

[image: image1]
Proactive In-Water Ship Hull Grooming as a Method to Reduce the Environmental Footprint of Ships
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The application of a proactive grooming program to manage the fouling control coatings applied to ship hulls provides an opportunity to address the climate crisis, invasive species and the discharge of biocides into the marine environment. A large percentage of the total power required to propel a ship is to overcome the viscous drag created between the hull and the water. The powering penalty due to increases in coating roughness and the development of biofouling are well documented. In addition, poorly maintained fouling control coatings may lead to the transportation of invasive species. In-water hull cleaning is therefore an important part of ship operations; however, this is typically implemented as a reactive measure when fouling reaches a critical level and requires powerful machinery which damages the coatings, creates unwanted discharge and in many locations the discharge will require capture and disposal. Ship hull grooming is being developed as a proactive method to manage fouling control coatings that will ensure that they are maintained in a smooth and fouling free condition, there is no transport of invasive species or excessive discharge of material that occurs during cleaning. This manuscript will summarize the findings of many years of research and development.
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INTRODUCTION

The shipping industry is vital to trade, defense, and the world economy; however, it is under increasing pressure to reduce its environmental footprint in terms of CO2 emissions, as a point source for biocides used for the control of biofouling, and the transportation of invasive species (International Maritime Organization, IMO). Our findings from several years of research investigating the proactive underwater maintenance of fouling control coatings (grooming), has demonstrated that such an approach offers the potential to ensure that the major areas of a ship hull can be kept in a smooth and fouling free condition for the lifetime of the coating. This in turn will reduce the environmental footprint of a ship and costs in terms of fuel and wear on machinery.

There are many factors that determine how and when a ship hull is cleaned (Figure 1). These include:


•Vessel Specifics: the type of vessel, its schedule, utilization and speed

•Fouling Control Coatings: the type, condition and age of fouling control coating

•Environmental Conditions: physical and chemical properties of seawater and ecology.
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FIGURE 1. Factors influencing the management of biofouling on ships.


In-water hull cleaning is routinely performed on ships in ports and harbors around the world, however, up until recently this has only been done using powerful devices as a reactive measure once fouling has reached significant levels (US Navy, 2006; United States Environmental Protection Agency [US EPA], 2011; McClay et al., 2015; Morrisey and Woods, 2015; Zabin et al., 2016; Song and Cui, 2020). This results in excessive discharges of paint and biofouling to the environment which may then require capture, treatment and disposal. It also damages the coating (Bohlander, 2009; Earley et al., 2014; Scianni and Georgiages, 2019; Oliveira and Granhag, 2020; Tamburri et al., 2020; BIMCO/ICS, 2021; Jones, 2021; Scianni et al., 2021). Ship hull grooming has been defined as “the gentle, habitual and frequent mechanical maintenance of submerged ships’ hulls in order that they remain free from extraneous matter such as fouling organisms and particulate debris, with minimal impact to the coating” (Tribou and Swain, 2010). The purpose of this paper is to review our findings and to place them in context with the requirements to reduce environmental impacts and improve the operational efficiency of ships.

Fouling control coatings are known to foul when a ship is subjected to prolonged periods of inactivity. In 2003 SeaRobotics submitted a proposal to the Office of Naval Research “The HullBUG, A miniature Underwater Vehicle for Cleaning Ship Hulls” (Holappa et al., 2013). In 2005, the Office of Naval Research funded a ship hull grooming program. The concept was to develop fully autonomous vehicles that would proactively maintain fouling control coatings free of fouling (Figure 2).
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FIGURE 2. Concepts for the development of a fully autonomous ship hull grooming vehicle (Swain et al., 2020).


Early research on small sized test panels demonstrated that proactive in water grooming may provide an effective method to prevent fouling (Tribou and Swain, 2010). This led to the construction of a large-scale test facility at Port Canaveral, Florida to develop and demonstrate the technology. It also found that the requirements for the grooming method were different for the biocide and biocide free systems (Figure 3). The performance of biocide-based systems is enhanced by a grooming method that maintains the active ingredient at a level that prevents fouling without causing excessive discharge into the environment (Swain and Tribou, 2014; Tribou and Swain, 2017). The performance of the fouling release coatings is enhanced by a grooming method that provides sufficient force to remove the fouling without damaging the surface.
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FIGURE 3. Grooming method requirements for biocide based and fouling release coatings.




BACKGROUND

This research focused on the coating types and operational schedule of US Navy ships. About 96% of the US Navy ships are coated with copper ablative antifouling (AF) paint and the rest with copper free coatings including some fouling release systems. The majority of ships spend 40–60% of their time pier-side and this makes them vulnerable to fouling (Martin and Ingle, 2012). According to Chapter 081 of the Naval Ships’ Technical Manual (Supplementary Table 1) a full hull clean for ablative and self-polishing paints will be required when a fouling rating of FR-40 or greater exists over 20 percent of the hull, exclusive of docking block areas and appendages. The fouling release coatings are treated differently and when a fouling rating of FR-50 or greater is observed over 10 percent of a hull NAVSEA Code 00C are contacted for cleaning advice. The challenges of waiting until the ship becomes covered by calcareous fouling before cleaning are that the ship is already operating with a drag penalty, that cleaning will require fairly high forces that may damage the coating and that the calcareous shells may become entrapped by the cleaning device causing further damage. Schultz et al. (2011) concluded that savings as high as $12 million/ship over a 15-year period could be achieved for the US Navy fleet of DDG-51 destroyers if the hull condition was maintained at a fouling rating of 10. Our research has demonstrated that regular grooming of BRA640 and IS1100 is able to maintain these coatings at a Navy Ship Technical Manual fouling rating of 0.

The findings from this study may also be used to help better manage the fouling control coatings of commercial shipping. Seaborne trade and the number of ships that are operating in the marine environment has increased dramatically in the last 50 years. According to the United Nations Conference on Trade and Development (2020) e-Handbook of Statistics the international seaborne trade grew from 2,605 million tons loaded in 1970 to 11,083 million tons in 2019. In 2019 there were 52,961 commercial ships with flags of registration of 1,000 GT and above. The environmental impacts from this number of vessels and the associated ports and harbors are enormous and the industry is now facing increased regulations to reduce harm to the environment. One option to lessen these impacts is by the improved selection and management of fouling control coatings (Swain, 2017). The condition and treatment of these surfaces have a significant impact on the power required to move a vessel (CO2 emissions), the release of active ingredients to control fouling (biocides) and the transfer of marine organisms to new locations (invasive species).



LARGE SCALE TEST FACILITY

A large-scale seawater test facility was constructed in 2012 at Port Canaveral to evaluate the technology, provide a scientific understanding of the grooming process and to enable the development of grooming tools (Figure 4). The Port is subtropical and has year-round biofouling (Figure 5). The test surfaces were constructed from three 2.4 m × 4.57 m × 6.35 mm thick steel plates that were welded to 0.76 m diameter steel pipe for floatation. These were bolted together to form a continuous length of 13.7 m. The structures were coated with Intergard 264 epoxy anticorrosive paint and a topcoat of either Interspeed BRA 640 (BRA640) copper polishing or Intersleek 1100SR (IS1100) fouling release coating from Akzo Nobel. The steel pipes provided floatation and the panels were suspended vertically representing the vertical sides of a ship. A 10.4 m Mainship trawler acted as a control center for the grooming vehicle and was moored adjacent to the pipe. The fouling control surfaces were groomed on a weekly basis and ungroomed areas acted as controls. The panels were inspected by divers and periodically, the panels were rotated to the horizontal position to enable visual inspection, dry film thickness and roughness measurements.
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FIGURE 4. Large scale test facility, Port Canaveral, Florida.
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FIGURE 5. Biofouling, temperature and salinity conditions at the large scale test site.




GROOMING METHOD

There are several different categories of cleaning devices available to remove biofouling from underwater surfaces (Akinfiev et al., 2007; Curran et al., 2016; Song and Cui, 2020). The concept for grooming required the design and fabrication of specialized tools that were engineered to apply the minimum force required to remove incipient fouling and biofilms without damaging the surface. Because the concept is to eventually develop fully autonomous vehicles the grooming tool was also designed to minimize power demands. Prior research guided our choice to favor small diameter (about 102 mm) vertically rotating brushes rotating at between 300 to 600 rpm (Wathen, 1994; Schumacher, 1996; Harper, 2014). The brush rotation creates a low pressure in the entrapped water which causes suction forces and holds the brush to the surface. The vertical forces applied to the coating are controlled by the arrangement of the brush elements and the speed of rotation (Harper, 2014; Tribou, 2015; Erdogan, 2016). The variables included in grooming tool design are many and include: brush element material and size, element arrangement and mode of operation. For the grooming trials presented in this paper we used a 102 mm diameter hub populated with an outer and inner row of 24 tufts of nylon bristles. The grooming tool consisted of five brushes arranged with a slight overlap to give a swath of 560 mm and propelled by a remotely operated vehicle (SeaBotix vLBV). The vehicle was driven at about 0.25 m/s in a lawn mower pattern and a 50% overlap was visually maintained on reciprocal runs. Under these conditions an area of about 250 m2 can be groomed each hour and it would therefor take about 12 h to groom an Arleigh Burke class destroyer (DDG-51) with a wetted surface area of ∼3000 m2.



LONG-TERM GROOMING PERFORMANCE

To demonstrate the effectiveness of a grooming program the results from two long-term grooming studies and one cleaning study applied to Interspeed BRA640 and Intersleek 1100SR are presented (Swain et al., 2020). They follow the changes in biofouling, coating condition, dry film thickness (Elcometer digital coating thickness gauge) and roughness (TQC Hull Roughness Analyzer) for the duration of the deployment. Other results from grooming research have been published by Tribou and Swain (2010, 2015, 2017) and Hearin et al. (2015, 2016).


Interspeed BRA640

The BRA640 coating was subjected to weekly grooming for a period of 54 months (Figure 6). The groomed surfaces were maintained free of fouling, however, the ungroomed surfaces became fouled. The fouling included: biofilms, encrusting bryozoans, arborescent bryozoans, barnacles, tubeworms and colonial tunicates. The ungroomed surfaces were cleaned by divers using scrapers and brushes when the fouling rating reached FR-40 or greater over 20 percent of the surface (at 8, 14, 23, 30, 36, 47, and 54 months) and three times during dry dockings due to hurricane evacuations from the port.
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FIGURE 6. Biofouling progression on ungroomed and groomed BRA 640 during a 54 months deployment.


The panels were inspected in the horizontal position at 12, 24, 33, 35, and 48 months immersion. Average dry film thickness measurements (DFT) showed a steady reduction which was similar for both the groomed and ungroomed surfaces (Figure 7). The change in DFT was used to calculate average copper output using the mass balance method presented in ISO 10890 (2010): Paints and varnishes – Modeling of biocide release rate from antifouling paints by mass-balance calculation (Table 1). The technical data for the BRA640 applied to the panel was as follows: % mass content of cuprous oxide 41.79; mass fraction of biocide in biocidal ingredient 0.86; density of paint 2.26 g/cm3; volume solids content of paint 58.03. The average copper release rate was calculated to be 11μg/cm2/day.
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FIGURE 7. Change in dry film thickness and coating roughness for BRA640 during a 54 months deployment.



TABLE 1. Formula to calculate mass biocide release rate from paint (ISO 10890, 2010).

[image: Table 1]
Coating roughness measurements using the hull roughness analyzer demonstrated that the groomed surfaces became smoother (average roughness decreased from about 90 to 70 microns). The ungroomed coatings increased in roughness due damage to the coating caused by cleaning and remains of fouling that was not totally removed.



Intersleek 1100SR

The IS1100 was groomed weekly for a period of 33 months (Figure 8). The groomed panel remained free of fouling except for occasional patches of tenacious biofilm and encrusting bryozoans that were removed during subsequent grooming sessions. The prevention of these types of fouling has been solved by modifying the brush design to better interact with the fouling release coatings. The ungroomed panel became fouled and required diver cleaning after 18 and 30 months. Another cleaning occurred during dry docking in October 2016 due to a hurricane. The fouling included: biofilms, encrusting bryozoans and tubeworms.
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FIGURE 8. The fouling progression on an ungroomed and groomed IS 1100 coating.


The panels were inspected in the horizontal position after 12, 24, 33, and 35 months immersion (Figure 9). Average dry film thickness values showed no significant difference during the immersion period. There was no significant change in coating roughness, however, the presence of small nicks in the coating caused by fish feeding on the fouling caused an increase in the standard deviation after 24 months. This was greater on the ungroomed surface and was attributed to fish feeding on the more abundant fouling.
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FIGURE 9. Dry film thickness and roughness measurements on groomed and ungroomed IS1100 coating.





CLEANING

BRA640 and IS1100 coated steel panels were left to foul over a one-year period and then subjected to diver cleaning. The BRA640 was heavily encrusted with barnacles, tubeworms and encrusting bryozoans and had a fouling rating of 90% FR100 and 10% FR30 (Figure 10). The IS1100 was not as heavily fouled including mainly biofilms, encrusting bryozoans and a few tubeworms with a fouling rating of 40% FR100 and 60% FR30.


[image: image]

FIGURE 10. The impact of underwater cleaning using a handheld polypropylene or wire brush.


The BRA640 was initially cleaned with a rotating polypropylene brush, but this was unable to remove the barnacle base plates and so a wire brush was applied. This removed most of the antifouling coating which had a DFT of about 150 microns. The removal of 150 microns DFT BRA640 would release 0.2 kg copper/m2 into the water.

The IS1100 was cleaned using the polypropylene brush. This removed most of the fouling, however, a small amount of biofilm remained, and some damage occurred to the coating where the brush filaments were allowed to dig into the coating and where calcareous fouling became entrapped in the brush causing damage to the coating before being ejected.

Whilst both these coatings were fouled at a much greater level than would normally be allowed, the damage to both the BRA640 and the IS1100 coatings caused by the brush forces required to remove established biofouling demonstrated the negative impacts of a reactive ship hull cleaning program. The force required to remove a fouling organism is a function of the adhesion strength and the base area (Swain et al., 1994, 2007; Swain, 1996; Zargiel et al., 2011; Zargiel and Swain, 2014). A comparison of the typical force required to remove barnacles of increasing base diameter from a silicone fouling release surface, copper base antifouling, epoxy and cathodically protected bronze are presented in Figure 11. It not only demonstrates how different surfaces require different cleaning forces but also the exponential relationship between increasing barnacle diameter and the force required for removal. This emphasizes the importance of removing barnacles at an early stage which requires less force and prevents damage to the coating.
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FIGURE 11. The force required to remove a barnacle of increasing diameter from different surfaces.




GROOMING AND COMMERCIAL FOULING CONTROL COATINGS

Whilst most of our research has focused on two US Navy qualified fouling control coatings (BRA640 and IS1100) we ran a one-year deployment of several commercial fouling control coatings (Figure 12). These were 150 × 300 mm panels of which one set were groomed once a week and the other set left to foul. All the groomed panels were kept free of fouling and only the copper free coating, which was very soft, showed signs of accelerated depletion due to grooming.
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FIGURE 12. The progression of fouling on three fouling release coatings and three biocide-based coatings subjected to static immersion: ungroomed vs. groomed once a week.




DISCUSSION

Long-term deployment of both biocide and fouling release coatings under static immersion in a location with high fouling pressure has demonstrated that a well-managed grooming program will maintain the coatings clear of fouling without damage or roughening of the surface. The adoption of a proactive inwater cleaning program has the ability to reduce greenhouse gas emissions, prolong the service life of fouling control coatings, reduce the point source discharge and the need for capture created by costly reactive cleaning programs and prevent the transport of invasive species.


Greenhouse Gas Emissions

The International Maritime Organization (2020a) Fourth Greenhouse Gas Study estimates that international shipping contributed about 2.89% of global greenhouse gas emissions or 1,076 million tons in 2018. The power to move a ship must overcome residuary resistance (which includes wave making resistance, form resistance, eddy resistance, and frictional form resistance) and frictional resistance. The frictional resistance may contribute between 40–90% of the power to move a ship. The contribution of frictional resistance for high-speed ships (cruise liners, passenger ships and navy vessels) will be less than for low-speed vessels (bulk carriers and tankers) (MAN B&W, 2004). The friction drag is a function of the seawater viscosity, the velocity gradients that develop in the boundary layer and the surface roughness. Surface imperfections in the form of coating roughness, weld beads, hull plate corrosion and biofouling all increase turbulence and mixing in the boundary layer which increases drag (Redfield and Hutchins, 1952; Townsin et al., 1981; Schultz, 2004, 2007; Swain, 2010). The absolute penalties incurred by hull roughness and biofouling are difficult to predict due to differences in hull form, hull speed and the heterogeneous nature of the hull condition and biofouling. However, assuming uniform roughness or biofouling Schultz (2007) developed a table that relates the hull condition to equivalent sand roughness height and maximum peak to trough height over a 50 mm sample length and applied them to the powering penalties for a 136 m long Oliver Hazard Perry class frigate (FFG-7) (Supplementary Table 1). These may be used to estimate the percent increase in viscous drag due to the hull condition. The data clearly demonstrates the importance of paying attention to everything from coating roughness (as applied 2% increase in resistance) the development of a biofilm or slime layer (11–21% resistance) and heavy calcareous fouling (86% resistance). According to the US Navy Technical Manual for Waterborne Underwater Cleaning of Navy Ships (2006) the decision to initiate a hull cleaning operation is based on the results of precleaning hull inspections. If a fouling rating of FR-50 or higher (over 10 percent of the hull) is observed for non-ablative paints or FR-40 (over 20 percent of the hull) higher for ablative and self-polishing paints (exclusive of docking block areas and appendages) is observed then a full hull cleaning is required. According to Schultz et al. (2011) this hull condition would increase the resistance of an Arleigh Burke-class destroyer (DDG-51) by 29 and 19% at speeds of 7.7 and 15.4 m s–1, respectively, compared to the hydraulically smooth condition.

There are very few publications that provide information on the outer hull condition of the worlds fleet as most data are privy to the ship owners and paint industry. Munk et al., 2009 estimated that 1/3rd all vessels were in good condition, <20% added resistance; 1/2 all vessels in reasonable condition, 20–40% added resistance and the remainder in poor condition, >50% added resistance. More recently the Safinah Group published their findings for drydock inspections of nearly 270 ships where they found that 40% of ships had more than 20% hard fouling on the flats and that 10% of ships had more than 40% of their underwater area covered by hard fouling (Mihaylova, 2020). Clearly a significant reduction in fuel consumption and CO2 emissions can be gained by improving the maintenance of fouling control coatings.

From a global perspective, if the underwater portion of all the worlds shipping could be maintained in a smooth and fouling free condition, then the reduction in CO2 and other exhaust gasses would be significant. Taking the estimates for CO2 emissions from ships as 1,056 million tons/year (International Maritime Organization, 2020a) and assuming the average contribution of power from frictional resistance to move a ship is 70%, then using the estimated hull condition from Munk et al., 2009, we can estimate the reduction in CO2 emissions if all vessels were maintained in a smooth and fouling free condition: 1,056 million tons/year × 0.7 friction resistance × [(33% ships with a 10% penalty) + (50% ships with 30% penalty) + (17% ships with 50% penalty)] = 198 million tons of CO2 or 19% reduction of ship emissions.

Such calculations cannot be viewed as absolute but are presented as a demonstration of the importance of proactively managing the ship hull condition.



Point Source Discharge

Most fouling control surfaces use active ingredients to prevent biofouling. For most coatings this is the form of biocides which are incorporated into the paint and designed to be continually released at the minimum rate to prevent marine growth (Swain, 1999; Martins et al., 2020). These may reach concentrations in the water column or accumulate in sediments at levels that have a negative impact on marine life. This was a major setback for the biocide tributyltin which in the 1970s was being used as a very successful ingredient in antifouling paints (Champ, 2003; Dafforn et al., 2011). However, by the 1980s it was found to be negatively impacting non-target species at levels of less than 0.05 μg L–1 (Laughlin and Linden, 1987) and ultimately the IMO introduced international regulations that prohibited its use (International Maritime Organization, 2008).

Copper has been successfully used in antifouling paints since the middle 1800s (Laidlaw, 1952) and today about 96% of the US Navy’s fleet and 90% of the worlds ships use copper-based systems (Blossom, 2018). Copper is a naturally occurring element and required in trace amounts as a micronutrient. However, copper input from antifouling paints in areas of high boating activity may cause copper concentrations to reach undesirable levels (Srinivasan and Swain, 2007) and the National Recommended Water Criteria (USA) lists copper as a priority pollutant with recommended dissolved copper concentrations in the marine environment not to exceed 4.8 μg/l or an instantaneous concentration of 30 μg/l (Valkirs et al., 1994; United States Environmental Protection Agency [US EPA], 2016). The challenge to the chemist is to formulate the paint so that it releases the active ingredients at the minimum rate to prevent fouling under all service conditions of the ship. The minimum release rates for copper to prevent fouling has been quoted as between 10 to 20 μg/cm2/day (Barnes, 1948) and 16 to 22 μg/cm2/day (de la Court, 1988, 1989) to prevent barnacle and algal fouling, respectively (Swain, 2010). Actual release rates are highly variable (Seligman and Zirino, 1998; Haslbeck and Ellor, 2005; Haslbeck and Holm, 2005; Finnie, 2006) due to factors such as the type and age of paint, the ship activity and environmental conditions. Blossom (2002) estimated the annual copper input from all antifouling paints to be about 15x106kg/yr. Our estimate for 120,000 active commercial ships (including those < 100 gross tons) in the world fleet with an approximate wetted surface area of 325 × 106 m2 (Moser et al., 2016) and assuming an average copper leaching rate of 10 μg Cu cm–2 day–1 is:

10 μg Cu/cm2/day × 325 × 106 m2 × 0.9 × 365 days/year × 10,000 cm2/m2 × 10–9 kg/μg = 10.7×106 kg copper/year.

One of the challenges to managing a biocide-based coating is if the release rates drop below the threshold to prevent fouling, and the coatings become fouled. According to the US Navy Ship Technical Manual, the decision to clean ablative and self-polishing coatings is made when a fouling rating of 40 (Supplementary Table 1) or greater, is observed over 20 percent of the hull, exclusive of docking block areas and appendages. This will be done with the least aggressive method, however, experience has shown that the forces required to remove fouling, especially barnacle base plates, from a biocide based coating require vigorous cleaning that leads to coating loss and damage (United States Environmental Protection Agency [US EPA], 2011; Morrisey et al., 2013; Earley et al., 2014; Scianni and Georgiages, 2019; Tamburri et al., 2020). According to Morrisey et al. (2013) light cleaning may remove up to 650 μg Cu cm–2 and aggressive cleaning up to 3,290 μg Cu cm–2. This is a lot less than our observations for cleaning the BRA640 using a wire brush where up to 150 microns DFT coating were removed. This would be equivalent to 21,000 μg Cu cm–2. Using these numbers then the aggressive cleaning of a very large ship with an underwater surface area of 10,000 m2 (a 300+m cruise or container ship) may theoretically release between 329 to 2,100 kg of copper.

Whilst the environmental effects of copper are well understood, most copper-based paints also contain co-biocides to improve their performance. These may include: copper pyrithione, copper thiocyanate, cybutryne, dichlorooctylisothiazolinone, dichlorofluanid, medetomidine, tolylfluanid, tralopyril, zinc pyrithione, and zineb (Martins et al., 2020). The long-term environmental effects of these additives are less well understood. For example the co-biocide cybutryne (Irgarol-1051) may be added to paint at a weight percent of 2.3%. This may give a release rate of 2 μg cybutryne/cm2/day (Netherlands, 2014) and environmental monitoring has shown it to be persistent in the environment and reach levels that are harmful to corals and other organisms (Owen et al., 2002; Sheikh et al., 2016). This has caused the IMO to a draft amendment to prohibit anti-fouling systems containing cybutryne (also known under its industry name Irgarol-1051) to apply to ships from January 1, 2023 (International Maritime Organization, 2020b).



Invasive Species

The translocation of species to new areas by biofouling on ships has long been recognized as a problem (Lewis, 2020) and this is recognized as one of the primary vectors of non-indigenous species (Hewitt and Campbell, 2010). It has been estimated that 60% California’s non-indigenous species and 80% of those present in New Zealand were transported by ship hull fouling (Kospartov et al., 2008; Ruiz et al., 2011; Miller et al., 2018; Scianni and Georgiages, 2019). One of the benefits of grooming is that a clean hull will not transport invasive species (Hunsucker et al., 2018a,b,c). They used the BRA640 and IS1100 associated with the long-term grooming study to record the presence and abundance of the non-indigenous organisms on the groomed versus ungroomed coatings. They found that non-indigenous species such as the Asian green mussel (Perna viridis), the striped acorn barnacle (Balanus amphitrite), arborescent bryozoan (Bugula neritina), calcareous tubeworm (Hydroides elegans), encrusting bryozoan (Watersipora subtorquata complex), and a filamentous bryozoan (Zoo-botryon verticillatum) recruited to the ungroomed coatings. None were present on the groomed surfaces. This demonstrates the benefits of a biofouling management strategy that incudes grooming.

The benefits of grooming or proactive cleaning to prevent the spread of invasive species is obvious, however, it must be remembered that robotic underwater cleaning of a ship hull is at present only applicable to the large open areas of a hulls’ surface. This leaves small portions of the hull and niche areas that will still need intervention by divers to remove fouling.




SUMMARY

Large scale testing of an ROV equipped with a grooming tool has demonstrated that grooming (proactive, frequent light cleaning) can maintain fouling control coatings in a smooth and fouling free condition for extended periods without causing increases in the discharge of active ingredient into the environment. The practical and economic application of a successful grooming program for ships will require investment in new technology, hardware and a better understanding of the biofouling sequence in terms of ship operational schedules and fouling control coatings. It will require the development of inexpensive and reliable remotely operated or autonomous vehicles to move the grooming tool over the ship hull. Grooming tools will need to be designed to match the forces required to remove the fouling without causing excessive wear or damage to the coating. The hardness and durability of the major types of coatings must be matched to the grooming method. A guide to geographical and seasonal biofouling pressures and composition needs to be developed so that a digital twin may be linked to a ships’ schedule and coating system to predict how and when grooming should occur. The development of such systems is now being considerd by several research teams and commercial companies. These include: Greensea (Kinnaman, 2019, 2020; Kyritsis and Arapkoules, 2021); Jotun SeaSkater (Oftedahl and Skarbø, 2021); International Paint Intertrac®HullCare and SeaRobotics. As these systems mature, so the costs and availability to the shipping community should provide commercially viable methods to apply proactive in water hull maintenance. This will reduce the environmental footprint and financial costs of shipping.
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