called score-table (see Section 3.2.5).

Comparing the “present” traffic database (without the wind farm) and the “future” traffic
database (with the wind farm), Figure 3-3 and Figure 3-4, one can conclude that there are no
ships sailing through the planned wind farm area. Only a couple of hundred ships per year
sail through the safety zone on the east side of the wind farm. These ships will sail just a
couple of 100 meters more easterly in the future situation. So the effect on the shipping
outside the location of the wind farm will be negligible. Therefore the relative effect of the
wind farm on shipping outside the wind farm is for all cases 0.00%.

3.4 Summary of the risk assessment

The risk assessment  was performed using the SAMSON-model  and the traffic  database of
2004. The influence of the construction of the wind farm is divided into two main effects.

First a “new” accident type is introduced with the construction of the wind farm, namely the
collision with a wind turbine by a passing ship. For the total wind farm the frequency of a
collision with a wind turbine is once every 62 year. A collision with a wind turbine can lead
to different types of consequences:

Damage to the ship;  from the calculation it  became clear  that  in  60% of all  collisions
with a wind turbine there will be no (serious) damage to the ship. Only in 0.7% of all
collisions damages to the ship will be caused by the fact that the nacelle of a part of the
pile will fall upon the ship
Damage to the wind turbines; for 52% of all collision there will be no (serious) damage
of the wind turbine and in almost 24% of all collision the wind turbine will fall down.
Environmental damage; the environmental damage as a result of a collision with a
turbine is determined by the amount of oil and chemicals flowing out of a ship after the
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collision. The probability of an oil spill will increase with 0.08% compared with the
“present” situation due to the presence of the wind farm.
Personal damage; the personal damage is given as the probability of people dying
because of  a  collision with a  wind turbine.  A real  norm for  the risk for  humans at  sea
does not really exist, but a connection is made with the risk-standards for the transport
of dangerous goods [11]. Based on these standards it can be concluded that the
individual and the societal risk do not exceed any norms and that the risk of dying is not
significant.

The second effect is the increase/decrease of the risk for shipping in general outside the
wind farm area. Because some ships are forced to choose another route it is possible that the
intensities  on  other  route  increase  as  well  as  the  number  of  collisions  between  ships.
Therefore the general effect on shipping risk was looked at. Comparing the “present” traffic
database (without the wind farm) and the “future” traffic database (with the wind farm), one
can conclude that there are no ships sailing through the location of the planned wind farm.
Only a couple of hundred ships per year sail through the safety zone on the east side of the
wind farm. These ships will sail just a couple of 100 meters more easterly in the future
situation. So the effect on the shipping outside the wind farm area will be negligible.
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4 Fate of hypothetical spills due to the NSW

4.1 Introduction

To examine the impacts of a chemical/oil spill due to collision of a ship with the wind farm,
a number of hypothetical spills are simulated with a numerical model. The assumption here
is to apply a worst case approach in terms of environmental effects. The hydrodynamics that
drive the advection of the pollutants are taken from a hydrodynamic model of the southern
North Sea (the ZUNO model - Figure 4-1).

Figure 4-1 – The grid and bathymetry of the hydrodynamic model of the southern North Sea

NSW
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A more detailed description of the hydrodynamic model is in Appendix A.

For two wind conditions the hydrodynamics were simulated for a period of just over 2
weeks, which constitutes a spring neap cycle. The conditions represent an average condition
and a storm condition:

Average: South-westerly wind of 7 m/s (equivalent to 4 Beaufort, a moderate breeze);
Storm: North-westerly wind of 17 m/s (equivalent to 7 Beaufort, a near-gale).

The Delft3D-PART model was used to simulate the spatial distribution of the spilled
chemical/oil. The Delft3D-PART model contains an oil module with descriptions of the
most important processes that affect the fate of oil in the marine environment. Details of the
process descriptions of the oil module can be found in Appendix B. The process description
is very similar to that of the ADIOS2 model (NOAA, 1994, see Appendix B). The validity
of this process description is given by NOAA by the amount of oil spilled in the range 0.5 to
approximately 90,000 tons of spilled oil.

To adopt a worst case condition for the oil spill, the choice of the oil type is essential. Light
oils generally evaporate faster and disperse more readily into the water column. A heavy oil
type that is subject to emulsification, low evaporation and dispersion rates, will result in
larger amounts of oil that remain floating. Floating oil is in general perceived to be most
directly damaging to the environment, because of the potential effects on birds and
coastline. For the simulations that are carried out in this study, the simulated oil has an
initial viscosity of 1500 cSt, and is subject to emulsification, causing a stable mousse to
develop. This type of oil represents a heavy crude from Group 4 (ITOPF classification-
Table 4-1).

Table 4-1 – ITOPF Oil group classification

As mentioned earlier, a worst case approach was adopted for the initial simulations of the
spilled  oil  and  chemical.  The  worst  case  approach  for  the  chemical  is  to  consider  it  as  a
conservative tracer, meaning no decay or other processes that reduce the concentration,
other than by dilution. This approach will, in general, overestimate concentrations of the
chemical, but will provide a good impression of the maximum probable extent of a possible
spil.

All particle tracking model simulations cover a 5-day period.  This period was chosen
because it allows sufficient time for a hypothetical spill near the OWEZ to reach the
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Netherlands coast and because this period would allow sufficient response time to prepare
for the effects of such as spill.

4.2 Simulation of a hypothetical oil spill

In order to understand the fate of a possible oil spill, it is necessary to model to spread of the
oil across the water surface and in the water column in the hours and days following such a
spill. For the purpose of studying the potential effects of such a hypothetical oil spill, we
have assumed a large (but arbitrary) amount of oil to be spilled near the OWEZ as a result of
a possible collision of a ship with one of the wind turbines of the wind farm. We have
simulated a spill amount of 10,000 kg of heavy oil. This amount has been chosen for ease of
simulation and for clarity of visualisation of the results. The results of these simulations are
then combined with estimates of actual spill amounts and the risk of occurrence in the
overall risk assessment in Chapter 5.

Results of the model  can be linearly scaled to any size of oil spill within the validity range
of 0.5 – 90,000 tons. In order to verify this assumption, various tests were performed.  For
the range of the validity of the process description, these tests have shown that the deviation
of  the  different  oil  components  is  less  than  0.1%  of  the  total  amount  of  spilled  oil.   The
travel times from the spill location to the coastline are not significantly affected by the
amount of the spill.

The simulated amounts of floating oil and oil reaching the Netherlands coast can therefore
be scaled to give actual expected amounts based on more realistic spill estimates arising
from the risk assessment. The simulation results plotted in this chapter provide indications
of the maximum probable extent of spreading of a potential oil spill, the expected trajectory
of the oil following the spill, locations along the Netherlands coast where the spilled oil may
end  up  and  travel  times  of  the  oil  from the  spill  location  to  the  coastline.  For  a  real  spill
situation, the concentration values shown in the plots should be scaled to reflect the actual
spilled amount. The plots may also easily be used to calculate the "relative" amounts of
residual floating oil or beached oil that can be expected following a spill.

The  fate  and  spread  of  an  oil  spill  can  be  significantly  affected  by  the  actual  weather
conditions on the North Sea in the days immediately following the accident. We have
investigated various scenarios to cover a wide range of possible weather conditions. Firstly,
we have considered an "average" situation (constant south-west wind of 7 m/s),
representative of the long-term conditions on the North Sea. Secondly, we have considered a
severe storm condition (constant north-west wind of 17 m/s). Both of these first two
scenarios consider a constant wind speed and direction for the entire duration of the
simulation.  It  is  recognised,  however,  that  weather  conditions on the North Sea are in  fact
quite variable.

We have therefore defined an additional scenario that takes into account a more variable
wind pattern. This so-called "stochastic" simulation uses stochastic sampling to generate
about 500 wind series from the long-term historical wind database of the area. For each of
the generated wind series, the trajectory of the oil spill has been simulated for a 5-day
period.  By  combining  the  results  of  all  of  these  simulations,  we  arrive  at  a  spatial  map
giving the probability (per km2) that oil may be present within the 5-day time frame. These
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probability maps can be combined with the actual probability of a spill occurrence to arrive
at estimates of actual risk to the local environment (see Chapter 5).

4.2.1 South-westerly wind of 7 m/s

After the spill, the oil is blown in a north-easterly direction towards the Dutch coast, and the
first oil arrives at the coastline of northern Holland, 1 day after the spill. At the southern tip
of  Texel,  the  first  oil  arrives  at  about  2  days  after  the  spill.  Some  of  the  oil  enters  the
Waddenzee (Figure 4-2).
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Figure 4-2 – Simulated maximum surface floating oil concentration (kg/m2), with a constant south-westerly wind
of 7m/s, 5 days after the hypothetical oil spill
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Figure 4-3 – Simulated amount of beached oil (kg/m2), with a constant south-westerly wind of 7m/s, 5 days after
the hypothetical oil spill

An analysis of the oil mass balance shows after 5 days that about 9% of the spilled oil has
evaporated,  90%  of  the  oil  reaches  the  coastline  and  a  small  fraction  (<0.5%)  is  oil  that
floats on the water and/or is dispersed in the water column. Most of the spilled oil (about
80%) reaches the coastline over a distance of about 20 km (Figure 4-3) and some on the
southern tip of Texel. The remainder of the oil is distributed over a larger area and reaches
the coast in relatively small quantities.
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The amount of oil that is being dispersed into the water column is very small, hence no
significant amounts of oil will attach to the sediments and seabed.

4.2.2 North-westerly wind of 17 m/s

The effects of the oil spill during north-westerly storm conditions (17 m/s), the oil is
transported in a south-easterly direction (Figure 4-4). The main part of the surface oil patch
travels in the direction of IJmuiden harbour and the first oil reaches it within 10 hours after
the spill. About 80% of the oil beaches in the vicinity of the harbour (over a distance of less
than 10 km), Figure 4-5. About 4% of the oil evaporates whilst about 10% sticks to the sea
bottom over a relatively large area of about 20 by 30 km. Due to the strong wind conditions,
more oil disperses into the water column compared to the 7 m/s wind condition. Some of the
dispersed oil will reach the seabed and sticks to the sediment over a relatively large area.
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Figure 4-4 – Simulated maximum surface floating oil (kg/m2), with a constant north-westerly wind of 17m/s, 5
days after the hypothetical oil spill
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Figure 4-5 – Simulated amount of beached oil (kg/m2), with a constant north-westerly wind of 17m/s, 5 days
after the hypothetical oil spill

4.2.3 Stochastic simulation of an oil spill

A third simulation was carried out with the aim to estimate the probability of the oil
distribution, including beaching, assuming an oil spill has occurred. This is achieved by
running the oil model in a stochastic mode, in which the most important driving force, the
wind, is randomly taken from a long wind record, with hourly observations, from IJmuiden
(Source KNMI, The Netherlands) and represents the general conditions in this area. The
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data covers a 50-year period. The last 6 years of this dataset are summarised in a windrose
(Figure 4-6), showing that the most dominant wind direction is from the south west. The
most frequent wind speed from that direction is between 5 and 10 m/s.
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Figure 4-6 – Windrose for IJmuiden (1999-2005)

At random, 500 complete wind time series were selected from the observed record and used
in a stochastic simulation. The same oil type as used in the previous simulations was
introduced. The results are presented as probability of oil being present in an area of 1 km2

during the 5-day simulation (Figure 4-7 and Figure 4-9, for floating and beached oil
respectively).  The associated travel times are in Figure 4-8 and Figure 4-10.

From the stochastic simulation, it appears that the coastline north of IJmuiden would be
most at risk from oil pollution, in case of an oil release due to a collision with the wind
turbines. Overall there is about 21% probability that oil will reach the coastline within 5
days, in case of such an oil spill. The results also show that in general the first oil may reach
the coast in about 18 hours, which is an indication of the response time that is available
before the beaches are polluted.

It should be mentioned that these figures are assuming an oil spill has happened. For an
actual assessment of the risks, these numbers must be multiplied with the probability of an
oil spillage (risk = probability * impact).
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Figure 4-7 – Probability distribution of floating oil (per km2) after 5 days, given a hypothetical oil spill
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Figure 4-8 – Estimated traveltimes (maximum of 5 days) of floating oil for a hypothetical oil spill
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Figure 4-9 – Probability of beached oil after 5 days, given a hypothetical oil spill
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Figure 4-10 –Estimated arrival time of beached oil of a hypothetical oil spill

4.3 Effects of a hypothetical chemical spill

A hypothetical spill was simulated by assuming no decay, which constitutes a worst-case
approach in terms of environmental effects. The meteorological conditions and
hydrodynamics of the simulations of the two hypothetical chemical spills are the same as for
the oil spills (Section 4.2), one case with a 7 m/s south-westerly wind and the second with a
17 m/s north-westerly wind.
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The hypothetical spill involves an instantaneous release of 1000 (units) and is released at the
water surface. It is assumed that the density of the chemical is the same as that of seawater.
Since the substance is assumed to behave as a conservative tracer, the results can be scaled
to an actual release and hence the units of the release are not relevant.

4.4 South-westerly wind of 7 m/s

The effect of the wind on the dispersion of the conservative tracer is significantly less than
for the surface floating oil. The main driving force of the advection is the current, which in
part is affected by the wind, but has a significant tidal component. The effect of the wind is
particularly noted by the residual currents that are directed north and as a result, the plume
from the discharge is also directed north (Figure 4-11).

The concentrations that are simulated reduce rapidly due to the advection and mixing. It is
noted that the concentration field in Figure 4-11 is depth averaged. It is assumed here that
there is no difference in density between the seawater and the pollutant, and that the
pollutant mixes relatively quickly across the entire depth.
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Figure 4-11 – Simulated maximum depth averaged tracer concentration with a south-westerly wind of 7m/s for a
hypothetical chemical spill

4.4.1 North-westerly wind of 17 m/s

The strong north-westerly wind causes the residual current along the Dutch coast to reverse,
compared with the south-westerly wind conditions. This is clearly visible in the maximum
concentration  plot  (Figure  4-12).  It  can  be  seen  that  the  size  of  the  affected  area  is
approximately the same as in Figure 4-11). Only for the lowest concentration contour the
affected area is larger, but it should be noted that this represents a dilution factor of 108 to
109.



NSW - MEP : Maritime and marine risk assessment of
calamitous (oil) spills

Z3644.00 juli, 2006

WL | Delft Hydraulics 3 8

Figure 4-12 – Simulated maximum depth averaged tracer concentration, with a north-westerly wind of 17m/s for
a hypothetical chemical spill
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5 Long term expected risk of pollution due to
the OWEZ

5.1 Introduction

In the previous Chapter 3 presented results of the study, conducted by MARIN, into
quantifying the effects of shipping with the presence of the wind farm. In this Section, the
results of this activity, in combination with the modelling that was carried out (Section 4),
will be used to estimate the long-term expected risk (e.g. in terms of expected annual
amounts of stranded oil along the Dutch shoreline).

5.2 Risk of oil spillages

Oil pollution in the North Sea is observed frequently. In the Annual Report 2004 of the
Dutch coastguard, 137 pollution incidents involving mineral oil were reported with a total
volume of 115 m3.

In Chapter 3 a detailed description is given of the calculated probabilities of collisions and
spills. For the assessment of the long term risks in terms of pollution, the most important
information is the size of the spill and its probability of occurrence. It is assumed that
spillages do not occur after ramming (i.e. frontal collisions), but may occur after drifting.

The results also indicate that the probability of a collision for each windturbine is
approximately similar. Hence the overall risk of drifting for the entire windfarm is used,
which means that the probability of drifting, taken from Table 3-2, for route-bounded ships
is taken as 0.007812 (once every 128 years) and for non-route-bounded ships 0.00297 (once
every 337 years).

The probabilities of bunker oil releases are about 10 times that of a cargo oil release, even
though the mean spill per year is about the same. This is due to the fact that the amount of
oil  releases  are  significantly  larger  when  it  is  a  cargo  oil  release,  rather  than  a  bunker  oil
release.

The Tables indicate that the risk of an oil release due to a collision with the wind farm is
very small. A release of oil (combining Table 3-6 and Table 3-7) is calculated to occur once
every 2500 years. The additional risk of a spillage due to the wind farm compared with the
existing risk is less than 0.1% (Table 3-8). The highest risk are with relatively small
discharges (release of bunker oil of 150-750 m3 of oil), but these probabilities are very small
(once every 5500 years).

In Chapter 4, it is estimated that the general probability that oil will reach the coastline
within 5 days after  a  spill  is  approximately 21.5%. For the period from the spill  to  5 days
after the spill the risk that oil will reach the coast increases. The evolution of the risk of oil
reaching the coastline with time is shown in Figure 5-1.
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Figure 5-1 – Temporal development of the total (black line) and hourly (blue line) risk of coastal oil pollution,
given a hypothetical  oil spill

From Figure 5-1, it can be seen that the risk of oil reaching the coastline within 18 hours is
insignificant and that it is most likely that oil will reach the coast between 36 and 51 hours.
The increase of the hourly risk value around 96 hours after the spillage represents the arrival
of the oil on the beaches of Texel. The probability of oil, given an oil release at the wind
farm, reaching Texel is estimated at less than 1%.

Since  it  is  estimated  that  there  is  a  21.5%  probability  that  oil  will  reach  the  Dutch  coast
within 5 days (given an oil spill), reduces the frequency that oil will reach the Dutch coast
due to a collision with the wind farm from once every 2500 years to about once every
12,000 years. For a scenario as described in Section 4.2.2, which would lead to oil in the
vicinity of IJmuiden harbour, this risk is significantly smaller, when considering that the
probability of wind from the North-west is about 10% (not taking wind speed into account).
This reduces the risk of e.g. IJmuiden to be affected by an oil spill due to a collision with the
wind farm to the order of once every 120,000 years. If the winds from whole of the north-
western quadrant are used (probability of 36%) then this risk would be in the order of once
every 35,000 years.

When the Dutch coastal area is sub-divided into zones, South of IJmuiden, North of
IJmuiden, and the Waddenzee (including the coastlines of the islands), then the probabilities
(given a spill has occurred) and return periods can be derived (Table 5-1).
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Coastal Zone Probability (%)
that oil will reach

the coast

Risk expressed in once
every … years

Wadden 0.03 8·106

North of IJmuiden 19.8 12,600

South of IJmuiden 0.7 350,000

Total 21.5 11,600

Table 5-1 – Probabilities, for a given oil spill, and return periods of coastal oil pollution due to ship collision
with the wind farm.

From the shipping risk, the associated risk of oil release and the probability that oil may
reach the Dutch coastline it can be concluded that the additional risk of oil pollution due to a
collision with the wind farm is insignificant compared with the present risk of oil pollution
from other sources. If, however, such an incident would occur then environmental
consequences could be significant, as is the case for all oil spills.

The risk assessment indicates that the minimum time between the spill and the first oil
reaching the Dutch coastline is approximately 18 hours.  The most probable arrival time of
the oil is about 36 hours (Figure 5-1). In worst-case conditions (Section 4.2.2), this may be
reduced to 10 hours.  Under these conditions, rapid response, in a matter of hours, would be
needed to prevent oil reaching the Dutch coast.  However, if an oil spill were to occur, then
actual predictions of wind and current conditions will be required to give an actual
estimation of the required response times.
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6 Disruption of shipping radar

6.1 Objective

The objective of this part of the study is to investigate the interference of the radar signals
by a wind farm and the consequences for the safety of navigation.

Figure 6-1 – Virtual impression of the wind farm

6.2 Approach

In general it is assumed that the disruption of the radar of a ship by the OWEZ will be
negligible. TNO wrote in an earlier research that the rotor blades have no effect on the
disruption (Memo: "Berekening van de verstoring van de walradar te IJmuiden", 1999) [12].
Navigation radars on board of ships are in most cases 3 cm radars (the same as in the TNO
study). Relevant distance from the point of view of the disturbance are approximately 1.5 –
4 nautical miles to the OWEZ and approximately 5-10 nautical miles to another ship, in case
of a potential collision risk. Based on the results of the TNO-study it can be concluded that
the detection of the other ship, behind the wind farm, can be done without significant
disturbances by the wind farm.

In order to verify this conclusion a simulation experiment with 2 scenarios was build on the
shipping simulator of MARIN. In the radar simulation, the OWEZ has been built-up
together with the parameters of the navigation radar. Based on the performance of the ARPA
radar function with and without the OWEZ the effects of the disturbance of the radar can be
studied.

The impact of ghost targets (caused by reflections of side bundles) is not considered in this
experiment, since the shipping simulator is not equipped to include these reflections.
Especially with regard to this topic and for validation of other expert opinions, a real scale
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measurement is recommended after the OWEZ has been installed. The measurement can be
done with the radar of one of the ships, that is used for operational or maintenance tasks by
OWEZ.

6.3 Database and equipment

For this analysis on the simulator a new database was built. The data used in this database is
specified in Sections 6.3.1 to 6.3.5.

6.3.1 The lay-out

The wind farm consists of 38 wind turbines (36 for the base configuration of the OWEZ and
2 test  turbines of  5 MW), a  MET mast  and a  MET buoy.  The two temporary test  turbines
were not included in the turbines set-up. In order to recognise the wind farm, a contour line
was drawn on the ECDIS chart  on a  distance of  500 meters  from the outer  wind turbines.
(Figure 6-2)

Figure 6-2 – ECDIS chart

The wind turbines are placed on the provided geographical coordinates. Therefore the wind
farm in the simulator is identical with regard to the individual distances and the location of
the turbines.  The wind turbine structures are 70 meters high. The span of the wings is 90
meters. The nacelle is 13.4 meters long, 3.6 meters high and 3.9 meters wide.
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AtoN: Aid to Navigation

Figure 6-3 – Markings on a wind mill

The wind turbines are marked in accordance with the IALA guideline O-117 [13]. Therefore
the wind turbines are painted yellow for the first 15 meters and the wind turbines on the
corners are all equipped with a flashing yellow light which is visible from all directions
(Figure 6-3).

6.3.2 The vessels

The  vessels  used  are  all  based  upon  existing  ships  and  thus  contain  all  the  actual
hydrodynamic coefficients. For this study, the following vessels were used: (Figure 6-4)

Containership Coaster Tug
Length [m] 151.6 125 30
Width [m] 22.9 21 9
Draught [m] 6.4 8 4
Depth [m] 11.2 10.3 -
Deadweight (fully loaded) [t] 14.120 10.900 -

Table 6-1 – Vessel particulars

The radar observations were made from the containership. The radar antenna position on the
ship was at 30 meters from the stern and at 28 meters from the keel. The containership
followed the ‘own ship’ track as can be seen in Figure 6-2.
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Figure 6-4 – The target vessels

The Coaster and Tugs were sailing or lay still in the water and had to be detected by the
radar. The Coaster followed the ‘target track’ as drawn in Figure 6-2.

6.3.3 The equipment

This study was performed on MARIN’s Full Mission Bridge I with a 360° visual system.
From this bridge the containership was commanded. The ship followed a course of 320°
steered by the autopilot and maintained an average speed of approximately 12 knots. The
bridge contained all the usual equipment including GPS, ECDIS and two radars.

For this study the following two radars were used:
1. Kelvin Hughes Nucleas 6000A (Figure 6-6);
2. Decca Bridgemaster E (Figure 6-5).

Figure 6-5 – The Decca radar Figure 6-6 – The Kelvin Hughes radar

Both radars are equipped with an automatic plotting aid, thus qualifying them as ARPA
(Automatic Radar Plotting Aid).  It should however be noted that the radar images on the
simulator  are  generated  but  that  this  is  being  done  based  upon  the  ECDIS  chart  and  the
actual size of the objects.
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6.3.4 The prepared conditions

Two conditions were made. One where the containership is on the own ship track and one
where the containership is on a parallel track but then another 1000 meters to the west. This
second condition was built to investigate whether the distance towards the wind farm was of
any influence towards the radar performance.  The conditions normally start at 12:00 hr but
this setting can be changed whereby sailing during darkness becomes possible.

6.4 Observations

In total three runs were performed. Two in condition 1 and one in condition 2. Of the two
runs in condition 1, one was done at 05:00 hrs which in the simulator is just when the sun
starts to rise.

The simulated wind farm does influence the radar performance. The vessels that are situated
behind the wind farm are difficult to detect and the radar also sometimes looses contact.
Especially when multiple wind mills prevent a direct view on the target the radar looses it.
The radars on the bridge reported this as a “weak echo” whereby the radar, most of the time,
was able to pick up the contact again after several seconds.

The trail function on the Kelvin Hughes radar ensured that the lost targets were still visible
as grey dots. If this target had also moved, this would even generate a sequence of trails
which remain in the screen for a predefined time. On the Kelvin Hughes radar this time was
set on 12 minutes. Therewith the next position of a target can easily be predicted by the
radar observer. This function also ensures that there is a clear distinction between moving
and steady targets, as steady targets have one grey dot and moving targets a trail of grey
dots.

Both conditions (Appendix D) showed little difference with regard to the radar performance.
The second condition, where the containership was further away from the wind farm
showed a slightly better performance. This however could not be measured and is purely
based upon visual observance of the radar during the run. The wind farm and the target
vessels were difficult to see with the naked eye even though they are marked in accordance
with the IALA recommendations.

One simulation was performed during darkness (Appendix D), 05:00 hrs. It appeared that
especially the target vessels were easier recognised by the naked eye due to the contrast of
the navigation lights against the dark sky. Also the wind farm was easy to recognise because
of the flashing yellow lights. The darkness had no influence on the radar performance.

During the last run the containership was manoeuvred through the wind farm. Naturally this
is prohibited, but without current, wind and waves it showed that it is possible if the wind
farm is set up with sufficient space between the structures.

Whether targets are visible or become visible on the radar depends on the settings of the
Gain, Sea and Rain clutter. As no waves or rain clouds were simulated the last were both set
to 0. The gain settings were as large as possible and as such for the Kelvin Hughes 100%
and for the Decca radar 75%. It is expected that with waves or heavy rains it will be more
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difficult to detect targets behind a wind farm but also the wind mills in the middle of the
wind farm will be more difficult to detect.  The settings of a radar depend on its type,
although most modern types have auto-settings which are generally good. An experienced
navigator should be able to set the radar correctly and be able to detect the moving targets
out of the many.

However one has to keep in mind that it is not necessary for the safety of navigation to see
the ships behind a wind farm. Only when two ships sail to the same corner of a wind farm it
is necessary to see the other ship on the radar without to much interference. In those
situations the radar performance during the simulations became better because less wind
turbines were located between the two ships. With less wind turbines in between, the visual
sighting improves as well.

Radar is nowadays not the only means to detect vessel at a distance. AIS (Automatic
Identification System) should be able to do the same if the right data is fed into the system.
The receiver should display the data on the radar screen or on an ECDIS display.  An AIS
sends data that contains the vessels position, course, speed and identification such as name,
call sign and IMO number. AIS data is sent by radio signals which are not distorted by wind
farms [14]. Vessels should therefore always have their AIS active and if possible displayed
on a radar or ECDIS display. Unfortunately fishing vessels are not yet obliged to have an
AIS. In a few years time they probably will and then only small pleasure craft are without
such a system.

Although the radar looses an individual wind turbine from time to time, it is clear that
altogether they represent a wind farm. It is therefore recommended to show the lay out of a
wind farm on a chart for easier recognition by a navigator on a radar display.
In order to increase the visibility on radar, the wind turbine structures could be equipped
with racon or radar reflectors, radar target enhancers; or even AIS. For better visual
visibility the structures could be equipped with retro-reflective areas and at night every
structure could be lighted [13].

Apart from the observations and findings during this real time study, there is also various
literature available regarding this subject (see list of references, Chapter 8, [12] to 15]).

6.5 Summary of disruption of radar interference

Based upon the performed simulations under the predefined conditions as described in
chapter 6.3 and the discussion of the results in chapter 6.4, the following conclusions can be
drawn with regard to the interference of radar by a wind farm and the consequences for the
safety of navigation:

The radar performance is negatively influenced by a wind farm but not to a level at
which detection of other vessels becomes impossible;

The radar performance becomes better when the number of wind turbines between two
ships, sailing to the same corner, decreases;
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Vessels equipped with AIS should be, if displayed on the radar screen or an ECDIS, be
clearly visible.

Darkness does not influence the radar performance but does increase the visibility of
other vessels for the naked eye;

A widely set up wind farm increases the visibility of other vessels for the naked eye by
day and night.

A widely set up wind farm also leaves space for vessels to sail through if necessary.
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7 Summary and conclusions

7.1 Risk of collisions

In the SAMSON model, used in this study, there are two types of contacts distinguished, a
so-called ramming and drifting contact.

A so-called ramming contact takes place when a ship is on a collision course with a
wind turbine and a navigational error occurs. A ramming contact will take place with
high speed; 90% of the service speed of a vessel.
A so-called drifting contact occurs when a ship in the vicinity of a wind turbine
experiences a failure in the propulsion engine or in the steering equipment. This type of
accident generally happens at a low speed.

Four types of damages are distinguished:
damage to the ship; from the calculation it became clear that in 60% of all collisions
with a wind turbine there will be no (serious) damage to the ship. Only in 0.7% of all
collisions damages to the ship will be caused by the fact that the nacelle of a part of the
pile will fall upon the ship
damage to the wind turbines; for 52% of all collision there will be no (serious) damage
of the wind turbine and in almost 24% of all collision the wind turbine will fall down.
environmental damage; the environmental damage as a result of a collision with a
turbine is determined by the amount of oil and chemicals flowing out of a ship after the
collision.  The total risk of a collision with a turbine is estimated at once every 63 years.
Not all collisions result in oil or chemical release.  It is estimated that the total frequency
of outflow of oil due to such a collision is once every 2500 years, and for chemicals the
total risk is estimated once every 26000 years. The presence of the wind farm increases
probability of an oil spill with 0.08% compared with the “present” situation.
Personal damage; the personal damage is given as the probability of people dying
because of  a  collision with a  wind turbine.  A real  norm for  the risk for  humans at  sea
does not really exist, but a connection is made with the risk-standards for the transport
of dangerous goods [11]. Based on these standards it can be concluded that the
individual and the societal risk do not exceed any norms and that the risk of dying is not
significant.

7.2 Fate of hypothetical spills

From the numerical Delft3D model tests of the Task 1, the results show that by the end of
the 5-day simulation of the average condition (a south-westerly wind of 7 m/s), about 9% of
the spilled oil has evaporated, 90% of the oil has reached the coastline and a small fraction
(<0.5%) was still floating on the water  and/or is dispersed in the water column.  The first oil
reaches the coastline about 1 day after the spill.  Most of the oil (about 80%) reaches of the
coastline  over  a  distance  of  about  20  km  and  some  on  the  southern  tip  of  Texel.   The
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remainder of the oil is distributed over a larger area and reaches the coast in relatively small
quantities.

During north-westerly stormy conditions (wind speed of 17 m/s), the oil is blown towards
IJmuiden harbour and the first oil reaches it within 10 hours after the spill.  About 80% of
the oil beaches in the vicinity of the harbour (over a distance of less than 10km).  About 4%
of the oil evaporates whilst about 10% sticks to the sea bottom over a relatively large area of
about 20 by 30 km.  Due to the strong wind conditions, more oil disperses into the water
column compared to the average condition.

From the stochastic simulation, containing a large number of representative wind timeseries,
it appears that the coastline north of IJmuiden would be most at risk from oil pollution, in
case  of  an  oil  release  due  to  a  collision.   When  such  an  oil  spill  occurs,  then  there  is  an
overall probability of about 21% that oil will reach the coastline within 5 days.  The results
also  show that  in  general  the  first  oil  may  reach  the  coast  in  about  18  hours,  which  is  an
indication of the response time that is available before the beaches are polluted.

In the case of a chemical release dissolving easily in the sea, the concentrations that are
simulated reduce rapidly, and for the average condition the pollution moves in a northerly
direction, not affecting the coastline.

For the north-westerly stormy condition, the pollution travels in a southerly direction,
towards the Dutch coast.  By the time the coastline would be affected the dilution has
increased to the order of 108 to 109.

7.3 Long term risk of pollution

When combining the results of the oil spill modelling and the collision risk assessment, it is
estimated that  the frequency that  oil  will  reach the Dutch coast  due to a  collision with the
wind farm reduces from once every 2500 years to about once every 12,000 years.

From the shipping risk, the associated risk of oil release and the probability that oil may
reach the Dutch coastline it can be concluded that the additional risk of oil pollution due to a
collision with the wind farm is very low compared with the present risk of oil pollution from
other sources.  Thus additional mitigation measures specifically aimed at reducing risk of
collision, preventing or combating oil pollution, other than those that are already in place,
may not be an efficient use of resources.  If, however, such an incident would occur then
environmental consequences could be significant, as is the case for all oil spills.

7.4 Interference of radar

The objective of this part of the study is to investigate the interference of the radar signals
by a wind farm and the consequences for the safety of navigation.

The results from the MARIN ship simulations have shown the following:

The radar performance is negatively influenced by a wind farm but not to a level at
which detection of other vessels becomes impossible.
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The radar performance becomes better when the number of wind turbines between two
ships, sailing to the same corner, decreases.
Vessels equipped with AIS should be, if displayed on the radar screen or an ECDIS, be
clearly visible.
Darkness does not influence the radar performance but does increase the visibility of
other vessels for the naked eye.

A widely set up wind farm increases the visibility of other vessels for the naked eye by day
and night.
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A  Description of the ZUNO model
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Grid

The model grid of the ZUNO model was constructed by de-refinement of an existing fine
grid model. The model schematization of this fine grid model is based upon the “Zuidelijke
NoordZee model”, abbreviated as ZNZ model, supplied to Delft Hydraulics by the Dutch
Ministry of Public Works.

Figure 4-1 of the main report shows the coarse grid. In total this grid counts approximately
4500 computational elements. Typical grid distances in the Dutch coastal zone are 6 km in
alongshore direction and 3 km in cross shore direction.

In the vertical direction Delft3D-Flow uses a so-called sigma grid. This means that the total
water depth is divided into a number of layers each covering a percentage of the total water
depth. Using these sigma layers results in the same vertical resolution in the entire model
domain regardless of the local water depth. For 3-dimensional computations 10
computational layers were defined. The layer distribution, i.e. the thicknesses of the
individual layers, is given in the table below:

Layer Thickness:
1 (water surface) 4.0 %
2 5.9 %
3 8.7 %
4 12.7 %
5 18.7 %
6 18.7 %
7 12.7 %
8 8.7 %
9 5.9 %
10 (bed) 4.0 %

This, logarithmic, layer distribution provides relatively high resolution near the surface and
near the bed. This layering structure is required when there is a need to accurately describe
near surface processes, such as wind effects, and near-bottom processes, such as sediment
processes.

Bathymetry

The bathymetry was derived a large number of datasets. Coastal data were taken from a
number of recent morphological studies (Steijn et al (1998), Roelvink et al (1998a),
Roelvink et al. (1998b), Boutmy (1998), Jeuken et al. (2000)). Additional data from recent
Dutch Continental Shelf Data (TNO-NITG)and raw data from Dutch Hydrographic Service
were also included to derive the model bathymetry. The model bathymetry is shown in
Figure 3.1 of the main report.
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Open boundary conditions

The model has 2 open boundaries. A southern open boundary located just southern of the
Strait of Dover and a Northern open boundary located in between Scotland and the most
Northern point of Denmark. Each open boundary is divided in a number of boundary
segments. At the intersection points of the boundary segments, open boundary conditions
need to be specified. By means of open boundary conditions the behaviour of the “outside”
world is prescribed to the hydrodynamic model.

At the open boundaries of the fine grid model, water levels are prescribed. These water
levels are generated with a large scale hydrodynamic model covering the entire continental
Shelf, the CSM model, up to the 2000 m depth contour (Robaczewska et al, 1997). Water
levels  at  the  open  boundaries  are  specified  by  means  of  tidal  constants,  amplitudes  and
phases of tidal constituents. By specifying boundary conditions as tidal constants, the model
can be used to simulate any calendar period in time.

River discharges

A large number of rivers discharge fresh water into the saline North Sea. The resulting
salinity differences cause density differences which, in turn, affect the hydrodynamics.
Therefore, the fresh water inflow needs to be included in the model. The freshwater inputs
used in this model were taken from observed discharges for 2001. The river discharges that
are included are from the following rivers:

Wester Schelde
Ooster Schelde
Haringvliet
Nieuwe Waterweg
Kornwerderzand
Ems
Weser
Elbe
Humber
Thames
Tyne
Tees
Firth of Forth
Wash
Solent
Seine
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B  Oil processes description of PART(Oil)
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Oil spill module

The Delft3D-PART Oil Spill model calculates the transport, spreading, evaporation and
dispersion of an oil patch. Transport is either 2D or 3D. Oil can either be floating on the
water surface, or it can be transported as a dispersed phase in the water column. Oil
dispersion,  also  referred  to  as  entrainment,  is  generated  by  breaking  waves  (due  by  wind)
according to a formulation of Delvigne et al. (1986). Evaporation is based on a simple first
order decay process.

Release of oil

Oil  can be spilled as  an instantaneous release or  as  a  continuous release.  The radius of  an
instantaneous release may follow from the standard input menu of the release, but may also
be specified by the following formulation (Fay and Hoult, 1971):
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with:
 V0   = initial volume of the oil spill (m3)

0   = oil density (kg/m3)
w   = density of water (kg/m3)

 g  = gravity constant
w   = kinematic viscosity of water (10-6 m2/s)

 k1, k2 = constants of Fay (1.14 and 1.45)

You should specify the oil density o as  input.  The  radius  describes  a  patch  after  the  so-
called ‘gravity inertial phase’ which lasts in the order of 5 minutes for most spills. The
thickness of the floating patch is then usually less than 1 mm. It is not recommended to use
this description for continuous releases, but to specify the radius of the release according to
the information that is available.

Wind induced advection of surface oil

The advection of surface floating oil is subject to wind effects. This is widely published in
literature. For example, Labelle and Johnson (1993) carried out simulations of oil-spill
trajectories for which each trajectory was constructed using vector addition of the current
field and 3.5 percent of the instantaneous wind. A drift angle was computed as a function of
wind speed (inversely related to wind speed). In a review by the Task Committee on
Modelling of Oil Spills of the Water Resources Engineering Division of ASCE (1996), it has
been reported that the majority of spill models use a simplified linear superposition
technique to approximate spill motion. The currents induced by winds and waves are
normally lumped together and represented by an empirically based drift factor and
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deflection angle dependent on the local wind speed and direction. Drift speeds typically vary
from 2.5-4.4% of the wind speed. The deflection angles vary between 0 and 25 degrees to
the right/left of the wind direction (northern/southern hemisphere). The most detailed
description of drift of oils is by Youssef and Spaulding (1993). Here also the drift speed is
specified as typically between 2.5 and 4% of the wind speed with a mean value of 3.5%, and
deflection angles between 0 and 25 degrees, with a mean of 15o. Yousseff and Spaulding
deal in detail with the effects of waves on the transport.

A representation of the effect of wind in Delft3D-PART is implemented for oil. For a
reasonable behaviour of surface floating oil under windy conditions, it is essential for the
wind to affect the advection of the surface floating oil. The most important effect is drift as a
percentage of the wind speed. The relationship that describes this effect is specified as

  Cwd*(Vw-Vf) [18]

with  Cwd the wind drag, Vw the  wind  speed  and  Vf the current speed. This relationship is
only applied to surface floating oil because the dispersed oil will be transported correctly by
the currents of the hydrodynamic model and not be directly influenced by wind.

Another factor that affects the transport of the oil is governed by the aforementioned
deflection angle, which is an angle between the wind direction and oil advection. This is
essentially caused by the fact that the effects of the waves is under the influence of Coriolis
and that the wave induced transport is at an angle of the wind. This angle is an empirical
parameter.  This  parameter  is  chosen  to  be  a  constant  and  it  is  therefore  assumed  that  the
angle does not depend on the wind speed. The deflection angle will depend on the latitude.
The deflection angle is included in the PART model as an additional parameter. The
deflection angle would therefore essentially be a calibration parameter, depending on
latitude and wind strength.

Evaporation of oil

Evaporation of floating oil is implemented as a first order decay process. Decay can be
specified by a decay constant as usual in the menu of process parameters (this can be done
with a time-series), or by defining a fixed fraction of oil that decays each day.

It is known that oil contains fractions that do not evaporate. For example, Reed (1989)
adopted in his model a mass transfer coefficient that uses the molecular weight of the
volatile fraction of the oil spill.

In the oil module of PART, a volatile fraction has been introduced, albeit simplified
compared with the implementation of Reed (1989). It is assumed that the volatile fraction
Fvol evaporates as a first order process (i.e. exponential), and that the non-volatile fraction
does not evaporate at all. This is achieved by the introduction of the following:

1
v vol v

v

dF F F k
dt F

[19]
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Where Fv is the evaporated fraction and k the evaporation rate constant. The numerator in
the equation should always be positive and if Fvol-Fv < 0 then the evaporation is set to zero.

The oil viscosity will change during the evaporation process. In the literature, descriptions
of the dependency of the viscosity as a function of the evaporated fraction exist and is
generally given as:

0
v vC Fe [20]

This equation is given for the dynamic viscosity. Assuming that the density is approximately
constant  throughout  the  simulation,  then  the  same  function  can  be  used  to  describe  the
kinematic viscosity. Reed (1989) states that the value of Cv in his model is equal to 1 for
gasoline, kerosene and light diesel fuel and 10 for other petroleum products. In the PART
model, this is implemented by assuming that C=1 is used for light oils (kinematic viscosity
less than 500 cSt) and C=10 for the heavy oils (viscosity greater than 500 cSt).

Dispersion (entrainment) of oil

Dispersion of floating oil, or entrainment of oil in water, is implemented as a zero order
decay process, i.e. the entrainment rate is independent of the floating oil concentration. The
dispersion rate of oil depends only on the wave energy that is dissipated by the patch, and
the type of oil.

The dispersion rate Q (kg/m2/s) of oil is given (see Delvigne and Sweeny, 1988; NOAA,
1994; Delvigne and Hulsen, 1994) by:
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with:
 Q  = dispersion rate (kg/m2/s)
 Q(d) = dispersion rate per unit of diameter for droplets of diameter d (kg/m2/s)
 d  = oil droplet diameter (m)
 dmin  = minimal oil droplet diameter (m)
 dmax  = maximal oil droplet diameter (m)
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"C   = oil constant (calibration parameter, depending on kind of oil)
 N(d) = oil particle size distribution function
 N0  = normalisation constant distribution function
 De  = dissipation of wave energy per unit surface area (J/m2)
 Fwc  = number of waves that break per wave period (-)
 tp  = peak wave period (s)
 Uw  = wind speed (m/s)
 fw  = fraction of sea covered by white caps (-)

Here, white capping is formulated according to Holthuijsen and Herbers (1986) with the
initial wind speed for white capping equal to 5 m/s. The minimal droplet size dmin can be
taken zero as a good approximation. The crux is knowledge of parameters dmax, N0 and the
calibration constant "C .

According to NOAA (1994), after resurfacing of particles back into the oil slick, dmax can
be taken equal to 70 microns. In this approximation, it is assumed that after each breaking
wave a quasi-steady state distribution of droplets results, i.e. the resurfacing of particles
back into the oil slick due to buoyancy goes fast compared with the dissipation of wave
energy by the oil slick. Defining a new calibration constant C0 the following expression
results for Q:

8 0.57
0 cov5.08.10 e wcQ C S D F  [22]

with
 Q  = dispersion rate (kg/m2/s)
 C0  = oil constant (calibration parameter)
 Scov  = proportion of the sea surface covered by the oil in the relevant area
 De  = dissipation of wave energy per unit surface area (J/m2)
 Fwc  = number of waves that break per wave period (-)

The calibration parameter C0 depends on the kind of oil: oil with a high viscosity disperses
hardly for a wind speed of 10 m/s whereas oil with a low viscosity disperses fast for such a
wind speed.

An order of magnitude of C0 follows from Delvigne and Hulsen (1994, Table 2 and Figure 4
of that publication). Since Delvigne and Hulsen do not take into account a steady state
assumption  their  values  can  only  be  a  first  estimate  for  Delft3D-PART.  Estimates  of  the
dispersion constant C0 are:

 C0  2000 for Ekofisk with standard oil viscosity =8 cSt (at 20 C)
 C0  50 for Heavy Fuel Oil with standard oil viscosity =3000 cSt (at 20 C)

Since viscosity is temperature dependent C0 depends both on oil type and on temperature.
Temperature dependence may be neglected for low viscous oils with <100 cSt (Delvigne
and Hulsen, 1994).

Delvigne and Hulsen (1994) have shown that there is a relationship between the C0 and the
oil viscosity. Since viscosity is an oil characteristic and used as input of the model, this
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relationship is included in the model. The relationship used in the modified PART(Oil)
model is based on the data published by Delvigne and Hulsen (1994). The data was
examined and a log-log plot revealed that this relationship can be specified by two equations
(Figure B-1). The equations used and the goodness of fit with the data are indicated in the
figure.

Relationship viscosity and Co
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Low viscosity (measured)

High viscosity (measured)

log(Co)=-1.1951*log(visc)+5.6456

log(Co) = -0.0658*log(visc) + 3.2618

Figure B-1 – Relationship between viscosity and the dispersion parameter Co (Delvigne and Hulsen (1994)

In  order  to  calculate  the  entrainment  flux,  some  representation  of  surface  area  for  each
surface oil particle is required. In the oil module an area for each particle is derived, based
on the mass of surface oil associated with this particle (Kleissen, 2003). This is calculated
using an assumed oil layer thickness. Validation with the oil budget model ADIOS has
resulted in an optimal value of 0.00005m. This value of 0.05mm (50 m) is also similar to
the value of 70 m generally used to define the oil droplets that remain in suspension.

Emulsification

Water-in-oil (w/o) emulsions form a viscous cream, or floating, coherent semi-solid lumps,
often called chocolate mousse. The process depends on oil composition. The formation of
w/o emulsions reaches a maximum between 10 and 100 hours (Wheeler, 1978). The
emulsification process itself is relatively rapid. It has been reported that emulsification takes
place fully in the laboratory in 0.1-3 hours (Fingas et al, 1999).

Emulsification is virtually an irreversible process (Wheeler, 1978) and changes the liquid to
a heavy, semi-solid material (Fingas et al., 1996) with a high viscosity. Viscosity can be as
high as 4.106cP (Bos, 1980).

The emulsification process is implemented in PART following the algorithm presented by
Mackay and others (Mackay et al., 1980, Zagorski and Mackay, 1982), in which the rate of
water uptake wcF is given by:
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2
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2

1 1 wc
wc w

FF C U
C

 [23]

with Uw the wind speed, Fwc the water content and C1 and C2 model parameters. C1 is given
as 2.10-6 for emulsifying oils and 0 for others, whilst C2 is a constant controlling the
maximum water content and is suggested to be 0.25 for home heating oil and 0.7 for crude
and heavy fuel oil (Reed, 1989). In several other publications, however, the maximum water
content for these heavy oils is said to reach values of 75-80% (for example, Huang et
al.,1983). The switch of C2 between 0.25 and 0.75 is made at a viscosity of 500cSt, whilst
the value of C1 (0 or 2.10-6) is selected by the user and thus dependent on the emulsion
formation tendency of the oil in question.

The main effect of emulsification (increase in the water content) in the model is the change
in viscosity and is given as:

3

2.5
1.0

0

wc

wc

F
C Fe [24]

As with the change of viscosity as a function of the evaporated fraction, it is assumed that
the density does not change significantly, compared with the changes in viscosity and is
assumed constant. Thus the implementation in the PART(Oil) model uses the kinematic
viscosity in the aforementioned equation instead of the dynamic viscosity. The constant C3

is suggested to be 0.65 (Reed, 1989).

Emulsification does not only affect viscosity (and therefore the dispersion (entrainment)
process) but also evaporation. According to Fingas (1994), the effect of emulsification is
that the viscosity rises two to three orders-of-magnitude, the spreading rate decreases by a
similar value and evaporation nearly ceases.

In order to achieve a link between the emulsification and evaporation in PART(Oil), the
water content of the emulsion is used to reduce the evaporation rate. In the implementation
in PART, it is assumed that the evaporation ceases when the water content has reached its
maximum. This maximum water content is oil type dependent. The evaporation rate is
adapted when emulsification occurs by reducing the volatile fraction. This is implemented
as follows:

2

2

wc
ew vol

C FF F
C

 [25]

Where Fvol is  the  volatile  fraction  of  the  spilled  oil  and  Few the adapted volatile fraction,
replacing the volatile fraction Fvol in equation [19]. Thus, when the water content reaches its
maximum C2, the adapted volatile fraction reduces to zero and the evaporation halts.

The onset of emulsification can be delayed until evaporation causes the oil characteristics to
reach the criteria for emulsification. This delay has been implemented in PART(Oil) by
introducing a fraction evaporated oil at which emulsification is initiated (Ev).



NSW - MEP : Maritime and marine risk assessment of
calamitous (oil) spills

Z3644.00 juli, 2006

WL | Delft Hydraulics B – 8

Oil density

The density of the oil is affected by evaporation and emulsification. Density is also a
function of temperature. In PART, the ADIOS formulation is used, without the dependency
of the evaporated fraction and temperature. Hence, in PART, the density can only change
when the oil emulsifies. The density is then a linear interpolation of the densities of water
and oil, according to their relative content:

em w w w oil

3
em

w
3

em
3

em

=F + 1-F ,
where

= Density emulsion (kg/m )
  F = Water fraction

= Water density  (kg/m )
  = Oil density (kg/m )

 [26]

Sticking of oil

Oil may stick to land and cause damage to ecological sites. In order to simulate the process
of oil sticking to land or to the bed of the water column, a sticking probability must be
specified. A particle may come into contact with land due to wind effects or horizontal
dispersion and it may come into contact with the bed due to vertical dispersion or settling.
The  particle  sticks  to  the  land  or  bed  if  a  randomly  chosen  number  between  0  and  1  is
smaller than the sticking probability given.

Settling of oil particles

Dispersed oil may settle. However, this velocity is generally negative since oil particles are
lighter than water. Most oil and refined products are less dense than water, which means
they will float when initially spilled. Experience has shown that oil slicks that initially float
will remain buoyant even after weathering. The two circumstances under which oil has been
noted to sink occur when the oil is mixed with mineral sediment in the water column or
when it is burned in-situ, creating a residue that may be of high density.

Weathering of oil

In addition to the processes mentioned earlier, other weathering processes may affect the
presence of oil. Processes such as oxidation, bacteriological decay can in PART be
simulated by means of a first order decay, for which a decay parameter can be specified.
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C  Risk assessment results
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Figure C-1 – Near Shore Wind farm, 36 windturbines.
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UTM zone 31 Rammen Driften
Wind turbine

x y R-ships N-ships R-ships N-ships
Total

Once
every
…year

001.NWS 5234.8 426.2 0.000027 0.000188 0.000226 0.000091 0.000532 1879
002.NWS 5235.0 425.7 0.000034 0.000183 0.000225 0.000087 0.000529 1890
003.NWS 5235.3 425.4 0.000038 0.000187 0.000230 0.000086 0.000541 1849
004.NWS 5235.6 425.0 0.000045 0.000186 0.000233 0.000084 0.000549 1822
005.NWS 5235.8 424.7 0.000053 0.000186 0.000236 0.000081 0.000556 1798
006.NWS 5236.1 424.3 0.000060 0.000186 0.000241 0.000078 0.000565 1771
007.NWS 5236.4 423.9 0.000071 0.000181 0.000245 0.000077 0.000574 1743
008.NWS 5236.6 423.6 0.000079 0.000184 0.000250 0.000076 0.000589 1699
009.NWS 5236.9 423.2 0.000086 0.000181 0.000253 0.000075 0.000595 1681
010.NWS 5237.2 422.8 0.000097 0.000170 0.000260 0.000073 0.000600 1668
011.NWS 5237.4 422.4 0.000103 0.000163 0.000265 0.000072 0.000604 1656
012.NWS 5237.7 422.1 0.000103 0.000171 0.000269 0.000074 0.000617 1621
013.NWS 5235.0 427.1 0.000010 0.000197 0.000206 0.000096 0.000510 1962
014.NWS 5235.2 426.6 0.000008 0.000081 0.000206 0.000090 0.000384 2606
015.NWS 5235.5 426.3 0.000006 0.000037 0.000208 0.000084 0.000336 2979
016.NWS 5235.8 425.9 0.000007 0.000035 0.000208 0.000082 0.000333 3003
017.NWS 5236.2 425.3 0.000009 0.000034 0.000212 0.000077 0.000333 3006
018.NWS 5236.4 425.0 0.000011 0.000033 0.000216 0.000076 0.000336 2977
019.NWS 5236.7 424.6 0.000012 0.000032 0.000220 0.000071 0.000337 2971
020.NWS 5237.0 424.2 0.000014 0.000031 0.000224 0.000071 0.000340 2940
021.NWS 5237.2 423.9 0.000016 0.000030 0.000229 0.000071 0.000345 2896
022.NWS 5235.5 427.4 0.000006 0.000214 0.000194 0.000098 0.000511 1956
023.NWS 5235.8 427.0 0.000004 0.000089 0.000194 0.000090 0.000377 2652
024.NWS 5236.1 426.6 0.000004 0.000040 0.000197 0.000085 0.000326 3072
025.NWS 5236.5 426.0 0.000005 0.000035 0.000201 0.000081 0.000322 3108
026.NWS 5236.8 425.6 0.000006 0.000033 0.000201 0.000080 0.000319 3136
027.NWS 5237.1 425.3 0.000006 0.000031 0.000204 0.000078 0.000319 3131
028.NWS 5237.3 424.9 0.000008 0.000029 0.000209 0.000077 0.000322 3107
029.NWS 5237.6 424.5 0.000013 0.000057 0.000214 0.000077 0.000362 2766
030.NWS 5236.2 427.7 0.000004 0.000244 0.000183 0.000098 0.000530 1885
031.NWS 5236.4 427.3 0.000004 0.000206 0.000185 0.000095 0.000490 2043
032.NWS 5236.8 426.8 0.000003 0.000182 0.000188 0.000090 0.000464 2155
033.NWS 5237.1 426.3 0.000003 0.000170 0.000192 0.000089 0.000454 2201
034.NWS 5237.4 426.0 0.000004 0.000157 0.000192 0.000087 0.000440 2274
035.NWS 5237.7 425.6 0.000005 0.000137 0.000196 0.000086 0.000424 2360
036.NWS 5237.9 425.2 0.000007 0.000118 0.000200 0.000084 0.000410 2440
Total 0.000969 0.004420 0.007812 0.002970 0.016171 62
Once every... year 1032 226 128 337 62

Table C.1 – Location and ramming/drifting frequency per turbine
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D  Shipping simulation runs
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