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ABSTRACT  
 
Biofouling of ship’s internal seawater systems can have serious implications for performance, 
continuing operational capability and crew habitability. Internal seawater piping systems and 
intakes are prone to heavy fouling pressure due to the relative inaccessibility and complexity 
of these systems. Fouling control in internal systems is optimally maintained by the 
installation and operation of Marine Growth Protection Systems (MGPS), which prevent 
fouling by operating within the internal seawater system to deliver antifouling agents. This 
review of available and emerging MGPS and other fouling control systems provides an 
overview of the current RAN MGPS experience, other available treatment options and 
recommendations for ongoing investigation into potential future protocols for fouling 
management in the RAN fleet.      
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A Review of Marine Growth Protection System 
(MGPS) Options for the Royal Australian Navy   

 
 

Executive Summary  
 
 
Internal ship seawater systems, as used for supply to fire suppression and 
cooling/heat exchangers, are often prone to heavy fouling pressure. Fouling of internal 
systems can have serious implications for a vessel’s short-term operational capability, 
habitability and survivability and may also have long term impacts on the integrity of 
internal piping.  
 
The most commonly employed Marine Growth Protection Systems (MGPS) for 
shipboard internal seawater systems are anodic copper dosing or chlorine based 
systems; however, other options for fouling prevention and treatment exist, both 
within ‘traditional’ biocide chemistry as well as novel non-chemical antifouling 
strategies. The current RAN fleet employ a variety of strategies for the prevention of 
internal seawater system fouling, including: sacrificial anodic copper dosing 
(Cathelco® system), sodium hypochlorite dosing, freshwater flushing and Cu/Ni 
piping (which has inherent growth protection properties).  
 
Despite the availability of existing technologies for fouling control in internal seawater 
systems, MGPS have substantial operational limitations and have failed to deliver 
reliable biofouling control. Peer reviewed scientific literature on shipborne MGPS for 
internal piping systems is not common, with most documented experiences and trial 
results derived from power station cooling systems, ship ballast water treatments and 
industrial water treatment and desalination plants.  
 
It appears that a single MGPS strategy is unlikely to be able to control all fouling 
pressures experienced by RAN vessels, and a combination of treatments may be 
necessary. Currently, anodic copper dosing or electrochlorination (or a combination 
thereof) appears to be the only MGPS technologies mature enough to function 
effectively in the RAN operating profile and environment. This review examines 
additional MGPS options available to the RAN and provides recommendations for 
future trials of potentially suitable emerging technologies.  
 
It is recommended that trials are performed using a field test rig designed to closely 
simulate conditions encountered in ship board sea chests and piping systems to 
provide realistic data regarding potential performance in on-board conditions. The 
review has identified the following options as being suitable for further investigation: 
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 The testing of carbon dioxide as a pre-treatment to halogen dosing. This 
technique may be of use as a remediation strategy for control of existing fouling 
populations (particularly macrofouling species such as bivalves which detect 
halogen biocides in the water).  

 
 The use of multiple point ozone injection into seawater systems as well as the 

sea chest as a preventative strategy to protect against initial settlement at 
seawater intake points as well as throughout internal piping systems 

 
 Trialling of different dosing regimes for biocides in an attempt to reduce overall 

biocide usage (and therefore discharge). Targeting biocide delivery in response 
to fouling levels and organism condition may reduce overall required levels of 
biocide dosing in comparison to continual dosing regimes. Variation of dosing 
schedules may also increase efficacy of the dosing regime as organisms are less 
likely to build resistance to a randomised dosing protocol 

 
 The co-dosing of biocides (for example copper and chlorine) may increase the 

efficacy of the dosing regime  
  

 Thermal treatment is highly desirable for development as a MGPS as both an 
environmentally benign and potentially sustainable treatment option 
(particularly if waste heat removed during cooling processes is able to be 
recirculated for treatment). 
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1. Introduction  

Biofouling can impose significant operational, capability and safety penalties on the RAN 
fleet, as well as posing a distinct threat to Australian (and international) marine biosecurity 
through the translocation and importation of potential and recognised marine pest species. 
Internal ship seawater systems, as used to supply water for fire suppression, cooling and heat 
exchange, are often prone to heavy fouling pressure. This is due to the inaccessibility of many 
of the areas for maintenance, the complexity of the structures involved (e.g. sea chests which 
provide niche areas for settlement and growth of a variety of fouling organisms), and the 
difficulties associated with protecting these areas with conventional anti-fouling coatings [1, 
2].  
 
With respect to vessel operability, biofouling not only has the potential to cause blockages of 
essential pipe work systems, thus reducing effective uptake to essential on-board systems and 
changing intake flow regimes, but may also degrade the structural integrity of pipework and 
fittings, leading to corrosion of essential structures and unscheduled maintenance [3]. 
Operational problems often only become apparent months after colonisation takes place, 
when the fouling organisms have grown large enough for obstruction to be noticed, or when 
cooling differentials become critical in tropical waters. From an environmental perspective, 
vessels are one of the primary vectors for the transfer of non-indigenous and/or pest species 
in the marine environment [4]. Vessel internal seawater systems in particular have the 
potential to both transfer non-indigenous organisms between countries across oceanic 
boundaries and disperse both indigenous and introduced organisms domestically [2].  
 
All RAN bases in Australia are subject to high biofouling levels, and shipboard seawater 
systems are prone to colonisation and obstruction. The fouling conditions in the home ports of 
Fleet Base East and Fleet Base West are severe, as both have a warm temperate environment 
with high abundance of nuisance fouling species including hydroids, barnacles, calcareous 
tubeworm (whiteworm) and mussels. Many of these species thrive in pipework systems due 
to warmer flowing water (resulting from engine room heat transfer), the protective 
environment and the continuous supply of food and oxygenated water. Biofouling problems 
experienced in RAN ships and submarines have generally occurred when vessels have sat 
alongside home ports for extended periods with seawater systems running. This enables 
fouling species, which are more common and abundant in harbour waters, ample opportunity 
to colonise the seawater cooling system.  
 
The most commonly employed marine growth protection systems (MGPS) for shipboard 
internal seawater systems are anodic copper and chlorine-based dosing systems; however, 
other options for fouling prevention and treatment do exist, comprising both ‘traditional’ 
biocide chemistry and novel non-chemical antifouling strategies. Depending on the design 
and purpose of the MGPS, the system can function as a preventative to fouling, or a mitigation 
and remediation system to reduce and remove existing fouling. Prevention of fouling is the 
most desirable outcome; however, in practice, complete prevention of all fouling is rarely 
practical and as such, MGPS are often used in a dual capacity. Remediation of existing fouling 
can create additional problems, particularly with respect to macrofouling where removal of 
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the organisms from adhesion points may result in the collection of large amounts of debris 
inside pipework and strainer assemblies and subsequent blockage of the structures.  
 
Peer reviewed scientific literature on shipborne MGPS for internal piping systems is not 
common, with the literature dominated by results derived from power station cooling 
systems, ship ballast water treatment systems and industrial water treatment and desalination 
plant trials. 
 
The RAN currently uses anodic copper dosing MGPS on a number of surface vessels and 
chlorination MGPS on the Armidale Class Patrol Boats (ACPBs). The Huon Class Mine 
Hunters are fitted with freshwater dosing systems to control problematic marine fouling 
species through ‘osmotic shock’. Other vessel classes rely solely upon the inherent antifouling 
properties of the CuNi piping network for the control of biofouling in internal seawater 
systems.  
 
This review aims to provide: an overview of MGPS currently employed by the RAN, an 
outline of MGPS options currently available, considerations for current and future fleet, 
including a critical review of existing MGPS options and makes recommendations as to 
potential MPGS options for Navy that are suitable for further investigation by DSTO. 
 
1.1 Current MGPS in RAN service 

Currently, the RAN employs four different internal fouling control systems: 
 

1. Sacrificial Anodic Copper Dosing (Cathelco® system) 
2. Chlorine – as sodium hypochlorite generated on-site (Ecolcell® and Chloropac® 

hypochlorite generators) 
3. Copper/Nickel (CuNi) pipework and 
4. Freshwater flushing. 

 
Whilst all have had some limited success, there have been challenges with the application of 
the systems in practice. 
 
1.1.1 Sacrificial anodic copper dosing 

While copper is an important trace element for marine organisms and is found naturally at 
low concentrations in the aquatic environment, at higher concentrations it is considered one of 
the three most toxic heavy metals to marine invertebrates of several trophic groups [5]. 
Copper has been shown to decrease the reproductive success, growth rates and abundance of 
many species [5], and lead to changes in the structural composition of benthic communities [6, 
7]. Early life history stages of marine invertebrates and algae begin to be negatively affected 
by copper concentrations at least an order of magnitude lower than concentrations that may 
be toxic to humans [5, 8]. Copper has a very long history of use as an antifoulant in numerous 
forms. The ancient Phoenicians and Carthaginians are credited with the first documented use 
of copper sheathing on vessel hulls c. 700 BC [9], though it did not become common practice 
until the 18th century [10]. In the mid 1800s, the first widespread general-use antifouling 
coating (named ‘McIness’) was introduced in the Liverpool dockyards (in the UK), and used 
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Cu sulphate as the primary toxicant [11]. Cu-based paints remain one of the most effective 
and practical means of preventing fouling on submerged aquatic structures.  
 
In addition to its use in paints, dissolved copper MGPS are commonly used to prevent the 
accumulation of biofouling within seawater cooling systems of vessels including the RAN and 
have been trialled for use in coastal power plants [12]. These systems typically comprise a 
paired copper anode (for antifouling) and an aluminium or iron anode (for corrosion control) 
that are strategically placed in-line within the seawater system, as close to the intake point as 
possible (e.g. in a seachest or strainer box assembly). The anodes are connected to a controller 
box that directs an electrical current to the anodes, resulting in the controlled release of copper 
(and aluminium or iron) ions at a desired rate and concentration. Water flow within the 
system disperses these ions throughout pipe work, with the aim of creating an environment 
that inhibits the settlement and growth of marine fouling species as well as producing an anti-
corrosive layer on internal pipe surfaces. Figure 1 shows a generalised arrangement for a 
sacrificial anodic copper dosing MGPS. 
  

 
Figure 1 Generalised arrangement of a sacrificial anodic copper dosing MGPS 

 
RAN’s success with anodic copper MGPS to treat internal seawater systems has been mixed. 
While the copper MGPS have generally been effective at preventing fouling, real-world 
operating conditions dictate that the dosage of dissolved copper being delivered must be 
increased to levels well above manufacturer’s recommendations to be efficacious. For 
example, levels of dissolved copper up to ten times the manufacturer’s recommended 
concentration (10ppb copper) are reported to be required to prevent tubeworm fouling 
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(Lewis, unpubl. data). This leads to greater-than-specified running costs due to the more rapid 
consumption of sacrificial copper anodes (used to generate the dissolved copper) and can also 
increase the frequency of maintenance regimes due to the increased dosage (and hence wear) 
required to control hardy organisms. In addition, the efficacy of copper-based antifouling 
treatments may be reduced by the settlement and growth of copper tolerant species.  
 
Copper tolerance among some marine taxa (including nuisance foulers and known invasives) 
is a well documented occurrence, resulting in adverse effects to long term diversity within 
copper-impacted marine habitats [13, 14]. Common copper-tolerant taxa associated with 
vessel fouling include barnacles, tubeworms, bryozoans and algae [7, 15-17]. Tolerance to 
copper may even increase as a result of repeated and/or extended exposure to the toxicant 
[18-21]. Finally, copper is also being subjected to increased global scrutiny as a potential 
marine pollutant and is already prohibited from use in some European freshwaters, with the 
possibility of bans extending into marine areas in the future [22].  
 
1.1.2 Chlorine (as sodium hypochlorite generated by electrochlorination) 

Chlorine (or sodium hypochlorite) has been proven to provide effective antifouling treatment 
against a range of fouling organisms, and has been used for many years as a disinfectant and 
antifoulant [23, 24]. The chemistry of chlorine in seawater is somewhat complex, and strongly 
influenced by the high concentrations of bromide in seawater. Chlorine reacts readily with 
bromide to form bromine residuals (in the form of hypobromous acid (HOBr) and the 
hypobromite ion (OBr-)) as well as chlorine residuals (in the form of hypochlorous acid 
(HOCl) and the hypochlorite ion (OCl-)) [25]. This reaction is very rapid with 99% conversion 
of chlorine within 10s at full seawater salinity [25]. Bromine species (HOBr and OBr-) are 
themselves effective oxidisers, and therefore disinfecting agents. In fact, much of the biocidal 
effectiveness of seawater chlorination attributed to chlorine residuals (HOCl and OCl-) are 
likely largely due to the presence of the bromine residuals instead [26].  
 
Safety concerns regarding the shipboard handling of hazardous liquids or gases (such as 
chlorine or sodium hypochlorite) have been largely solved by the installation of on-board 
hypochlorite generators, which produce sodium hypochlorite from seawater. Typical 
shipboard hypochlorite generators operate by piping sea water (from the vessel in-take) 
through an electrolyser cell (electrochlorinator) where a low voltage DC current is applied. 
Chloride in sea water is converted into sodium hypochlorite (NaOCl) by the process of 
electrolysis and is injected into the system (typically into the seachests) for dispersal 
throughout the internal seawater system. Dosage of biocide introduced into the system is 
regulated by adjusting the voltage to the cell (and hence the amount of sodium hypochlorite 
produced) based on the water flow rate into the system. Chlorine-based antifouling systems 
currently used by the RAN are based on electrochlorination. Figure 2 shows the general 
arrangement of an electrochlorination MGPS unit. 
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Figure 2 General arrangement of an electrochlorination MGPS unit 

One potential problem arising from the use of chlorine antifouling treatments is enhanced 
corrosion of seawater piping structures as a result of overdosing (if dosage rates are not 
carefully monitored) [27]. While there is limited data on the effect of chlorination on CuNi 
alloy corrosion, it is largely concluded that over-chlorination of seawater should be avoided 
[28]. One study has reported that as little as 0.25 ppm free chlorine increased the corrosion of 
CuNi 90/10 piping during 30 days of exposure [28 and references therein]. In contrast, 
numerous studies recommend dosing seawater with chlorine at concentrations of 0.2-0.5 ppm 
to achieve the benefits of biofouling control while avoiding CuNi corrosion [28 and references 
therein]. Furthermore, one study has reported that brief chlorination treatments with 0.4-0.8 
ppm of residual-free chlorine for 0.5-1 hour several times a day actually promotes the 
development of the corrosion-protective oxidising layer on the surface of CuNi 70/30 piping; 
while also reducing the incidence of Microbiologically Influenced Corrosion (MIC) by 
preventing the formation of biofilms on the internal piping surface [29]. However, different 
copper-based alloys may behave quite differently with respect to their seawater-chlorine 
corrosion potential [29, 30]. Numerous environmental and physical factors can further 
influence the corrosive effect of chlorine on metal and alloy pipework, including: temperature, 
flow rate, pollution, sedimentation/turbidity and biofouling pressure [28]. 
 
To date, the discharge from internal seawater systems remains unregulated. However, a 
possible future requirement for use of chlorine treatment systems may be the necessity for 
dechlorination of treated seawater prior to discharge, as residual oxidants can cause adverse 
effects to the receiving environment [23]. Currently, chlorine residual in a discharge of treated 
sewage is regulated with a limit of 0.5 mg L-1 [31]. Dechlorination treatments themselves can 
produce a range of undesirable by-products, and end of pipe discharges may  require 
monitoring [32]. 
 
1.1.3 CuNi piping 

CuNi piping provides some passive fouling control due to the formation of a cuprous oxide 
degradation layer at the surface of the piping (which also provides corrosion protection) [27, 
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33, 34]. While the majority of the Navy fleet have been fitted with CuNi internal piping 
(mostly 90/10 cupro-nickel and some 70/30 alloy), the level of passive protection afforded is 
generally inadequate under heavy fouling pressure and may not prevent initial formation of 
biofilms by copper tolerant bacteria [27], which can then lead to microbial induced corrosion 
(MIC). Such biofilms can comprise a wide range of micro-organisms, ranging from aerobic 
bacteria at the biofilm-seawater interface, to anaerobic bacteria such as Sulphate-Reducing 
Bacteria (SRB) at the oxygen-reduced metal surface. These biofilms can induce CuNi pipe 
corrosion in several ways, including, via the formation of corrosive by-products (e.g. 
hydrogen sulphide), through the creation of differential aeration cells, and by altering local 
hydrodynamic conditions (through physical deposition) which can influence corrosion rates 
[35].  
 
1.1.4 Freshwater flushing/osmotic shock  

Freshwater flushing has been used with some success in the Huon Class Minehunters. This 
treatment involves flooding the internal seawater systems with fresh water, thereby killing 
any marine species present via the process of osmotic shock (or hyposalinity). However, the 
consumption of freshwater supplies maybe excessive if the system is run continuously. In 
particular, the use of freshwater (particularly from potable supplies) may be cost-prohibitive, 
and generate a poor perception within community within locations/times of low rainfall and 
water restriction implementation. Furthermore, some organisms (e.g. mussels) can also 
tolerate freshwater exposure for up to several days [36-38], which reduces the overall 
efficiency of this treatment. 
 

2. Current MGPS options  

2.1 Considerations for Navy for existing and future fleet 

For any MGPS to be considered a viable option for application by the RAN there are a number 
of criteria which must be met by the system. These factors are equally important when 
considering the viability of new technology for future application on RAN fleet. 
 
If an effective system is developed through research or an effective ‘Commercial Off The Shelf 
(COTS)’ system is identified, it must be adaptable to installations on a variety of intake and 
piping arrangements, compatible with existing plant, or be able to be incorporated into design 
plans for new acquisitions and builds. The cost of installation on new builds or retrofitting 
must be acceptable, as should costs associated with ongoing maintenance and operation. 
 
Any MGPS must be able to withstand a variety of fouling pressures found in different marine 
environments both within Australian and international tropical and temperate waters. 
Accordingly the MGPS must have broad spectrum efficacy due to the complex nature of 
fouling communities and the varying pressures faced in port and whilst performing 
operations. Any antifouling agent used within the MGPS must satisfy local and international 
regulatory requirements particularly with regard to biocidal discharges. 
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Finally, any MGPS adopted for use by the RAN must adhere to the highest OH&S standards. 
The MGPS and any associated precursor chemical feedstock must be able to be safely carried, 
stored, handled and operated under a variety of local environmental conditions depending on 
operational duties. The operation and maintenance schedules of the MGPS should have no 
adverse impact on operational capability or crew and vessel safety. 
 
2.1.1 Prevention or remediation 

MGPS are intended to operate as a preventative strategy to reduce the ability of fouling 
organisms to colonise internal seawater systems. To achieve effective prevention, it is 
necessary to consider the potential fouling pressures faced by vessels in different marine 
environments (in port or during operational duties), the type of organisms most prevalent in 
local fouling communities, regulatory requirements for discharge of any biocidal agents, as 
well as the design features of the vessel seawater systems. These considerations may influence 
the final decision on MGPS type. 
 
As previously discussed, experience with currently employed MGPS suggests there is not a 
failsafe method of deterring all fouling; hence remediation strategies may be required to 
relieve fouling pressure on colonised areas of the internal systems. Fouling remediation can be 
achieved through a variety of means, although the removal of fouling organisms from 
attachment points may cause further difficulties (particularly with hard-bodied macrofoulers 
such as mussels and barnacles). The remediation technique or agent used is dependant on the 
type and level of fouling, the area in which it occurs and the availability of remediation agents 
or staff. Depending on which area of the vessel the fouling is occurring in, removal of fouling 
may have to be performed by hand. For example the accumulation of mussels in seachest 
strainer baskets needs to be removed by hand to maintain adequate flow through the seachest. 
 
Biocidal agents used for maintenance of internal seawater systems fall into two main groups: 
oxidising biocides and non-oxidising biocides. The agents have different modes of action 
against fouling organisms. Oxidising biocides affect the cellular integrity of the organism, 
resulting in cell and then organism death, whilst non-oxidising biocides can cause organism 
death by a variety of means including interfering with cellular transport mechanisms or 
affecting cellular protein structures.  
 
 
2.2 Chemical treatment – oxidising biocides 

Oxidising biocides are commonly used for the treatment and disinfection of water and 
associated infrastructure, and describe biocides that control fouling by chemically oxidising 
(i.e. breaking down) the cellular structure of the organism. Oxidizing biocides are typically 
cost effective due to their low unit cost, rapid effect on susceptible target organisms and low 
effectual dosage. 
 
2.2.1 Hydrogen peroxide  

Hydrogen peroxide has been shown to cause mortality in a variety of species (including 
dinoflagellates and their cysts, and zebra mussels) [39]. There are concerns regarding the 
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difficulty in maintaining an effective dose due to rapid degradation of hydrogen peroxide (to 
oxygen and water) in seawater. This may be particularly relevant for treating large quantities 
of water [39, 40] or when requiring penetration into convoluted pipe networks with long 
water-residence times. Conversely, the rapid degradation of hydrogen peroxide is desirable 
from an environmental point of view, as there is a lower potential for contamination of 
surrounding waters on discharge [41]. Reported results suggest that treatment with hydrogen 
peroxide is less successful than treatment with chlorine (particularly for mussel infestations) 
[40]. 
 
2.2.2 Iodine  

Iodine is another potential oxidant for fouling control; however, little information is available 
on its efficacy when used for ship-board applications. One study suggests that iodine was 
only “modestly effective” for preventing mussel attachment during a field trial of biofouling 
prevention chemical injection systems [42]. A second investigation [43] suggests that for 
effective control of mussel settlement by injectable iodine, a higher effective dose was required 
than either chlorine or copper. Iodine is used commonly in the food and medical industries as 
an anti-microbial agent, and as a disinfectant in cooling towers, but appears to have limited 
effectiveness on macro fouling organisms in seawater piping systems [43, 44]. 
 
2.2.3 Chlorine dioxide 

Chlorine dioxide operates in a similar manner to sodium hypochlorite; however, it is not pH 
dependent to the same extent. Therefore it is effective over a greater range of water 
conditions, and has improved biocidal efficacy relative to sodium hypochlorite [45]. ClO2 is 
also a stronger oxidant than chlorine, hypochlorite or bromine. Experience suggests that it is 
more effective than chlorine or hypochlorite for control of mussels and other fouling 
organisms; however, the relative cost of macrofouling control using ClO2 is higher than that of 
sodium hypochlorite or chlorine [45-47]. Co-dosing with hypochlorite solution reduces the 
necessary dose of ClO2 and may increase the antifouling action and decrease the time of 
exposure necessary for control [45]. 
 
2.2.4 Ferrate ion (Fe(VI))  

The ferrate ion is a stronger oxidant than ozone, bromine or chlorine [48]. Potassium ferrate 
(K2FeO4) is suggested as the formulation of choice for water antifouling treatment, due to ease 
of production, stability of the compound and the lack of harmful by products [49]. On site 
generation is now possible using a COTS system known as The Ferrator® however, the 
system requires chemical feedstock (bleach and ferric chloride) which may be difficult or 
hazardous to transport and store in an onboard scenario [48]. The technology, although 
promising, is still relatively new and there appears to be no literature available regarding the 
efficacy and impacts of the system operating in a shipboard seawater piping environment, 
though it has been trialled for the onboard treatment of ballast water. Extensive trials would 
be necessary before any introduction on RAN fleet. 
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2.2.5 Peracetic acid (CH3CO3H)  

Peracetic acid (CH3CO3H) is commonly used as a disinfectant in wastewater treatment [50], 
and its commercial formulation is an equilibrium mixture of peracetic acid, hydrogen 
peroxide, acetic acid and water. It is appealing for use as an antifoulant in seawater systems as 
it degrades rapidly when released; however, it appears to be less effective in controlling 
fouling than other compounds such as sodium hypochlorite or chlorine dioxide [44, 51, 52]. 
Further disadvantages of peracetic acid include its corrosive and unstable nature (making 
handling a potential concern) and its decomposition to acetic acid [20]. Potential supply issues 
include the increased cost compared to chlorine dosing [52] and possible problems finding 
suitable suppliers [20]. 
 
2.2.6 Bromine  

Bromine has a similar antifouling effectiveness to that of chlorine [40]. It is more effective at 
higher pH than chlorine; however, it loses efficacy in acidic environments [40, 52, 53]. It is 
often used in conjunction with chlorine injection and can reduce the overall dosed halogen 
load due to its greater efficiency at pH 8.00 and above, therefore effectively extending the 
biocidal ‘range’ of the dosed oxidants, particularly in mildly alkaline waters [52]. It can form 
toxic by-products, which are concerning for waste release, but studies suggest that these by-
products rapidly degrade, lessening the overall potential for environmental impact [52, 53]. 
The cost of bromine treatment may be prohibitive for RAN application, as it is predicted to be 
up to several times more expensive than chlorine, with a similar level of effectiveness [40]. 
 
2.2.7 Ozone 

Ozone is a stronger oxidant than chlorine, but appears no more effective at treating fouling in 
marine environments than chlorine [40]. The chemistry of ozone in seawater is complex and 
differs significantly from that in freshwater because of the presence of bromide ion [54]. In a 
similar reaction to that observed for chlorine, ozone quickly reacts with bromide ions to form 
hypobromous acid (HOBr) and hypobromite (OBr-), which themselves are weaker, but more 
stable, disinfectants [55-57]. As such, ozone toxicity in seawater is often expressed as a 
function of total residual oxidants (TRO) rather than as ozone per se [58]. In fact, some ballast 
water treatment studies have shown that bromine (HOBr/OBr-) is actually the primary 
biocide agent in seawater during ozonation [55, 56]. The residency time of ozone in water 
treatment situations is much shorter than chlorine, and is influenced by factors such as the 
amount of bromides in the water, temperature, pH and levels of dissolved matter [12, 57, 59]. 
While the rapid breakdown of ozone in seawater is a desirable feature from an environmental 
perspective, it may prove problematic for fouling treatment, as it would be difficult to 
maintain an effective dosing regime over time and requires multiple dosing injection points 
throughout a system [40, 60]. There are also concerns about the efficacy of ozone at alkaline 
pH (levels in excess of pH 8.5), the formation of bromate by-products, its corrosive potential 
and the high cost of installation and operation (particularly in comparison to chlorine) [41, 44, 
52, 55].  
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2.3 Chemical treatment – non-oxidising biocides 

Non-oxidizing biocides control biofouling by interfering with the metabolic processes of the 
target organism(s). Due to the specificity of many non-oxidising biocides, a single chemical is 
rarely effective at treating an entire suite of fouling organisms, and those that are immune to a 
particular non-oxidizing biocide may rapidly replace species that are removed. For the 
effective control of biofouling, it is often recommended that at least two different non-
oxidizing biocides, or an oxidizing and non-oxidizing biocide, be used in an alternating basis. 
Non-oxidizing biocides can be costly because of the high effective dosage required, long 
contact times and often high unit cost, however, most do not appear to cause corrosion of 
system infrastructure.  
 
Non-oxidising biocides are often proprietary formulations. Quaternary ammonium 
compounds are most commonly utilised; although, other formulations based on various other 
compounds exist (such as glutaraldehyde, aromatic hydrocarbons and menadione) [39, 50, 61]. 
Many non-oxidising biocides have shown good fouling control options in overseas 
applications, but are either not registered for use in Australia, or have limited use permits [39]. 
Non-oxidising biocides often have to be dosed in very large quantities, making application to 
RAN vessels impracticable due to the large volumes of chemicals necessary to be transported 
during operations [60]. It is also reported that microbial resistance to non-oxidising biocides 
can develop, allowing the formation of an initial biofilm which may provide favourable 
conditions for secondary and tertiary fouling to occur [62]. 
 
2.4 Non-biocidal treatments 

2.4.1 Carbon dioxide  

Carbon dioxide (CO2) has potential to be used as a complementary pre-treatment in 
conjunction with an active bioactive (e.g. chlorine). CO2 has been shown to induce a narcotic 
response in macro fouling molluscs (demonstrated in zebra mussels Dreissena polymorpha), 
causing shell gape and facilitating exposure of organisms soft tissues to succeeding biocides 
[63]. Given that mussels in particular are able to sense oxidants in the environment and are 
able to close their shells and cease filtering to avoid ingesting the biocide, the addition of CO2 

allows oxidising biocides to remain effective [40, 63]. It must be stressed that CO2 is not a 
stand-alone treatment, but rather an oxidant co-treatment for the control of particular 
macrofouling organisms. 
 
2.4.2 UV radiation  

UV radiation is commonly used for sterilisation of treated water, and for the prevention of 
microfouling and the formation of biofilms [64]. To be effective for larger systems with more 
complex fouling pressures, co-dosing with a biocide may be necessary. UV radiation is most 
effective against bacterial and planktonic fouling, and would be suitable as a complementary 
pre-treatment preventative rather than a complete solution to internal fouling pressures [64]. 
Comparison of the efficacy of ClO2 and Cl2 treatment with and without UV light pre-
treatment showed a combination of chlorine dioxide with UV pre-treatment to be the most 
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effective at controlling bacteria [65]. Overall biocide dosages were not reduced by the addition 
of the pre-treatment, but efficacy was enhanced [65]. 
 
2.4.3 Deoxygenation  

Deoxygenation of the water in an enclosed system by purging with inert gas (e.g. N2) results 
in the creation of a hypoxic environment unable to be tolerated by many fouling species. A 
multi-organism study on oxygen deprivation in ballast water showed significant mortality for 
known fouling species larvae after 2-3 days in anoxic water [66]. It was also shown that 
corrosion was reduced in the ballast holding tank by deoxygenation [66]. This protective effect 
may extend to seawater piping systems if an effective method of deoxygenation of seawater 
for internal systems could be developed. However; Lee et al. have shown that corrosion in 
anaerobic seawater is more aggressive than in aerobic seawater due to the promotion of 
growth of Sulphate Reducing Bacteria (SRB) which increase corrosion rates in carbon steel 
[67]. It is important to note that some species are able to tolerate extended periods of low 
oxygen in the environment (e.g. dinoflagellate cysts; mussels), and some form of co-treatment 
may be necessary to successfully eradicate all problem species at all life stages [66, 68].  
 
2.4.4 Acoustic energy (ultrasonics) 

Acoustic energy (ultrasonics) has also been considered as a means of fouling control. Pulsed 
acoustic energy (generated by electrical discharge causing an electro hydraulic shock), carried 
by pipe walls is thought to be able to prevent settlement in seawater systems [69]. Small scale 
testing conducted on both titanium piping and a heat exchanger with an externally mounted 
generator (to reduce the formation of cavitation bubbles which can be detrimental to pipe 
integrity) suggests a level of biofouling inhibition similar to a combination of 
chlorination/high velocity flushing treatment is achievable [69, 70]. A second study which 
reported the results of a variety of industrial uses of a COTS ultrasonic water treatment 
system (‘Sonoxide’) encourages the formation of ‘micro bubbles’ by introducing air into the 
ultrasonic chamber to enhance the performance of the low power, high frequency ultrasonic 
effect [71]. The inhibition of biofilm formation has also been confirmed by Bott [72], however, 
it is noted that the initial installation of an ultrasonic treatment system is often cost-prohibitive 
[72]. 
 
2.4.5 Low level Laser 

Small scale testing in an experimental flowing water system exposed to low level pulsed laser 
showed significant mortality in tested diatom and dinoflagellate cells [73]. Laser irradiation 
was supplied at 532 nm and 0.1 Jcm-2 and resulted in mortality rates of between 70 and 90% 
for the tested marine diatoms and dinoflagellate cells [73]. Previous studies by the same 
researchers also showed good activity against Balanus amphitrite cyprids [74]. The current 
design of this sterilisation method involves “raw water” passing through an in-line irradiation 
chamber, before entering the main system. As such, success relies upon all waterborne fouling 
organisms (e.g. larvae, diatoms) being eradicated first-time at a single point in the system. 
Any organisms able to survive beyond this treatment point and subsequently establish within 
the system would require alternative treatment options for removal.  
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2.4.6 Thermal shock 

Thermal shock, by hot water flushing, has been used with some success in the control of zebra 
mussels in industrial water systems. Temperatures of 32°C with a 48 hour exposure time have 
been recorded as being lethal to zebra mussels, while a Victorian Parliamentary review of 
ballast water treatment technologies suggested temperatures of 35 to 45°C were necessary to 
cause death of dinoflagellate cysts as well as zebra mussels [41]. Other studies on different 
fouling organisms (colonial hydroid Cordylophora caspia) suggest a similar temperature range 
of 37.7 to 40.5°C causes permanent destruction of the colony [75]. Some organisms such as 
Crassostrea gigas appear to have a greater tolerance for thermal fluctuations [76] and have been 
shown to require temperatures of greater than 55°C for one hour to achieve 100% mortality 
(Piola, unpubl. data). It is important to raise the temperature of the treatment water quickly 
and to maintain temperature for the necessary length of time to avoid any acclimatisation 
leading to induced thermotolerance of the organisms [41, 75, 77-79]. Microwaves have been 
tested as a means of rapidly and continuously heating ballast water to induce thermal shock 
in fouling organisms, and has potential to be applied to sections of internal piping systems 
[80]. One obvious limitation of this method is the treatment of raw feed water used for system 
critical cooling. 
 
2.4.7 Engineering and mechanical solutions 

In addition to chemical treatments, there is the possibility of applying mechanical or physical 
solutions to fouling prone areas. Improved filtration mechanisms at intake points could be 
used to further restrict the intake of smaller fouling organisms and larvae, as well as larger 
species; however, care would need to be taken not to restrict flow into the seawater system to 
a degree which adversely impacts its reliability and performance.  
 
Antifouling coatings on internal systems and niche areas may also assist in the protection of 
internal systems from heavy fouling pressure, although without design changes to niche 
areas, these may be difficult to apply and maintain. 
 
2.4.8 Design solutions 

Some RAN vessels, such as the ANZAC class frigates, have multiple internal seawater 
systems, some of which can be long and complex. In some cases, these systems provide 
cooling to mission critical equipment. Design can play an important role in ensuring the 
operability of these systems. For example, small bore piping, which is particularly susceptible 
to blockage by even small amounts of fouling, can be reduced or eliminated wherever 
possible. Mission critical equipment that currently relies on seawater cooling can be isolated 
from the main seawater system and replaced with a self-contained chilled water system. 
When installing seawater treatment systems such as copper or chlorine based dosing 
equipment, consideration should be given to including multiple dosing points throughout the 
seawater piping network, to ensure that appropriate concentrations of biocide can reach all 
areas of the system. This is particularly important for vessels that have large and complex 
seawater systems spanning multiple levels of the vessel.  
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Another possible strategy is the utilisation of altered flow velocities and turbulence regimes to 
inhibit the settlement and accumulation of fouling taxa. While theoretically this approach has 
potential, caution must be taken to maintain flow regimes below maximum recommended 
flow velocities for the particular Cu/Ni alloy in use in the existing vessel systems, as flow 
induced ‘erosion corrosion’ may occur as high velocity flows destroy the passive copper oxide 
protection layer at the surface of the material [27, 70]. Recommended maximal flow rates for 
different alloy blends include: <3.5m/s for 90/10 CuNi; <4.0m/s for 70/30 CuNi; and 
<6.5m/s for 60/30/2/2 CuNiFeMn [81]. Care should also be taken to avoid pockets of 
turbulent flow. One study [82] suggests that turbulent flow can promote the formation of 
biofilms that are more resistant to treatment (relative to those formed in laminar flow 
environments), due to the formation of homogenous and slimy bacterial films which are more 
difficult to remove than less consistent films. 
 
2.5 Currently available COTS systems/formulations 

Please note that the items below are a selection of available COTS; this list is NOT exhaustive 
and there may be other similar formulations and systems available from different suppliers. 
 
2.5.1 Protection 

 Various anodic copper protection and electrochlorination systems are available 
commercially, including Cathelco (copper and electrochlorination systems), 
Chloropac®, Ecolcell, Tiaano™ ECU 05 (chlorination systems). 
http://cathelco.com/  
http://www.water.siemens.com/ 
http://www.howelllabs.com/  
http://www.tiaano.com/  
 

 Chem Free™ Sea Chest Guardian: This system is particularly designed for sea chest 
protection using ozone, but may provide follow through effects to the rest of the 
internal piping systems, due to a reduction of settled and viable organisms occurring 
in the ship’s sea chest intakes.  
http://www.deltamarineozone.com/ OR http://www.oceaneering.com/ (in 
transition) 

 
 The Ferrator® (Ferrate Treatment Technologies) is an on-site generator of liquid 

ferrate for in stream dosing of ferrate ions for antifouling treatment. The Ferrator ® 
uses sodium hydroxide, sodium hypochlorite and ferric chloride as feedstock to 
produce ferrate ions in solution which are then dosed into the water system. The 
company identifies ballast, waste and industrial water treatments as potential 
applications, but this could potentially be extended to include shipboard seawater 
systems [48]. 
http://www.ferratetreatment.com/  
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2.5.2 Protection or remediation 

 Mexel® 432 is a “molecular level” filming agent of proprietary formulation which is 
marketed as having anti-fouling, scale and corrosion properties. 
http://mexel.fr/products-solutions/mexel-432/  
 

 Clog Control™ is an amine based biocide claimed to prevent biofilm formation as well 
as controlling macrofouling growth. The manufacturers recommended dosage for an 
industrial sea water cooling system is 0.4 L/hour/100 tons seawater and repeated 
every 48 hours. 
http://www.marichem-marigases.com/  
 

 Marichem S-Fe is a proprietary blend of filming agents (non-ionic surfactants), 
inorganic acids and corrosion inhibitors which claims to control micro and macro 
fouling organisms, whilst reducing corrosion in pipework. Manufacturers dosing 
recommendations are 0.9 L/hour/100 tons seawater for one hour every two days 
(depending on fouling load). 
http://www.marichem-marigases.com/  
 

 Pulse Chlorination® (KEMA): The KEMA pulse chlorination system is marketed as the 
‘optimum chlorination regime for fouling control’ utilising sodium hypochlorite. The 
system was named as a European BAT (Best Available Technology) in 2000. The 
system takes into consideration the ability of mussels to close their shells and cease 
filtering periodically in response to chlorine (and other oxidants), and uses short 
‘pulses’ of chlorination to overcome the avoidance response. 
http://www.kema.com  
 

 Clamtrol II/Spectrus CT 1300 is a non-oxidising biocide consisting of 50% N-alkyl 
dimethyl benzyl ammonium chloride. This biocide has been approved for a limited 
permit for use in Australia by APVMA (for the Illawarra Blue Scope Steel 
Steelworks Cogeneration Plant Project). It is marketed as an antifoulant controlling 
molluscs, algae and bacteria. The product has to be deactivated prior to discharge 
using bentonite clay and cannot be co-dosed with oxidants. 
http://www.gewater.com/  
 

3. Discussion 

3.1.1 Issues with current MGPS options 

Although there are multiple alternate strategies for fouling control in internal seawater 
systems, most technologies are untried in under real-world field conditions and often not 
mature. Trials of available options may result in favourable fouling control results, but 
application to existing fleet in their current stages of development is considered impractical. In 
addition, the rationale behind the adoption and development of many existing treatment 
strategies is based upon antifouling treatment solutions used in coastal power and water 
treatment plants, which often have different considerations and requirements to those of a 
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vessel. For example, power plants may only be required to maintain fouling below a minimal 
threshold to ensure effective plant operation and cost-efficiency, while a vessel may need to 
adopt a ‘zero-tolerance’ approach to fouling to satisfy biosecurity obligations and integrity of 
mission-critical systems. Furthermore, land-based treatment strategies may not have the same 
limitations that are often found aboard vessels (e.g. the storage and use of hazardous liquid 
chemicals). 
 
When trialling new fouling control options it is important to consider not only the efficacy of 
the treatment on the fouling community, but also any unintended treatment side effects (such 
as corrosion or changes to system flow regimes). Impacts on the surrounding environment are 
also an important consideration in the final selection of MGPS. 
 
Currently, anodic copper dosing and on board chlorination generators appear to be the only 
viable and mature option for RAN installation in the short term; however, trialling of new 
techniques may provide suitable options for the future. At present, it appears that a single 
system is unlikely to be able to control all fouling pressures experience by RAN vessels, and 
rather a combination approach to treatments may be necessary. To develop an effective 
solution, it is necessary to consider not only ‘single source’ solutions, but also combinations of 
existing and novel treatments. It is also important to identify potential solutions that will be 
appropriate for the RAN operational profile, and assess the options through a rigorous 
experimental design both in the laboratory and field. A summary of the characteristics of the 
options available is presented in Table 1, which outlines the respective treatments, their 
dosing locations, residence times, relative advantages and disadvantages, whether the agent is 
employed as an preventative or remediation tool and any potential environmental impacts. 
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Table 1 . Characteristics matrix of MGPS options 

MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Sacrificial copper 
anode 

Sea chest  
Strainer box 
In-line 

Short to 
medium 

Established 
technology; 
relatively 
inexpensive 

Large doses required; 
binds readily to 
organic matter;  

  Yes. Considered a 
heavy metal pollutant. 
Discharge is regulated 
(and even banned in 
some jurisdictions)  

Electrochlorination Sea chest  
Strainer box 
In-line 

Short to 
Medium 

Established 
technology; 
relatively 
inexpensive; 
chlorine generated 
from sea water 

May be corrosive to 
CuNi pipework; 
efficacy varies with 
dosing regime; 
efficacy affected by 
pH 

  Discharge may become 
regulated in the near 
future; formation and 
discharge of toxic by-
products  may be an 
issue 

Cu/Ni piping N/A N/A Exhibit inherent 
antifouling 
properties; many 
vessels already 
fitted with this 
technology 

Passive treatment 
system; subject to 
corrosion; only limited 
anti biofouling 
effectiveness; 
ineffectual against 
heavy fouling 
pressure 

  None 

Freshwater 
flushing/osmotic 
shock 

Sea chest 
Strainer boxes 
Discharge 
outlets 

Long (until 
flushed) 

Environmentally 
benign; proven 
efficacy (provided 
sufficient time is 
given) 

Long exposure time; 
requires access to 
large volumes of 
freshwater; may 
contravene water 
restriction guidelines  

  Minimal 
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MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Chlorine dioxide Sea chest  
Strainer box 
In-line 

Medium to 
Long 

Established 
technology; 
stronger oxidant 
than chlorine; low 
corrosion potential; 
less influence by 
water chemistry 
(e.g. pH) than 
chlorine; may be 
used in 
complement with 
other treatment 
methods (e.g. 
chlorine) to 
increase efficacy 

Safety concerns 
regarding required 
chemicals; unlike 
chlorine, cannot be 
generated from 
seawater; expensive 
relative to chlorine 

  Minimal 

Ozone Sea chest  
Strainer box 
In-line 

Short Established 
technology; no 
harmful precursor 
chemicals or by-
products; stronger 
oxidant than 
chlorine 

Minimal penetration 
into sea water system; 
influenced by sea 
water chemistry; may 
be safety concerns 
around its generation 
and use (Exposure 
limit TWA 0.1 ppm); 
less effective at 
alkaline pH levels 

  Minimal 

Ferrate  Sea chest  
Strainer box 
In-line 

Medium to 
Long 

Stronger oxidant 
than chlorine, 
ozone and bromine; 
easy to generate; 
stable and long-
lasting; no by-
products produced 

Untried technology on 
vessels; requires 
handling and mixing 
of hazardous 
chemicals 

  Minimal 
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MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Hydrogen 
peroxide 

Sea chest  
Strainer box 
In-line 

Short Readily available; 
highly reactive; 
degrades 

Minimal penetration 
into sea water system; 
may form heat and/or 
vapour; breaks down 
to O2 and promotes 
aerobic/oxidising 
conditions; less 
effective than chlorine 

  Minimal 

Bromine Sea chest  
Strainer box 
In-line 

Short Wide spectrum of 
activity; more 
effective than 
chlorine at higher 
pH; may be used in 
complement with 
other treatment 
methods (e.g. 
chlorine) to 
increase efficacy 

May be consumed 
quickly; requires high 
concentration; toxic 
by-products may be 
formed; cost 
prohibitive; very toxic 
by inhalation (STEL 
0.3 ppm) 

  Formation and 
discharge of toxic by-
products  may be an 
issue 

Peracetic acid Sea chest  
Strainer box 
In-line 

Short Non-toxic; 
penetrates biofilms; 
only low 
concentrations 
required; wide 
spectrum of activity 

Corrosive; unstable; 
decomposes to acetic 
acid; requires 
handling and mixing 
of hazardous 
chemicals; less 
effective than chlorine 
 
 

  Minimal 
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MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Iodine Sea chest  
Strainer box 
In-line 

Short to 
Medium 

Comparable 
performance to 
chlorine 

Limited efficacy 
against macrofouling; 
can produce toxic by-
products; safety 
concerns regarding 
required chemicals; 
Iodine vapour is toxic 

  Can produce toxic 
halogenated by-
products 

Carbon dioxide Inline after sea 
chest 

Medium Used to increase 
the efficacy of other 
treatment methods 
(e.g. chlorination) 

Not a stand-alone 
treatment option 

  Minimal 

Non-oxidising 
biocides 

Sea chest  
Strainer box 
In-line 

Medium to 
Long 

Highly effective 
against target 
organisms; non-
corrosive;  

High specificity of 
biocides; multiple 
biocides often 
required; long contact 
times required; large 
dosages required; 
expensive; organism 
resistance may 
develop;  

  Minimal 

UV radiation Inline after sea 
chest 

Very  Short Proven technology; 
low maintenance 

Only effective against 
planktonic organisms 
and/or  life stages 
(e.g. larvae); cannot 
treat established 
fouling; efficacy 
lowered by turbidity; 
may require a 
complementary 
treatment method 

  May form bromate by-
products 
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MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Deoxygenation Sea chest  
Strainer box 
In-line 

Short Established 
principal; may have 
a protective effect 
on sea water piping 

Requires long 
exposure time (days-
weeks); may be 
difficult to achieve in 
a uniform manner; 
may stimulate 
anaerobic microbial 
growth 

  Minimal 

Acoustic energy Throughout 
sea water 
system 

N/A No chemicals 
required; non toxic;  

Limited applicability; 
may be cost-
prohibitive 

  None 

Low level laser Inline after sea 
chest 

N/A No chemicals 
required; non toxic; 

Only effective against 
planktonic organisms 
and/or  life stages 
(e.g. larvae); cannot 
treat established 
fouling; may require a 
complementary 
treatment method 

  None 
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MGPS option Potential 
dosing 
location(s) 

Residence time Advantages Disadvantages Preventative  Remediation  Environmental impacts 

Thermal shock Sea chest Short to 
medium 

Wide efficacy 
range; heat source 
may be taken from 
engines; may be 
designed as a land-
based treatment 
technology 

Energy required to 
generate desired 
temperatures may be 
impractical; uniform 
exposure to entire 
system may be 
problematic; may 
have structural 
implications; may 
form carbonate scale; 
may stimulate 
microbial growth if 
improperly applied 

  Minimal 
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4. Recommendations for further investigation 

To provide an accurate assessment of the efficacy of any potential treatment regime in 
conditions relevant to the RAN, it is recommended that promising treatment options such as 
variations to chlorine dosing regimes and thermal treatment be experimentally evaluated for 
effectiveness in the RAN context. To increase the relevance of any experimental design, it is 
suggested that testing be conducted using a ‘mock’ seachest and seawater piping system (such 
as that constructed by Defence Research Establishment Atlantic to trial biocides for use on 
Canadian Patrol Frigates). Such a test system would provide a more realistic indication of 
potential performance in RAN operation [43]. 
 
It is recommended that the following options are viable for further consideration and testing: 
 

1. Further investigation into the efficacy of chlorination for the treatment of onboard 
biofouling. This should be undertaken under real-world conditions which reflect 
the actual operating conditions (e.g. water temperatures, fouling pressures, and 
biofouling species) experienced by the RAN fleet. In addition, such trials should 
also examine the effects of chlorine on the corrosive potential of CuNi pipework 
(which is present in many RAN vessels).  

 
2. Trialling of different dosing regimes should be undertaken in an attempt to reduce 

overall biocide usage (and therefore discharge). For example, pulse, continual, 
shock, or intermittent dosing [83]. Development of dosage regimes based on 
organism temporal behaviour and/or site-specific fouling conditions (for example 
during mussel spatfall in a particular location or at the end of breeding seasons 
when mussels have reduced physiological condition) [40]. 

 
3. Thermal treatment is highly desirable for development as a MGPS as both an 

environmentally benign and potentially sustainable treatment option (particularly 
if waste heat removed during cooling processes is able to be recirculated for 
treatment). Thermal treatment also has good potential for use as a shore-based 
biosecurity treatment strategy. For example, the sea chests of RAN vessels return 
to Australia from foreign ports/regions that pose a high biosecurity risk may be 
treated with hot water and/or steam to minimise the establishment and transfer of 
unwanted marine species. Such a strategy may form part of a routine maintenance 
regime. 

 
4. Co-dosing of biocides (for example copper and chlorine), may lead to even greater 

efficacy of given dose [84, 85]. 
 
5. Carbon dioxide pre-treatment to halogen dosing – may be useful for control of 

existing fouling populations (particularly macrofouling species such as bivalves 
which detect and respond to halogen biocides in the water). This solution may be 
particularly suited to treatment of fouling within seachest; however, it may have 
deleterious effects on cooling within the wider internal seawater system. 
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6. Ozone injection into seawater systems as well a sea chest protection mechanism.  
 
7. Dosing rates may also be coupled to an in-line biofouling monitoring systems, 

such as the BIOX or BIOCAF™ systems, to enable a treatment regime tailored to 
the current level of fouling pressure [45, 51]. In-line biological monitoring systems 
provide real-time feedback on the level of biological growth occurring in a local 
area and allow dosing of biocides to be ‘tailored’ and timed to occur when growth 
reaches an undesirable level. In this way, targeted biocide delivery increases the 
efficacy and efficiency of the dosing regime by ensuring that biocides are not 
dosed when little or no growth is occurring. 

 



UNCLASSIFIED 
DSTO-TR-2631 

 

5. References 

1. Taylor, A. H. and Rigby, G. (2002) The identification and management of vessel biofouling 
areas as pathways for the introduction of unwanted marine organisms. Report prepared 
for the Department of Agriculture, Fisheries and Forestry, Australia  

2. Coutts, A. D. M. and Dodgshun, T. J. (2007) The nature and extent of organisms in vessel 
sea-chests: a protected mechanism for marine bioinvasions. Marine Pollution Bulletin 54 
(7) 875-886 

3. Dolez, P. I. and Love, B. J. (2002) Acid cleaning solutions for barnacle-covered surfaces. 
International Journal of Adhesion and Adhesives 22 (4) 297-301 

4. Hewitt, C. L., Gollasch, S. and Minchin, D. (2009) The Vessel as a Vector – Biofouling, 
Ballast Water and Sediments. In: Rilov, G. and Crooks, J. A. (eds.) Biological Invasions in 
Marine Ecosystems: Ecological, Management, and Geographic Perspectives Vol. 204. Berlin 
Heidelberg, Springer 117-131 

5. Hall Jr., L. W., Scott, M. C. and Killen, W. D. (1998) Ecological risk assessment of copper 
and cadmium in surface waters of Chesapeake Bay watershed. Environmental 
toxicology and chemistry 17 (6) 1172-1189 

6. Johnston, E. L. and Keough, M. J. (2002) Direct and indirect effects of repeated pollution 
events of marine hard-substrate assemblages. Ecological Applications 12 21/03/02 1212-
1228 

7. Piola, R. F. and Johnston, E. L. (2008) Pollution decreases native diversity and increases 
invader dominance. Diversity & Distributions 14 329-342 

8. Spencer, C. M. (2003) Revised guidance manual for selecting lead and copper control strategies. 
Washington, U.S. Environment Protection Authority pp 46 
(http://www.epa.gov/safewater/lcrmr/pdfs/guidance_lcmr_control_stratageis_revi
sed.pdf - Accessed: 19.05.2009) 

9. Almeida, E., Diamantino, T. C. and de Sousa, O. (2007) Marine paints: The particular case 
of antifouling paints. Progress in Organic Coatings 59 (1) 2007/4/2 2-20 

10. W.H.O.I. (1952) Chapter 11: The history of the prevention of fouling. In: Woods Hole 
Oceanographic Institution and U.S. Navy Dept. Bureau of Ships (eds.) Marine fouling 
and its prevention. Menasha, WI, George Banta Publishing Co. 211-223 

11. Yebra, D. M., Kiil, S. and Dam-Johansen, K. (2004) Antifouling technology--past, present 
and future steps towards efficient and environmentally friendly antifouling coatings. 
Progress in Organic Coatings 50 (2) 75-104 

12. Venkatesan, R. and Murthy, P. S. (2009) Macrofouling Control in Power Plants. In: 
Flemming, H. C., Murthy, P. S., Venkatesan, R.Cooksey, K. E. (eds.) Marine and 
Industrial Biofouling. Vol. Vol. 4.  . Berlin Heidelberg, Springer  

13. Piola, R. F., Dafforn, K. A. and Johnston, E. L. (2009) The influence of antifouling practices 
on marine invasions. Biofouling 25 (7) 633-644 

14. Piola, R. F. and Johnston, E. L. (2009) Comparing differential tolerance of native and non-
indigenous marine species to metal pollution using novel assay techniques. 
Environmental Pollution 157 (10) 2853-2864 

15. Lewis, J. A. (2002) Hull fouling as a vector for the translocation of marine organisms. Phase 3: the 
significance of the prospective ban on tributyltin antifouling paints on the introduction & 

UNCLASSIFIED 
24 

http://www.epa.gov/safewater/lcrmr/pdfs/guidance_lcmr_control_stratageis_revised.pdf
http://www.epa.gov/safewater/lcrmr/pdfs/guidance_lcmr_control_stratageis_revised.pdf


UNCLASSIFIED 
DSTO-TR-2631 

translocation of marine pests in Australia. Canberra, Department of Agriculture, Fisheries 
and Forestry 

16. Russell, G. and Morris, O. P. (1970) Copper tolerance in the Marine Fouling Alga 
Ectocarpus siliculosus. Nature 228 288-289 

17. Weiss, C. M. (1947) The comparative tolerances of some fouling organisms to copper and 
mercury. Biological Bulletin 93 (1) 56-63 

18. Hoare, K., Beaumont, A. R. and Davenport, J. (1995) Variation among populations in the 
resistance of Mytilus edulis embryos to copper: adaptations to pollution? Marine 
Ecology Progress Series 120 155-161 

19. Hoare, K., Davenport, J. and Beaumont, A. R. (1995) Effects of exposure and previous 
exposure to copper on growth of veliger larvae and survivorship of Mytilus edulis 
juveniles. Marine Ecology Progress Series 120 April 20, 1995 163-168 

20. Marshall, D. J. (2008) Transgenerational plasticity in the sea: Context-dependent maternal 
effects across the life history. Ecology 89 (2) Feb 418-427 

21. Piola, R. F. and Johnston, E. L. (2006) Differential tolerance to metals among populations 
of the introduced bryozoan Bugula neritina. Marine Biology 148 997-1010 

22. Brooks, S. J. and Waldock, M. (2009) Copper Biocides in the Marine Environment. In: Arai, 
T., Harino, H., Ohji, M.Langston, W. J. (eds.) Ecotoxicology of Antifouling Biocides. Vol. 
Part III, Sub Part 9. Springer Japan  

23. Anasco, N. C., et al. (2008) Toxicity of Residual Chlorines from Hypochlorite-Treated 
Seawater to Marine Amphipod Hyale barbicornis and Esturine Fish Oryzias javanicus. 
Water, Air & Soil Pollution 195 (1-4) 129-136 

24. Verween, A., Vincx, M. and Degraer, S. (2009) Comparative toxicity of chlorine and 
peracetic acid in the biofouling control of Mytilopsis leucophaeata and Dreissena 
polymorpha embryos (Mollusca, Bivalvia). International Biodeterioration & 
Biodegradation 63 (4) 523-528 

25. Taylor, C. J. L. (2006) The effects of biological fouling control at coastal and estuarine 
power stations. Marine Pollution Bulletin 53 (1-4) 30-48 

26. Randtke, S. J. (2010) Chemistry of Aqueous Chlorine. In: Black & Veatch Corporation (ed.) 
White's Handbook of Chlorination and Alternative Disinfectants, 5th Edition. Hoboken, 
New Jersey, John Wiley & Sons 68-173 

27. Ministry Of Defence (2009) Defence Standard 02-781 Protection of Seawater System Pipework 
and Heat Exchanger Tubes in HM Surface Ships and Submarines. Glasgow. UK Defence 
Standardization. 

28. Schleich, W. (2004) Typical failures of 90/10 CuNi sea water tubing systems and how to 
avoid them. In: Eurocorr 2004, Nice, France: September 6, 2004 

29. Cristiani, P., Perboni, G. and Debenedetti, A. (2008) Effect of chlorination on the corrosion 
of Cu/Ni 70/30 condenser tubing. Electrochimica Acta 54 (1) 100-107 

30. Anderson, D. B. and Richards, B. R. (1966) Chlorination of sea water - effects on fouling 
and corrosion. Journal of Engineering of Power July 203-208 

31. Royal Australian Navy (RAN) Navy Systems Branch Navy Platform Systems Directorate 
(2005) DEF(AUST)5000 ADF Maritime Materiel Requirement Set. Volume 2: Whole of Ship 
Requirements. Part 13: Pollution Control Requirements Canberra. Australian Defence 
Force Royal Australian Navy,. 

32. Kim, D., et al. (2009) Biocide application for controlling biofouling of SWRO membranes -- 
an overview. Desalination 238 (1-3) 43-52 

UNCLASSIFIED 
25 



UNCLASSIFIED 
DSTO-TR-2631 

33. Gaffoglio, C. (1986) Offshore Platform Applications for Copper-Nickel. Greenwich, Conneticut, 
Copper Development Association Incorporated 

34. Callow, M. E. and Fletcher, R. L. (1994) The Influence of Low Surface-Energy Materials on 
Bioadhesion - a Review. International Biodeterioration & Biodegradation 34 (3-4) 333-348 

35. Wagner, D., et al. (1997) Microbiologically Influenced Corrosion of copper in potable 
water installations – a European project review. Materials and Corrosion 48 (5) 311-321 

36. Buckney, R. T. and Tyler, P. A. (1973) Chemistry of Tasmanian Inland Waters. International 
Revue gesamten Hydrobiologie 58 (1) 61-78 

37. Apte, S., et al. (2000) Jumping ship: a stepping stone event mediating transfer of non-
indigenous species via a potentially unsuitable environment. Biological Invasions 2 75-
79 

38. Segnini de Bravo, M. I., Chung, K. S. and Perez, J. E.-. (1998) Salinity and temperature 
tolerances of the green and brown mussels, Perna viridis and Perna perna (Bivalvia: 
Mytilidae). Revista de Biologia Tropical 46 (5) 121-126 

39. McEnnulty, F. R., Jones, T. E. and Bax, N. J. The Web-Based Rapid Response Toolbox. (2001)  
[Accessed 25.01.10]; Available from: 
http://www.marine.csiro.au/crimp/nimpis/Default.htm. 

40. Chou, C. L., et al. (1999) Potential Biofouling Strategies Against Blue Mussel (Mytilus edulis) 
Infestation in a Cooling Water System Canadian Technical Report of Fisheries and 
Aquatic Sciences 2283, Dartmouth/Halifax Nova Scotia,, Department of Fisheries and 
Ocenas 

41. Parliament of Victoria Environment and Natural Resources Committee (1997) Report on 
Ballast Water and Hull Fouling in Victoria. Environment and Natural Resources 
Comitttee, Editor. Melbourne. Victorian Government Printer. 

42. Klassen, R., et al. (2001) On-Board Hypochlorite Generation for Biofouling Control. In: 
Corrosion 2001, Houston, Texas, NACE International 

43. Porter, J. F., Pelletier, G. R. and Zwicker, B. M. (2001) CPF Biofouling Investigations. DREA-
SR-2001-094-SES-IV-PAP-21, Dartmouth, Nova Scotia, Defence Research 
Establishment Atlantic 

44. Cox, E. (2005) A Review of Biofouling Controls for Enhanced In Situ Bioremediation of 
Groundwater. Arlington, Department of Defence Environmental Security Technology 
Certification Program 

45. Petrucci, G. and Rosellini, M. (2005) Chlorine dioxide in seawater for fouling control and 
post-disinfection in potable waterworks. Desalination 182 (1-3) 283-291 

46. French Oil and Gas Industry Association Technical Committee (1998) Seawater Circuits: 
Treatments and Materials. Paris, Editions Technip 

47. Garrett, W. E. and Laylor, M. M. (1995) The Effects of Low Level Chlorination and 
Chlorine Dioxide on Biofouling Control in a Once-Through Service Water System. In: 
Fifth Annual Zebra Mussel and Other Aquatic Nuisance Organisms Conference, Toronto, 
Canada 

48. Ferrate Treatment Technologies LLC. Ballast Water. (2009)  [Accessed 29.01.10]; Available 
from: http://www.ferratetreatment.com/. 

49. Sharma, V. K. (2002) Potassium ferrate(VI): an environmentally friendly oxidant. Advances 
in Environmental Research 6 (2) 143-156 

50. Dobroski, N., et al. (2009) 2009 Assessment of the Efficacy, Availability and Environmental 
Impacts of Ballast Water Treatment Systems for Use in California Waters Sacramento, 
California State Lands Commission Marine Facilites Division 

UNCLASSIFIED 
26 

http://www.marine.csiro.au/crimp/nimpis/Default.htm
http://www.ferratetreatment.com/


UNCLASSIFIED 
DSTO-TR-2631 

51. Cristiani, P. (2005) Solutions to fouling in power station condensers. Applied Thermal 
Engineering 25 (16) 2630-2640 

52. Venkatesan, R. and Murthy, P. S. (2009) Macrofouling Control in Power Plants. In: 
Flemming, H. C., Murthy, P. S., Venkatesan, R.Cooksey, K. E. (eds.) Marine and 
Industrial Biofouling. Vol. 4. Springer Berlin Heidelberg  

53. Fisher, D. J., et al. (1999) The relative acute toxicity of continuous and intermittent 
exposures of chlorine and bromine to aquatic organisms in the presence and absence 
of ammonia. Water Research 33 (3) 760-768 

54. Oemcke, D. J. and van Leeuwen, J. (1998) Chemical and physical characteristics of ballast 
water: implications for treatment processes and sampling methods. Townsville, Queensland, 
Australia, CRC Reef Research Centre 

55. Herwig, R. P., et al. (2006) Ozone treatment of ballast water on the oil tanker S/T Tonsina: 
chemistry, biology and toxicity. Marine Ecology-Progress Series 324 37-55 

56. Jones, A. C., et al. (2006) Toxicity of ozonated seawater to marine organisms. 
Environmental Toxicology and Chemistry 25 (10) Oct 2683-2691 

57. Oemcke, D. J. and van Leeuwen, J. (2005) Ozonation of the marine dinoflagellate alga 
Amphidinium sp. - implications for ballast water disinfection. Water Research 39 (20) 
5119-5125 

58. Crecelius, E. A. (1979) Measurements of oxidants in ozonated seawater and some 
biological reactions. Journal of the Fisheries Research Board of Canada 36 1006-1008 

59. Chou, C. L., et al. (1999) Potential biofouling strategies against blue mussel (Mytilus edulis) 
infestation in a cooling water system. Canadian Technical Report of Fisheries and Aquatic 
Sciences 

60. Pasupathi, K. (2010) ANZAC Seawater Systems Analysis. Melbourne, BAE Systems 
61. Green, R. F. (1995) Strategies for Application of Non-Oxidising Biocides. In: Fifth 

International Zebra Mussel and Other Aquatic Nuisance Organisms Conference, Toronto, 
Canada 

62. Cloete, T. E. (2003) Biofouling control in industrial water systems: What we know and 
what we need to know. Materials and Corrosion 54 (7) 520-526 

63. Elzinga, W. J. and Butzlaff, T. S. (1994) Carbon Dioxide as a Narcotizing Pre-Treatment for 
Chemical Control of Dreissena polymorpha. In: Fourth International Zebra Mussel 
Conference, Madison, Wisconsin 

64. Lakretz, A., Ron, E. Z. and Mamane, H. (2009) Biofouling control in water by various UVC 
wavelengths and doses. Biofouling: The Journal of Bioadhesion and Biofilm Research 26 (3) 
257 - 267 

65. Rand, J. L., et al. (2007) A field study evaluation for mitigating biofouling with chlorine 
dioxide or chlorine integrated with UV disinfection. Water Research 41 (9) 1939-1948 

66. Tamburri, M. N., Wasson, K. and Matsuda, M. (2002) Ballast water deoxygenation can 
prevent aquatic introductions while reducing ship corrosion. Biological Conservation 
103 (3) 331-341 

67. Lee, J. S., et al. (2005) Evaluation of Deoxygenation as a Corrosion Control Measure for 
Ballast Tanks. Corrosion 61 (12) 1173-1188 

68. Altieri, A. H. (2006) Inducible variation in hypoxia tolerance across the 
intertidal&#150;subtidal distribution of the blue mussel Mytilus edulis. Marine Ecology 
Progress Series 325 November 07, 2006 295-300 

UNCLASSIFIED 
27 



UNCLASSIFIED 
DSTO-TR-2631 

UNCLASSIFIED 
28 

69. Brizzolara, R. A., et al. (2003) Non-Chemical Biofouling Control in Heat Exchangers and 
Seawater Piping Systems Using Acoustic Pulses Generated by an Electrical Discharge. 
Biofouling: The Journal of Bioadhesion and Biofilm Research 19 (1) 19 - 35 

70. Nippon Kaiji Kyokai (2008) Guidelines on Pipe Wall Thinning - Taking into Account Flow 
Accelerated Corrosion of Water and Wet Steam Pipelines in Ships. Chiba, Research Institute 
Nippon Kaiji Kyokai 

71. Broekman, S., et al. (2009) Ultrasonic Treatment for Microbiological Control of Water 
Systems. Ultrasonics Sonochemistry In Press, Accepted Manuscript  

72. Bott, T. R. (2009) Biofouling Control in Cooling Water. International Journal of Chemical 
Engineering 2009  

73. Nandakumar, K., et al. (2009) Laser damage to marine plankton and its application to 
checking biofouling and invasion by aquatic species: a laboratory study. Biofouling: The 
Journal of Bioadhesion and Biofilm Research 25 (2) 95 - 98 

74. Nandakumar, K., et al. (2002) Impact of Pulsed Laser Irradiations from Nd:YAG Laser on 
the Larvae of the Fouling Barnacle Balanus amphitrite. Biofouling: The Journal of 
Bioadhesion and Biofilm Research 18 (4) 257 - 262 

75. Folino-Rorem, N. C. and Indelicato, J. (2005) Controlling biofouling caused by the colonial 
hydroid Cordylophora caspia. Water Research 39 (12) 2731-2737 

76. Rajagopal, S., et al. (2005) Thermal tolerance of the invasive oyster Crassostrea gigas: 
Feasibility of heat treatment as an antifouling option. Water Research 39 (18) 4335-4342 

77. Claudi, R. (1995) Zebra Mussel Mitigation Overview. In: The Fifth International Zebra 
Mussel and Other Aquatic Nuisance Organisms, Toronto, Canada 

78. Bolch, C. and Hallegraeff, G. M. (1993) Chemical and Physical Treatment Options to Kill 
Toxic Dinoflagellate Cysts in Ship's Ballast Water. Journal of Marine Environmental 
Engineering 1 23-29 

79. Jenner, H. A. and Janssen-Mommen, J. P. M. (1993) Monitoring and Control of Dreissena 
polymorpha and Other Microfouling Bivalves in the Netherlands. In: Nalepa, T. F. and 
Sohloesser, D. W. (eds.) Zebra Mussels - Biology, Impacts and Control. Lewis Publications  

80. Boldor, D., et al. (2008) Design and Implementation of a Continuous Microwave Heating 
System for Ballast Water Treatment. Environmental Science & Technology 42 (11) 4121-
4127 

81. Copper Development Association. Sea Water System Design. (2010)  [Accessed 17.12.09]; 
Available from: 
http://www.copper.org/applications/cuni/txt_sea_water_system_design.html. 

82. Coetser, S. E. and Cloete, T. E. (2005) Biofouling and Biocorrosion in Industrial Water 
Systems. Critical Reviews in Microbiology 31 (4) 213-232 

83. Rajagopal, S., van der Velde, G. and Bonga, S. W. (2008) Better Biocide Delivery to Fouling 
Surfaces: Reaching the Interface from Within (Powerpoint Presentation). Nijgemen, 
Radboud University  

84. Knox-Holmes, B. (1993) Biofouling control with low levels of copper and chlorine. 
Biofouling: The Journal of Bioadhesion and Biofilm Research 7 (2) 157 - 166 

85. Knox-Holmes, B., et al. (1994) Second Gulf Water Conference. Vol. 1, Bahrain  

http://www.copper.org/applications/cuni/txt_sea_water_system_design.html


 

 

 
Page classification:  UNCLASSIFIED 

 
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION 

 
 

DOCUMENT CONTROL DATA 1.  PRIVACY MARKING/CAVEAT (OF DOCUMENT) 
      

2.  TITLE 
 
A Review of Marine Growth Protection System (MGPS) Options for 
the Royal Australian Navy     

3.  SECURITY CLASSIFICATION (FOR UNCLASSIFIED REPORTS 
THAT ARE LIMITED RELEASE USE (L)  NEXT TO DOCUMENT 
CLASSIFICATION) 
 
 Document  (U) 
 Title   (U) 
 Abstract    (U) 
 

4.  AUTHOR(S) 
 
Clare Grandison, Richard Piola and Lyn Fletcher 
 

5.  CORPORATE AUTHOR 
 
DSTO Defence Science and Technology Organisation 
506 Lorimer St 
Fishermans Bend Victoria 3207 Australia 
 

6a. DSTO NUMBER 
DSTO-TR-2631 
 

6b. AR NUMBER 
AR-015-165 

6c. TYPE OF REPORT 
Technical Report 

7.  DOCUMENT  DATE 
December 2011 

8.  FILE NUMBER 
2011/1017603 
 

9.  TASK NUMBER 
07/085 

10.  TASK SPONSOR 
DDNEP 

11. NO. OF PAGES 
28 

12. NO. OF REFERENCES 
85 

13. DSTO Publications Repository 
 
http://dspace.dsto.defence.gov.au/dspace/    
 

14. RELEASE AUTHORITY 
 
Chief,  Maritime Platforms Division 

15. SECONDARY RELEASE STATEMENT OF THIS DOCUMENT 
 

Approved for public release 
 
 
OVERSEAS ENQUIRIES OUTSIDE STATED LIMITATIONS SHOULD BE REFERRED THROUGH DOCUMENT EXCHANGE, PO BOX 1500, EDINBURGH, SA 5111 
16. DELIBERATE ANNOUNCEMENT 
 
No Limitations 
 
17.  CITATION IN OTHER DOCUMENTS        No 
18. DSTO RESEARCH LIBRARY THESAURUS   
 
Biofouling, Antifouling coatings, Fouling, Fouling organisms, Marine Growth Protection Systems 
 
19. ABSTRACT 
Biofouling of ship's internal seawater systems can have serious implications for performance, continuing operational capability and 
crew habitability. Internal seawater piping systems and intakes are prone to heavy fouling pressure due to the relative inaccessibility 
and complexity of these systems. Fouling control in internal systems is optimally maintained by the installation and operation of Marine 
Growth Protection Systems (MGPS), which prevent fouling by operating within the internal seawater system to deliver antifouling 
agents. This review of available and emerging MGPS and other fouling control systems provides an overview of the current RAN 
MGPS experience, other available treatment options and recommendations for ongoing investigation into potential future protocols for 
fouling management in the RAN fleet.      
 

Page classification:  UNCLASSIFIED 

  


	ABSTRACT
	DISTRIBUTION LIST
	Executive Summary
	Authors
	Contents
	1. Introduction 
	1.1 Current MGPS in RAN service

	2. Current MGPS options 
	2.1 Considerations for Navy for existing and future fleet
	2.2 Chemical treatment – oxidising biocides
	2.3 Chemical treatment – non-oxidising biocides
	2.4 Non-biocidal treatments
	2.5 Currently available COTS systems/formulations

	3. Discussion
	4. Recommendations for further investigation
	5. References
	DISTRIBUTION LIST
	DOCUMENT CONTROL DATA

