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Recently published studies have given some insight into
existing levels of biofouling accumulated on ships hulls. A
survey of 249 ships in Northern Europe conducted by the
Safinah Group (2020) found that 40% of ships had more
than 20% hard macrofouling on their flat bottoms and
approximately 10% of sampled ships had more than 40%
of their underwater areas covered by hard macrofouling
(although these results did not take into account their
operational profile or the prevailing environmental
conditions).

In addition to the outcome of this compilation of scientific
studies and despite the difficulty of extrapolating figures
to the global fleet without more data, some studies have
tried to estimate the potential savings that could be
achieved through improved biofouling prevention and
management. Swain et al. (2022) roughly calculated that
if all international ships maintained a smooth condition,
free from biofouling, global GHG emissions from ships
could be reduced by at least 19% per year (or 198 million
tons of COZe). This result was based solely on the global
estimations published by IMO in its Fourth Greenhouse
Gas Study. Including domestic fleets in this equation
could notably increase this result.

Photo 3: An ultrasonics transducer fixed to a ships’ hull

ASSESSING THE IMPACT OF BIOFOULING
MANAGEMENT SOLUTIONS

There are a range of commercially available options for
biofouling prevention and management today that can
significantly reduce the impact of biofouling on the energy
efficiency of ships and thereby enhance their performance.
These include using optimized anti-fouling coatings, marine
growth prevention systems (such as ultrasonic systems)
and technologies for grooming or cleaning the hull while
in-water. All these solutions can form part of a holistic hull
management approach for the ship operator. While it is
common practice for some shipowners and ship operators
to manage biofouling using the latest technologies or
resources, there is an opportunity to extend the use of best
management practices to the entire industry.

Anti-fouling coatings are the first and foremost tool that is
used across the industry to prevent biofouling. Choosing
an adequate anti-fouling coating is essential to prevent the
accumulation of biofouling. There are many of anti-fouling
coatings in the market and leading paint manufacturers
develop tools and recommendations to aid end users in
the selection process based on their product ranges and



the specific operational profile of a ship. Despite these
resources, product selection or performance is not always
adequate due to the changing scenarios in the operation of
ships, such as unplanned lengthy idle periods or operating
in different geographical areas and water conditions.
The correct application of the coatings is another often
overlooked and important aspect that could determine their
future performance. Another important challenge is just
the breadth, number and biology of biofouling organisms
that exist out there.

When the performance of anti-fouling coatings over time may
fail to provide full protection from biofouling (for some of the
reasons stated in the previous paragraph), new technologies
have been developed to prevent or manage any growth that
may accumulate on the surface of a ship. The most common
technologies currently in use for biofouling mitigation are
ultrasonics and hull and propeller cleaning.

Ultrasonic treatment is becoming increasingly common as a
marine growth prevention system. The way this technology
works is through the use of transducers such as the one in
Photo 3. The transducers are attached at various points along
the vessel hull and emit frequency waves into the water

Photo 4: Diver-operated cleaning cart.

column, in this case directed towards a box cooler or a sea
chest unit on a vessel, with the idea that at specific frequencies
certain biofouling organisms are deterred from wanting to
settle or grow within the range of those frequencies.

Another preventive measures for biofouling establishment
is proactive measure. This differs from conventional in-
water hull cleaning, which is primarily referred to as
reactive cleaning. Reactive cleaning is when a vessel or
some structure has heavy amounts of biofouling on it which
is then cleaned off in order to return it to an “original state”.
Proactive cleaning on the other hand is intended to clean
underwater surfaces before any hard or well-established
biofouling has a chance to develop. For that reason, it is
sometimes referred to as “hull grooming” because the
surface is groomed to maintain it at a rather pristine level
before there is a chance for any complex biofouling to
establish. Devices can be typically operated either manually
by divers, such as the one shown in Photo 4, or as remotely
operated vehicles - or ROV in Photo 5. Guidance and/or
standards on how these technologies should be assessed
and operated have been developed by some organizations
and, most recently, by the industry (BIMCO, 2021).



















period is not reported. Murrant et al. (2019) compared the
performance of a 62 m long offshore patrol ship before and
after hull and propeller cleanings. Before the cleanings,
as a result of 2 years of operation, the hull was covered
with soft biofouling and the divers determined the fouling
rating (FR) of most of the hull regions as FR 20, while the
propeller blades were covered in light to moderate slime.
The sea trial results showed the required power was
reduced by 5% after the hull cleaning, between 13.5 and
16 knots. Unexpectedly, no additional power reduction was
identified after the propeller cleaning.

Relatively few studies have been devoted to investigating
propeller fouling, although its impact has been recognized
since the early days of naval architecture. Bengough et al.

(1943) reasoned that the failure of a Shoreham-class sloop
reaching the design speed is due to her fouled propeller.
When subsequently docked, the propellers were found to
be colonized by calcareous tubeworms. The target speed
could be eventually achieved after a propeller cleaning.
Taylor (1943) claimed that even the ships operating with a
propeller in moderately good condition can suffer a power
loss of the order of 10%. One of the common conclusions
of studies is that propeller fouling can be as destructive as
hull fouling, or even worse considering the impact per unit
area, but the remedy is much cheaper (ICCT, 2011; Mosaad,
1986; Townsin et al,, 1981). Table 3 shows a summary of
the reported impacts of biofouling on ship hydrodynamic
performances.

Table 3 Reported impacts of biofouling on ship resistance and powering

Authors Speed

time

Exposure

Surface condition = Findings

AC.: increase in total resistance

AC_ increase in friction
resistance
AP increase in delivered power

lzubuchi T1Tm 10-20 12 months Unknown AC.=100%
(1934) destroyer knots
Kempf (1937) 77 m pontoon Unknown Unknown Barnacles and AC_=100%
slime
Redfield et al. a.120m a. 9 knots Unknown Barnacles and a. AC_=330%
(1952) cargo vessel b. 24 slime b. AC,=280%
b. 96 m knots
destroyer
Davis (1930) a.115m a. 28 1. 8 months Unknown a. AP,=32%
destroyer knots 2. 300 days b. AP,=37%
b. 183 m b. 21
battleship knots
Denny (1951) 58 m 5-15 knots | 40 days Slime AC.=5%
passenger
carrier




Table 3 Reported impacts of biofouling on ship resistance and powering continued

Authors Exposure Surface condition Findings
time AC.: increase in total resistance
AC_ increase in friction
resistance
AP increase in delivered power
Lewthwaite et 23 m fleet Unknown 1. 240 days 1. thin slime 1. AC.=25%
al. (1985) tender 2. 500 days (too thin to 2. A\C.=80%
measure)
2. thick slime
(1 mm) and
extensive weed
Hundley et al. 96 m 17.4 knots 1. 651 days 1. Fouled hull 1. AP =79%
(1991) destroyer 2. 795 days and propeller 2. 0P =115%
3. 796 days 2. Fouled hull 3. AP,=70%
4. 900 days and propeller 4. AP =9%
5.1,165 3. Fouled hulland | 5. AP =125%
days diver-cleaned
propeller
4. Diver-cleaned
hull and
propeller
5. Re-fouled hull
and propeller
Ballegooijen 13,000 TEU Unknown 1.5 years AC.=9.2%
et al. (2016) container
ship
Murrant et al. 62 m offshore | 13.5-16 2 years Light slime AP =5%
(2019) patrol ship knots

1.2 BIOFOULING IN NICHE AREAS

While the impact of hull and propeller fouling is well
established, less focus has been given to biofouling in niche
areas (i.e. sea chests, bow/stern thrusters, propeller shafts,
inlet gratings, dry-dock support strips, etc.). The presence
of biofouling in niche areas and internal seawater systems
may not directly affect the ship's resistance and propulsion
performances, but the performance reduction of such
devices can disrupt water flow, compromise the structural
integrity, degrade the operational health of the ship and also
threaten the marine ecosystem by transporting the Invasive
Aquatic Species. Surface and flow impacts change the work
rate required to pump water through the system, increasing
the energy use and emissions of the ship. Cooling systems
directly affect engine efficiency and fuel costs.

Niche areas are often blind spots for maintenance and, at
the same time, hot spots for biofouling accumulation. There
are several factors driving niche areas to be more prone to
biofouling accumulation. Some niche areas (e.g. bow/stern

tunnels) experience a much smaller amount of flow than
other areas and therefore act as a shelter for biofouling
communities. Coatings in some niche areas (e.g. bilge keel)
are more prone to damages due to the shape and protrusions,
which diminishes anti-fouling coating effectiveness and thus
accelerates colonization by biofouling species. Additionally,
the complex nature of niche areas not only impairs the
effective application of anti-fouling coatings but also makes
them more difficult to maintain and more likely to sustain
damage during operations.

According to Hoffmann (2021), a data set obtained from
a 249-ship sample showed that 95% of the vessels have
animal biofouling organisms in their niche areas, while only
44% of them had unacceptable levels of hard biofouling
(>10%) on the hulls. These differences imply that the hull
anti-fouling solutions might not be the best solution for niche
areas, and therefore, developments of different biofouling
control solutions dedicated to niche areas with different
hydrodynamic conditions are encouraged.





















CHAPTER 2

BIOFOULING PREVENTION AND
MANAGEMENT MEASURES

2.1 REVIEW OF CURRENT INDUSTRY
PRACTICES FOR BIOFOULING PREVENTION
AND MANAGEMENT AND THEIR IMPACT

2.1.1 BIOFOULING PREVENTION, MITIGATION AND
MANAGEMENT OPTIONS

2.1.1.1 ANTI-FOULING COATINGS

Although many non-traditional methods have been
proposed, such as ultrasonics, electric currents,
magnetic fields and optical methods, coatings (paints), in
particular biocidal coatings, have been the most popular
anti fouling method owing to their excellent anti-fouling
performance and low cost. Biocidal anti-fouling coatings
are recognized as the most cost-effective over the other
anti-fouling methods. Their advantages include ease
of manufacture, high speed and low-cost application,
durability, and applicability to a variety of structural
forms and compositions. Biocidal anti-fouling coatings
contain toxins (i.e. biocide). Biocide in the paint surface
is gradually released into water and a toxic layer is
formed around the surface. This layer prevents biofouling
species from attaching to the surface, either by killing the
biofouling organisms or deterring their settlement.

Coatings must maintain a certain level of biocide release
(also known as “leach rate"). Once the leach rate falls
below this level, whether through biocide depletion in the
coating or by the formation of insoluble precipitates on
the coating surface, the anti-fouling action will cease and
marine organisms will start to settle on the surface. As a
result, the effective life of typical copper-based insoluble
matrix biocidal coatings rarely exceeds 18 months.

In the early 1970s the traditional copper-based anti-fouling
paints were replaced by organotin compounds, due to
their unbeatable anti-fouling ability and numerous other
advantages, such as an effective life of 5 years or more,
controllable biocide release rate, and ability to overcoat
without loss of activity. Tributyltin (TBT) was the most used
organotin compound together with triphenyltin (TPT).

These organotin compounds were thought to be
environmentally safe when they were first introduced,
because they degraded rapidly to harmless inorganic
forms of tin. Unfortunately, research revealed that
the TBT exposure causes severe impacts on marine
ecosystems including the malformation of oyster
shells and imposex of gastropod molluscs. Stirred by
this information, the global community, through IMO's
International Convention on the Control of Harmful Anti-
fouling Systems on Ships (AFS Convention), banned the
application of anti-fouling coatings with TBT in 2003 and
banned the operation of ships coated with TBT paints in
2008. In 2021, IMO expanded these controls to the biocide
cybutryne. The amendments to the AFS Convention will
enter into force on 1 January 2023.

Modern biofouling control coatings can be classified
into either “biocidal” or “non-biocidal” coatings by
their composition. Biocidal coatings include controlled
depletion polymer (CDP), self-polishing copolymer (SPC),
and hybrid SPC. Non-biocidal coatings include fouling-
release coatings (FRC), which are also termed as non-
stick coatings.

The rosin-based CDP uses the hydration process to
release biocides into the seawater. Seawater migrates
into the CDP paint film which in turn dissolves rosin and
biocides. However, the exponential release rate is the
problem. Initially, the rate of release is wastefully high,
then falls rapidly towards a point at which insufficient
biocide is released to prevent the settlement of the
biofouling species. The leached layers can become
thick and increase the hull roughness. In general, the
performance of CDP is considered as poor but, due to its
low cost, they are still preferred for vessels which have
short dry-dock intervals and those operating in low-
biofouling regions.

The banning of TBT led to the development of tin-free
self-polishing copolymers (SPC). SPCs have good initial
hydrodynamic performance due to their smooth surface
and the self-polishing action as the name suggests.
The dissolution rate of biocides is controlled via










Table 10 shows how the findings of Song et al. (2020c)
can be used to estimate the effect of hull and propeller
cleaning on a 230 m containership’s delivered power [PDJ

of different hull and propeller conditions (i.e. clean/
hull-clean/propeller, fouled-hull/clean-propeller, clean-
hull/ fouled-propeller and  fouled-hull/fouled-propeller

conditions) can be used to estimate the economic and

environmental impacts of hull and propeller cleaning.

and thus its fuel consumption and GHG emissions.

Table 10 Effects of hull and propeller cleanings for a 230 m containership interpretated from the findings of Song et al.

(2020c)

Condition before

Mitigation

measure

Condition after

Effect of mitigation
(%savings)

AP, change in delivered power
AFC: change in fuel consumption
AGE: change in GHG emission

*fouled surface with

1. 1.25 mm barnacles with 10% coverage

2. 1.25 mm barnacles with 20% coverage

3. 1.25 mm barnacles with 40% coverage

4. 1.25 mm barnacles with 50% coverage

5. 2.5 mm barnacles with 10% coverage

6. 2.5 mm barnacles with 20% coverage

7.2.5 mm barnacles with 40% coverage

8. 2.5 mm barnacles with 50% coverage

9.5 mm barnacles with 10% coverage

10. 5 mm barnacles with 20% coverage

*fouled surface with

fouled-propeller lc—{ligning fouled-propeller
*fouled surface with *fouled surface with
1. 1.25 mm barnacles with 10% coverage 1. 1.25 mm barnacles with 10% coverage 1. AP,= AFC= AGE = -14%
2. 1.25 mm barnacles with 20% coverage 2. 1.25 mm barnacles with 20% coverage 2. AP = AFC= AGE = -21%
3. 1.25 mm barnacles with 40% coverage 3. 1.25 mm barnacles with 40% coverage 3. AP = AFC= AGE = -27%
4. 1.25 mm barnacles with 50% coverage 4. 1.25 mm barnacles with 50% coverage 4. AP = AFC= AGE = -29%
5. 2.5 mm barnacles with 10% coverage 5. 2.5 mm barnacles with 10% coverage 5. AP = AFC= AGE = -22%
6. 2.5 mm barnacles with 20% coverage 6. 2.5 mm barnacles with 20% coverage 6. AP = AFC= AGE = -23%
7. 2.5 mm barnacles with 40% coverage 7. 2.5 mm barnacles with 40% coverage 7. AP = AFC= AGE = -35%
8. 2.5 mm barnacles with 50% coverage 8. 2.5 mm barnacles with 50% coverage 8. AP = AFC= AGE = -36%
9.5 mm barnacles with 10% coverage 9.5 mm barnacles with 10% coverage 9. AP = AFC= AGE = -29%
10. 5 mm barnacles with 20% coverage 10. 5 mm barnacles with 20% coverage 10. AP = AFC= AGE = -37%
Fouled-hull/ fouled-propeller Plropgller Fouled-hull/ clean-propeller

cleaning

1. 1.25 mm barnacles with 10% coverage

. APD= AFC= AGE = -6%

2. 1.25 mm barnacles with 20% coverage

2. APD= AFC= AGE =-7%

3. 1.25 mm barnacles with 40% coverage

. APD= AFC= AGE = -10%

4. 1.25 mm barnacles with 50% coverage

. APD= AFC= AGE = -10%

5. 2.5 mm barnacles with 10% coverage

o~ w

. APD= AFC= AGE = -9%

6. 2.5 mm barnacles with 20% coverage

6. APD= AFC= AGE =-10%

7.2.5 mm barnacles with 40% coverage

7. APD= AFC= AGE = -13%

8. 2.5 mm barnacles with 50% coverage

8. APD= AFC= AGE = -13%

9.5 mm barnacles with 10% coverage

9. APD= AFC= AGE = -10%

10. 5 mm barnacles with 20% coverage

10. APD= AFC= AGE =-13%




Table 10 Effects of hull and propeller cleanings for a 230 m containership interpretated from the findings of Song et al.

(2020c) - continued

Condition before

Mitigation

measure

Condition after

Effect of mitigation
(%savings)

AP, change in delivered power
AFC: change in fuel consumption

AGE: change in GHG emission

*fouled surface with

1. 1.25 mm barnacles with 10% coverage

2.1.25 mm barnacles with 20% coverage

3. 1.25 mm barnacles with 40% coverage

4.1.25 mm barnacles with 50% coverage

5. 2.5 mm barnacles with 10% coverage

6. 2.5 mm barnacles with 20% coverage

7.2.5 mm barnacles with 40% coverage

8. 2.5 mm barnacles with 50% coverage

9.5 mm barnacles with 10% coverage

10. 5 mm barnacles with 20% coverage

Fouled-hull/ fouled-propeller Hull Clean-hull/clean-propeller
*fouled surface with er:e;ning
1. 1.25 mm barnacles with 10% coverage propeller 1. APD= AFC= AGE = -19%
2.1.25 mm barnacles with 20% coverage cleaning 2. APD= AFC= AGE = -26%
3. 1.25 mm barnacles with 40% coverage 3. APD= AFC= AGE = -34%
4. 1.25 mm barnacles with 50% coverage 4. APD= AFC= AGE = -36%
5. 2.5 mm barnacles with 10% coverage 5. APD= AFC= AGE = -29%
6. 2.5 mm barnacles with 20% coverage 6. APD= AFC= AGE =-35%
7. 2.5 mm barnacles with 40% coverage 7. APD= AFC= AGE = -43%
8. 2.5 mm barnacles with 50% coverage 8. APD= AFC= AGE = -44%
9.5 mm barnacles with 10% coverage 9. APD= AFC= AGE = -35%
10. 5 mm barnacles with 20% coverage 10. APD= AFC= AGE = -45%
Fouled-hull/ clean-propeller Hull Clean-hull/clean-propeller
*fouled surface with CLEEIIE
1. 1.25 mm barnacles with 10% coverage 1. APD= AFC= AGE = -14%
2. 1.25 mm barnacles with 20% coverage 2. APD= AFC= AGE = -21%
3. 1.25 mm barnacles with 40% coverage 3. APD= AFC= AGE = -27%
4.1.25 mm barnacles with 50% coverage 4. APD= AFC= AGE = -29%
5. 2.5 mm barnacles with 10% coverage 5. APD= AFC= AGE = -22%
6. 2.5 mm barnacles with 20% coverage 6. APD= AFC= AGE = -28%
7.2.5 mm barnacles with 40% coverage 7. APD= AFC= AGE = -35%
8. 2.5 mm barnacles with 50% coverage 8. APD= AFC= AGE = -36%
9.5 mm barnacles with 10% coverage 9. APD= AFC= AGE = -29%
10. 5 mm barnacles with 20% coverage 10. APD= AFC= AGE = -37%
Clean-hull/ fouled-propeller Propeller Clean-hull/clean-propeller

cleaning

1. APD= AFC= AGE = -6%

2. APD= AFC= AGE = -8%

3. APD= AFC= AGE = -12%

4. APD= AFC= AGE =-12%

5. APD= AFC= AGE =-9%

6. APD= AFC= AGE = -12%

7. APD= AFC= AGE = -15%

8. APD= AFC= AGE =-16%

9. APD= AFC= AGE = -12%

10. APD= AFC= AGE = -16%
















Figure 8 added frictional resistance of the bulk carrier with different anti-fouling strategies over the 5-year operation
(Equatorial region)
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Figure 9 Propeller efficiency loss of the bulk carrier with different anti-fouling strategies over the 5-year operation
(Equatorial region)
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Figure 11 Cumulative fuel consumption of the bulk carrier at the design speed with different anti-fouling strategies over
the 5-year operation (Equatorial region)
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Figure 12 Total fuel cost of the bulk carrier over the 5-year operation with different anti-fouling strategies (Equatorial

region)
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Table 14 Difference in the total fuel cost with different anti-fouling scenarios (Equatorial region)

Difference Difference

Total fuel compared to compared to

cost “No cleaning” “Always clean”
No cleaning $29.65 mil. N/A N/A $8.81 mil. 42%
Hull cleaning $25.64 mil. -$4.01 mil. -14% $4.79 mil. 23%
Propeller cleaning $29.27 mil. -$0.38 mil. -1% $8.43 mil. 40%
Hull & propeller cleaning $25.55 mil. -$4.11 mil. -14% $4.70 mil. 23%
Ultrasonic anti-fouling for propeller $28.85 mil. -$0.80 mil. -3% $8.00 mil. 38%
Hull cleaning + Ultrasonic anti-fouling $25.27 mil. “$4.39 mil. 15% $4.42 mil. 21%
for propeller
Proactive cleaning (hull & propeller) $23.07 mil. -$6.58 mil. -22% $2.22 mil. 11%
Always clean $20.85 mil. -$8.81 mil. -30% N/A N/A

Figure 13 Total CO, emission from the bulk carrier over the 5-year operation with different anti-fouling strategies
(Equatorial region)
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Table 15 Difference in the total CO, emission with different anti-fouling scenarios (Equatorial region)

Difference Difference

Total CO, compared to compared to

emission “No cleaning” “Always clean”
No cleaning 161083 t N/A N/A 47835 t 42%
Hull cleaning 139272 t -21810 t -14% 26025 t 23%
Propeller cleaning 159024 t -2058 t -1% 45777 t 40%
Hull & prop. cleaning 138771 t -22312 t -14% 25523 t 23%
Ultrasonic anti-fouling for prop. 156725t -4358 t -3% 43477 t 38%
Hull cleaning + Ultrasonic anti-fouling 137258 t 93825 t 15% 24011 t 21%
for propeller
Proactive cleaning (hull & propeller) 125323t -35760°t -22% 12075t 1%
Always clean 113248 t -47835 t -30% N/A N/A

Figure 14 added frictional resistance of the bulk carrier with different anti-fouling strategies over the 5-year operation
(Mediterranean region)
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Figure 15 Propeller efficiency loss of the bulk carrier with different anti-fouling strategies over the 5-year operation
(Mediterranean region)
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Figure 16 Required engine power increase of the bulk carrier at the design speed with different anti-fouling strategies

over the 5-year operation (Mediterranean region)

70%
No cleaning
Hull cleaning
60% —— . - Prop. cleaning
e === Hull & prop. cleaning
Ultrasonic antifouling for prop.
50% ) )
----- Hull cleaning + Ultrasonic for prop.
Pro-active cleaning (hull & prop.)
° a0% | L T Always clean
@
(9]
S
-
E 30% ’/,a
[ ’d
g
o ’,’
20%
v il
10% 4
J
/I
0% e
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Operation time (years)







Figure 18 Total fuel cost of the bulk carrier over the 5-year operation with different anti-fouling strategies
(Mediterranean region)
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Table 16 Difference in the total fuel cost with different anti-fouling scenarios (Mediterranean region)

Difference Difference

Total fuel compared to compared to

cost “No cleaning” “Always clean”
No cleaning $26.70 mil. N/A N/A $5.85 mil. 28%
Hull cleaning $23.89 mil. -$2.81 mil. -11% $3.05 mil. 15%
Propeller cleaning $26.50 mil. -$0.20 mil. -1% $5.65 mil. 27%
Hull & propeller cleaning $23.85 mil. -$2.85 mil. -1% $3.00 mil. 14%
Ultrasonic anti-fouling for propeller $26.28 mil. -$0.42 mil. -2% $5.43 mil. 26%
Hull cleaning + Ultrasonic anti-fouling $23.70 mil. -$3.00 mil. 1% $2.85 mil. 14%
for propeller
Proactive cleaning (hull & propeller) $21.80 mil. -$4.90 mil. -18% $0.95 mil. 5%
Always clean $20.85 mil. -$5.85 mil. -22% N/A N/A




Figure 19 Total CO, emission from the bulk carrier over the 5-year operation with different anti-fouling strategies

(Mediterranean region)
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Table 17 Difference in the total CO, emission with different anti-fouling scenarios (Mediterranean region)

Difference Difference

Total CO, compared to compared to

emission “No cleaning” “Always clean”
No cleaning 145,043 t N/A N/A 31,796 t 28%
Hull cleaning 129,798 t -15,245 t -11% 16,551 t 15%
Propeller cleaning 143,936 t -1,107 t -1% 30,688 t 27%

ull & prop. cleaning 129,549 t -15,494 t -11% 16,301 t 14%

Ultrasonic anti-fouling for prop. 142,754 t -2,289 t -2% 29,506 t 26%
Hull cleaning + Ultrasonic anti-fouling 128720 t 16323t 1% 15,473 t 14%
for propeller
Proactive cleaning (hull & propeller) 118,425t -26,618t -18% 5177t 5%
Always clean 113,248 t -31,796 t -22% N/A N/A




CHAPTER 3

INFORMATION GAPS

3.1 INFORMATION GAPS AND RESEARCH
RECOMMENDATIONS

This report made a summary of the reported impacts
of biofouling on ships' energy efficiency either from full
scale measurements, lab-scale experiments or numerical
simulations. In addition, case studies were conducted to
investigate the economic and environmental impacts of
different anti-fouling scenarios applied to a commercial vessel
with over an operation period of 5 years, using the prediction
models in the literature. Most of the data in the literature that
was analysed was based on simplified descriptions of the
biofouling conditions, and therefore there are still difficulties
in interpreting the findings for specific individual vessels
operating under different conditions. In this context, there is a
great need for comprehensive data collected from the industry,
such as dry-dock and noon reports, photos, corresponding ship
performance data (power requirements or speed loss), with the
inclusion of parameters relevant to biofouling. Such data can be
also used to validate the prediction methods and enable more
precise and reasonable estimations of ship performances with
different biofouling conditions and/or anti-fouling strategies.

Future work may simply involve data analysis based on ships’
operation data without involving any prediction methods. Such
data accumulation may help to define a useful formulation
to correlate the ship resistance characteristics and different
hull/propeller fouling conditions, which will enable users to
estimate ship performance easily and robustly under different
biofouling conditions.

On another note, the impacts of biofouling in niche areas or
internal seawater systems and the mitigation options are not
yet well established compared to the analysis of biofouling on
ship hulls and propellers.

Finally, it is well-known that biofouling growth is highly
affected by the flow over the surface. Thus, ship design can
be made to induce the flow around the hull and propeller to
disturb the biofouling growth on the surface. Therefore, further
study should be conducted to investigate how ship design can
reduce biofouling growth on hull and niche areas and influence
the fuel consumption and GHG emissions from ships.
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ANNEX A
SCIENTIFIC SYMBOLS AND UNITS

Symbol | ame | Dimension | Common unit
R, Total resistance Force [N]
R, Frictional resistance Force [N]
R, Residuary resistance Force [N]
Rp Viscous pressure resistance Force [N]
R, Wave-making resistance Force [N]
C, Total resistance coefficient None [-]
C. Frictional resistance coefficient None [-]
C, Residuary resistance coefficient None [-]
Co Viscous pressure resistance coefficient None [-]
C, Wave-making resistance coefficient None [-]
Ra Arithmetical mean roughness height (i.e. centre-line average height) Length [mm] or [um]
Rt., Maximum peak-to-valley roughness height over a 50 mm sample length Length [mm] or [um]
MHR Mean hull roughness Length [mm] or [um]
AHR Average hull roughness Length [mm] or [um]
k. Equivalent sand-grain roughness height Length [mm] or [um]
k, Equivalent Grigson roughness height Length [mm] or [um]
FR Fouling rating None (-]
N Barnacle height Length [mm] or [um]
e Slime thickness Length [mm] or [um]
%SC., . e Barnacle percentage coverage None (%]
k. Biofilm thickness Length [mm] or [um]
%SC, .o Biofilm percentage coverage None [%]
U Non-dimensional velocity None [-]
Non-dimensional distance from wall None [-]
K Kérman constant None [-]
B Log-law intercept None [-]
AU Roughness function None [-]
k* Roughness Reynolds number None [-]
U, Friction velocity None [-]
» Wall shear stress None [-]
Density of fluid None [-]
v Kinematic viscosity of the fluid None [-]
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ANNEX B

GLOSSARY OF TERMS

Ablative anti-fouling coating - Also known as a self-
polishing anti-fouling coating, this is a soft coating that
wears off at a controlled rate.

AFS Convention - International Convention on the Control
of Harmful Anti-fouling Systems on Ships

Anti-fouling system (AFS) - A coating, paint, surface
treatment, surface or device that is used on a ship to
control or prevent attachment of unwanted organisms.

Biocide - A chemical substance sometimes incorporated
into anti-fouling systems to prevent settlement or survival
of aguatic organisms.

Biofouling - The accumulation of aquatic organisms,
such as microorganisms, plants and animals, on surfaces
and structures immersed in, or exposed to, the aquatic
environment. May include microfouling and macrofouling.

Contaminant - Any detrimental substance occurring in the
environment as a result of human activities, even without
adverse effects being observed.

IMO - A specialized agency of the United Nations, it is the
global standard-setting authority for the safety, security
and environmental performance of international shipping.

IMO Biofouling Guidelines - Guidelines for the control and
management of ships” biofouling to minimize the transfer
of Invasive Aquatic Species (resolution MEPC.207(62)), 15
July 2011.

IMO Biofouling Guidance for Recreational Craft - Guidance
for Minimizing the Transfer of Invasive Aquatic Species as
Biofouling (Hull Fouling) for Recreational Craft (MEPC.1/
Circ.792), 12 November 2012.

In-water cleaning (IWC) - The physical removal of

biofouling from a ship or other submerged structure while
in the water.

Invasive Aquatic Species (IAS) - A non-indigenous
species which may pose threats to human, animal and
plant life, economic and cultural activities and the aquatic
environment.

Macrofouling - Large, distinct multicellular organisms
visible to the human eye, such as barnacles, tubeworms
or fronds of algae.

Marine growth prevention system - An anti-fouling system
used for the prevention of biofouling accumulation in niche
areas.

Microfouling - Microscopic organisms including bacteria
and diatoms and the slimy substances they produce.
Biofouling comprised only of microfouling is commonly
referred to as the slime layer.

Niche areas - Areas on a ship that may be more susceptible
to biofouling due to different hydrodynamic forces,
susceptibility to coating system wear or damage, or being
inadequately painted or unpainted, e.g. sea chests, bow
thrusters, propeller shafts, inlet gratings, dry-dock support
strips.

Ship - For the purposes of this report, the definition of
ship is consistent with the definition in the IMO Biofouling
Guidelines: A vessel of any type whatsoever operating
in the aquatic environment and includes hydrofoil boats,
air-cushion vehicles, submersibles, floating craft, fixed or
floating platforms, floating storage and production units
(FSUs) and floating production storage and off-loading
units (FPSOs).
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ANNEX C
SHIP RESISTANCE COMPONENTS

The total resistance, R, of a ship can be divided into two main components: the frictional resistance, R, and the residuary
resistance, R, given by

R=R.+R, (A1)

The frictional resistance arises from the friction between the fluid and the hull surface while the residuary resistance is
pressure-related resistance consisting of viscous pressure resistance, R ., and wave-making resistance, R, given by

R=R.+R,*R, (A2)

The viscous pressure, also known as form drag, is broadly assumed to be proportional to the frictional resistance (Lewis,
1988), with the use of form factor, k, as given by

R,,= kRF (A3)
R.=(1+K) R+ R, (A4)

The resistance components can be non-dimensionalized by dividing each term by the dynamic pressure, %p V2 and the
wetted surface area of the ship hull, S. The resistance coefficients can be defined as

C,=C.+C, (A5)
C,=C.+C,+C, (Ab)
C,=(1+K) C.+ C,, (A7)

where, CF CF, and CR are the coefficients of total, frictional and residuary resistance, respectively.
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ANNEX E

ROUGHNESS FUNCTION

One of the most accurate ways to predict the roughness
effect on ship hydrodynamic performance is using the
roughness function, AU*, of the given rough (fouled)
surface. Once the roughness function is known, it can be
utilized for the full-scale resistance prediction through
the similarity law scaling or computational fluid dynamics
(CFD) as will be discussed in the following sections.

A rough surface in a turbulent boundary layer results
in a downward shift in the velocity profile as shown in
Figure E1. This downward shift is termed roughness
function, AU".

The generalized velocity profile in the log-law region over
a rough surface is given as,

1
Ut=—Iny* +B-AU* (6)

The roughness function, AU" can be expressed as a
function of the roughness Reynolds number, k*, defined as

Kt = kU, 7)
v

30

where Kk is the roughness height (e.g. Ry R, K, etc.), Ut
is the friction velocity defined as /7./p- 7w is the wall shear
stress, p and v are the density and the kinematic viscosity
of the fluid.

The U® and corresponding k" values can be determined
using experimental methods (Granville, 1987). However,
there is still an unsolved issue: there is no universal
model for roughness functions of different surfaces.
In other words, different surfaces may show different
roughness function behaviours even if they have the
same roughness height value because of the effects of
other surface properties (e.g. frontal solidity, effective
slope, plan solidity, skewness). Therefore, the roughness
functions need to be determined individually for different
surfaces.

25
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Figure E1 Velocity profile on smooth and rough walls
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ANNEX G
NSTM FOULING RATINGS

The most common quantification method for biofouling surface to a fully fouled surface, respectively. Descriptions
surfaces is the fouling rating used by the US Navy based of the fouling rating ranges defined by NSTM (2002) are
on Naval Ships’ Technical Manual (NSTM, 2002). FR is a given in Table G1.

fouling index ranging from O to 100, which represent a clean

Table G1 Difference in the total CO2 emission with different anti-fouling scenarios (Mediterranean region)

Type ‘ Description ‘ FR

Soft A clean, foul-free surface; red and/or black AF paint or a bare metal surface. 0
Light shades of red and green (incipient slime). Bare metal and painted surfaces are

Soft . . 10
visible beneath the fouling.
Slime as dark green patches with yellow or brown coloured areas (advanced slime). Bare

Soft . . 20
metal and painted surfaces may by obscured by the fouling.
Grass as filaments up to 3 inches (76 mm) in length, projections up to % inch (6.4 mm)

Soft in height; or a flat network of filaments, green, yellow or brown in colour; or soft non- 30
calcareous fouling such as sea cucumbers, sea grapes or sea squirts projecting up to %
inch (6.4 mm) in height. The fouling cannot be easily wiped off by hand.
Calcareous fouling in the form of tubeworms less than % inch (6.4 mm) in diameter or

Hard . 40
height.
Calcareous fouling in the form of barnacles less than % inch (6.4 mm) in diameter or

Hard . 50
height.
Combination of tubeworms and barnacles, less than 1.4 inch (6.4 mm) in diameter or

Hard . 60
height.

Hard Combination of tubeworms and barnacles, greater than % inch (6.4 mm) in diameter or 70

height.

Tubeworms closely packed together and growing upright away from surface. Barnacles
Hard growing one on top of another, % inch (6.4 mm) or less in height. Calcareous shells 80
appear clean or white in colour.

Dense growth of tubeworms with barnacles, % inch (6.4 mm) or greater in height;

Calcareous shells brown in colour (oysters and mussels); or with slime or grass overlay. ol

Hard

All forms of fouling present, Soft and hard, particularly soft sedentary animals without

: i . ) 100
calcareous covering (tunicates) growing over various forms of hard growth.

Composite
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ANNEX |

ECONOMIC AND ENVIRONMENTAL

IMPACTS OF BIOFOULING

INTERPRETED FROM THE LITERATURE

Ship/propeller

Speed/
operational
condition

Surface condition/ exposure time

Interpretations
AFC: increase in fuel consumption
AGE: increase in GHG emission

23 m fleet Unknown Thin slime (too thin to measure)/ 240 AFC = AGE=19-21%
tender days
23 m fleet Unknown Thick slime (~1 mm)/ 500 days AFC = AGE=62-69%
tender
58 m 5-15 knots Slime/ 40 days AFC = AGE=4-5%
Passenger
carrier
62 m offshore 13.5-16 Light slime/ 2 years AFC = AGE=5%
patrol ship knots
120 m cargo 9 knots Barnacles and slime AFC = AGE=270-320%
vessel
150 m flat plate 12 knots 1. max. 6 mm barnacles with 60% *for 150 m bulk carrier
(representative coverage 1. AFC = AGE=140-160%
of midsized 2. max. 7 mm barnacles with 75% 2. AFC= AGE=150-170%
merchant & coverage 3. AFC = AGE=50-60%
naval ships) 3. max. 5 mm barnacles with 1% 4. AFC = AGE=70-80%

coverage 5. AFC = AGE=35-40%

4. max. 5 mm barnacles with 4%
coverage
5. max. light layer of slime (1 mm

thickness)
96 m destroyer 24 knots Barnacles and slime AFC = AGE=130-145%
111 m 10-20 12 months AFC = AGE=100%
destroyer knots
115 m 28 knots 8 months AFC = AGE=32%
destroyer
124 m frigate 15 knots 1. Typical as applied AF coating AFC = AGE=2%

2. Deteriorated coating or light slime
3. Heavy slime

4. Small calcareous fouling or weed
5. Medium calcareous fouling

6. Heavy calcareous fouling

AFC = AGE=11%
AFC = AGE=21%
AFC = AGE35%

AFC = AGE=54%
AFC = AGE=86%

O CIRE S CORIDRCE
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Ship/propeller

Speed/
operational
condition

Surface condition/ exposure time

Interpretations
AFC: increase in fuel consumption
AGE: increase in GHG emission

124 m frigate 30 knots 1. Typical as applied AF coating 1. AFC= AGE=4%
2. Deteriorated coating or light slime 2. AFC= AGE=10%
3. Heavy slime 3. AFC= AGE=16%
4. Small calcareous fouling or weed 4. AFC = AGE=26%
5. Medium calcareous fouling 5. AFC= AGE=38%
6. Heavy calcareous fouling 6. AFC= AGE=59%

124 m frigate 15 knots Tubeworm fouling AFC = AGE=23%

124 m frigate 30 knots Tubeworm fouling AFC = AGE=13%

142 m 15 knots 1. Typical as applied AF coating 1. AFC=AGE=1%

destroyer 2. Deteriorated coating or light slime 2. MANFC= AGE=9%
3. Heavy slime 3. AFC= AGE=18%
4. Small calcareous fouling or weed 4. AFC= AGE=31%
5. Medium calcareous fouling 5. AFC= AGE=47%
6. Heavy calcareous fouling 6. AFC= AGE=76%

142 m 30 knots 1. Typical as applied AF coating b1. AFC = AGE=3%

destroyer 2. Deteriorated coating or light slime b2. AFC = AGE=7%
3. Heavy slime b3. AFC = AGE=12%
4. Small calcareous fouling or weed b4. AFC = AGE=20%
5. Medium calcareous fouling b5. AFC = AGE=30%
6. Heavy calcareous fouling b6. AFC = AGE=47%

183 m 21 knots 10 months AFC = AGE=37%

battleship

13,000 TEU Unknown 1.5 years AFC = AGE=9.2%

container

230 m 24 knots 1. Typical as applied AF coating 1. AFC= AGE=7.1%

container ship 2. Deteriorated coating or light slime 2. ANFC= AGE=18.1%
3. Heavy slime 3. AFC= AGE=30.8%
4. Small calcareous fouling or weed 4. AFC= AGE=49.1%
5. Medium calcareous fouling 5. AFC= NGE=72.6%
6. Heavy calcareous fouling 6. AFC= AGE=107.5%

230 m 24 knots 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=17%

container ship 2. 1.25 mm barnacles with 20% coverage 2. AFC= AGE=27%
3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=43%
4. 1.25 mm barnacles with 50% coverage 4. AFC= AGE=45%
5. 2.5 mm barnacles with 10% coverage 5. AFC= AGE=32%
6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=43%
7. 2.5 mm barnacles with 40% coverage 7. AFC= AGE=63%
8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=66%
9.5 mm barnacles with 10% coverage 9. AFC= AGE=46%
10. 5 mm barnacles with 20% coverage 10. AFC = AGE=66%




Ship/propeller

Speed/

Surface condition/ exposure time

Interpretations

operational AFC: increase in fuel consumption
condition AGE: increase in GHG emission
230 m 24 knots 1. 100 um biofilm with 50% coverage 1. AFC= AGE=9-10%
container ship 2. 500 um biofilm with 50% coverage 2. AFC= AGE=26-29%

3. 100 um biofilm with 25% coverage 3. AFC= AGE=6-7%

4. 500 ym biofitlm with 25% coverage 4. AFC = AGE=22-24%

5. 100 pm biofilm with 15% coverage 5. AFC = AGE=4-5%

6. 500 um biofilm with 15% coverage 6. AFC= AGE=12-13%

7.100 um biofitm with 5% coverage 7. AC=AGE=0.1%

8. 500 um biofitlm with 5% coverage 8. AFC= AGE=5-6%
230m 24 knots 1. 100 um biofilm with 50% coverage 1. AFC= AGE=9.5%
container ship 2. 500 um biofilm with 50% coverage 2. AFC= AGE=28.9%

3. 100 um biofilm with 25% coverage 3. AFC= AGE=5.5%

4. 500 um biofilm with 25% coverage 4. AFC= AGE=23.0%

5. 100 pm biofilm with 15% coverage 5. AFC= AGE=3.9%

6. 500 um biofilm with 15% coverage 6. AFC= AGE=11.5%

7. 100 um biofilm with 5% coverage 7. AFC= AGE=0.0%

8. 500 um biofilm with 5% coverage 8. AFC= AGE=4.6%
230 m 24 knots 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=18%
container ship 2. 1.25 mm barnacles with 20% coverage 2. AFC= AGE=28%

3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=40%

4. 1.25 mm barnacles with 50% coverage 4. AFC = AGE=44%

5. 2.5 mm barnacles with 10% coverage 5. AFC = AGE=32%

6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=42%

7. 2.5 mm barnacles with 40% coverage 7. AFC = AGE=56%

8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=59%

9.5 mm barnacles with 10% coverage 9. AFC= AGE=42%

10. 5 mm barnacles with 20% coverage 10. AFC = AGE=60%
230 m 24 knots 1.7 mm barnacles with 25% coverage 1. AFC= AGE=86%
container ship 2.5 mm barnacles with 25% coverage 2. AFC= AGE=80%

3. 7 mm barnacles with 5% coverage 3. AFC= AGE=74%

4.5 mm barnacles with 5% coverage 4. AFC= AGE=61%

5. 7 mm barnacles with 1% coverage 5. AFC = AGE=49%

6.5 mm barnacles with 1% coverage 6. AFC= AGE=45%
230m 24 knots Hull fouling
container ship 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=16%

2. 1.25 mm barnacles with 20% coverage 2. NAFC= AGE=26%

3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=37%

4. 1.25 mm barnacles with 50% coverage 4. AFC= AGE=41%

5. 2.5 mm barnacles with 10% coverage 5. AFC = AGE=29%

6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=39%

7. 2.5 mm barnacles with 40% coverage 7. AFC = AGE=53%

8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=57%

9.5 mm barnacles with 10% coverage 9. AFC = AGE=40%

10. 5 mm barnacles with 20% coverage 10. AFC = AGE=58%
230m 19 knots 1. Typical as applied AF coating 1. AFC= AGE=5.9%
container ship 2. Deteriorated coating or light slime 2. AFC= AGE=21.2%

3. Heavy slime 3. AFC= AGE=37.0%

4. Small calcareous fouling or weed 4. AFC= AGE=59.5%

5. Medium calcareous fouling 5. AFC= AGE=88.2%

6. Heavy calcareous fouling 6. AFC= AGE=130.9%
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Ship/propeller

Speed/
operational
condition

Surface condition/ exposure time

Interpretations
AFC: increase in fuel consumption
AGE: increase in GHG emission

230 m 19 knots 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=22%
container ship 2.1.25 mm barnacles with 20% coverage 2. AFC= AGE=34%
3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=48%
4.1.25 mm barnacles with 50% coverage 4. AFC= AGE=53%
5. 2.5 mm barnacles with 10% coverage 5. AFC= AGE=39%
6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=50%
7. 2.5 mm barnacles with 40% coverage 7. AFC= AGE=67%
8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=71%
9.5 mm barnacles with 10% coverage 9. AFC= AGE=51%
10. 5 mm barnacles with 20% coverage 10. AFC = AGE=73%
230 m 12-26 1. 1.25 mm barnacles with 20% coverage 1. AFC = AGE=29 - 19% (for 12-26 knots)
container ship knots 2. 2.5 mm barnacles with 20% coverage 2. AFC = AGE=44 - 28% (for 12-26 knots)
3. 5 mm barnacles with 20% coverage 3. AFC = AGE=66 - 40% (for 12-26 knots
230m 24 knots Hull & propeller fouling
container ship 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=23%
with 7.9 m 2. 1.25 mm barnacles with 20% coverage 2. MAFC= AGE=36%
propeller 3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=52%
4. 1.25 mm barnacles with 50% coverage 4. AFC= AGE=57%
5. 2.5 mm barnacles with 10% coverage 5. AFC= AGE=41%
6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=54%
7. 2.5 mm barnacles with 40% coverage 7. AFC= AGE=75%
8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=80%
9.5 mm barnacles with 10% coverage 9. AFC= AGE=55%
10. 5 mm barnacles with 20% coverage 10. AFC = AGE=82%
230 m 24 knots Hull & propeller fouling
container ship 1. 100 um biofilm with 50% coverage 1. AFC= AGE=9.0%
2. 500 um biofilm with 50% coverage 2. AFC= AGE=25.8%
3. 100 um biofilm with 25% coverage 3. AFC= AGE=6.4%
4. 500 um biofilm with 25% coverage 4. AFC= AGE=22.1%
5. 100 pm biofilm with 15% coverage 5. AFC = AGE=4.0%
6. 500 um biofilm with 15% coverage 6. AC=AGE=11.9%
7. 100 pum biofilm with 5% coverage 7. AFC= AGE=0.48%
8. 500 um biofitlm with 5% coverage 8. AFC= AGE=5.3%
320 m tanker 15.5 knots 1. 7 mm barnacles with 25% coverage 1. AFC= AGE=117%
2.5 mm barnacles with 25% coverage 2. AFC= AGE=105%
3. 7 mm barnacles with 5% coverage 3. AFC= AGE=92%
4.5 mm barnacles with 5% coverage 4, AFC= AGE=84%
5.7 mm barnacles with 1% coverage 5. AFC=AGE=71%
6.5 mm barnacles with 1% coverage 6. AFC= AGE=61%
320 m tanker 9-17 knots 1. 1.25 mm barnacles with 20% coverage 1. AFC= AGE=27 - 36% (for 9-17 knots)
2. 2.5 mm barnacles with 20% coverage 2. AFC= AGE=42 - 53% (for 9-17 knots)
3.5 mm barnacles with 20% coverage 3. AFC= AGE=65 - 78% (for 9-17 knots)
175 m bulk 16.3 knots 1. 100 um biofilm with 50% coverage 1. AFC= AGE=8.1%
carrier 2.500 um biofilm with 50% coverage 2. AFC= AGE=29.0%
3. 100 um biofilm with 25% coverage 3. AFC= AGE=4.4%
4. 500 um biofilm with 25% coverage 4. AFC= AGE=24.3%
5. 100 pm biofilm with 15% coverage 5. AFC=AGE=1.6%
6. 500 um biofilm with 15% coverage 6. ANFC=AGE=12.7%
7. 100 pum biofilm with 5% coverage 7. AFC= AGE=0.015%
8. 500 um biofitlm with 5% coverage 8. AFC= AGE=5.4%




Ship/propeller | Speed/ Surface condition/ exposure time Interpretations
operational AFC: increase in fuel consumption
condition AGE: increase in GHG emission

7.9 m propeller J=0.7 Propeller fouling

(for 230 m (operation 1. 1.25 mm barnacles with 10% coverage 1. AFC= AGE=6%

containership) condition 2.1.25 mm barnacles with 20% coverage 2. AFC= AGE=9%
at 24 3. 1.25 mm barnacles with 40% coverage 3. AFC= AGE=13%
knots) 4.1.25 mm barnacles with 50% coverage 4. AFC= AGE=14%

5. 2.5 mm barnacles with 10% coverage 5. AFC= AGE=10%
6. 2.5 mm barnacles with 20% coverage 6. AFC= AGE=13%
7. 2.5 mm barnacles with 40% coverage 7. AFC= AGE=18%
8. 2.5 mm barnacles with 50% coverage 8. AFC= AGE=19%
9.5 mm barnacles with 10% coverage 9. AFC= AGE=14%
10. 5 mm barnacles with 20% coverage 10. AFC = AGE=20%

7.9 m propeller J=0.7 Propeller fouling

(for 230 m (operation 1. 100 pm biofilm with 50% coverage 1. AFC= AGE=3%

containership) condition 2. 500 pm biofilm with 50% coverage 2. AFC= AGE=8%
at 24 3. 100 ym biofilm with 25% coverage 3. AFC= AGE=2%
knots) 4. 500 um biofilm with 25% coverage 4. NFC = NGE=6%

5. 100 pym biofilm with 15% coverage 5. AFC= AGE=1%
6. 500 pym biofilm with 15% coverage 6. AFC= AGE=3%
7. 100 um biofilm with 5% coverage 7. AFC= AGE=0%
8. 500 pm biofilm with 5% coverage 8. AFC= AGE=2%

7.9 m propeller J=0.7 Propeller fouling

(for 230 m (operation 1.7 mm barnacles with 25% coverage 1. AFC= AGE=39%

containership) condition 2.5 mm barnacles with 25% coverage 2. MAFC= AGE=35%
at 24 3.7 mm barnacles with 5% coverage 3. AFC= AGE=30%
knots) 4.5 mm barnacles with 5% coverage 4. AFC= AGE=28%

5.7 mm barnacles with 1% coverage 5. AFC = AGE=25%
6.5 mm barnacles with 1% coverage 6. AFC= AGE=23%

9.9 m propeller J=0.5 Propeller fouling

(for 320m (operation 1.7 mm barnacles with 25% coverage 1. AFC= AGE=47%

tanker) condition 2.5 mm barnacles with 25% coverage 2. MAFC= AGE=43%
at 15.5 3.7 mm barnacles with 5% coverage 3. AFC= AGE=39%
knots) 4.5 mm barnacles with 5% coverage 4. AFC= AGE=35%

5. 7 mm barnacles with 1% coverage 5. AFC = AGE=32%
6.5 mm barnacles with 1% coverage 6. AFC= AGE=30%

9.9 m propeller J=0.5 Propeller fouling

(for 320m (operation 1. 100 pm biofilm with 50% coverage 1. AFC= AGE=3%

tanker) condition 2. 500 pm biofilm with 50% coverage 2. AFC= AGE=8%
at 155 3. 100 pm biofilm with 25% coverage 3. AFC= AGE=3%
knots) 4. 500 um biofilm with 25% coverage 4. ANFC = NGE=6%

5. 100 pym biofilm with 15% coverage 5. AFC=AGE=1%
6. 500 pm biofilm with 15% coverage 6. AFC= AGE=3%
7. 100 um biofilm with 5% coverage 7. AFC=AGE=1%
8. 500 pm biofilm with 5% coverage 8. AFC= AGE=2%
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More information:

GloFouling Partnerships Project Coordination Unit
Department of Partnerships and Projects
International Maritime Organization
4 Albert Embankment
London SE1 7SR
United Kingdom
www.glofouling.imo.org
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https://www.glofouling.imo.org/



