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ABSTRACT
The aim of this study is to investigate the corrosion behavior of materials and coatings in offshore environments, with a focus on

determining the corrosivity categories at different locations on wind turbines. The collaboration between the authors enabled a

3‐year weathering campaign at the Hohe See and Albatros offshore wind farms in the North Sea. Metal panels were installed on

two wind turbines to assess the corrosivity of different atmospheric conditions. Preliminary results indicate significant

variations in corrosivity depending on location and material used, suggesting that current standards may not fully reflect

real‐world conditions. The results of the study will help to optimize material selection and corrosion protection strategies for

offshore wind farms, potentially extending their lifetime and reducing operating costs.

1 | Introduction

The expansion of offshore wind energy is an important pillar of
the energy transition and sustainable energy supply using
renewable energies. To achieve these goals, it is crucial that
these offshore wind farms are operated economically. To min-
imize investment costs (CAPEX), the aim is to operate wind
farms for as long as possible. At present, offshore wind turbines
and corresponding foundations are usually planned to have a
service life of 25 years. However, there is a clear trend towards
longer and longer operating phases. Offshore wind farms with a
designed service life of 30 or even 35 years could soon become
the standard and even design service lives of over 50 years are
already being considered in special projects.

Corrosion is besides fatigue one of the major limiting factors for
the service life of offshore facilities. The selection of durable
materials and long‐lasting corrosion protection methods is
becoming increasingly important and must also be discussed
regarding economic requirements. Given the ever‐longer design

service lives of offshore wind farms, the risk of very high
operational maintenance costs (OPEX) is increasing signifi-
cantly, and optimized maintenance concepts are becoming
increasingly important. This combination of different demands
requires a good knowledge base about the corrosion behavior of
different materials and potential corrosion protection methods.

While the results of various exposure tests in coastal areas are
known and described like in [1–6], it is surprising that only very
limited information is available for offshore exposure tests at real
structures and corresponding studies on the corrosion behavior
of different materials to get information about real corrosivity
classes for those structures [7, 8]. None of the available literatures
described the corrosivity category for different exposure areas at
one structure.

Recent investigations in marine environments which are carried
out by Almeida et al. [9] show significant differences in the cor-
rosivity regarding to time of wetness and chloride contamination.
On the other hand, recent investigations carried out by BAM [10]
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at onshore and nearshore locations show a fundamental
change in climatic conditions as well as a decrease in air
pollution over the last few decades, which has led to changes
in the aggressiveness of the atmosphere and thus to changes in
corrosivity. Investigation done by Fuente et al. [11] showed
that the composition of corrosion products depends on the
environmental influences. The morphology of the corrosion
products formed has a significant influence on the corrosion
rate. Forecast models for determining corrosivity based
on climatic conditions, as described in current international
standards (e.g., [12]), often no longer appear to be accurate.
Corresponding effects on the offshore sector are obvious, but
the necessary data is not yet available.

BAM investigations have also shown that the corrosivity cate-
gories determined in exposure tests differ from one another
depending on the exposed material. For example, while the
weathering of copper leads to a corrosion rate corresponding to
corrosivity category C5, a corrosion rate corresponding to
C3 can be determined at the same location with zinc panels
[10, 12].

According to [12], the determination of corrosivity can only be
achieved through exposure tests. Corrosivity can only be accu-
rately determined by exposure tests, as estimates based on
typical climatic conditions or dose–response functions are
inherently uncertain and subject to error.

Findings from accelerated tests in climatic chambers in the
laboratory, which are used to determine the corrosion protec-
tion properties of protective coatings or materials, are not
known to be a reliable substitute for real exposure tests [7, 13].
These results from laboratory tests can lead to specifications
that fail in practice or also lead to oversizing of corrosion
protection processes—in both cases, economic operation is
negatively affected.

The predicted corrosion rates according to ISO 9223 [12] shown
that for the corrosivity category CX (offshore in the atmospheric
range), the annual steel thickness loss is specified with a high
fluctuation range of 200–700 μm.

In [14], predicted mass loss of 300–400 μm/a are given for the
calculation in outer areas of the splash water zone, depending
on the exposure location (subtropical or average water tem-
perature lower than 12°C), see Table 1. It is also differentiated
for the inside of a structure, where 100–200 μm/a are given.
Although the splash water zone is generally considered to be
more corrosive than the atmospheric zone, the data on
the corrosion rate according to [14] is lower than the mean
value for atmospheric corrosion in the corrosivity category of
CX according to [12].

A number of different objectives are being pursued with this
project.

As mentioned at the beginning, the selection of economical
materials and corrosion protection methods is to be supported
and alternative corrosion protection methods are to be investi-
gated. Among other things, findings are to be obtained on the
following issues:

1. Determination of corrosivity categories at offshore structures.

2. Could current standards, for corrosion and corrosion
protection in the offshore sector, reflect reality, especially
with a view to the corrosivity categories?

3. Are forecast models according to ISO 9224 [15] still
applicable in view of changing climate conditions?

How corrosive is the atmosphere inside the wind turbine and
how effective is the active corrosion protection by climate
control inside the wind turbine? Could it be possible to reduce
corrosion protection requirements in the future?

2 | Corrosion Protection for Offshore Wind
Turbines

Corrosion protection using coating systems (possibly in com-
bination with thermally sprayed coatings) is the main method
for protecting offshore wind turbines in the atmospheric area.
Corrosion‐resistant materials such as stainless steels or alumi-
num are often used for mechanical engineering components
(e.g. fasteners, coolers, brackets) and metallic coatings such as
hot‐dip galvanizing are also used. Active corrosion protection in
the form of dehumidification or prevention of chloride access
(e.g., through filters, heat exchangers, or neutral or excess
pressure inside) plays an important role for the interior of the
wind turbine. Today, all common offshore wind turbines are
usually equipped with dehumidification systems that achieve a
maximum relative humidity of 60% in areas above the airtight
deck in the transition piece.

Particularly for the atmospherically exposed part of the systems,
which is predominantly protected by coating systems, normative
specifications on the possible duration of protection are only of
limited use. ISO 12944‐9 [16] only covers coating systems with a
durability of up to 25 years, categorized as “high,” and does not
cover durability beyond this threshold. In practice, corrosion
protection coatings on the first offshore wind turbines show that
protection periods of 20 years can certainly be achieved. Beyond
this, however, it is unclear what potential is available—would the
standard systems in the market also offer 40 or even 50 years of
protection for the various areas of an offshore wind turbine?

TABLE 1 | Minimum design corrosion rates (Vcorr) for primary steel structures in the splash zone according to [14].

Vcorr External surface Vcorr Internal surface
Region [mm/a] [mm/a]

Temperate climate (annual average surface
temperature of seawater≤ 12°C)

0, 3 0, 1

Subtropical and tropical climate 0, 4 0, 2
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The different expected corrosivity categories regarding to the
design model from DNV‐RP‐0416 [15] for the corrosion
protection of offshore wind turbines are shown in Figure 1.
Using this information the coating system could be designed
by ISO 12944 or other standards like, for example,
NORSOK M‐501.

In general, the highest corrosiveness is in the splash water zone.
A lower corrosion rate is expected for the atmospheric outdoor
area (above the splash water zone) due to the shorter humid-
ification period and possibly lower salt concentration. Accord-
ing to [16], however, only the corrosivity category “CX ‐
extreme corrosivity” is intended for the atmospheric offshore
outdoor area without further differentiation. However, there are
indications that the salt content in the atmosphere continues to
decrease with increasing distance from the water surface. The
corrosivity that affects the lower area of a wind turbine tower,
for example, would therefore be greater than the corrosivity at
the height of the nacelle. If this hypothesis is confirmed,
requirements in specifications could be adapted accordingly or,
in the case of existing turbines, better predictions could be made
about possible service life extensions.

The splash water area poses a particular challenge for corrosion
protection, not only due to the high corrosive load. A cathodic
corrosion protection system will only be able to perform a

protective function in this area to a very limited extent due
to the non‐permanent presence of electrolyte. In practice, cor-
rosion protection is therefore mainly achieved by coating sys-
tems. If the coating is damaged, the high salt and moisture
content pose a major risk to the quality of potential repairs.
Corrosion allowances are therefore often provided for this area
and are even required by standards in some cases [14].

3 | Materials and Methods

3.1 | Exposure Location

The EnBW Hohe See/Albatros (Figure 2) wind farm in the
North Sea was selected for the weathering campaign. With
regard to potential future wind power projects, the North Sea
offers significantly greater potential than the Baltic Sea for
utilizing the results as comprehensively as possible and trans-
ferring them to other locations. The expected higher corrosive
loads pose particular challenges for corrosion protection.

The EnBW offshore wind farms “Hohe See” and “Albatros”
were commissioned in October 2019 and January 2020,
respectively. Hohe See is located around 95 km north of
Borkum and around 100 km northwest of Helgoland, while
Albatros is 105 km from both coasts. A total of 87 Siemens

FIGURE 1 | Corrosive loads on an offshore wind turbine according to [14]. [Color figure can be viewed at wileyonlinelibrary.com]
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wind turbines with a hub height of 105 m and a rated output of
7 MW have been installed there.

3.2 | Exposure at Two Wind Turbine
Generators (WTGs)

In coordination with various partners, EnBW planned and
implemented the exposure of test panels at two wind turbines.
A “main turbine” at the Albatros wind farm was selected and
equipped with metal panels as shown in Figure 3. A reduced
number of metal panels were installed on a second (parallel)
wind turbine at the Hohe See wind farm. The reference turbine
in the Hohe See wind farm is equipped very similarly, but
without any installation at the interior of tower and nacelle of
this turbine.

Figure 4 shows the installation of metal panels on or in the
foundation of the wind turbine. Here too, a somewhat smaller
number of metal panels were used on the foundation of the
reference turbine compared to the main turbine.

The described metal panels are made of steel, they are used to
determine the corrosivity according to ISO 9223 [12] at the two
wind turbines. The metal panels were prepared and provided by
BAM. Panels made of zinc, copper or aluminum, according
to [17], as they are exposed at the Offshore Substation (OSS),
are currently not available at the two wind turbines. According
to [12, 17], an exposure period of 1 year is needed to determine
the corrosiveness of the atmospheres.

It should be noted that the boat landings—in relation to the
main wind direction—are located on the downwind side of the

FIGURE 2 | Location of the Hohe See and Albatros wind farms. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 | Mounted racks with metal panels on or in the (main) wind turbine. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 | Mounted metal panels on or in the transition piece. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 | Brackets on the boat landing as well as in the transition piece (below Airtight Deck). [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 | Chemical composition (wt%) of DC1 metal panels determined by SPS.

C wt% Mn wt% P wt% S wt% Si wt% Cr wt% Ni wt% Cu wt% Al wt%

SPS 0.076 0.265 0.011 0.006 0.011 0.024 0.017 0.013 0.045

EN 10130 0.120 0.600 0.045 0.045 These values are maximum values according EN 10130

Abbreviation: SPS, spark emission spectroscopy.

transition piece. Different corrosive loads may be possible on
the side facing into the wind [18]. However, it was not possible
to install the brackets on the side facing the main wind direc-
tion as part of this project. Figure 5 shows the mounted panels
at the boat landing zone.

3.3 | Used Material for the Metal Panels

As recommended in [17], the length and width of the unalloyed
steel test panels were selected as 100 × 150mm. The used
material is according to EN10130 a so called 1.0330 according to
ISO 3574 a CR1 (DIN 1623 ST12, ASTM A1008). The chemical
composition of the metal panels was investigated by spark
emission spectroscopy (SPS), the results for the major compo-
nents are shown in Table 2.

4 | Results

4.1 | Climatic Conditions in and Outside the

Wind Turbine

On the Al17 wind turbine, climate data loggers were attached to
the racks of the various test positions and read out after 1 year
of storage, from which average temperatures, average relative
humidities, and humidification times were calculated and
compared in Table 3.

The time of wetness category is calculated according to ISO
9223 and is based on the dew point being reached, as a result of
which a moist film can form on metal surfaces. The dew point is
calculated from temperature and air humidity; differences in
partial pressure are not taken into account here. Depending on

5 of 10
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the duration of moisture film formation over a period of 1 year,
time of wetness categories are obtained.

The history of relative humidity at the outdoor test locations is
shown in Figure 6. On the one hand, there are clear weather‐
related fluctuations, and on the other hand, there are seasonal
influences. In the winter months, the critical relative humidities
> 80% r.h. from a corrosion point of view are exceeded more
frequently, while in the summer months, the relative humidi-
ties are regularly lower. The relative humidity curves are similar
for both test positions, although the time of wetness for the
period for the helihoist position (+105m above low astronom-
ical tide (LAT)) with 4571 h/a is slightly lower than that of the
service platform (+21m LAT) with 5269 h/a.

In contrast, different relative humidity curves were observed at
the test locations inside the Al17 WTG (Figure 7). In the non-
conditioned airtight deck, the relative humidity was above the
critical values > 80% r.h. for almost the entire test period. Inside
the tower, the humidity was controlled, with readings below 80%
r.h. almost all the time, especially at the bottom and center of the
tower. The elevated values in July/August 2022 are assumed to
be caused by a malfunction of the air conditioning system. The

top of the tower has significantly higher relative humidity values
despite the air conditioning. The humidity in the air‐conditioned
nacelle is permanently at noncritical values < 80%.

A high level of waste heat is generated in the nacelle by the
electrical components and the turbine. The temperature inside
the nacelle is between 10°C and 15°C higher than the other
observed temperatures in and outside the tower. Furthermore,
no significant difference in temperature was measured outside
and inside the tower, shown in Figure 8.

The periodic mean value of r.H (mv of each 100 measurement
points) is shown in Figure 9. The lines are dotted in the colors
of the different time of wetness categories shown in Table 3.

4.2 | Massloss in‐ and Outside the Wind Turbine

The first results were obtained after 1 year of exposure. Figure 10
illustrates the different levels of corrosivity at each exposure site.
The highest corrosivity without significant splash water exposure
was classified as C4. In contrast, areas exposed to splash water,
such as the boat landing area, showed a corrosivity level of “CX.”

TABLE 3 | Average temperatures, average air humidities and time of wetness at the various exposure locations in Al17, calculated from climate

data recorded by the data logger.

Area Position
Ø Temperature

°C
Ø Humidity

%RH
Time of wetness
h/a (> 80%RH)

Time of wetness
category ISO 9223

Outside Helihoist 11.8 78.8 4571 τ4

Service deck 11.9 81.8 5269 τ4

Inside Nacelle 25.2 32.6 0 τ1

Tower top 11.8 68.2 2743 τ4

Tower mid 11.4 40.4 162 τ2

Tower bottom 12.7 32.0 63 τ2

Airtight deck 11.9 94.1 8540 τ5

FIGURE 6 | Relative humidity from outside test locations versus the observation time. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 | Relative humidity from inside test locations versus the observation time. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 | Measured temperature distribution around the offshore wind turbine (WT). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 | Periodic mean value of r.H (mv of each 100 measurement points). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 | Determined corrosivity of steel for different locations on an offshore wind turbine. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 | Comparison between time of wetness category and mass loss.

Outside Inside

Position
Service
deck Helihoist

Airtight
deck

Tower
bottom

Tower
mid Tower top Nacelle

Mass loss [g/m²a] 481 551 22 10 19 11 31

Time of wetness
category ISO 9223

τ4 τ4 τ5 τ2 τ2 τ4 τ1

FIGURE 11 | Illustration of the corrosion categories determined on an offshore wind turbine. [Color figure can be viewed at wileyonlinelibrary.com]
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Notable results were observed at the helihoist on top of the
turbine. Similar corrosivity levels (C4) were recorded for both
the helihoist and the service platform, despite a height dif-
ference of approximately 85 m. It is thought that the rotor
blades disperse chloride‐laden aerosols and carry them up to
the helihoist. Inside the tower, the climate is controlled by an
air conditioning system that maintains a maximum humidity
of 60%. However, due to elevated internal temperatures,
humidity levels have occasionally exceeded this limit,
reaching up to 80%. The highest corrosivity level recorded
inside the tower was C2.

5 | Discussion

Increasing corrosion rates would be expected when increasing
time of wetness are determined. According to equation (1) of
ISO 9223 [12] the corrosion rate must be zero in the absence of
corrosivity increasing media like chloride and sulfur dioxide.
The combination of condensation water and minor surface
contamination results in uneven corrosion phenomena with
low corrosion rates, as evidenced by samples from within the
tower. Table 4 clearly shows that there is no correlation
between the wet time category (time of wetness) and the cor-
rosion rate measured inside the WT. Under sheltered conditions
not all aspects of ISO 9223 can be considered and applied. The
main influence would be the contamination of the specimen
surface with ions such as chlorides, as discussed in [19, 20].
Therefore, different types of chlorides with different deliques-
cence humidities will result in wet surfaces. The resulting
moisture film is highly corrosive and there is a clear relation-
ship between mass loss and time of wetness, as in the case of the
service deck and the helihoist. In [20] a threshold for a critical
humidity could be determined between 33% and 53% r.H.
However, this requires prior exposure to spray mist and drying
of seawater or artificial seawater. Exactly this does not happen
inside the tower.

For better visualization, the effective corrosivity category for each
investigated location across the offshore wind turbine is shown in
Figure 11. According to the shown corrosivity categories in Figure 1
a related reduction to the required C categories is derivable. Above
the service deck, only C4 is given which is two categories lower than
the required CX according to common standards, for example, [14].
The airconditioned inner part of the tower has only C2 and not C3
which also leads to a reduction of the inner corrosion protection
requirement. Conversely, an overestimation of the corrosion pro-
tection could result in an increase in the service life.

6 | Conclusions

Tests on real structures are required to determine specific
corrosion rates. Due to the fact that the ISO 9223 standard
has to reflect all possible corrosivity categories around the
world, it is understandable that in the case of a marine
environment, large gaps in the corrosivity category could be
given [2, 3]. This depends on the major parameters that
could affect the corrosion rate like surface chloride deposi-
tion. The chloride deposition depending on, for example, sea

salinity–salinity of the air, rainfall events, and tempera-
ture [1].

In summary, the corrosion protection requirements in the
German Bight for coatings must be prepared to protect against:

− corrosivity category CX for the transition period,

− C4 above the transition period up to the helihoist, and

− inside a climate‐controlled inner part of the tower
and nacelle protection is required for corrosivity
category C2.

In view of these results, it would be possible to reduce the
amount of anticorrosion coatings, which would also reduce
the CO2 footprint of each offshore wind turbine at this site.
Alternatively, there could be an opportunity to extend the life
of the turbine by overestimating the corrosivity categories
and applying higher coating thicknesses to the structure as
required.
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