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A B S T R A C T

A vast number of artificial marine structures are currently installed offshore, and the rate of new installation is 
increasing. Especially offshore wind farms, a sub-type of artificial marine structures, are expected to grow 
significantly due to ambitious installation targets from international decision-makers. With increasing numbers 
of installed artificial marine structures, an assessment of possible adverse effects is more important than ever. To 
improve the environmental friendliness of artificial marine structures, an in-depth assessment of the transport 
and environmental fate of particle emissions is needed. The present work provides an overview of the involved 
processes of particle transport in the marine environment using the example of an offshore wind turbine. In this 
work, a first estimation on emission quantities is given for particulate emissions from marine structures, from 
which it is evident that emissions will increase in the next years due to an increasing number of marine 
structures.

1. Introduction

Thousands of artificial marine structures (AMS) are built in the 
marine environment, which are used for aquaculture purposes, oil and 
gas extraction through offshore platforms or for the generation of elec-
tricity from offshore wind farms (OWFs) (Gourvenec et al., 2022). In the 
next years and decades, the number of AMS will increase significantly, 
due to the ambitious expansion of offshore wind. At the end of 2023, a 
total capacity of 75 GW was installed globally, with much more to come 
(Global Wind Energy Council, 2024). It is expected that the annually 
installed power in offshore wind will steadily increase up to 30 GWa− 1 

in 2027 (IEA, 2022). Therefore, it is expected that the installed capacity 
in offshore wind will surpass 400 GW by 2033 (Global Wind Energy 
Council, 2024). A closer look at the ratio of offshore wind installations 
compared to oil and gas installation further underlines the importance of 
offshore wind: In 2020, 363 oil and gas installations were commissioned 
in European waters, whereas a total of 5402 grid connected wind tur-
bines were operating in the same year in Europe (Wind Europe, 2021; 
European Commission, 2022). Additionally, new technologies like wave 
or tidal energy conversion are emerging, which will add to the number 
of AMS alongside the already existing structures (Clemente et al., 2021; 
The SET, 2022; Shetty and Priyam, 2022; Korte et al., 2024). 

Furthermore, important transport routes traverse the oceans, leading to 
significant ship traffic in offshore areas (Sardain et al., 2019). While 
AMS will remain an important factor for human prosperity and a source 
for economic growth, the impact of those structures and vessels on the 
marine environment must not be neglected. In an evaluation of the 
severity of environmental impacts from AMS on the oceans, introduction 
of pollution was ranked as one of the most severe effects of AMS on the 
environment (Knights et al., 2024). One widely overlooked aspect of 
pollution originating from AMS is the effect of corrosion protection 
systems on the environment, just recently put into a broader focus by 
Kirchgeorg et al. (2018) and Turner (2021). In recent literature, in-
vestigations on possible adverse effects of solute pollutants from 
galvanic protection can be found (Reese et al., 2020; Ebeling et al., 
2023); however, the influence of particle emissions on the marine 
environment is still not thoroughly investigated. A significant part of a 
high-performance corrosion protection system for an AMS is a multi- 
layer coating, commonly built from epoxy resins and polyurethane 
(Momber and Marquardt, 2018), which can detach due to environ-
mental factors, handling issues, or poor planning (Momber, 2016). 
Although this problem has not drawn much attention in the research 
communities yet, the whole scope of the problem is larger than ex-
pected. A recent report on the contribution of paint to the global 
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microplastic (MP) emissions has shown that the paint sector is the 
largest contributor to marine MPs, with approximately 1.9Mta− 1 of MPs 
leaked into oceans and waterways (Paruta et al., 2021). On a larger 
scale, however, the emissions are not only resulting in microplastics, but 
also meso- and macro-plastics, as particulate emissions from AMS will 
not necessarily directly result in particles smaller than 5 mm, and 
breaking down into finer fractions may only happen over significant 
amount of time in the marine environment. A report from the Earth 
Action estimated that 40 % of all paint emissions at sea are released as 
macroplastic. Additionally, the report states that from the total amount 
of emitted paint, 18 % are released directly at the sea, e.g., through wear 
of ship hulls, AMS coatings, or the maintenance thereof (Paruta et al., 
2021). The coatings contain a broad mixture of organic compounds, e.g., 
bisphenol A, which can possibly leak into the water (Kirchgeorg et al., 
2018). Bisphenol A is an endocrine disruptor, which can lead to several 
diseases and impair fertility in animals and humans (Machtinger and 
Orvieto, 2014). Furthermore, Bisphenol A can accumulate in marine 
wildlife even at low concentrations (Paolella et al., 2024). Apart from 
bisphenol A, epoxy resin coatings were found to leak 4-tert-butylphenol 
into the surrounding water, which is toxic to marine organisms (Bell 
et al., 2020). Another group of harmful substances are heavy metals that 
can leak from anti-fouling paints commonly used on ships and in 
aquaculture (Kang et al., 2023; Castritsi-Catharios et al., 2015). One of 
the metals emitted is copper, which is toxic to fish (McIntyre et al., 
2008). Since paint emissions at sea are a significant driver of anthro-
pogenic impacts on the hydrosphere, the fate and transport of particu-
late AMS emissions needs to be investigated thoroughly, especially in 
the light of the rapid expansion of marine renewable energy generation 
in the next years. To the best of the authors' knowledge, the emitted 
quantities of particulate emissions from AMS are still unknown to this 
day, which is why a better understanding of the environmental fate and 
transport of the particles can aid to identify possible accumulation hot- 
spots to better assess emission quantities. From there on, useful miti-
gation measures can be applied. An overview of the origin, fate, and 
transport of particulate AMS emissions, as well as the involved pro-
cesses, are shown in Fig. 1. Pertinent literature was reviewed to identify 
important transport mechanisms. The scope of this work lies on particle 
emissions from the structures themselves, e.g., surface coatings. Particle 
emissions from the operation of the structures, such as particulate 
matter from combustion engines or operational fluids, are deliberately 

excluded from this review, as well as solute chemical emissions. The 
transportation pathways of particulate emissions are presented and 
discussed at the example of an OWF, due to the enormous expansion of 
offshore wind in the next decades.

1.1. Objectives

This work presents an important first step towards a better under-
standing of the transport and fate of particulate AMS emissions, for 
which OWFs are used as a case study. With a focus on particulate 
offshore emissions, a large variety of involved processes are discussed, 
for example hydrodynamic transport in the water column, morphody-
namic transport and mixing processes at the sediment bed, and the effect 
of biota on particle transport. The main objectives of this work are to:

• Provide a comprehensive overview of particulate emissions 
originating from offshore structures, from potential sources to potential 
sinks.

• Identify and discuss important particle transport processes.
• Identify knowledge gaps and give suggestions for future research.
• Give a first estimation on emission quantities.

1.2. Structure of this work

The remainder of this work is organised as follows: The used methods 
and materials of this work are described at the beginning of the corre-
sponding sections. The processes related to particle emissions and 
transport are presented and discussed in the order in which they would 
naturally occur, i.e., from initiation of the emissions to final sink. At the 
end of each section, a discussion on the identified knowledge gaps is 
included. Following this logical order, particle emission sources are 
discussed in Section 2.1. Emissions from corrosion protection coatings 
are considered, as well as particulate emissions from the rotor blades, 
falling off into the water. In Section 2.2, the sinking of detached particles 
is discussed and influencing parameters like waves and currents are 
discussed. Section 2.3 treats the remobilisation of particles that reside on 
the sediment-water interface. Additionally, the influence of flow field 
around a marine pile foundation is discussed. In Section 2.4 the effects of 
weathering and marine organisms in general on the distribution and fate 
of waterborne particles are discussed. In Section 2.5 possible mecha-
nisms for a particle transport over longer distances are discussed, and 

Fig. 1. Overview of possible transport pathways of particulate OWF emissions.
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possible sinks are identified. Afterwards, a first estimation on the 
emission potential of coating emissions is given in Section 3. Finally, 
Section 4 concludes the paper and briefly summarises the most impor-
tant task for future research, based on the previously identified knowl-
edge gaps.

2. Literature review

A scoping literature research was conducted using the research da-
tabases Scopus™ and Google Scholar; once search results were obtained, 
these were sorted by relevance. In this context, we acknowledge that 
recent research by Ferreira et al. (2023) now stipulates to use multiple 
research databases in parallel, as search results amongst the three main 
search engines (Scopus, Web of Science and Google Scholar) differed 
significantly, with the third large database Web of Science having the 
highest ratio of irrelevant returns for an exemplary search string from 
the field of aquatic science. This finding contrasts earlier comparative 
work, looking at the database version of 2008 in which a large agree-
ment between search results was confirmed (Archambault et al., 2009). 
Broad search terms were needed to find related publications, since 
exclusion of search terms multiple times led to very few results. To find 
the publications with the largest overlap with the topic of this work, the 
results were then manually assessed. For the sake of completeness, the 
thought process behind the literature research is explained here. To get a 
first overview over the topic, a first literature review was conducted, 
using the following keywords: offshore, wind, structure, emission, coating, 
damage, transport, environmental fate, leading edge erosion. There are a lot 
of publications related to offshore wind (e.g., 19.300 results in Google 
Scholar for offshore AND wind AND coating AND emissions on 
10.07.2024), but most of the publications are either targeting the ma-
terial science behind offshore coatings, or other emissions from OWFs, e. 
g., carbon dioxide within the production or lifetime cycle of structures, 
or noise as being emitted while structures are installed. With the 
collected information on the material properties for organic coatings, it 
was apparent that the emitted particles are negatively buoyant and part 
of the MP contaminating the oceans. Therefore, the keywords micro-
plastic, particle, settling, sinking, velocity, remobilisation, and incipient mo-
tion were assessed next. To investigate the transport around a marine 
pile and in the sediment, the keywords horseshoe vortex and sediment 
transport were also included in the search. The research on particle 
transport revealed that organisms can also have a significant impact on 
the environmental fate of particles, which is why the terms biofouling, 
marine snow, and bioturbation were also assessed. The literature review 
was conducted in multiple searches with different search strings, which 
can be found together with the corresponding number of results in the 
Appendix (Appendix A). For searches with more than 100 results, the 
first 100 results per search, sorted by relevance, were analysed based on 
their title. From there on, 222 publications were further assessed by the 
content of their abstracts. Publications were analysed completely, 
looking at the full texts, when either information about (i) coating 
specifications, (ii) coating emissions, (iii) transport mechanisms, or the 
(iv) environmental fate of particulate matter were given. This manual 
filtering approach left 97 publications which were analysed in their 
entirety, and the findings of these publications are presented and dis-
cussed in this work.

2.1. Emission sources

To get a first impression of particulate emissions from AMS, possible 
particle sources, as well as the associated material composition, which is 
an important parameter for the transport of the emitted particles, are 
discussed in the following section.

2.1.1. Organic coatings
To protect offshore wind structures against corrosion damage, 

different strategies are chosen depending on the type of environmental 

exposure the structure needs to endure. For the structural parts that are 
never submerged in water, ISO 12944-2 defines atmospheric corrosion 
as a process initiated by a thin film of moisture which can be enhanced 
by high relative humidity, condensation, and atmospheric pollution 
through deposition of reactive compounds on the substrate (ISO 12944- 
2, 2017). For steel structures with direct water contact, ISO 12944-2 
defines three exposition zones, which are illustrated in Fig. 2 (ISO 
12944-2, 2017): 

• Underwater zone, which is below low tide water levels and thus 
permanently submerged in water.

• Intermediate zone, which is influenced by the tidal cycle or artificial 
effects. It ranges from low tide to high tide water levels and is subject 
to cyclic wetting and drying.

• Splash zone, which is subject to wave attack and spray deposition of 
ocean water. The splash zone extends to the height which is still 
reached by the spray from the colliding waves. Extreme corrosive 
stresses prevail in the splash zone due to wetting and drying and salt 
deposition.

Depending on the exposure zone, different coating specifications are 
given to achieve the best corrosion protection for the given exposure 
type. According to ISO 12944-2, the OWF parts which are not in direct 
contact with water for a prolonged amount of time are categorised in the 
corrosion category CX for extreme corrosive offshore environments and 
the submerged parts are classified in the category Im4 for permanently 
in saltwater submerged structures with cathodic protection (ISO 12944- 
2, 2017). Due to wetting and drying, structures in the intermediate zone 
and the splash zone are categorised as a combination of CX and Im4 (ISO 
12944-9, 2018). To withstand the corrosive stress in the chemically 
aggressive marine environment, commercial OWFs are commonly 
coated with resin coating systems built from multiple layers of epoxy 
resin, covered by a polyurethane topcoat (Olajire, 2018). To ensure a 
sufficient adhesion of the coating system to the metal substrate, priming 

Fig. 2. Exposure zones for an offshore structure according to ISO 12944- 
2 (2017).
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coats are applied. These priming coats are made from epoxy, zinc rich 
epoxy, or spray metal (Momber and Marquardt, 2018). Other applica-
tions for metal coatings are coatings for flange connections, frames, and 
railings; but organic coatings are the most commonly used coating sys-
tems overall (Momber and Marquardt, 2018). Coatings in the submerged 
zone are either applied as a thick single layer coating with a nominal dry 
film thickness (NDFT) of at least 800 μm or as two-layered coatings with 
a total NDFT of 350 μm or more. In the alternating water zone with a lot 
of wetting and drying cycles, coatings are applied with minimum two 
layers and a NDFT of a least 450 μm. In the atmospheric zone, coatings 
are built from multiple layers with a NDFT of 280 μm or more (ISO 
12944-9, 2018). More information on coating specifications for NDFTs 
and amount of coating layers for structures exposed to offshore envi-
ronments can be found in international standards, for example in ISO 
12944-9 (2018). The summation of dry film thicknesses of all relevant 
coating layers gives a first indication as to how thick particles from 
marine coating released into the marine environment could potentially 
be, ranging from several micrometers for detaching of single coating 
layers up to almost a millimetre for detachment of a whole multi-layered 
coating system.

The aforementioned organic coatings are also applied to marine 
structures built from reinforced concrete. Reinforced concrete structures 
can be seriously damaged through corrosion of the reinforcing steel 
when built in the marine environment (Zheng et al., 2020). The porous 
concrete is exposed to high chloride ion concentrations and carbon di-
oxide, which enter through diffusion and lead to a depassivation of the 
reinforcement (Rodrigues et al., 2000). Coatings can delay the chloride 
intake and increase the time until corrosion initiation, with aliphatic 
acrylic and polyurethane coatings being the most effective in doing so 
(Sadati et al., 2015). Additionally, coatings from Polyurea are currently 
tested as surface coatings for marine concrete due to their high dura-
bility and low toxicity (Shojaei et al., 2021).

2.1.2. Coating failure mechanisms
Approximately 40 % of all paints leak into the environment due to 

mismanagement (Paruta et al., 2021). Research on ship hull coatings has 
shown that shipyards are significant point sources for particulate 
emissions, due to regular dry-docking and maintenance of the ships. Due 
to spray painting application or mechanical abrasion, e.g. sanding, 
coating particles are emitted in shipyards, where ship maintenance is 
conducted (Song et al., 2015; López et al., 2023). Through hull main-
tenance, ultrafine particles are released into the air when the coatings 
are abraded (López et al., 2022). A single boatyard can contaminate an 
area of approximately 12.000 m2 (Eklund et al., 2014). OWFs are not 
regularly re-coated, which is why coating emissions are not as severe as 
shipyard emissions. However, coating losses directly at sea enter the 
oceans right away, whereas maintenance emissions from shipyards can 
be mitigated with a proper waste management. Possible reasons for 
coating losses directly at sea will be discussed in the remainder of this 
section.

During the operation of an OWF, the coating applied to the foun-
dation of the structure will be subject to harsh environmental conditions 
in a highly corrosive environment, which can lead to delamination of the 
material due to coating failure. Momber (2016) collected data from 
operating OWFs to assess common failure mechanisms of corrosion 
protection systems. An overview over the most common coating failures 
is given in Fig. 3.

The most common failure mechanism are mechanical damages to the 
coating due to impacting or abrading forces. Another common coating 
failure is caused by wrong design decisions, for example, when bi-metal 
corrosion at non-isolated bolts or screws occurs underneath the applied 
coating. To ensure a sufficient coating adhesion, weld seems, and sharp 
edges need to be prepared accordingly. Weld seems need a high quality 
surface preparation by cleaning and grid blasting, whereas sharp edges 
need to be rounded off for the coating to adhere properly. Are these 
surface preparations omitted in the manufacturing process chain, the 

coating has an increased chance of failure during the OWF lifetime. 
Finally, the coating can get damaged when thermally stressing work like 
welding is done on already coated parts, as hot debris gets incorporated 
in the coating surface.

When marine structures are exposed to the marine environment, 
organisms will settle on the surface of the structures (van der Stap et al., 
2016; Pedersen et al., 2023; Isbert et al., 2023). Marine organisms 
exhibit a vertical zonation with a barnacle-dominated intertidal zone, 
followed by a mussel-dominated shallow subtidal zone and domination 
of anemones and filter feeding amphipods in the deeper subtidal zone 
(de Mesel et al., 2015). Additionally, the biofouling community changes 
continuously with time through factors like succession and predation 
(Zupan et al., 2023). Biofouling can alter the surface of steel substrates 
and lead to pitting corrosion or enhanced corrosion through removal of 
the passive oxide layer on the steel surface (Videla and Characklis, 
1992). In the past, several adverse effects of biofouling on the func-
tionality of marine structures and ships have been reported: Biofouling 
largely increases drag on ship hulls, increasing the shaft power at 
cruising speed up to 86 % (Schultz, 2007). In the context of AMS, it was 
found that marine growth increases drag on the foundations, leading to 
additional loads on the structures through currents and wave attack 
(Klijnstra et al., 2017). The protective function of the corrosion pro-
tection systems of offshore structures are not compromised by biofouling 
(Erdogan and Swain, 2021), but for impressed current protection 
biofouling can increase the current demand of structures in order to 
maintain a sufficient corrosion protection (Wang et al., 2018). In ex-
periments on weathering of OWF corrosion protection coatings, it was 
shown that biofouling does not weaken the integrity of the investigated 
coatings (Momber et al., 2015). Although biofouling does not weaken 
the coating on a structural level, it might promote coating detachment 
through the additional loads on the biofouled surface. The aforemen-
tioned damage mechanisms cover the detachment of coatings applied to 
the steel structures of an offshore wind turbine (OWT), namely the 
foundation, transition piece, and tower. Common damages to the rotor 
blades of OWTs are reviewed in the following.

2.1.3. Emissions from turbine blades
To save as much weight as possible while still maintaining a high 

degree of stiffness, modern wind turbine blades are typically built from a 
polymer matrix reinforced with either glass or carbon fibre (Greaves, 
2020). Glass fibre reinforced plastics are more common due to lower 
costs compared to carbon fibre reinforcements. In the past, the turbine 
blades were built with a polyester matrix, which is nowadays superseded 
by epoxy resins (Greaves, 2020). To protect the rotor blades against 
environmental stresses, a gelcoat or paint, often made from epoxy or 
polyurethane, is applied with dry film thicknesses of up to 800 μm 
(Kjærside Storm, 2023). Depending on the site specific conditions, a 
suited finishing layer is chosen depending on coating hardness and 
impact resistance. Harder coatings often show good impact resistance, 
whereas softer coatings, like polyurethane, protect the underlying layers 

Fig. 3. Overview over the most common coating failure mechanisms occurring 
at OWFs, reported by Momber (2016).
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via impact absorption. Additionally, protection can be applied as tape to 
specifically protect the leading edge of the rotor (Kjærside Storm, 2023). 
However, due to the multitude of stresses acting on a rotor blade, it is not 
possible to protect it completely from degradation over its whole 
lifespan.

During operation, rotor blades are exposed to impacting raindrops, 
hailstones, and dust particles, which can damage the rotor blade over 
time. The so-called leading edge erosion occurs due to impacts of the 
small particles or droplets, mostly at the tip of the leading rotor edge. 
The rotor tip can reach speeds up to 100 ms− 1 leading to high local 
stresses on the rotor material upon impact (Greaves, 2020). Brittle sur-
face materials can take direct damage from single droplet impacts, 
whereas softer materials do not get damaged by single droplet impacts. 
However, under repeated impacts both material types are likely to erode 
(Slot et al., 2015). Overall, the leading edge erosion commences in three 
stages (Amirzadeh et al., 2017). During the first stage, the incubation 
period, the rotor edge experiences no observable damages. The incu-
bation period is followed by an increasing period in which the mass loss 
on the rotor edge starts and accelerates until the last period, the placid 
period, is reached in which the mass loss declines again (Amirzadeh 
et al., 2017). In general, the severity of the leading edge erosion heavily 
depends on the local climate conditions, such as frequency of rainfall 
and hailstorms, as well as the prevailing droplet sizes during these 
events and the rotor tip speed (Herring et al., 2019). Additionally, 
leading edge erosion is a problem that can occur early in the operating 
phase of an OWT. Reports from wind turbine quality assurance have 
shown that leading edge erosion typically occurs as early as three years 
after turbine operations started (Rempel, 2012). In addition to the 
occurring leading edge erosion, birds collide with wind turbine blades, 
which can cause a cracking of the gelcoat (Shohag et al., 2017). The 
collision of birds can possibly increase the number of emitted particles as 
the cracks are weak points in the surface which can deteriorate and 
ultimately cause delamination (Shohag et al., 2017).

Apart from blade erosion, lightning strikes can damage the rotor 
blades of wind turbines or even lead to complete failure of the blades 
(Yokoyama, 2013). Although there are lightning protection measures 
taken to reduce the probability of a lightning strike, such events still do 
occur as they cannot be mitigated completely (Yasuda et al., 2012). 
Structures such as OWTs are tall structures with large rotating parts, 
which might increase the probability of lightning discharges on OWTs in 
a way that multiple discharges on singular structures during a single 
storm appear realistic (Rachidi et al., 2012). Lightning damages can lead 
to delamination of the surface layer of the rotor blade due to the high 
temperatures during a lightning strike. In more severe cases, lightning 
strikes can cause debonding of the rotor shells (Yasuda et al., 2012). 
Modern rotor blades are built from two shells, which are joined along 
the edges and supported by internal beams (Greaves, 2020), which can 
lead to a detachment of the rotor tip. The most severe lightning damage 
occurs when the lightning can enter the rotor blade and heats the air 
inside. Due to thermal expansion of the entrapped air, the whole rotor 
blade can shatter (Yasuda et al., 2012).

Another possible entryway for particles from OWFs to the environ-
ment is fatigue cracking (Samborsky et al., 2008). The cyclic motion of 
the rotor and forces exerted by winds can lead to stresses that concen-
trate at the root of the rotor blade. Fibre reinforced composites can 
delaminate under these conditions (Samborsky et al., 2008), which 
might lead to particles entering the environment or even failure of the 
whole blade in severe cases. Apart from the rotor blade, fatigue cracking 
can also occur on heavily stressed parts of the OWT steel structures 
(Adedipe et al., 2016), leading to possible attack points for corrosion and 
thereby promoting delamination of coating material.

All in all, several possible sources for particle emission can be found 
at an OWF; however, to date, a lot of involved parameters remain 
unknown.

2.1.4. Knowledge gaps
As can be seen from the review in Sections 2.1.1 and 2.1.3, there are 

some particles detaching from OWFs, which will enter the environment 
during the operation period. In the case of delaminating coating 
(corrosion protection coating or blade gelcoat) one would expect flat 
and almost two-dimensional particles of various sizes and shapes, due to 
their thin dry film thickness in relation to the large area covered. 
However, there is, to the best of the authors' knowledge, no data 
available yet on exact quantities, size distributions, or shapes of 
detaching particles of any kinds in the context of OWF emissions, 
although there are reports on coating damages in the context of corro-
sion assessment (Momber, 2016). Additionally, the impact of wildlife on 
the coating emissions needs to be quantified further, as it is still un-
known which influence bird collision or biofouling have on the emitted 
particle quantities (Verma et al., 2023). Therefore, more research on the 
properties of detaching particles is needed. Additionally, an investiga-
tion on the condition of the detaching particles can help to understand 
the degradation due to weathering and mechanical abrasion prior to 
detachment and might aid in finding suitable parameters for later sim-
ulations on the particle distribution.

Another interesting aspect worth investigating is the influence of the 
exposure regime during the operation on the material properties of the 
emitted particles. Coating specifications differ throughout the exposure 
zones (ISO 12944-9, 2018), introducing a variety of different thicknesses 
and material compositions of particles. Apart from different material 
compositions and thicknesses, weathering during the coating life will 
also influence the material properties and, ultimately, affect the envi-
ronmental fate of emissions (Waldschläger et al., 2020). Coatings will 
weather differently, depending on the exposure they have to endure 
during operation. A more detailed discussion on the weathering of 
coatings can be found in Section 2.4. Possible transport pathways after 
detachment of the particles are discussed in the following.

2.2. Sinking

After detachment, the particles either enter the water by falling from 
the air into the water body, or they are already submerged, when a 
delamination or detachment from a rigid surface occurs underwater. In a 
next step, particles will sink towards the seabed, since densities of cured 
corrosion protection coatings and paints are higher than the surrounding 
seawater with a density range of approximately 1500 kg m− 3 to 
2000 kg m− 3 (Turner, 2021).

In the first stage of sinking, the particle gets accelerated by the 
gravitational force, Fg (see Eq. (1)). During acceleration, the drag force, 
FD (see Eq. (2)), increases, counteracting the gravitational acceleration 
until an equilibrium state is reached (Dietrich, 1982). 

Fg = (ρs − ρ)gV (1) 

FD = CDρ w2
s

2
A (2) 

In Eqs. (1) and (2), ρs is the density of the solid particle, ρ is the 
density of the ambient fluid, g is the gravitational acceleration, V is the 
particle volume, CD is the drag coefficient, ws is the particle settling 
velocity, and A is the projected area of the particle. At the equilibrium 
state, i.e., continuous, non-accelerated sinking, the drag coefficient CD 

can be obtained by rearranging Eqs. (1) and (2): 

CD =
2(ρs − ρ)gV

ρw2
s A

. (3) 

As seen in Eq. (3), the drag coefficient CD depends on the projected 
area of the particle to the flow. For spherical particles, the projected area 
does not change with particle orientation. For other particle shapes, 
though, the particle orientation during settling plays an important role 
for the settling behaviour. In this work, the focus is placed on particles 
originating from corrosion protection coatings of AMS, which will be 
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primarily flat and two-dimensional in shape due to the thin coating 
thicknesses (Momber and Marquardt, 2018). During sinking, flat parti-
cles will orient with the largest projected area perpendicular to the line 
of motion, maximising their drag (Stringham et al., 1969; Goral et al., 
2023a). A schematic of a flat particle sinking undisturbed in a fluid is 
shown in Fig. 4. In addition to the particle geometry, the drag forces are 
also dependent on the prevailing flow regime, which can be categorised 
by the particle Reynolds number (Stiess, 2009), shown in Eq. (4). 

Rep =
wsdp

ν (4) 

In Eq. (4), ν is the kinematic viscosity of the fluid and dp is a char-
acteristic diameter of the investigated particle. For low particle Rey-
nolds numbers (Rep < 0.25) a laminar flow regime prevails, where 
viscous forces determine the particle drag. With an increasing Reynolds 
number, the influence of turbulence on particle drag increases as well. 
For 0.25 < Rep < 103, the particle drag is influenced by both viscous and 
inertial forces, leading to vortices and vortex shedding at the particle. 
For 103 < Rep < 2⋅105 a fully turbulent flow emerges around the parti-
cle, which is mostly dominated by inertial forces.

In calm water conditions, the sinking of flat particles depends on 
their orientation, particles do not necessarily sink in a straight line of 
motion. Oscillating movement and tumbling of the particle can also 
occur (Stringham et al., 1969). During tumbling or other secondary 
motions, the settling velocity can vary, but often a stable settling posi-
tion is reached after a short orientation period (Ahmadi et al., 2022). 
Stable sinking means in this regard that the terminal settling velocity 
remains mostly constant, while a certain degree of secondary movement 
can still occur (Ahmadi et al., 2022). The time elapsed until the final 
orientation is reached depends on the initial orientation of the particle 
(DiBenedetto et al., 2018). Numerical simulations with elliptical parti-
cles showed that for a particle entering the water perpendicular to its 
preferential orientation, most of the re-orientation will happen during 
the first 20 s (DiBenedetto et al., 2018). The effect of the particle shape 
poses a problem for an accurate but general prediction of settling ve-
locities, since most equations were developed for spherical particles or 
sediment particles; many of them lack accuracy when transferred to 
diversely shaped particles like microplastics (MPs) (Waldschläger and 
Schüttrumpf, 2019a). In the recent literature, several studies aim to find 
more accurate equations that predict the sinking of either natural or MP 
particles of various shapes and sizes (e.g. (Goral et al., 2023a; 
Waldschläger and Schüttrumpf, 2019a; Francalanci et al., 2021)). A 
recent study by Goral et al. (2023a) presents a shape-by-shape approach, 
leading to different parametrisations for CD for different particle shapes. 
For flat particles at Reynolds numbers > 2⋅102, CD was found to be 

constant at CD = 1.12 for disks and CD = 1.23 for square plates (Goral 
et al., 2023a). The aforementioned investigations examined the sinking 
behaviour of virgin particles without the effect of weathering or biofilm 
growth on the particles. Weathering and biofilm growth can influence 
the settling of particles as well and is further discussed in Section 2.4. 
Additionally, particle aggregation and marine snow also influence the 
settling of particles and are further discussed in Section 2.4.1.

2.2.1. Horizontal sinking components
The aforementioned principles on particle settling consider at this 

point only a particle sinking in a fluid at rest with zero ambient flow 
field, which does not properly represent the complexity of offshore en-
vironments. Waves and currents impose significant ambient flow fields, 
influencing the transport of the coating particles. Shear forces and 
pressure gradients induced by waves act on the particle orientation, 
which ultimately influences the settling velocity of the particle 
(DiBenedetto et al., 2019). Stronger wave influence leads to greater 
disturbance of the preferred settling orientation, with distinct, wave 
frequency-dependent particle motions; with decreasing wave orbital 
velocities and thus deeper submergence depths, particles return to the 
preferred undisturbed settling orientation. Additionally, wave induced 
shear forces can cause rotation of the sinking particle (DiBenedetto 
et al., 2019). Another effect caused by waves is the Stokes drift: A non- 
linear drift in the direction of the wave propagation, caused by the 
oscillating motion of the waves (Stokes, 1847). Stokes drift has a strong 
influence on the transport of buoyant particles in the upper water layer, 
but the Stokes drift decreases with increasing submergence depth as the 
orbital wave motion decreases as well. For instance, at a depth of 2 m, 
only 10 % of the Stokes drift remains of what occurs at the surface 
(Fraser et al., 2018). Therefore, the effect of Stokes drift on the settling 
particles will be small, since the particles remain in the upper water 
layers only for only a few seconds.

The waves and currents around OWFs introduce horizontal shear, 
which can result in horizontal transport of the particles during sinking 
(DiBenedetto et al., 2018). However, due to the high density of the 
organic materials, emitted particles are expected to sink to the seabed in 
the nearfield around the structure from where they detached, but cur-
rents might lead to a drifting of the sinking particles in the current di-
rection. Additionally, currents also might influence the preferential 
orientation of the sinking particle, altering the transport distance and 
particle dispersion (DiBenedetto et al., 2019). Another flow related 
phenomenon which influences the settling and remobilisation of parti-
cles is the characteristic flow around a monopile structure, which is 
further discussed in Section 2.3.1.

2.2.2. Knowledge gaps
The investigation of MP particle transport has gained momentum in 

the scientific community, with several investigations on settling veloc-
ities for MP particles of various shapes and sizes, as well as their 
transport behaviour. Valuable implications for the sinking behaviour of 
OWF coating particles can be drawn from these publications, while 
distinct similarities or differences in shape, size and particle distribu-
tions need to be elaborated yet. A focus on tests with common coating 
materials like epoxy resin or polyurethane are still missing; these have 
different material properties from common MP materials, such as 
polyethylene terephthalate or polypropylene. It is therefore a promising 
endeavour for future research to conduct sinking tests with common 
coating materials to extend the existing database on particle sinking 
velocities with these newly-addressed materials. Additionally, it is of 
interest to validate the approach by Goral et al. (2023a) for even flatter 
particles than the ones investigated in their study, by conducting tests 
with particles above MP size but with the same thickness. Furthermore, 
the influence of currents on the orientation and velocity of settling 
particles need further assessment; this will target the question, whether 
currents have a significant impact on the spatio-temporal distribution of 
particles around a structure. Finally, the influence of ocean waves 

Fig. 4. Schematic of a flat particle sinking in the water column. The particle 
reorients itself during sinking to maximise the drag. The terminal settling ve-
locity is reached once gravitational forces, buoyancy, and drag forces are in 
equilibrium.
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should also be taken into account. Experiments with waves and currents 
in combination are expected to provide valuable insights on their in-
fluence on settling particles with high densities, such as those origi-
nating off coating materials.

2.3. Remobilisation

After the settling stage of particles that have been deposited on or 
mixed into the ocean bottom sediments, these particles remain mostly 
stationary until they potentially get remobilised, for example by strong 
flow fields as a result of storm or current action (Li et al., 1997). 
Research on MP particle transport in rivers has shown that, for instance, 
rainstorm events can trigger the remobilisation of MP particles due to 
increased current velocities during the storms (Ballent et al., 2013; 
Hurley et al., 2018). The general principles for remobilisation of parti-
cles were first studied for sediment transport (Ballent et al., 2013; Goral 
et al., 2023b; Waldschläger and Schüttrumpf, 2019b).

A flow near a wall can be divided in an inviscid outer flow, and a 
boundary layer close to the wall (Schlichting and Gersten, 2017). The 
flow in the boundary layer can be laminar or turbulent. With increasing 
roughness, the transition from laminar to turbulent boundary layer flow 
occurs at lower Reynolds numbers (Schlichting and Gersten, 2017). The 
boundary layer is important for transport processes, since waves and 
currents force water motion at the sediment bed and lead to sediment 
transport in the boundary layer (Afzal et al., 2021; Holmedal and Myr-
haug, 2006). When waves approach the shoreline, transformation ef-
fects increase the skewness of the waves, leading to asymmetric waves 
which induce a net onshore transport of sediment (Salimi-Tarazouj 
et al., 2024). The sediment is mostly transported in the wave propaga-
tion direction, but when currents and waves occur at an angle relative to 
each other, the sediment transport decreases (Afzal et al., 2021).

The onset of transport for sediment particles can be described as a 
function of the critical Shields parameter θcrit and the Reynolds number 
for grains (Shields, 1936). The critical Shields parameter can be 
expressed as follows: 

θcrit =
τcrit(

ρs − ρf
)
gD

(5) 

In Eq. (5), τcrit is the critical shear stress, ρs is the sediment density, ρf 

is the fluid density, g is the gravitational acceleration, and D is the 
particle diameter. The grain-dependent Reynolds number is defined as 
follows: 

Re =
v*D

ν (6) 

In Eq. (6), v* is the friction or shear velocity and ν is the kinematic 
viscosity of the fluid.

Once the particles are in motion, different transportation modes 
occur: rolling, sliding, saltation, and resuspension (US Army Corps of 
Engineers, 2003). During rolling and sliding, the particles move on the 
sediment bed while maintaining ground contact. When saltation occurs, 
particles are lifted from the bottom but can not be retained in suspension 
for a longer time and settle again. Lastly, resuspension can occur, where 
particles are lifted from the sediment bed and are retained in suspension 
(Mazzuoli et al., 2022). A schematic of the remobilisation of a flat par-
ticle on a sediment bed is shown in Fig. 5.

In recent literature, MP particles were investigated in incipient mo-
tion experiments to gain more knowledge on the behaviour of MP par-
ticles on a sediment bed under the influence of currents (Ballent et al., 
2013; Goral et al., 2023b; Waldschläger and Schüttrumpf, 2019b; Yu 
et al., 2022). Most MP particles are transported as bedload (Guler et al., 
2022), with rolling, sliding, and saltation as main transportation modes 
(Waldschläger and Schüttrumpf, 2019b). Since the MP particles differ in 
size and shape from the background sediment repository, hiding- 
exposure effects play an important role in the particle transport 
(Waldschläger and Schüttrumpf, 2019b). On sediment beds with a larger 

median grain size, small particles can be shaded from the flow by larger 
sediment particles, leading to higher bottom shear stresses needed for a 
remobilisation of the MP particles. Vice versa, when larger particles lie 
on a finer sediment, the particles are more exposed to the flow, reducing 
the needed bottom shear for remobilisation. In bidirectional currents 
hiding and exposure effects can increase the erosion stability of the 
sediment bed due to bidirectional displacement and rearrangement of 
individual grains (Schendel et al., 2018). Another effect which might 
influence the transport of OWF particles is the formation of an armour 
layer. Investigations with wide graded sediments have shown that in 
unidirectional currents the fine graded sediment will wash out, leading 
to the formation of a stable armour layer (Schendel et al., 2016). It is still 
unknown, if coating particles get washed out with the fine sediment or 
are part of the armour layer formation. Another important parameter for 
the remobilisation of particles is the particle density. With increasing 
density the critical shear stress for incipient particle movement increases 
as well (Waldschläger and Schüttrumpf, 2019b). However, most MP 
particles are located beneath the classical shields curve on the shields 
diagram (Goral et al., 2023b), indicating that MP particles will get 
transported before the sediment erodes. In addition, the MP particles 
behave more like native sediment grains in the classical shields diagram, 
the closer the ratio of MP particle diameter to median sediment grain 
size is to 1 (Waldschläger and Schüttrumpf, 2019b). The classical shields 
diagram can be modified to predict the onset of transport of MP particles 
as well as native sediment particles, when static friction and hiding 
exposure effects are considered accordingly (Goral et al., 2023b). 
Another form of remobilisation is scour of sediment directly around the 
foundations of offshore wind structures, which is discussed in the 
following.

2.3.1. Flow around the foundation base
When a cylindrical structure like a monopile foundation is installed 

in the seabed, a characteristic, yet complex flow field emerges around 
the structure (Dargahi, 1989; Sumer et al., 1997; Chen Ong et al., 2017). 
When waves approach the marine pile, a characteristic horseshoe vortex 
emerges at the bottom of the foundation, which is heavily erosive and 
causes scour around monopiles (Nielsen et al., 2012). A characteristic 
flow field around a structure as a result of wave action in combination 
with a marine pile is shown in Fig. 6.

At the downstream side of the monopile vortices are shed (Sumer 
et al., 1997). This characteristic flow occurs around all monopile foun-
dations regardless whether they are protected by scour protection or not. 
Even at foundations with an installed scour protection a sinking of scour 
protection due to erosion at the edges due to the horseshoe vortex were 
observed (Nielsen et al., 2012). Since the vortices are strong enough to 

Fig. 5. Schematic of a flat particle on a sediment bed. If the critical shear ve-
locity is exceeded, the particle gets remobilised and is transported again. The 
different transportation modes sliding, rolling, saltation, and resuspension can 
occur (not necessarily in that order).
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carry sediment particles, they will also carry coating particles as they 
have a lower density than the sediment (Turner, 2021). Therefore, a 
mixing of soil and emitted particles at the bottom of monopile founda-
tions can be expected with coating particles being incorporated into 
deeper sediment layers. However, around monopiles with scour pro-
tection, the particles potentially fall between protection elements (i.e., 
rock material) of the scour protection which could shield the particles 
from any horseshoe vortex induced displacement due to hiding effects 
(Waldschläger and Schüttrumpf, 2019b). Behind the marine pile, lee 
vortices have an impact on the transport of particulate matter in the 
vicinity of the offshore structure. The lee wake vortices are too weak to 
carry sediment (Nielsen et al., 2012) but lighter particles might get 
caught into the turbulent flow resulting from the vertices until they 
decayed to a distant point behind the marine pile where the particles 
settle again. Therefore, it is possible that particles accumulate on the 
sediment in the wake of a monopile.

2.3.2. Knowledge gaps
The review on the remobilisation processes of particles originating 

from coating systems used in regard to structures placed in the oceans 
has revealed various knowledge gaps: the coating particles are emitted 
from marine structures, which often times consist of circular piles, or 
jacket structures, build up from circular piles. The present review shows 
that very complex flow conditions prevail, which results in a yet unclear 
remobilisation potential of coating particles in the vicinity of marine 
structures. In that regard, a process that has not been investigated yet is 
the exact influence of the complex flow field around the foundation base 
on the distribution of particles, and their stratification behaviour when 
mixing into the background sediment depository. For a well-founded 
assessment of the environmental impact of coating emissions, it is 
important to know possible accumulation hot-spots as well as the 
transport pathways. Therefore, it is important to investigate the flow 
around the foundation in regard to its influence on the transport of 
particles and to assess, whether particles accumulate in the sediments 
around the foundation. Furthermore, the influence of a scour protection 
should be investigated to gain a comprehensive understanding of the 
involved processes in particle transport around marine foundations with 
scour protection. In the most recent publication, Goral et al. (2023b)
investigated nine different regularly shaped and eight irregularly shaped 
particles. Most of the investigated particles have a diameter of 5 mm or 

less, which is why they can be considered MPs. These investigations 
offer a valuable foundation for a further assessment of particulate 
emissions from OWFs as well. However, only 65 % of paint emissions are 
emitted as microplastic in the marine sector, the remainder is emitted as 
macroplastic (Paruta et al., 2021). From the images on coating damage 
provided by Momber (2016) it is apparent that coating damages are 
located in a range of a few millimetres up to several centimetres. There 
will also be emitted particles with a size well above 5 mm making it an 
important task for future investigations to confirm the findings of Goral 
et al. (2023b) for coating materials like epoxy resin and polyurethane 
coatings and to extend the database with larger particles above MP size. 
Furthermore, transport distances of emitted coating particles are still not 
quantified yet, which can help to assess the environmental impact of the 
AMS. Therefore, it is a promising task for future research to quantify 
transport distances in future investigations.

2.4. Influence of weathering and marine organisms on particle transport

Structures built in the harsh offshore environment will experience a 
multitude of environmental stresses, for example UV radiation from the 
sun and biofouling through marine organisms. An overview of the 
mechanisms by which marine organisms can influence the particle 
transport is provided in Fig. 7.

Coating and blade materials will experience environmental stresses, 
depending on the exposure of the material to stress factors like UV- 
radiation, mechanical stress or marine growth. A blade gelcoat will be 
subject to UV radiation but less influenced by marine biofouling unless it 
enters the seawater due to previous delamination. When exposed to UV- 
radiation for a longer period of time, the surface of the exposed material 
changes due to the formation of micro cracks (Rosu et al., 2005). Once 
degradation was initialised, the degradation can continue thermo- 
oxidative as a further degradation of material at moderate tempera-
tures (Andrady, 2011). Particles weathered by UV-radiation are more 
brittle and break into smaller fragments due to mechanical stress 
(Andrady et al., 2022). Another instance of mechanical degradation 
occurs in high energetic environments such as the swash zone, where 
energy dissipation of breaking waves together with a strong mixing of 
particles and sediment leads to a breakdown of particles into smaller 
fragments (Efimova et al., 2018).

Materials submerged in water, on the other hand, will experience 
degradation through biofouling by marine organisms. Organisms settle 
on the surface of the polymer and change the mechanical and chemical 
properties of the fouled material (Muthukumar et al., 2011). In general, 
biofouling alters the surface of the particles, which is why particles with 
a large surface area to volume ratio (e.g. smaller particles) are more 
affected by biofouling (Chubarenko et al., 2016). The particulate OWF 
emissions covered in the present paper have a high density and will sink 
right after detachment, which directly influences the biofilm growth on 
the particles' surface. The growth of bio-active films on MPs depends on 
the radiation intensity of sunlight, which leads to seasonal growth 

Fig. 6. Schematic of the flow around a cylindrical foundation at the seabed. At 
the front face of the pile a downward flow emerges. A horseshoe vortex forms 
around the cylinder at the bottom. Wake vortices form behind the structure.

Fig. 7. Overview over the influence of marine organisms on the transport of 
particles in marine waters.
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effects during seasons with high sunlight intensity, for example summer 
(Kaiser et al., 2017). Since sunlight intensity also decreases with 
increasing water depth, biofouling influences mostly the settling 
behaviour of particles near the water surface (Pedersen et al., 2023). 
Therefore, most of the biofouling will occur during the time when the 
materials are still attached to their respective structure. It was found that 
biofouling can increase the settling velocity of MP particles and can also 
cause buoyant particles to sink after they have been colonised by or-
ganisms (Kaiser et al., 2017). In total, the settling velocity increased up 
to 81 % after 6 weeks of exposure to biofouling. In a different test, 
Waldschläger et al. (2020) collected already weathered and fouled MP 
particles from a river environment. The authors found a slight decrease 
in settling velocities of biofouled particles, which was explained by an 
increased roughness and decreased density of the biofouled particles. 
Since biofouling composition is largely influenced by local factors such 
as sunlight intensity, geographical orientation, or depth (Pedersen et al., 
2023), possible effects of marine organisms on the settling velocity of 
particles need to be investigated for site specific species. Additionally, 
biofouling communities exhibit a seasonality, with the highest abun-
dances in summer and autumn and lowest abundances in winter and 
spring (Coolen et al., 2022). Another effect which influences abundance 
of species is the community age, which leads to a decrease in abundance 
with higher age (Coolen et al., 2022). Therefore, seasonality and 
structure age are also important factors to consider in future 
investigations.

2.4.1. Particle aggregation
Biological aggregation is an influential mechanism that effectively 

affects the settling of particles when bonded by biological matter, such 
as microorganisms and their associated by-products (Nguyen et al., 
2020). Single particles as well as multiple particles can attach to a single 
piece of biological matter, forming aggregates. The aggregates often 
have irregular shapes and differ in density from virgin particles. It was 
found that aggregates have a 50 % slower sinking velocity, which in-
creases the time of the vertical transport (Nguyen et al., 2020). The 
lower settling velocity could therefore increase the distance a particle 
travels before it reaches the sediment. Additionally, aggregation might 
also influence the remobilisation behaviour. Due to an increased surface 
area and a decreased density, it appears realistic that aggregation of 
particles with biological matter decreases the critical shear stress for 
remobilisation and thereby increases the mobility of aggregated 
particles.

A specialised form of aggregation is marine snow, which embraces 
aggregates formed from organic detritus, microorganisms, and clay 
materials (Alldredge and Silver, 1988). Marine snow can increase the 
settling velocity of MPs by several orders of magnitude under laboratory 
conditions (Porter et al., 2018). However, the increase in settling ve-
locity is significantly stronger for particles with low settling velocities, 
which would stay mostly afloat due to water and wave motion. Since 
most particles emitted from OWFs are expected to sink in the vicinity of 
the emission source, marine snow and aggregation might not have a 
large impact on the particle distribution.

2.4.2. Removal of particles from the water column by marine organisms
Apart from aggregation and biofouling, marine organisms can in-

fluence the particle transport through ingestion or burial. Filter feeding 
organisms like Mytilus edulis were found to ingest paint particles (Turner 
et al., 2009). A whole community of filter feeders at an OWT can 
potentially clear the water column up to 14 m around the foundation 
from all suspended food particles (Voet et al., 2022), which leaves the 
filter feeders at a high risk of ingesting microscopic particles which can 
originate from abrasion or leading-edge erosion. Macroscopic coating 
particles will not remain suspended in the water column for extended 
periods of time, due to the high density of the coating material, which 
reduces the potential time for ingestion by filter feeders, reducing the 
probability of ingestion. But not only filter feeders can ingest particles 

from the water. Seabirds can also mistake floating plastic debris for prey 
(Provencher et al., 2014). However, direct ingestion of OWF particles 
through seabirds appears unlikely, since seabirds that feed at the water 
surface have the highest ingestion risk of plastics (Provencher et al., 
2014) and OWF particles of a size which a seabird can visually detect 
will not stay afloat due to their high density. Ingested particles are 
removed from the water column and will no longer be directly affected 
by the transporting forces exerted by the water until the particles are 
excreted. Particle ingestion opens another transportation pathway of 
trophic transport through the food chain, when animals with ingested 
particles are eaten by predators (Nelms et al., 2018).

Marine organisms are not only at risk of ingesting particles. Benthic 
fauna, which move soils through bioturbation, was found to bury MP 
particles into deeper sediment layers which the particles would nor-
mally not reach (Näkki et al., 2017; Coppock et al., 2021). Burial depths 
of up to 10 cm could be observed (Coppock et al., 2021). The deeper 
burial of the particles in the sediment can hinder further transport of the 
particles, which is why the sediment bed acts as a sink for deeply buried 
particles (Coppock et al., 2021).

2.4.3. Knowledge gaps
With the increased attention on the environmental fate of MP par-

ticles, first investigations were conducted investigating the vertical 
transport of biofouled or aggregated particles (e.g. (Waldschläger et al., 
2020; Kaiser et al., 2017; Nguyen et al., 2020)). In some cases, 
biofouling increased settling velocities whereas in other cases it leads to 
a decrease of the settling velocity, which indicates that the complex 
effects of weathering and biofouling can vary for different sites and 
materials. Therefore, it is important to investigate weathering and 
biofouling effects under site specific conditions. However, Waldschläger 
et al. (2020) provide an insightful discussion on the investigation of 
settling velocities for MPs and came to the conclusion to first investigate 
virgin particles and then later consider weathering and biofouling 
effects.

2.5. Far field transport and possible sinks

The transport mechanisms discussed in Sections 2.2 and 2.3 cover 
the main mechanisms which influence the distribution of particulate 
emissions in the vicinity of singular structures in an OWF. From there on, 
particles can get transported over longer distances by morphodynamic 
processes. In the transitional area between shallow and deep water, the 
orbital motion of the occurring waves influences the sediment and can 
lead to sediment transport at the seabed. Due to the circular orbital 
motion as a result of wave, two accelerating components exist: One in 
the direction of wave propagation and one in the opposite direction 
(Bijker et al., 1976). Depending on which acceleration dominates, the 
sediment gets transported in the respective direction. Additionally, the 
occurrence of secondary waves can lead to a sediment transport in 
opposite direction of the wave propagation direction (Bijker et al., 
1976). Apart from waves, tidal currents also lead to sediment transport 
at the seabed (Schendel et al., 2018). In areas dominated by tidal cur-
rents, it was found that long term sediment transport is mostly driven by 
strong currents in combination with large waves with frequent occur-
rence. Although extreme events show a high probability for sediment 
transport, they are not the main driver for long term sediment transport 
due to their infrequent occurrence (Soulsby, 1987). The importance of 
waves on the bottom sediment transport decreases with water depth, as 
orbital velocities of the waves decline significantly with increasing 
depth (Soulsby, 1987). Since common MP particles begin to remobilise 
at lower critical shear stresses than natural sediment grains (Goral et al., 
2023b) it appears realistic that particles entrapped in the sediment will 
get transported by the natural sediment movement as well. The trans-
port of particles along with the sediment can be significantly influenced 
by tidal currents (Aldridge, 1997). Depending on the site, the ebb or 
flood current can be stronger due to a higher average magnitude or 

N. Czerner et al.                                                                                                                                                                                                                                



Marine Pollution Bulletin 214 (2025) 117728

10

higher peak current and ultimately result in a net transport in the 
dominant direction (Aldridge, 1997). The influence of tidal currents on 
the bottom shear stress is also dependent on the water depth, as 
maximum bottom shear stress in continental shelf areas is mainly 
dominated by major wind events and to a lesser extent by tidal currents 
(Hall and Davies, 2004). Therefore, a comprehensive knowledge of the 
bottom shear dominating currents around OWFs can help to identify 
important transport routes and find zones of low bottom shear where 
particles potentially accumulate.

Ultimately, particles can not only get transported over long distances 
with the sediment, the sediment can also be seen as the final sink of the 
emitted particles. First studies have shown that deep sea sediments act as 
a possible sink for negatively buoyant MPs (Woodall et al., 2014; Näkki 
et al., 2019). The particles sink to the seabed and get mixed into the 
sediment eventually. For a deep sea sediment at a continental shelf, MP 
particles were found at burial depths of up to 3.5 cm (Martin et al., 
2017). As mentioned in Section 2.4.2, even deeper burial depths can 
occur in areas with a high bioturbation activity. Additionally, bio-
turbation does not lead to a digging up of already buried particles from 
the sediment (Näkki et al., 2019). Therefore, it is realistic that the OWF 
particles will ultimately end up in the sediment after transportation 
through the previously explained mechanisms.

2.5.1. Knowledge gaps
The sediment was identified as the final sink for negatively buoyant 

particle emissions. However, there are still some unknown factors, for 
example how long it will take a particle to end up being mixed into the 
sediment. Furthermore, it is still unknown if accumulation hot-spots 
exist in the sediment and under which conditions they possibly emerge.

3. Emission potential

The literature review specifically revealed a lack of knowledge about 
emission quantities for particulate AMS emissions. To get an impression 
of the magnitude of particulate AMS emissions, a first emission potential 
for coatings of OWFs has been elaborated and presented in Section 3. 
The used materials and methods are described in this section. A set of 
maps was compiled which shows the temporal evolution of OWF emis-
sion potential in Northern Europe and Asia based on the data provided 
by the Global Energy Monitor (GEM) (Global Energy Monitor, 2023). The 
Light Gray Canvas map by Esri was used as background map (Esri, Light 
Gray Canvas [Basemap], 2011). The GEM data provides the location of 
all wind farms, both onshore and offshore, as coordinates of the centroid 
of the wind farm. Additionally, the start year of operation for each farm 
is given (provided that the project has an announced start date) as well 
as the current status of operation, installed capacity, and the installation 
type (onshore, offshore hard mount, offshore floating, offshore unknown, 
unknown). Only OWFs with an announced start year are displayed 
starting 2024 until the year 2035. The data with 27,423 entries was 
filtered by year and installation type, by omitting all wind farms with an 
onshore or unknown installation and omitting all wind farms with an 
unknown start year, leading to a total of 765 OWFs after filtering. 
Additionally, cancelled projects were excluded from the analysis. It 
should be noted that some onshore wind parks are mislabelled as OWFs, 
but due to the size of the data set with 765 entries, not every single OWF 
could be checked manually. Furthermore, some wind parks are built in 
lakes on offshore-like mounts, which are also occurring in the final 
filtered data. Since emission potential is calculated for every single OWF 
separately, these outliers do not compromise the overall quality of the 
OWF emission calculations.

To estimate coating emissions from the OWFs, data on monopile 
foundation dimensions from Sánchez et al. (2019) was used to estimate 
the coated area per single foundation. To get the dimensions for future 
installations, the monopile dimensions turbine capacities from Sánchez 
et al. (2019) were extrapolated with the use of a least squares poly-
nomial fit. The plots for the fitted polynomials are shown in the 

Appendix (6, 6, 6). For the foundation diameter and total length, a linear 
fit lead to satisfying results with r2 = 0.72 and r2 = 0.92. For the turbine 
capacity, a second order polynomial was necessary to achieve a good fit 
with r2 = 0.86. To calculate the total coated area per wind park, the 
number of turbines per park was estimated as well. The GEM data 
provides the installed park capacity of an OWF, but does not give an 
indication how many turbines are installed per park. Therefore, the total 
number of turbines was estimated based on the extrapolated turbine 
capacity, using the following equation: Turbines =

CapacityPark
CapacityTurbine

. The total 
coated area was determined per park and used to determine a total 
coating volume per OWF. A uniform coating thickness of 500 μm was 
used as a realistic value for an OWF coating system (Momber and 
Marquardt, 2018). Coating emission rates were based on a damage 
report from Momber (2016), who found that most coating damages are 
small damages with a failure rate of up to 5 %. Therefore, two emission 
scenarios (a low and a high scenario) are displayed for an estimated 
coating failure rate of 1 % and a failure rate of 5 % of the total coated 
area per wind park.

In the next years, the installed capacity of offshore wind will increase 
significantly. The temporal development of the installed capacity until 
2035 can be found in the Appendix (C.13,C.14). By the end of 2024, a 
capacity of 100 GW will be installed. Until the end of 2030 the installed 
capacity is expected to increase up to 425 GW and until 2035 the ca-
pacity will increase further up to 490 GW. A first big leap in OWF 
construction happens between 2024 and 2030 with 323 planned new 
OWFs in that time period. From 2030 until 2035 41 more OWFs are 
currently announced. Furthermore, the new wind parks will have larger 
capacities which exceed the 5 GW mark, which will result in more tur-
bines per park and larger constructions. More and larger offshore 
structures lead to a larger coated area and potentially more coating 
emissions. From the global overview, it is apparent that most of the 
expansion will happen in Northern Europe and Asia. Furthermore, 
additional wind farms are announced for the coasts of North and South 
America and Australia. The emission potential for Europe and Asia is 
displayed in Fig. 8. Each dot represents an OWF and the colour indicates 
the emitted coating from the structure for a low emission scenario, 
where 1 % of the total coated are emitted, and a high emissions scenario 
with a loss of 5 %.

For instance, in the low emission scenario a wind park started in 
2020 with an installed capacity of 250 MW emits approximately 430 kg 
during its lifetime and approximately 2200 kg during its lifetime with a 
5 % failure rate. To obtain the annual emission rate, the lifetime emis-
sions of the structures were divided by their expected operational time. 
Assumed that an OWF is operational for 25 years and the emission rate 
remains linear, this would translate to annual emissions of 17.2 kg a− 1 

and 88 kg a− 1, respectively, for the high and low emission scenario. For 
all OWFs built in the Northern European area until the end of 2024 a 
total of 69 t (2.8 t a− 1) would be emitted with the lower failure rate and 
345 t (13.8 t a− 1) for the high emission scenario. The temporal devel-
opment of the coating emissions for Europe and Asia is shown in Fig. 9. 
Due to the significant increase in installed offshore wind capacity in the 
next years, the cumulative emissions for the Northern European area 
could increase up to 276 t (11 t a− 1) for an estimated failure rate of 1 % 
or even 1383 t (55.3 t a− 1) at an estimated failure rate of 5 % for all 
OWFs commissioned until end of 2035. For the Asian OWFs a similar 
trend is observable: OWFs installed until the end of 2024 have approx-
imate cumulative emissions of 91 t (3.6 t a− 1) in the low emission 
scenario and 456 t (18.2 t a− 1) in the high emission scenario. Until the 
end of 2035 it can be expected that these emissions increase up to 190 t 
(7.6 t a− 1) and 953 t (38.1 t a− 1), respectively. For all wind farms 
around the globe that are installed latest by the end of 2024, a total of 
166 t 

(
6.6 t a− 1) of coating particles are emitted in the case of 1 % 

failure rate and 832 t (33.3 t a− 1) of emissions in the 5 % scenario. In 
2035, all installed OWFs could potentially emit 610 t (24.4ta− 1) of 
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Fig. 8. Potential coating emissions per wind park for Europe and Asia. The temporal development of the emission potential is displayed for the years 2024, 2030, and 
2035 as well as two different emissions scenarios with 1 % or 5 % of the total coated area emitted over the lifetime of a structure. Sources: Basemap by Esri and wind 
park data by Global Energy Monitor (Global Energy Monitor, 2023; Esri, Light Gray Canvas [Basemap], 2011).
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coating in the low emission scenario and 3052 t (122 t a− 1) of coating 
in the high emission scenario.

From these estimations, it is evident that the emissions caused by 
AMS will increase significantly, solely through the expansion of offshore 
wind. Based on the aforementioned estimations, the emitted coating will 
increase by 444 t - 2220 t globally until the end of 2035 and by 207 t - 
1038 t alone in the European area. Therefore, it is of utmost importance 
to investigate the environmental fate and transport of particulate 
offshore emission further, to gather knowledge about their distribution 
in oceanic waters.

Since the publication by Sánchez et al. (2019) on the temporal 
development of foundation dimensions was based on monopile foun-
dations, the simplifying assumption was made that all OWFs are built on 
monopile foundations. Other foundation types (e.g. jacket foundations, 
floating foundations) are more complex and might differ in coated area, 
i.e., increase their coated area significantly. For example, a monopile 
foundation for a 5.2 MW has a total coated area of 1480 m2 whereas a 
floating spar-buoy which supports a 5 MW turbine has a coated area of 
3675 m2. Therefore, floating offshore wind can be an amplifying factor 
for particulate coating emissions from OWFs.

Furthermore, geometrical properties and capacity of the wind tur-
bines are based on an extrapolation of yearly averages, which could, in 
reality, develop differently than the here predicted trends. Furthermore, 
the emission potential was calculated for fixed percentages of detaching 
coating without consideration of a steady release of time. The coating 
will deteriorate over time and detach over the lifetime of an OWF. With 
more data on the temporal detachment behaviour and measured quan-
tities of detached coating, the estimations can be improved as well.

In addition to the previously mentioned limitations, the estimations 
presented here are performed with the implication that all future OWFs 
are finished on time in the intended year. Cancellation or delays of OWF 
installations can not be taken into account at this stage. Furthermore, 
only future OWFs with an already announced start date are considered 
in this calculation. The GEM data includes numerous OWFs which have 
no start year, which are excluded from the calculations, although some 
of these OWFs might be constructed until 2035.

Since the GEM data does not provide exact amounts of installed 
turbines per OWF and the exact geometrical properties, turbine numbers 
per park and turbine sizes were estimated by extrapolation of yearly 
averages from data provided by Sánchez et al. (2019), which is also a 
possible source of error. To improve the estimation, data on the exact 
geometrical properties of all installed OWTs would be needed.

All in all, the presented data gives a first estimation on expectable 

coating emissions, which is a valuable first step towards in-depth un-
derstanding of coating emissions.

4. Conclusion

AMS are sources for particle emissions and the ambitious expansion 
of offshore wind in the next years will add to the numbers of AMS, 
amplifying the amounts of particle emissions at sea. With the operation 
of artificial structures in the offshore environment, particulate emissions 
enter the marine waters due to delaminating corrosion protection 
coating or other detaching material (e.g. material from OWF rotor 
blades). After detachment, the particles sink and get distributed in the 
vicinity of the structure. Once the particles have reached the seabed, 
they either get transported by morphodynamics, or get incorporated into 
deeper sediment layers, making the sediment the final sink of detached 
OWF particles. The main findings of this work are: 

• AMS are sources for particle emissions due to delaminating corrosion 
protection coatings or erosion of rotor blades

• The environmental fate of particulate AMS emissions is determined 
by numerous processes such as sinking, remobilisation, weathering, 
biofouling, and morphodynamic transport and the interaction 
thereof

• Particle emissions will increase in the next years due to largely 
increasing numbers of AMS

Whilst a comprehensive knowledge of the environmental transport 
processes is of utmost importance to mitigate existing emissions, a 
reduction of particulate emissions should also be prioritised for future 
and existing installations. The research may have further implications, 
in particular with respect to the current managerial practices during 
installation, operation and decommissioning. This could mean that 
additional protection measures are implemented with respect to the 
handling of coated steel during installation process. Furthermore, it is 
essential to ensure that every installation and/or maintenance step is 
carefully prepared and awareness of transport and maintenance crews is 
increased when interacting with coated steel surfaces, which can 
contribute to a prolongation of the coating lifespan. Furthermore, pro-
tection measures of gear that has the potential of damaging coated steel 
surfaces offshore could be implemented, or coating protectors could be 
directly applied to commonly damaged areas, to reduce coating deteri-
oration as well.

The processes described in the present work are mostly based on 
investigation results on MP particles, which are a part of the particulate 
AMS emissions but will not cover all sizes of emitted particles. To assess 
AMS emissions properly, more research on the fate and transport of 
particulate AMS emissions above MP size is needed. Therefore, several 
items for future work were identified: 

• Investigation of the sinking and remobilisation behaviour of flat 
particles with a diameter > 5 mm

• Investigation of the influence of currents and waves on the distri-
bution of particles around AMS foundations

• Investigation of the interaction of sediment and particles in the flow 
field around AMS foundations

Theoretically, the quantification of particle matter as a result of 
increased offshore wind activities calls for future measures that will 
allow a deeper insight into the described emissions. Further research is 
required concerning the quantification, observation and fate of particle 
transport originating from corrosion protection systems. Additionally, 
the development of crack and fail-resistant coatings with lesser deteri-
oration rates is a promising strategy for the reduction of emissions.

The distribution of particles around offshore structures is a complex 
problem which requires further attention in future research. The gained 
knowledge will help to improve the environmental impact of said 

Fig. 9. Temporal development of the cumulative coating emissions for Europe 
and Asia. The cumulative emissions were obtained by adding all potential 
emissions over the lifetime of all OWFs in the respective area.
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structures further and will ultimately help to maintain a good water 
quality in the oceans.
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Appendix A. Search strings for the literature review

The search strings which were used for the literature review are shown in Table A.1. The number of obtained results in both Google Scholar and 
Scopus™ are presented. In the course of the literature research, important keywords were identified and added to the search, leading to a wide array of 
search strings used in this work.

Table A.1 
Search strings used for the literature review and the corresponding number of results in Google Scholar and Scopus™. Last 
assessed: 09.08.2024.

Search string Results Google Scholar Results Scopus™

offshore AND wind AND coating 40,600 210
offshore AND wind AND coating AND emissions 19,700 9
offshore AND structure AND coating AND emission 28,400 33
offshore AND structure AND coating 111,000 996
offshore AND structure AND coating AND damage 50,000 101
coating AND emission AND transport 1,600,000 1116
leading AND edge AND erosion 1,150,000 1215
microplastic AND particle AND settling AND velocity 15,200 82
microplastic AND particle AND sinking AND velocity 8980 37
microplastic AND incipient AND motion 541 4
microplastic AND remobilisation 232 12
microplastic AND particle AND remobilisation 1220 8
horseshoe AND vortex 34,400 2297
microplastic AND sediment AND transport 30,100 627
microplastic AND settling AND biofouling 7080 23
microplastic AND bioturbation 2260 53
marine AND snow AND microplastic 7910 35

Appendix B. Extrapolation plots

Figs. B.10, B.11, and B.12 show the polynomials of the extrapolated monopile data from Sánchez et al. (2019). The foundation diameter, foun-
dation length, and turbine capacity are shown. The monopile data was extrapolated using a first order least squares polynomial fit for the foundation 
length and foundation diameter, and a second order least squares polynomial fit for the turbine capacity.

Fig. B.10. Least squares polynomial fit (r2 = 0.72) of the monopile foundation diameter compiled by Sánchez et al. (2019).
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Fig. B.11. Least squares polynomial fit (r2 = 0.92) of the monopile foundation length compiled by Sánchez et al. (2019).

Fig. B.12. Least squares polynomial fit (r2 = 0.86) of the turbine capacity compiled by Sánchez et al. (2019).

Appendix C. Temporal development of installed offshore wind capacity

Figs. C.13 and C.14 show the temporal development of the global installed capacity in offshore wind. The dots represent the centroid of an OWF 
and the colour indicates the installed capacity. It is evident that the number of OWFs will increase significantly, especially in Europe and Asia. 
Furthermore, future OWF installations will have higher installed capacities than the already existing ones. 
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Fig. C.13. Global overview over installed wind park capacity for the years 2024 and 2030. Sources: Basemap by Esri and wind park data by Global Energy Monitor 
(Global Energy Monitor, 2023; Esri, Light Gray Canvas [Basemap], 2011).

Fig. C.14. Global overview over installed wind park capacity for the year 2035. Sources: Basemap by Esri and wind park data by Global Energy Monitor (Global 
Energy Monitor, 2023; Esri, Light Gray Canvas [Basemap], 2011).

Data availability

Data will be made available on request.
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