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Abstract

Offshore maintenance is difficult and the cost is
exorbitantly high. Hence, already at the building stage,
the selection of quality coating systems and ensuring
that they are applied correctly and under the right
conditions are decisions with major implications for
life cycle cost savings. Painting offshore, compared to
onshore, is more expensive due several factors,
including the logistics of getting men and materials to
the job site, but also due to the limited access to the
structures due to offshore weather conditions.
Coating application is always the last step during a
production process, and the most likely scenario is that
any problems encountered during this, will put pressure
on the paint shop to complete on time. However, if this
time related problem is attempted to be solved by
compromising the painting process, it will end-up in an
extremely costly situation. There are often different
interests and they are not always aligned: the utility
company
running
the
device,
the
device
developers/engineering company, the main contractor,
the sub-contractor and the supplier. The question is
who is considering high durability of the coating
systems and their later maintenance?

The chances of success for ocean energy concepts
depend to a high degree on their ability to minimize
operational risks and prolong service periods
without costly maintenance stops. The latter is
mainly a function of the choice of the wave or tidal
converter design but also of the degree to which
companies manage to utilize decades of material
research for the off-shore and marine markets. As
an example, marine biofouling can significantly
increase the weight of floating structures [1] and
increase the drag resistance of moving parts such as
e.g. tidal turbine blades. In this paper, recent studies
from the marine segment are used to roughly
estimate the loss of efficiency of a tidal turbine as a
function of fouling type. A brief overview of current
technologies is also made. Related to off-shore
corrosion protection, the choice of coatings for e.g.
continuous immersed areas and in the very
aggressive splash zones will be discussed. Hempel is
a leading paint supplier in multiple fields including
off-shore, power generation, wind energy, yachts
and ocean going vessels. Hence, we are in the
position to be a good partner for the success of
ocean energy ventures.

2.

Marine biofouling can be defined as the undesirable
accumulation of microorganisms, algae and animals on
structures submerged in seawater (Figure 1).
Regardless of the location and the season, every
immersed surface will be covered in a matter of
seconds by a layer of adsorbed organic compounds
(e.g. polysaccharides, lipids and proteins). Less than 24
hours after the formation of this “conditioning layer”,
the biofouling process starts. Primary colonizers mainly
consist of bacteria, yeasts and diatoms which establish
themselves within protective biofilm. Secondary
colonizers comprise the spores of macroalgae, fungi
and protozoa which, according to the literature, settle
roughly about 1 after week immersion when the
environmental conditions are favourable. Invertebrate
larvae are often regarded as the last stage of the marine
biofouling process, their arrival to the surface taking
place on average after 2-3 weeks of immersion during
the spawning season.

Keywords: corrosion, fouling, friction, efficiency, supply
chain.

1.

Marine Fouling

Introduction

The offshore environment is highly corrosive which
poses additional challenges on the coating systems used
for protection of man-made structures. Even though
milder than in near-shore locations, marine fouling is
also an issue off-shore and can dramatically affect the
performance of immersed structures, as elaborated
further in this paper.
Ocean Energy converter setups will often be
deployed in remote off-shore locations with difficult
accessibility and should optimally perform for 10 to 20
years but eventually even up to 30 years. This means
that inspection, repair and maintenance will often be
carried out in-situ along the service life of the setup.
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Description of condition

ks (µm)

Rt50 (µm)

ΔRT(%)

ΔSP (%)

Hydraulically smooth surface

0

0

-

-

Typical as applied AF coating

30

150

2

2

Deteriorated coating or light slime

100

300

11

11

Heavy slime

300

600

20

21

Small calcareous fouling or weed

1000

1000

34

35

Medium calcareous fouling

3000

3000

52

54

Heavy calcareous fouling

10000

10000

80

86

Table 1: Reported effect of different hull conditions on the
total resistance and shaft power for the case of U.S. Navy
Oliver Hazard Perry class frigate. Increased fouling severity,
represented as increased average coating roughness (Rt50) and
equivalent sand roughness height (ks) values, involves higher
frictional resistance (RT) and, consequently, higher powering
demands (SP) to keep a speed of 15 knots (Schultz, 2007).

Figure 1: Various common macrofoulers. On the bottom
right, a picture showing a heavily fouled ship’s hull.

Biofouling is governed by several factors, including:
salinity, temperature, nutrient levels, flow rates and the
intensity of solar radiation. These factors vary
seasonally, spatially and with depth. Tropical and subtropical regions show a fairly constant fouling pressure
throughout the seasons due to the consistency of water
temperature and light levels which contribute to a
continuous breeding and settlement of some
macrofouling species.
The influence of depth on the marine biofouling
process has remained largely uncharacterized due to its
limited influence on the shipping industry.
Nevertheless, the development of deep-water oil and
gas industry has led to increased interest in deep
biofouling communities and on the development of
suitable mitigation methods. Despite the fact that deep
waters have often been regarded as strongly
unfavourable for the development of life, it has been
found that organisms in deep water have developed
adaptation mechanisms for lower light levels, water
temperature and nutrients levels combined with the
higher hydrostatic pressures too [2]. Even if fouling
does occur at a slower pace in deep water, the lack of
hard substrates makes man-made structures very
attractive to colonising organisms and can still be a
significant problem on long term subsea structures.

2.2 Fouling and Tidal Turbine Efficiency.
For an accurate estimation of the efficiency loss of
the turbine due to the added roughness, the exact blade
geometry should be used. Just as an approximation, we
will here assume that the increase in drag resistance of
the blade due to fouling is the same as in a bulk carrier
(speed approx. 13-15 knots). Coating 1 is assumed to
develop only thin slime over the 5 years interval
(Figure 2). Coating 2 will develop thick slime over the
same period. Finally, a cheap biocide-based paint
representative of a large percentage of the marine
antifouling market is assumed to develop algae
filaments of about 5 mm long (Coating 3).

Figure 2: Reference pictures of “thin slime” (left) and “thick
slime” (right) for illustration purposes.

2.1 Effect of Fouling on drag resistance

Additionally, we assume that we have a full-size
commercial turbine with a rated power of 1 MW. We
furthermore assume that tidal currents take place on
average during 12 hours a day, and that during that
time the turbine will run at 90% of its rated power. The
plant availability is also assumed to be 90%.

Schultz (2007) has recently attempted to relate hull
fouling condition to equivalent sand roughness height
ks and the average coating roughness (Rt50; Table 1).
The increase in skin friction as a result of increased
surface roughness was estimated using the similarity
law scaling procedure for the case of the U.S. Navy
Oliver Hazard Perry class frigate. This frigate has a
waterline length of 124.4 m with a beam of 14.3 and
displaces 3779 tonnes. Different results would be
obtained for larger trading ships such as tankers and
container vessels. The increased total resistance and
shaft power for the above-mentioned ship sailing at 15
knots are given in Table 1.

Average daily power, MW

0.45
0.4
0.35
0.3
0.25
0.2
0.15

Coating 1
Coating 2
Coating 3

0.1
0.05
0
0

1

2

3

4

5

Exposure time, years

Figure 3: Simulated power loss throughout five years of
exposure of a tidal turbine due to progressive fouling
settlement for different coatings systems. The increased drag
for each type of fouling is assumed to be the same as for a
Bulk carrier, typically slow moving vessels.
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fouling settles, the adhesion strength is also clearly
reduced compared to e.g. biocide-based coatings.
• Fouling-release. The high elasticity of
polydimethylsiloxane favours the release of settled
species when subjected to small shear stresses such
as e.g. moving seawater during sailing.

Based on the estimates shown in Figure 3, the cost
associated with the loss in efficiency in the turbine can
be calculated as shown in Table 2 and are in the order
of several tens of millions of euros for large tidal farms.
GWh lost
Money lost/turbine
(tEUR)
Loss 600 MW farm
(mEUR)

Coating 1

Coating 2

Coating 3

0.76

1.90

3.69

76

189

369

46

114

221

In the early 2000s, these products were only
recommended for fast vessels with high activity levels.
Today, vessels sailing above 8 knots for at least 60% of
the time could be safely coated by the best fouling
release coatings. A drawback of these biocide-free
technologies is that any mechanical damage to the
surface renders the coating largely ineffective.
On static structures, fouling release coatings are
commonly used because of its ease of cleaning. In fact,
the coating often is “self-cleans” when the accumulated
fouling exceeds a threshold weight after long exposure
times. Hence, for long term immersion of static
structures, fouling release coatings will remain cleaner
on average than conventional antifouling solutions
Figure 4). An added interesting feature of these
coatings, on top of their remarkable green profile, is
that these coatings are significantly smoother than the
biocide-based counterparts, which favours measurable
lower friction to seawater in the non-fouled condition.

Table 2: Estimated effect of performance differences in the
Fouling Control coating on turbine efficiency following the
simulation presented in Figure 3. Single turbine values are
also extrapolated to a hypothetical 600 MW farm

2.3 Fouling Control Coatings
All current Fouling Control products, typically
designed for ship hulls, can be classified into two broad
categories:
1. Chemically-active antifouling paints
2. Non-stick, fouling release coatings

Energy efficiency

The first category includes technologies based on
seawater-reactive binders in which the antifouling
activity is achieved by the controlled-release of active
ingredients (i.e. biocides) aided by a controlled surface
erosion. On the second category, physical properties of
the coating, such as a tailor-made surface energy and
elasticity, contribute to a low fouling settlement and its
subsequent easy release while sailing.
For biocide-based paints, the specific type of
antifouling paint is determined from the expected
trading pattern of the vessel. Low speed and low
activity requires a faster polishing paint type to provide
the correct amount of leached biocide and high speed
and high activity on the other hand requires a low
polishing type. The temperature and fouling intensity
also have to be taken into consideration before the
antifouling paint is specified. Depending on the type
and trading pattern the total thickness of the AF system
typically is in the range from 200 to 400 μm and
typically applied in 2 to 3 turns (for 5 years lifetime).
The service life of these coatings is obviously
defined by the coating thickness (i.e. biocide amount)
and by the leaching rate of these biocides (also related
to the erosion rate of the paint). In completely static
structures, such as e.g. buoys, the paint erosion is lower
so fouling is likely to happen before the entire biocide
load has been released. Once fouled, these structures
need to be cleaned by means of harsh mechanical
methods such as high pressure water hosing.

Fouling release

Biocide based
Immersion time

Figure 4: Example of a potential loss of turbine efficiency
with time as a consequence of fouling. Fouling release paints
will show a better efficiency while clean (1-2 years), and then
will typically foul faster than the best biocide-based products.
Along their life time, the paint will self-clean periodically.

2.3 Hempel and Ocean Energy
A few panels of Hempel’s fouling release
technology were tested in Race Rocks, Canada (19
metres deep) in order to assess their potential as coating
for a Tidal Stream Current Turbine. The results are
shown in Figures 5 and 6.
77500

X3

1 month

2.2. Biocide-free Fouling Release paints
Non-stick, fouling release coatings rely on two
interrelated mechanisms:
• Non-stick. The special surface properties of e.g.
ultra smooth polydimethylsiloxane modified with
advanced chemistries prevents fouling for a
relatively long time even at static conditions. Once

1 year
X3

Figure 5.- Static immersion test at Race Rocks, Canada
showing excellent performance of Hempasil X3 compared to
a second generation coating composition.
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Other projects in which Hempel A/S has participated
are WavePlane and the South Korean Sihwa Lake Tidal
Power Station.
2.3 Learnings from the marine market
For decades, the marine market has been largely
insensitive to the issue of energy efficiency and fuel
savings. Four major factors contributing to the
statement above have been:
• Many ships dry dock for maintenance before 36
months in service and very few exceed 60 months.
• The use of the now banned tin-containing
products which provided a consistently high
performance.
• The lack of Performance Monitoring protocols
capable of estimating the loss of efficiency of hull
coatings (difficult to assess which coating performs
the best).
• The low price of the bunker fuel used (more
environmentally-friendly and expensive fuels are
being slowly introduced).

Figure 6.- 65 kW demonstration turbine coated with
Hempasil X3 and exposed at Race Rocks.

The Wave Star scale 1:10 machine has been in
operation in the sea since 2006. Hempel painted 19 of
the “floats” featured in the design while another
supplier painted the other 19. On the 18 September
2009, the new generation of the Wave Star machine
was installed in Hanstholm. The machine, which is 40
meters long, is a test section of an upcoming
commercial 500 kW wave energy machine. The floats
have a diameter of 5 meters and have all been painted
with Hempasil X3.

As a coarse estimate, approximately 2/3 of the world
fleet does not use the best performing (more expensive)
coatings on their hull. Biocide-free, fuel-saving fouling
release technologies constitute less than 5% of the
market and are mostly used by customers highly
concerned with energy-efficiency. The financial crisis,
combined with legislative efforts pushing towards
higher energy efficiency and cleaner (more expensive)
fuels are all factors which are slowly changing the
picture. Since ocean energy companies will feel the
effect of fouling directly on their bottom line, the
choice of fouling control topcoats is expected to be a
decision of major importance.

Figure 7.- Wave Star inspection in August 2006.

Finally, Carnegie Wave Energy Limited tested A4size panels in a rig located at Fremantle, about a few
hundred metres off shore in ~ 7m deep water (15/20 oC
throughout the year). The water flow past the rig is
variable and about ~0.5 m/s. Preliminary results of
Hempel’s fouling release formulations are shown in
Figure 7.

3. Degradation of materials
3.1 Off-shore exposure scenarios
Steel structures situated above the seawater in the
so-called atmospheric zone are in a high corrosivity
category - classified as C5-M according to ISO 129442. In this zone the corrosion rate of unprotected steel is
typically in range of 80 - 200 µm per year. For
comparison, most steel structures placed inland are
situated in zones classified as C3 where the corrosion
rate is only 25 - 50 µm per year. The very high
corrosion rates are caused by extended periods of
wetness and high concentrations of chlorides that
accelerate corrosion. Another factor that needs to be
considered in the atmospheric zone is UV - light from
the sun as this may have a degrading effect on some
types of corrosion protection.
Areas alternately above and below the water line due
to the action of waves is called the splash zone, and
here the corrosion stresses are even higher - corrosion
rates of 200 - 500 µm per year have been measured in
this area. Compared to the atmospheric zone, additional
stresses include erosion from the seawater, possible
debris and, in some places of the world, even ice.
Continuously immersed areas show corrosion rates of
unprotected steel in the range of 100 - 200 µm per year.

Figure 7.- Static immersion test at Fremantle, WA
(Australia) showing excellent slime deterrence of Hempasil
X3 (right) compared to a second generation coating
composition (left) after 3 months of static immersion.
Tubeworm fouling was detected in both coatings, but its
adhesion to the coating was very weak.
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The coatings selected for the job should be of a good
quality (based on quality raw materials), and produced
according to strict guidelines, ensuring a uniform high
quality in each delivery. To document the quality of the
coatings and the production procedures, the coating
manufacturers should normally be able to present
references, third party test results as well as ISO 9000
certification of production facilities.
Coating systems
The coating systems should be selected with due
consideration to the environment as well as the special
stresses. For the atmospheric zone, this will typically
mean a zinc-rich primer followed by epoxy
intermediate coats and a UV durable topcoat (e.g.
epoxy siloxane [4]), minimum 320 µm dry film
thickness (DFT) in no less than 3 coats. The splashzone will often be protected by epoxy or polyester
coatings - in a thickness that takes into account the
special stresses - normally more than 600 µm DFT in
total. For optimum protection against impact damages
in such areas, zinc-rich primers are normally avoided
while fibre reinforced coatings are recommended as a
means of increasing the impact resistance [5].
Finally, immersed areas will be coated with epoxy
barrier coatings in a film thickness of no less than 450
µm DFT in minimum 2 coats. It is important that the
epoxy coating system is compatible with the cathodic
protection system used.
Application
The application is also crucial for the process - key
parameters here are application equipment (type and
condition), microclimate during the application and
curing of the coatings and, most importantly,
workmanship. It is important that the correct film
thickness is applied (within the normal tolerances of a
quality paint application). Not too thin as this will
result in premature corrosion either because of pinholes
in the film or just because of insufficient thickness, but
not too thick either as this also can result in adverse
effects such as solvent retention, reduced adhesion,
cracking etc. Due to the variations in film thickness
during the application, which cannot be avoided as long
as the paint is applied manually, more coats will
generally give better protection than e.g. one coat in the
same total film thickness. The variations in the
application of each single coat are levelled out with the
application of the additional coats. Stripe coating on
welding seams, edges, corners and areas that are
difficult to reach by the airless spray is mandatory for a
later high durability of the coating system.
Quality control
The final parameter and again one of the most
important ones is Quality Control throughout the
process. Special focus needs to be put on the surface
preparation and coating application processes, where
several check points need to be confirmed to ensure the
proper final result. Coating inspection is an expertise in
itself, and a certified inspector (NACE or FROSIO)
should be preferred as the foundation for professional
supervision.

3.2 Protection through coating systems
The most common method used for the protection of
materials in offshore environments is the use of various
types of coatings and, for the immersion zone, coatings
combined with cathodic protection. If composite
materials are used, corrosion is no longer an issue.
However, water molecules can still diffuse into the
network of composites to affect the mechanical
properties (see e.g. [3]). When moisture diffuses into
composites, it can degrade the fiber-matrix interfacial
bonding, lower the glass transition temperature, swell,
plasticize, hydrolyze and sometimes microcrack the
matrix.
For proper performance of a coating system and thus
durable protection under such extreme conditions, it is
critical to respect the fundamental parameters in
coating selection and. These parameters include the:
- Type and condition of the substrate
- Environment and possible additional stresses
- Surface preparation
- Quality of the coatings
- Selection of the coating systems (generic types,
thickness etc.)
- Application
- Quality control
Substrate
New steel is an important material in off-shore
structures and will be used in this paper as an example.
There are different grades or qualities of new steel, and
improper storing (or selection of shop-primer) could
also modify its properties e.g. incipient pit corrosion.
Too many laminations in the steel and/or too much
corrosion of the new steel (grade D according to ISO
8501-1) will make the surface preparation process more
difficult and not even the best coating or the highest
quality of workmanship can make up for this in the
later coating process.
Exposure Environment
The offshore environment is, as already mentioned,
one of the most corrosive naturally-occurring
environments that can be found on earth. This factor
must be considered throughout the project e.g. avoiding
impact and abrasion in the splash-zone or in working
areas which could eventually accelerate corrosion rates.
Other special stresses encountered on offshore
structures may be of thermal or chemical nature - e.g.
from equipments working at high temperatures or areas
subject to spillage of chemicals.
Surface Preparation
The surface preparation is the single most important
parameter in relation to the performance of any coating
system. It is the degree of cleaning (removal of rust,
mill scale, oil/grease, soluble salts etc.) and the
roughness (anchor pattern) as well as preparation
(rounding and grinding) of sharp edges, welding seams
and weld spatter and other imperfections in the steel
work, that are critical in this phase. Paint adheres better
to a clean and rough surface and will therefore also last
longer.
Coatings

3.3 Coating standards
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The most important standards that apply within the
field of offshore coatings are the following:
- NORSOK M501-revision 5
- ISO 12944-1998/2007
- ISO 20340-2009

TM 0304: Offshore Platform Atmospheric and
Splash Zone Maintenance Coating System Evaluation.
TM 0404: Offshore Platform Atmospheric and
Splash Zone New Construction Coating System
Evaluation

NORSOK M501-rev 5. (First version issued in
1994) - Surface preparation and protective coatings.
This is a Norwegian standard for the corrosion
protection of offshore structures with protective
coatings. The aim of the NORSOK M501 standard is to
obtain optimal protection of the installations with a
later minimum need for maintenance. The standard
basically deals with all of the previously listed different
steps in the coating process and lists minimum
requirements in each step, including qualification
requirements to painters, inspectors and the coating
systems. Even though it is a national standard, the
NORSOK standard is today probably the most
recognized standard within the field of offshore
coatings.
ISO 12944 (first version issued in 1998) - Corrosion
protection of steel structures by protective paint
systems
It is the international standard in this field - it
recognizes that the satisfactory performance of paint
coatings for protection of steel structures against
corrosion is determined by the choice and formulation
of the products used in differently classified
environments and the standard of workmanship and
execution of the contract. Agreement between the client
and the contractor as to the specifications to be applied
is essential to the satisfactory execution of the work.
ISO 20340 (first edition issued in 2003) Performance requirements for protective paint systems
for offshore and related structures.
Is a complementary standard to ISO 12944 part 6.
Due to the special conditions in the offshore
environment, significantly tougher testing of the
coating systems is specified in this standard.
A number of NACE publications also exist on the
subject of offshore coatings and presently a number of
standards prescribing test methods and recommended
qualification criteria are being developed for the
different areas that are relevant on offshore structures.
A few examples are given below:
TM 0104: Offshore Platform Ballast Water Coating
System Evaluation including FPSO’s.
TM 0204: Exterior Protective Coatings for Seawater
Immersion service.

3.4 Learning from the off-shore market
All standards contain various qualification tests for the
coating systems, some tests more severe than others.
But it must be noted that there are great uncertainties in
relation to testing of paint and coatings and no
accelerated test standard for coatings has yet been made
that truly correlate laboratory performance to durability
in real life. Therefore do not make the mistake of
believing that a good test result is a proof for good
performance in real life. Define your generic coating
system based on principles of generic types of primers
and topcoats, of minimum number of coats and
minimum total film thickness. This information is
readily available from the coating suppliers and
compiled across decades of field experience. The
accelerated tests can then be used to select between
equal systems designed on a sound technical basis for
long lasting protection and not designed to pass a
certain laboratory test. Good performance is thereafter
ensured by proper surface preparation and application
and professional inspection and supervision.
Case studies demonstrating expensive mistakes
related to off-shore coating protection will be given in
the presentation as an inspiration.
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