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Abstract

The worldwide transfer and introduction o f non-indigenous invasive aquatic organisms via ships’ ballast water has been amply 
demonstrated to cause significant ecological, economic and human health impacts. Possible solutions to the problem include: 1) 
treating ballast water to remove or destroy unwanted organisms; 2) re-designing new vessels to eliminate the need to discharge 
ballast water; and 3) retaining ballast water onboard. Ballast water exchange is currently the only widely acceptable and 
suggested (sometimes even required) procedure to minimise the risk o f ballast water mediated invasions but the variable efficacy 
and operational lim itations o f  this approach have led to significant financial investment in the last two decades in the research 
and development o f more effective shipboard and shore based ballast water treatm ent technologies. Specific technologies under 
consideration include m echanical separation, heat treatm ent, UV irradiation, cavitation, de-oxygenation and active substances. 
To date, no single treatm ent option has proved to be universally effective and increasing attention has focused on multi- 
component treatm ent systems. The high flow rates and volumes o f ballast water that must be treated pose significant 
technological challenges, and the presence o f sediment in ballast tanks reduces the efficacy o f many treatm ent options as this 
provides a habitat for resistant organisms such as resting stages o f phytoplankton and Zooplankton. Mechanical separation 
devices would best be used as a primary stage o f a treatm ent system comprising m ultiple technologies because free-living 
organisms and sediment below a certain size are likely to be largely unaffected. UV treatm ent systems are unlikely to  eliminate 
all ballast water organisms, as they are not able to deliver a stable lethal dose across a wide range o f water quality conditions and 
m any organisms are resistant to UV exposure or can recuperate after treatment. At the current stage o f development, cavitation 
would not be considered appropriate for the shipboard treatm ent o f ballast water due to high capital and operating costs and high 
power requirements. The heating o f ballast water using waste heat from ships’ engines has been claimed to be a practical and 
cost effective treatm ent options for elim inating ballast water Zooplankton and phytoplankton (including resting stages) but 
concerns have been expressed that attainable tem peratures may not eliminate all bacterial pathogens, that this approach does not 
apply to ships traversing colder seas and may impact on the integrity o f vessel structures. Promising research has been conducted 
on several systems that are able to achieve tem peratures capable o f  elim inating bacteria but these technologies are still under 
development. De-oxygenation by the addition of glucose or reducing agents are not effective treatm ent options, however de
oxygenation technologies based on the injection o f an inert gas are more prom ising (notably against larval and adult 
Zooplankton) as they could be cost effective and do not impact on the aquatic environment as ballast water is re-oxygenated prior 
to  discharge. Biocide dosing systems have low capital costs and power requirements but the costs o f active substances are 
significant. Chemical treatm ent costs and space requirements can be significantly reduced by using onboard chemical generators 
but the capital cost o f these systems is significant and all have biological efficacy, safety, operational and environmental (poor 
biodégradation) concerns. Treatment systems that produce free hydroxyl radicals would be favourable over other chemical 
treatm ents as they are claimed to produce less or no toxic by-products at ballast discharge but these technologies have high 
power requirements. Each treatm ent option requires further research on their biological and operational efficacy and safety under 
full-scale shipboard conditions. As o f July 2009, 16 promising systems using active substances had received basic approval and 8 
systems final approval from IMO, with 4 systems receiving type approval certification and 2 systems receiving national approval 
certification. Effectively elim inating the risk o f ballast water mediated invasions still remains a monumental technological and 
economical challenge.
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Introduction

The introduction in  2004 o f the International 
Convention for the Control and M anagem ent of 
Ships' B allast W ater and Sediments (hereafter 
referred to as BW M Convention; IMO 2004) has 
led to significant research and developm ent of 
ballast w ater m anagem ent technologies. At the 
tim e o f this w riting (July 2009) the BWM 
Convention has been signed by 18 countries 
representing ca. 15% o f world m erchant shipping 
tonnage but the Convention w ill not enter into 
force until ratified by 30 states representing 35% 
of m erchant shipping tonnage. Once entered into 
force, the BW M  Convention requires all ships to 
conduct ballast w ater exchange (Ballast W ater 
Exchange Standard, regulation D -l)  and after a 
defined phasing-in period, depending on 
construction date and ballast capacity, ships shall 
m eet the B allast W ater Perform ance Standard 
(Regulation D-2) w hich stipulates that 
discharged ballast w ater shall contain:

• less than 10 viable organism s per cubic m eter 
greater than or equal to 50 pm  in m inimum 
dim ension, and

• less than 10 viable organism s per m illilitre less 
than 50 pm  in m inim um  dim ension and greater 
than or equal to 10 pm  in m inim um  dimension, 
and

• less than the follow ing concentrations of 
indicator microbes, as a hum an health  standard:
• Toxigenic Vibrio cholerae (serotypes 01
and 0139) w ith less than 1 Colony Form ing U nit 
(cfu) per 100 m illilitres or less than 1 cfu per 1 
gram  (wet weight) o f Zooplankton samples,
• Escherichia coli less than 250 cfu per
100 m illilitres, and
• Intestinal Enterococci less than 100 cfu
per 100 m illilitres.

In response to the adoption o f the BW M  
Convention, a num ber o f shipboard treatm ent 
options are under consideration or under 
com m ercial developm ent. M any o f these options 
stem from  technologies or procedures currently 
u tilised fo r industrial and drinking w ater trea t
ment. The shipboard treatm ent o f ballast w ater 
may be achieved during ballasting  and/or de
ballasting  or w hen the vessel is en-route. E ither 
way this involves retrofitting or m odifying the 
existing sh ips’ structures to accom m odate 
appropriate treatm ent systems. A variety of

m echanical/physical and chem ical technologies 
have been proposed as potential shipboard 
treatm ent options. M echanical treatm ents include 
filtration and cyclonic separation and are based 
on particle-size or specific w eight to remove 
organism s from  ballast w ater (Taylor et al. 
2002). W hen used during ballasting these options 
have the advantage o f returning removed 
organism s directly to the source w ater and pose 
no environm ental problem . Physical treatm ent 
options are also considered environm entally 
friendly as they focus on changing the physical 
properties or hydrodynam ic characteristics o f the 
w ater for organism  rem oval (Taylor et al. 2002). 
It is the chem ical treatm ent options that pose the 
greatest environm ental threat, since large 
volum es o f treated ballast w ater w ill be released 
into ports around the world. Potential chemical 
treatm ent options include deoxygenation, pH and 
salinity adjustm ent and the use o f chemical 
biocides or the onboard generation o f “active 
substances” . Currently available and prospective 
treatm ent options as o f July 2009 are reviewed 
and evaluated. In considering and assessing the 
various treatm ent options, it is im portant to 
recognise that ballasting and deballasting 
operations on a proportion o f  ships takes place at 
flow rates betw een <1,000 and 10,000 m3/h, w ith 
the higher values applying to dry bulk carriers 
(5,000-10,000), ore carriers (10,000) or tankers 
(5,000-20,000 m 3/h) and the low er values to 
cruise liners, container ships, car carriers etc. 
(National Research Council 1996). W hilst a 
variety o f potential options have shown promise 
under laboratory conditions at low flow rates and 
lim ited volum etric capacity, it is necessary to 
evaluate the practicality and cost under realistic 
conditions w hen com paring the potential for 
future large scale use.

Mechanical/Physical treatment options

B allast water exchange

B allast w ater exchange (BWE) is currently the 
m ost w idely practised procedure relied upon to 
minim ise the risk o f  ballast w ater m ediated 
invasions and w ill becom e m andatory for 
existing vessels follow ing the entry into force of 
the BW M  Convention. A fter that date Ballast 
W ater Exchange (BWE) methods would continue 
to be acceptable but only if  they can achieve the 
above D-2 discharge standard.
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The BW M  Convention (regulation D -l)  
stipulates that:

“Ships perform ing B allast W ater Exchange 
shall do so w ith an efficacy o f 95 per cent 
volum etric exchange o f B allast W ater. For ships 
exchanging ballast w ater by the pum ping- 
through method, pum ping through three times 
the volum e o f each ballast w ater tank shall be 
considered to m eet the standard described. 
Pum ping through less than three tim es the 
volum e may be accepted provided the ship can 
dem onstrate that at least 95 percent volum etric 
exchange is m et” (IMO 2004).

B allast w ater exchange involves replacing 
ballast w ater taken onboard in  coastal and port 
areas, w ith open oceanic (or otherwise specified) 
w ater prior to discharge at subsequent ports of 
call. Open oceanic w ater is described by BWM 
Convention as w ater from  at least 200 nm from  
the nearest land and at least 200 m in depth 
(IMO 2004). I f  this is not possible, 200 nm from  
land and 50 m depth is acceptable, or designated 
ballast w ater exchange zones may be utilised 
(G ollasch et al. 2007; D avid and G ollasch 2008). 
BW E acts to reduce the concentration o f  coastal 
organism s and pathogens in  the ballast w ater that 
may be introduced into a recipient port and 
replaces them  w ith a low er density o f oceanic 
organism s w ith a low probability o f survival in 
near-shore waters. BW E may also be beneficial 
w hen a ship is sailing betw een two freshw ater 
ports, as oceanic w ater w ould cause an increase 
in  salinity to a point where many freshw ater 
organism s may die (Gray et al. 2007; Perakis and 
Y ang 2003).

There exist two basic methods o f conducting 
BWE: the flow -through m ethod and em pty-refill 
method. Em pty-refill involves essentially d is
charging the ballast w ater com pletely and then 
refilling the tanks. The flow -through method 
involves ships continually pum ping oceanic 
w ater into ballast tanks or dedicated cargo holds, 
allow ing it to overflow  thus gradually exchang
ing ballast water.

B oth ballast w ater exchange methods likely 
o ffer preventive capabilities; however, it is 
im portant to realise several shortcomings. F irst
ly, the ability to safely conduct BW E depends on 
w eather and sea surface conditions m aking it not 
always possible to perform  (Rigby and Taylor 
2001). Secondly, it is not 100% effective as 
some sedim ent and many bacteria, m icroalgae 
and Zooplankton species have been shown to 
rem ain in the ballast tanks follow ing exchange; 
and finally, if  conducted at the wrong time and

location, BW E can result in  a greater biological 
diversity o f organism s in the ballast w ater 
(Drake et al. 2001; Forbes and H allegraeff 2001; 
Drake et al. 2002; Galil and H ülsm ann 2002; 
M im ura et al. 2005; B urkholder et al. 2007; 
M cC ollin et al. 2007a).

Rigby et al. (1993) studied the effectiveness 
o f open ocean exchange onboard the bulk carrier 
M V Iron W hyalla and discovered that 37, 13 and 
5% o f the original w ater rem ained in  the ballast 
tanks after exchanging one, two and three ballast 
tank volum es respectively. Sim ilar studies have 
achieved com parable w ater exchange efficiencies 
ranging from  93 to 100% (Table 1). However, it 
m ust be reinforced that the efficacy o f organism  
rem oval is a com plex issue and is distinct from  
that o f w ater exchange. Efficiency o f BW E will 
depend on several factors including the nature 
and behaviour o f organism s in  the tank, the 
design and structural configuration o f tanks, 
m ixing w ithin the tanks and the type and 
behaviour o f sediments (Rigby and Taylor 2001; 
Galil and H ülsm ann 2002).

Table 1. Water exchange efficiency for empty/refill and flow
through ballast water exchange

Mode of Exchange % Water 
Exchanged

Reference

Flow-through, 1 tank 
volume 63.2 Rigby and 

Hallegraeff (1993)
Flow-through, 2 tank 
volumes 86.5

Rigby and 
Hallegraeff (1993)

Flow-through, 3 tank 
volumes 95 Rigby and 

Hallegraeff (1993)
Flow-through, 3 tank 
volumes 90;99 Taylor and Bruce

(2000)
Flow-through 86-96 Villae et al. (2001)

Empty/refill, 1 tank 
volume 93-100

Wonham et al. 
(2001)

Flow-through, 3 tank 
volumes >99 Taylor et al. (2007)

Flow-through, 2 tank 
volumes >99 Taylor et al. (2007)

Empty/refill, 1 tank 
volume 95 Miller (1998)

Empty/refill, 1 tank 
volume 95-99

Zhang and 
Dickman (1999)

Empty/refill, 1 tank 
volume 95-99 Dickman and

Zhang (1999)
Empty/refill, 1 tank 
volume 86 Locke et al. (1993)
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M any studies have found that the organism  
rem oval efficiency o f  BW E does not always 
correspond to the w ater exchange efficiency. The 
m ajority o f studies indicate that the effectiveness 
o f BW E at elim inating phytoplankton and 
Zooplankton in  ballast tanks ranges w idely from  
48-100%  (Table 2), however, a num ber of 
researchers have found increases in  the diversity 
and abundance o f some taxa (including toxic 
phytoplankton species) after the exchange pro
cess (M acdonald and D avidson 1998; M cCollin 
et al. 2007a). For exam ple, M cC ollin et al. 
(2007a) exam ined the efficacy o f ballast w ater 
exchange in  the N orth Sea using both  the 
em pty/refill m ethod and the flow through m ethod 
and found that although there was an overall 
reduction in  the abundance o f  phytoplankton 
after exchange, this was not consistent betw een 
tanks and voyages and in  some cases there were 
increases in  the diversity and abundance of 
harm ful diatom  and dinoflagellata species. 
Zhang and D ickm an (1999) and D ickm an and 
Zhang (1999) reported a discrepancy in  organism  
rem oval efficiency by BW E betw een two 
different ships. The older vessel was found to 
have a rem oval efficiency o f only 48%  of 
diatom s and dinoflagellates com pared to an 87% 
reduction in  the m odern ship after 95-99%  
replacem ent o f w ater follow ing ballast exchange 
using the em pty-refill m ethod (D ickm an and 
Zhang 1999; Zhang and D ickm an 1999). This 
discrepancy in  organism  rem oval efficiency was 
attributed to the age and design o f the ships 
highlighting the com plexity o f flow patterns and 
organism  behaviour in ballast tanks. A variety of 
alternative designs incorporating location of 
pipew ork and various pum ping arrangem ents 
have been suggested to improve the relative 
efficiencies o f the different form s o f ballast 
w ater exchange.

Studies assessing the effects o f BW E on the 
m icrobial ecology o f ships ballast w ater found 
no significant difference in  the m icrobial 
abundance and biom ass betw een exchanged and 
original ballast w ater (Drake et al. 2002; M im ura 
et al. 2005). N onetheless, BW E rem ains a 
valuable interim  option and im provem ents to 
sh ips’ designs may increase the efficiency o f 
BW E. The operating cost o f BW E is approxi
mately U S$0.01-0.02 per tonnes o f ballast w ater 
bu t higher costs are involved if  a ship requires 
additional piping fo r safe or effective exchange 
(Taylor et al. 2002).

Table 2. Organism removal efficiency for empty/refill and 
flow-through ballast water exchange

Mode of 
Exchange

% Organism 
Removal Reference

Flow-through, 
3 tank volumes

Flow-through, 
3 tank volumes

75 
(original 

phytoplankton) 
90-100 

(selected taxa)

Rigby and 
Hallegraeff (1993)

Taylor and Bruce
(2000)

Flow-through 86-96
(phytoplankton)

Villae et al. (2001)

Empty/refill,
1 tank volume

80-100
(coastal

organisms)

Wonham et al. 
(2001)

Flow-through, 
3 tank volumes

90-100 
(original phyto- 
and Zooplankton 

taxa)

Taylor et al. (2007)

Flow-through, 
2 tank volumes

90-100 
(original phyto- 
and Zooplankton 

taxa)

Taylor et al. (2007)

Empty/refill,
1 tank volume

87
(diatoms and 

dinoflagellates)

Zhang and Dickman
(1999)

Empty/refill,
1 tank volume

48
(diatoms and 

dinoflagellates)

Dickman and Zhang
(1999)

Flow-through
<90

(coastal
organisms)

Ruiz and Hines
(1997)

Empty/refill,
3 tank volumes

>95
(coastal

organisms)

Ruiz and Hines
(1997)

Empty/refill,
1 tank volume

67
(plankton) Locke et al. (1993)

Filtration

Filtration  is an environm entally sound technique 
for the control o f ballast w ater organism s that 
works by capturing organism s and particles as 
w ater passes through a porous screen, filtration 
medium  or stacks o f special grooved disks. It has 
been proposed as a single treatm ent option and 
as the prim ary treatm ent com ponent o f systems 
that com prise a com bination o f technologies 
(M untisov et al. 1993; Parsons and Harkins 
2000, 2002; Tang et al. 2006; Cangelosi et al.
2007). F iltration systems under consideration for 
ballast w ater treatm ent include self-cleaning 
backw ashing screen filters, disk filters, packed 
bed and crumb rubber filtration. Potential filters 
m ust handle high flow rates, together w ith
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sedim ent and other m aterial present in  the water. 
F iltration  using a filter w ith a nom inal pore size 
o f 50 pm  is likely to be effective in  rem oving 
m ost Zooplankton and significant am ounts of 
m icroalgae from  ballast w ater, while 20 pm 
filtra tion  is necessary to remove m ost d ino
flagellata cysts. M embrane filters are needed for 
the rem oval o f m ost protozoans, bacteria and 
viruses. A m embrane filter pore size o f 0.20 pm 
is needed for producing bacteria-free filtrates 
(G ardner and Peel 1991). H igh capital and 
operating costs together w ith the large volum es 
and high flow rates o f  w ater involved in 
ballasting  exclude the use o f membrane filters in 
ballast w ater treatm ent. M em brane filtration  has 
been suggested as a valid  option in  circum 
stances where cost is not a m ajor issue. For 
example, m embrane filtra tion  plus chlorination 
has been proposed fo r the treatm ent o f ballast 
w ater on vessel types w ith small am ounts of 
ballast, su ch as  cruise ships (Oemcke 1999).

Several studies have shown self-cleaning 
backw ashing filtra tion  systems to be effective in 
the rem oval o f significant am ounts o f phyto
plankton, Zooplankton and particulate m atter 
from  w ater bodies (Table 3). Parsons and 
H arkins (2000, 2002) exam ined the efficacy of 
autom atic backw ash screen filtra tion  w ith m esh 
sizes o f 25, 40, 50 and 100 pm  and an autom atic 
backw ash disk filte r w ith a 100 pm  mesh. Full- 
scale trials dem onstrated that the 25, 40 and 50 
pm  filter screens and 100 pm  disk filter removed 
sim ilar quantities o f organism s and particles w ith 
an overall count efficacy (based upon the total 
count o f all particles above the nom inal filter 
rating) o f 88, 88.7, 91.9 and 91.4%  respectively. 
The results fo r the 100 pm  screen filte r were 
som ewhat low er w ith an average overall count 
efficacy o f 61.8%. The consensus o f opinion is 
that the term  “m inim um  dim ension” as used in 
the BW M  Convention refers to the organism ’s 
body (excluding spines, antennae etc) and to 
single specimens in  case o f colony-form ing 
organism s (G ollasch et al. 2008).

Biological testing has shown that 25 and 50 
pm  screen filters can significantly change the 
structure o f the planktonic community (Cange- 
losi et al. 2007). Twenty five m icron filtration  is 
significantly more effective than 50 pm  at 
rem oving Zooplankton and m icroalgae. The 25 
pm  filter rem oved alm ost >99%  o f macrozoo- 
plankton, 99% o f dinoflagellates and 81% of 
m icrozooplankton and small phytoplankton, 
whereas the 50 pm  filter rem oved ju s t under 97%

of the m acrozooplankton, 91% o f dinoflagellates 
and ju s t over 70% o f m icrozooplankton and 
small algal species (Cangelosi et al. 2007). 
A lthough 25 pm  filtration can remove more 
organism s from  the water, it is m uch less 
operationally efficient. On a percentage basis, 25 
pm  filtra tion  exhibited a 60% greater loss of 
flow than the 50 pm  filter screen due to self
cleaning backw ash operations (Parsons and 
H arkins 2000). D isk filters attained the highest 
net flow rate betw een 93.3 and 96.1 % (Parsons 
and Harkins 2002).

B acteria associated w ith plankton and other 
suspended m atter are also reduced by 25 and 50 
pm  filters, however, free-living bacteria or 
bacteria associated w ith organism s less than 25 
pm  are unaffected (Cangelosi et al. 2001). Huq 
et al. (1996) found significant rem oval o f Vibrio 
cholerae was achieved by filtra tion  o f their 
interm ediate Zooplankton host. D esign im prove
ments may increase the perform ance o f 25 pm 
filter screens, how ever the results to date suggest 
that current 25 pm  screen filters are not suitable 
for shipboard applications. Parsons and Harkins
(2000) recom m end the 50 pm  screen filte r for 
use on ships, how ever Parsons and Harkins 
(2002) indicate that disk filters are more 
attractive than screen filters w hen evaluated 
from  the perspective o f particle removal 
efficacy, backw ash frequency and net ballast 
flow rate, m aintainability and system  cost. 
F iltration is relatively expensive costing an 
estim ated U S$0.06-0.19 per tonne o f ballast 
w ater (including capital cost) (Taylor et al. 2002; 
Perakis and Yang 2003).

To date, screen or disk filters have been the 
favoured filter type for ballast w ater treatm ent; 
however, recently there has also been some 
interest in  the use o f  crumb rubber, a scrap tyre- 
derived m aterial, as a filtra tion  medium. 
Prelim inary laboratory experim ents conducted at 
low flow rates indicated that crumb rubber 
filtration was capable o f effectively rem oving 
small particles (>2pm ), how ever further experi
m entation showed effectiveness o f this system 
was found to be considerably low er than screen 
and disk filters achieving m axim um  organism  
rem oval efficacies o f 70% for phytoplankton and 
45% for Zooplankton and it was only operational 
at low flow rates (24.4-73.4 m 3/h) (Table 3).

Clearly, filtration alone cannot prevent the 
transfer o f all ballast w ater organism s, as free- 
living organism s below  a certain  size (25 or 50 
pm) are likely to be largely unaffected. This
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Table 3. Removal efficiency of potential ballast water filtration options

Filter Net Lost 
Flow Due to 

Backwash
(%)

Filter Type Screen/nominal 
Pore Size (pm)

Removal Efficacy (%) Reference

94-100 (macrozooplankton) Cangelosi et al. (2007)
81-85 (microzooplankton) Cangelosi et al. (2007)

Screen Filters 25
85-91 (total Zooplankton)
99 (dinoflagellates)
37.5 (total phytoplankton)

88 (particles 25 pm or greater)

10.6-21.2
Cangelosi et al. (2007) 
Cangelosi et al. (2007) 
Cangelosi et al. (2007) 
Parsons and Harkins (2000) 
Parsons and Harkins (2002)

Screen Filters 40 88.7 (particles 40 pm or greater) N/A

94-97 (macrozooplankton) Cangelosi et al. (2007)

71-81 (microzooplankton) Cangelosi et al. (2007)

78-89 (total Zooplankton) Cangelosi et al. (2007)

91 (dinoflagellates) Cangelosi et al. (2007)

8.3 (total phytoplankton) Cangelosi et al. (2007)

Screen Filters 50
50-70 (particles greater than 50 pm) 
60-95 (bivalve and gastropod larvae) 
91.9 (particles 50 pm or greater)
ineffective against Phaeocystis globosa 
(4-6 pm cell diameter; 20-500 pm 
colony diameter)
Ineffective (particles >2-<63 pm)
86 (zooplankton)

6.8-13.5
Anderson 2007
Waite et al. 2003
Parsons and Harkins (2000)

Veldhuis et al. (2006)

Veldhuis et al. (2006) 
Veldhuis et al. (2006)

83 (macrozooplankton) Cangelosi et al. (2007)

Screen Filters 100 68 (microzooplankton)

79 (total zooplankton)

61.8 (particles 100 pm or greater)

N/A
Cangelosi et al. (2007) 

Cangelosi et al. (2007) 

Parsons and Harkins (2000)

Disk Filters
55 80 (organisms >50 pm) N/A Wright et al. (2007c)
100 91.4 (particles 100 pm or greater) 4.9-6.8 Parsons and Harkins (2002)

86.8 (particles 10 pm or greater) Xie and Chen (2004)

Crumb Rubber >500 
(media size)

93.6 (particles 15 pm or greater)

51.7 (particles 2 pm or greater)

70 (phytoplankton); 45 (zooplankton)

N/A
Xie and Chen (2004) 

Xie and Chen (2004) 

Tang et al. (2006)

w ould include m ost bacteria and viruses, many 
diatom s, dinoflagellates, other phytoplankton 
species, m icrozooplankton and various resting 
stages. B acteria associated w ith crustaceans may 
be reduced, but filtra tion  acts to prim arily remove 
larger aquatic organism s (>50 pm) and reduce the 
sedim ent load during ballasting. Im provem ents in 
filte r technology and design may allow the use of 
sm aller pore sizes; how ever at present 50 pm  
filtra tion  is operationally feasible. F iltration 
therefore would best be used as a primary 
treatm ent stage o f a treatm ent system  com prising 
m ultiple technologies. These technologies may 
include UV, cavitation or dosing w ith active 
substances.

Cyclonic separation

Cyclonic separators or hydrocyclones are simple 
m echanical devices that operate by centrifugal 
action causing heavier particles to move to the 
outside where they are captured by a weir-like 
feature near the discharge point (Parsons and 
H arkins 2002). These devices have the advantage 
o f requiring m inim al m aintenance due to having 
virtually  no m oving parts, and pose no environ
m ental risk as collected particles and organism s 
are returned directly to the source water.

Several studies have evaluated the efficacy of 
cyclonic separation in  rem oving organism s and 
sedim ent from  w ater (Table 4). In m ost cases,
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Table 4. Organism and sediment removal efficacy of cyclonic separators

Manufacturer Flow Rate Removal Efficiency (%)
Net Flow Loss 

Due to Discharge 
Path

Reference

OptiMarin N/A 15-40 (of particles <50 pm) Hesse et al. (2004)

Velox Technology Inc. 68-79 m3/h 10-30 (Prorocentum minimum 
and Tetraselmis sp.) 10% Jelmert (1999)

Velox Technology Inc. 68-79 m3/h 13.7 {Artemia sp. cysts) Jelmert (1999)

Velox Technology Inc. 68-79 m3/h 8.3 {Artemia sp. nauplii) Jelmert (1999)

Velox Technology Inc. 312-350 m3/h ineffective (phytoplankton) 10% Sutherland et al. (2001)

Greenship Ltd N/A 100 (particles >20 pm) MEPC (2007a)

Greenship Ltd N/A 80 (particles >10 pm) MEPC (2007a)

Hamann AG N/A >90 (particles >40 pm) Hamann AG (2007)

Hamann AG 530 m3/h ineffective {Phaeocystis 
globosa, particles >2-<63 pm) Veldhuis et al. (2006)

Krebs Engineers 342 m3/h <15 (zooplankton) Waite et al. (2003)

Krebs Engineers 342 m3/h no effect (phytoplankton) Waite et al. (2003)

HydeOptiMarin 340 m3/h 33 (particles >100 pm) Parsons and Harkins (2002)

perform ance was found to be sub-optim al and 
significantly inferior to screen and disk filters. 
Jelm ert (1999) tested rem oval efficacy using 
dense cultures o f the dinoflagellate 
Prorocentrum  minimum  (10-15 pm), the green 
alga Tetraselmis (10-15 pm) and two isolates of 
marine bacteria (0.2-1 pm) as model organisms. 
No significant rem oval o f either Prorocentrum  
minimum  o r Tetraselm is was found w ith rem oval 
efficacies varying betw een 10 and 30%. As could 
be expected, no separation effect on bacteria was 
observed. Parsons and Harkins (2002) found 
sim ilar rem oval efficacies. Parsons and Harkins
(2002) tested a hydrocyclone on a barge 
installation  w hich was suggested to be effective 
in  rem oving particles above the 50-100 pm  
range. The device rem oved very little m aterial 
below  about 400 pm  resulting in  an overall 
rem oval efficacy o f only 33% o f particles above 
100 pm. Veldhuis et al. (2006) highlights one 
advantage o f hydrocyclones; although the device 
was not very effective in  reducing total 
suspended solids, it was capable o f altering 
gelatinous phytoplankton colonies in  a m anner 
w hich greatly reduced the clogging o f the 
secondary self-cleaning filter.

The above results suggest that the cyclonic 
separation o f small organism s, and organism s 
w ith a specific gravity close to that o f water, is

minimal. This would include many organism s 
such as viruses, protozoans, bacteria, phyto
plankton, chaetognaths and jellyfish . Oemcke 
(1999) suggests that dinoflagellate cysts should 
be rem ovable from  ballast w ater using cyclonic 
separation as they have a specific gravity of 
greater than 1.05 and typically greater than 1.1. 
H owever, given the perform ance o f the systems 
tested to date, this would prove questionable. 
The estim ated cost o f cyclonic separation is 
U S$0.05-0.26 per tonne o f  w ater (including 
capital cost) (Taylor et al. 2002; Perakis and 
Y ang 2003), w hich is com parable to filtration. 
Cyclonic separation does have the advantage of 
being able to operate continuously under high 
flow rates (-3000  m 3/h) and may prove an 
effective prim ary treatm ent option as it acts to 
improve w ater clarity prior to secondary trea t
m ent (Sutherland et al. 2001). It can also remove 
large, dense particles thus protecting secondary 
treatm ent devices, but current systems are 
unlikely to remove a significant am ount o f zoo
plankton, m icroalgae and bacteria from  water. 
The particle rem oval efficacy o f some newer 
designs is suggested to be much greater. For 
example, Greenship L td o f the Netherlands has 
developed a hydrocyclone device that is claim ed 
to be capable o f rem oving 100% o f particles 20 
pm and larger, and 80% o f the particles greater 
than 10 pm (M EPC 2007a).
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H eat treatm ent

The use o f heat fo r k illing organism s in  ballast 
w ater has received considerable attention as it is 
an environm entally attractive option, is poten
tially  cost effective and has been shown to 
elim inate a wide range o f aquatic organism s 
(Table 5). Several different heat treatm ent 
processes have been suggested as potential 
shipboard ballast w ater treatm ent options (Table 
6). One proposed method uses waste heat from  
the ships engine cooling system  and exhaust to 
treat ballast w ater (H allegraeff et al. 1997; Rigby 
et al. 2004). Results from  a shipboard trial on the 
M V  Iron Whyalla suggest that heating ballast 
w ater to 38-45°C is achievable in  tropical and 
subtropical seas and may be an effective way to 
kill zooplankton and phytoplankton organism s in 
ballast tanks (Rigby and H allegraeff 1993; Rigby 
et al. 1998; 1999). Laboratory experim ents have 
dem onstrated: 1) that phytoplankton and d ino
flagellate cysts are readily killed w hen exposed 
to tem peratures in  this range, and 2) inactivation 
tim e decreases as the tem perature is increased 
(H allegraeff et al. 1997; Forbes and H allegraeff 
2001). M ost vegetative m icroalgal cells are 
readily k illed  at tem peratures as low as 35°C 
w ith exposure tim es betw een 30 m in and 5 h. 
Some resistant species survive such treatm ents 
requiring higher tem peratures and/or longer 
exposure tim es for m ortality to occur. The 
inactivation o f the green alga D unaliella  
tertiolecta  and Nannochloropsis oculata  required 
tem peratures around 42.5°C at longer exposure 
tim es o f 24 h (H allegraeff et al. 1997). 
D inoflagellate cysts are more resistant to heat 
treatm ent than vegetative cells, how ever can still 
be killed by tem peratures that are considered 
attainable inside ballast tanks. Gymnodinium  
catenatum  dinoflagellate cysts survived a 1 h 
treatm ent at 35°C w ith effective inactivation 
achieved at exposures ranging from  1 h at 
37.5°C, to 2 m in at 38-40°C, and 30 s at 
tem peratures o f 44.5-46.3°C (Bolch and H alle
g raeff 1993; H allegraeff et al. 1997; H allegraeff
1998). Similarly, Alexandrium , Protoperidinium  
and Scrippsiella  cysts have been inactivated in
4.5 h at 38°C and 3 m in at 45°C (M ontani et al. 
1995; H allegraeff et al. 1997). The heating of 
ballast w ater to around 40°C also has the advan
tage o f been able to effectively treat organism s 
present in ballast sedim ent (Stocks et al. 2004a), 
w ith the exception o f bacteria. Rigby and Taylor 
(2001) indicated that higher tem peratures are

experienced at the bottom  o f tanks as in  their 
system  the heated ballast w ater was pum ped in 
from  the bottom.

H owever, these low tem perature strategies 
(<45°C) w ill be largely ineffective for 
controlling m ost pathogens and concern has been 
expressed that m ild heating o f sh ips’ ballast 
w ater may stim ulate the grow th o f pathogenic 
bacteria such as Vibrio cholerae. D esm archelier 
and W ong (1998) dispelled such concerns on the 
basis o f V. cholerae being severely nutrient 
lim ited in  typical ballast w ater conditions. 
Vegetative bacteria, fungi and viruses are 
generally killed at tem peratures in  the range of 
60-100°C and tem peratures exceeding 100°C are 
usually required to kill bacterial spores, although 
the level o f heat resistance varies widely 
according to the species (G ardner and Peel 
1991). M arine and estuarine bacteria, including 
E. coli and V. cholerae, require significantly 
low er heat treatm ents o f 55-75°C for complete 
inactivation as com pared to enterobacteria 
associated w ith w arm -blooded animals (Gardner 
and Peel 1991; Rigby et al. 2004).

A num ber o f studies have tested systems that 
use additional heat exchangers capable of 
achieving tem peratures o f 55-80°C for short 
periods (M esbahi et al. 2007a; Q uilez-Badia et 
al. 2008). These short exposure high tem perature 
treatm ents achieved a reduction in  zooplankton 
o f up to 95% and significant reductions o f up to 
90% for phytoplankton. M ost im portantly, these 
treatm ent systems were capable o f causing a 
95% reduction o f bacteria but there was no 
significant increase in m ortality w hen the 
treatm ent tem perature was increased from  55 to 
80°C (M esbahi et al. 2007a; Q uilez-Badia et al. 
2008). One explanation for the 95% reduction in 
bacteria was that the vegetative bacterial cells 
were killed at the low est treatm ent tem perature 
(55°C) while the surviving 5% consisted of 
bacterial spores. As none o f the bacterial 
indicator species listed in  the BW M  Convention 
discharge standard are spore form ing species it is 
suggested that they should be relatively easy to 
kill using heat (Q uilez-Badia et al. 2008). 
Estim ated capital costs o f this high tem perature 
treatm ent system  are betw een US$350,000 and 
400,000 for ballast flow rates o f 1,000 to 3,500 
m 3/h  and estim ated operational costs (based on 
increased fuel consum ption) range from  over 
US$100 for 1,000 m 3/h  to over US$600 for 3,500 
m 3/h  (M esbahi et al. 2007b).
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Table 5. Summary of temperatures required for the complete inactivation or mortality o f aquatic organisms

Organism Group Species Treatment Reference

Marine bacteria

Marine bacteria including Vibrio 
cholerae and Escherichia coli 
Vibrio cholerae 
Vibrio cholerae

55-75°C

73°C, 30 sec 
65°C, 2 min

Rigby et al. (2004)
Gardner and Peel (1991) 
Thornton and Chapman (2004) 
Thornton and Chapman (2004)

Detonula pumila 35°C, 1 h Forbes and Hallegraeff (2001)
Pseudo-nitzschia cuspidata 35°C, 1 h Forbes and Hallegraeff (2001)

Microalgae Skeletonema costatum 35°C, 1 h Forbes and Hallegraeff (2001)
Thalassiosira rotula 35°C, 1 h Forbes and Hallegraeff (2001)

Diatoms Amphora  sp. 35°C, 5 h Forbes and Hallegraeff (2001)
Navicula  sp. 35°C, 5 h Forbes and Hallegraeff (2001)
Navicula jeffreyi 35°C, 5 h Forbes and Hallegraeff (2001)

Chlorophyte Dunaliella tertiolecta 42.5°C, 24 h Hallegraeff et al. (1997)
Raphidophyte Chattonella sp. cysts 45°C, 3 min Montani et al. (1995)

Picoplankton
Nannochloropsis oculata 53°C, 100 sec Boldor et al. (2008)
Nannochloropsis oculata 42.5°C, 24 h Hallegraeff et al. (1997)
Gymnodinium catenatum 35°C, 30 min Hallegraeff et al. (1997)
Gymnodinium catenatum  cysts 38-40°C, 2 min Bolch and Hallegraeff (1993)
Gymnodinium catenatum  cysts 44.5-46.3°C, 30 sec Bolch and Hallegraeff (1993)
Gymnodinium catenatum  cysts 37.5°C, 1 h Bolch and Hallegraeff (1993)
Alexandrium catenella cysts 42°C, 30 min Hallegraeff et al. (1997)
Alexandrium catenella cysts 40°C, 75 min Hallegraeff et al. (1997)

Dinoflagellates
Alexandrium catenella cysts 38°C, 4.5 h Hallegraeff et al. (1997)
Alexandrium  sp. cysts 45°C, 3 min Montani et al. (1995)
Scrippsiella  sp. cysts 45°C, 3 min Montani et al. (1995)
Gymnodinium  sp. cysts 45°C, 3 min Montani et al. (1995)
Protoperidinium  sp. cysts 45°C, 3 min Montani et al. (1995)
Gyrodinium  sp. cysts 45°C, 3 min Montani et al. (1995)

Macroalgae
Undaria pinnatifida  spores 35-40°C, 0.9-42 min Mountfort et al. (1999b)
Undaria pinnatifida  gametophyte 55°C, 6 sec Forrest and Blakemore (2006)

Molluscs Dreissena polymorpha 36°C, 10 min Jenner and Janssen-Mommen (1992)
Crassostrea gigas larvae 40-48°C, 6-97 min Mountfort et al. (1999b)
Crassostrea virginica 48.5°C Sellers and Stanley (1989)
Corbicula fluminea 44° C Graney et al. (1983)
Crassostrea gigas spat 39-45°C, 2-167 min Rajogopal et al. (2005)
Brachidontes striatulus 43°C, 135 min Gunasingh Masilamoni et al. (2002)
Crassostrea virginica 5 1°C, 100 sec Boldor et al. (2008)
M ytilus edulis 50-60°C, 30-60 sec Parket al. (1998)
B allanus sp. 55-60°C, 10-15 sec Parket al. (1998)
Coscinasterias calamaria larvae 39-44°C, 1-35 min Mountfort et al. (1999b)

Echinoderms
Arachnoides placenta 37°C, 48 h Chen and Chen (1992)
Acartia tonsa 30-35°C, 48 h Heinle (1969)

Crustaceans
Artemia salina nauplii 43°C, 100 sec Boldor et al. (2008)
Artemia salina adults 47°C, 100 sec Boldor et al. (2008)
Artemia salina cysts 64°C, 100 sec Balasubramanian et al. (2008)
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Table 6. Comparison of achievable temperature, biological efficacy and estimated cost o f different potential shipboard ballast water 
heat treatment options

Treatment Process Attainable
Temperature Biological Efficacy Estimated Cost 

(US$ per tonne) Reference

Engine waste heat

35-38°C 
after 24-30 h

37-38.4°C 
after 24-30 h

100% of zooplankton and 
phytoplankton

100% of zooplankton and 
most phytoplankton

0.056 
(including 

capital costs)

Rigby and Hallegraeff (1993)

Rigby et al. (1998)
Rigby et al. (2004)

Heat exchangers
55-80°C 

for 1-2 sec

95% of zooplankton 

63-90% of phytoplankton 

95% of bacteria

0.10-0.17 
(excluding 

capital costs)

Quilez-Badia et al. (2008) 
Mesbahi et al. (2007b)

Microwave heating
69-89°C 

in 100-200 sec

100% of Artemia salina 
adults, Artemia salina 
nauplii, Crassostrea 
virginica larvae and 
Nannochloropsis aculata

2.55 
(including 

capital costs)
Boldor et al. (2008)

Microwave heating 
and additional heat 
exchanger

73->100°C 
in several mins

100% of Artemia salina 
cysts

1.09 
(including 

capital costs)

Boldor et al. (2008) 
Balasubramanian et al. (2008)

These results indicate that heat treatm ent 
using waste heat from  ship engines together w ith 
additional heat exchangers deserves further inve
stigation as a stand-alone treatm ent for ballast 
w ater as the tem peratures able to be reached in 
onboard situations have been dem onstrated to 
kill zooplankton, phytoplankton (including 
resting stages) and vegetative marine bacteria. 
Additionally, the treatm ent option is considered 
to be cost effective (U S$0.05-0.17 per tonne 
excluding capital costs) but some concerns exist 
over the tim e and energy required to heat ballast 
w ater to the necessary tem perature (notably for 
ships operating in colder seas) and possible 
environm ental im pacts follow ing the discharge 
o f large volum es o f heated water. It is suggested 
that heated w ater should be cooled to less than 
10°C above the am bient tem perature prior to 
discharge (ICES W GBOSV 2006). For some ship 
designs and ballasting/deballasting arrange
ments, such as on some oil tankers using steam 
driven deballasting pumps, heat treatm ent could 
prove to be very cost effective (Rigby et al. 
2004).

Recently, the use o f  a m icrowave heating 
system  has been proposed as a ballast w ater 
treatm ent option. Initial laboratory experim ents 
have shown that this system  is capable of 
achieving a m axim um  tem perature o f ~89°C very 
rapidly (100-200 s) and w hen com bined w ith an 
additional heat exchanger, tem peratures in

excess o f 100°C can be reached 
(B alasubram anian et al. 2008; B oldor et al.
2008). B iological efficacy tests showed that 
A rtem ia  adults, A rtem ia  nauplii, Crassostrea  
virginica  larvae and the m icroalga N annochlo
ropsis oculata  are com pletely elim inated at 
tem peratures o f 43, 47, 51 and 53°C, respective
ly, w ithin several m inutes using the microwave 
heating system  (Boldor et al. 2008). Slightly 
higher tem peratures o f 64°C were required for 
the com plete inactivation o f A rtem ia  cysts (B ala
subram anian et al. 2008). No data are available 
on bacterial efficacy bu t it would be expected 
that marine bacteria w ould be killed by the 
tem peratures attainable by this device. This 
technology has higher heating rates com pared to 
conventional heating m ethods but current 
systems are only operating at flow rates o f 1-2 
L/min. The m ajor factors that are likely to negate 
the use o f technology fo r the large scale 
shipboard treatm ent o f ballast w ater are the high 
energy consum ption o f the system and high cost. 
Current cost estim ates are about US$2.55 per 
tonne o f ballast w ater fo r a system  w ithout a heat 
exchanger and $US1.09 fo r a system  that has a 
heat exchanger (Boldor et al. 2008). N everthe
less, this is a prom ising technology that is still in 
its infancy and if  costs and energy requirem ents 
can be significantly reduced, it may provide an 
effective treatm ent option.
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Radiation

The biocidal action o f electrom agnetic radiation 
has been know n for many years. Three w ave
length bands are o f interest for the control o f 
organism s: gam m a rays, m icrowaves and u ltra
vio let rays. The use o f gam m a and microwave 
radiation has been suggested as a possible ballast 
w ater and residue treatm ent (M untisov et al.
1993). However, w ith current technology, the 
high energy requirem ents together w ith high 
capital and operational costs are likely to prohibit 
these technologies for shipboard ballast water 
treatm ent. UV irradiation, on the contrary, is 
considered econom ically viable and has been 
dem onstrated as a feasible ballast w ater treatm ent 
option.

U ltra-violet (UV) light inactivates organism s 
by causing photochem ical alterations o f cell 
m aterial and has been dem onstrated effective 
against a variety o f m icroorganism s (Chang et al. 
1985). UV disinfection is relatively insensitive 
to tem perature changes (Severin et al. 1983) and 
effectiveness varies w ith m icrobe type. 
Effectiveness depends largely upon the size and 
morphology o f the organism. For example, 
m icroalgae require higher inactivation dosages 
than bacteria and viruses due to their larger size 
and pigm entation (Rigby and Taylor 2001). 
H owever, care m ust be taken w hen deciding on 
lethal UV doses as phytoplankton and bacteria 
exhibit recovery processes know n as photo
reactivation and dark repair. Table 7 summaries 
the effectiveness o f UV irradiation against 
aquatic organisms.

Table 7. Effectiveness o f UV irradiation against aquatic organisms

Organism UV Dosage Efficacy (%) Reference

Bacteria and protozoa

Cryptosporidium parvum  oocysts 230 mWs/cm2 99 Morita et al. (2002)
Cryptosporidium 330 mWs/cm2 99 Buchholz (1998)
Escherichia coli 7-16 mWs/cm2 99 Buchholz (1998)
Escherichia coli 25-60 mWs/cm2 >99 Waite et al. (2003)
Marine bacteria 96-115 mWs/cm2 98.8-99.6 Jelmert (1999)
Marine bacteria 200 mWs/cm2 25-90 Cangelosi et al. (2001)
Staphylococcus aureus 7 mWs/cm2 99 Buchholz (1998)
Total coliform bacteria 25-60 mWs/cm2 >99 Waite et al. (2003)
Vibrio cholerae 7-13 mWs/cm2 99 Buchholz (1998)
Vibrio salmonicida 2.7 mWs/cm2 99.999 Liltved et al. (1995)
Vibrio anguillarum 2.7 mWs/cm2 99.999 Liltved et al. (1995)
Vibrio anguillarum 22 mWs/cm2 99.99 Sugita et al. (1992a)
Yersinia ruckeri 2.7 mWs/cm2 99.999 Liltved et al. (1995)
M icroalgae

Cyanobacteria 300-600 mWs/cm2 90 Buchholz (1998)
Amphidinium  sp., Gymnodinium catenatum <50 mWs/cm2 100 Oemcke (1999)
Skeletonema costatum 2.5 KW total output 100 Sutherland et al. (2001)
Tetraselmis sp. 96-115 mWs/cm2 87.6 Jelmert (1999)
Prorocentrum minimum 96-115 mWs/cm2 84.7 Jelmert (1999)
Gymnodinium catenatum  cysts 1,600 mWs/cm2 ineffective Oemcke (1999)
Chattonella sp. cysts 30 lux 94 Montani et al. (1995)
Scrippsiella sp. cysts 30 lux 52 Montani et al. (1995)
phytoplankon N/A 78 Mesbahi (2004)
Zooplankton

Artemia sp. nauplii 96-115 mWs/cm2 99.5 Jelmert (1999)
Artemia sp. cysts 96-115 mWs/cm2 26 Jelmert (1999)
Live organisms 200 mWs/cm2 88.7 Wright et al. (2007c)
Nematode eggs 92 mWs/cm2 99 Buchholz (1998)
Total zooplankton N/A 65 Mesbahi (2004)
Total zooplankton 200 mWs/cm2 >95 Wright et al. (2004)
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Vegetative bacteria are readily inactivated by 
U V  irradiation. Laboratory experim ents 
conducted by Liltved et al. (1995) discovered a 
dose o f 2.7 m W s/cm2 resulted in  more than 5-log 
(99.999% ) reduction o f three fish  pathogenic 
bacteria, Vibrio salmonicida, V. anguillarum  and 
Yersinia ruckeri, w hilst Sugita et al. (1992a) 
found a higher dosage o f 22 m W s/cm 2 was 
required to inactivate Vibrio anguillarum. This 
difference in  reported UV sensitivity o f Vibrio 
anguillarum  may possibly be explained by 
variations in  experim ental factors such as 
tem perature and w ater clarity, or different 
bacterial isolates may respond differently to UV 
irradiation.

D inoflagellate cysts have been docum ented to 
be resistant to UV irradiation. Oemcke (1999) 
dem onstrated that U V  light can effectively 
control the vegetative dinoflagellate cells of 
A m phidinium  sp. and Gymnodinium catenatum  at 
a dose o f <50 m W s/cm 2; how ever cysts of 
G. catenatum  were not destroyed at doses o f up 
to 1,600 m W s/cm 2. Similarly, M ontani et al. 
(1995) reported that UV irradiation is not an 
effective treatm ent for the destruction of 
m icroalgal cysts as germ ination o f all 
experim ental species was still evident after 2 h 
exposure.

Several UV treatm ent system s have reached 
the shipboard and pilot-scale stage. These 
system s are com prised o f UV-C lamps arranged 
in  circular form ations and can treat ballast w ater 
during intake and discharge. Jelm ert (1999) 
exam ined the effectiveness o f UV irradiation on 
A rtem ia  nauplii, A rtem ia  cysts, the dinoflagellate 
Prorocentrum  minimum, the green alga
Tetraselmis sp. and two isolates o f marine 
bacteria  follow ing a prim ary cyclonic separation 
treatm ent. UV doses ranging from  96-115 
m W s/cm 2 resulted in  84.7 and 87.6%  m ortality in 
the two algal species and a 2.3 and 1.9 log 
reduction in  the marine bacteria. A m ortality of 
95% was achieved for Artem ia  nauplii and the 
germ ination o f A rtem ia  cysts was reduced by 
26%  (Jelm ert 1999). This system  appears inferior 
to the filtration  and UV set-up analysed by 
Cangelosi et al. (2001), whereby dinoflagellates 
were reduced in  concentration by >95%, 
highlighting how poor w ater clarity reduces the 
effectiveness o f UV treatm ent. The low removal 
efficacy o f particulate m atter in  the cyclonic 
separator caused a reduction in  UV transm ittance 
resulting in  a low er kill rate in  the secondary UV

treatm ent. A U V  transm ittance o f 30-45% 
resulted in  a m ean inactivation o f 25%  for 
bacteria, while a transm ittance o f >90%  resulted 
in  90% inactivation (Cangelosi et al. 2001) 
suggesting that bacteria are shielded from  the 
UV treatm ent in  the presence o f high sedim ent 
loads (H ess-Erga et al. 2008), thus requiring a 
physical pre-treatm ent process such as filtration 
for effective removal. Conversely, W aite et al.
(2003) exam ined the effectiveness o f a pilot- 
scale treatm ent system  consisting o f a hydro
cyclone, 50 pm  self-cleaning screen filter and a 
UV system  and found that pre-treatm ent via 
screens or hydrocyclones is not required to 
enhance the rem oval efficiency o f E. coli w ith 
UV treatm ent. Results also indicated that the 
dose delivered by the UV system  (25-60 
m W s/cm 2) was not efficient or successful at 
k illing  phytoplankton in  ballast w ater and the 
bactericidal effect was short-lived, as regrow th 
occurred after 18 h.

Onboard testing has been carried out on the 
US S Cape M ay  using a UV disinfection system 
rated at 200 m W s/cm 2. Efficacy tests showed 
that w hen U V  transm ittance was in  excess of 
90%, zooplankton m ortalities greater than 95% 
occurred, phytoplankton grow th was reduced but 
the levels o f bacteria were greatly increased (due 
to the decom posing organic matter) (W right et 
al. 2004). One o f the latest treatm ent systems 
based on U V  irradiation has been installed on the 
cruise ship Coral Princess (W right et al. 2007c). 
This treatm ent system  consisted o f a 50 pm disk 
filter and a m edium -pressure U V  disinfection 
unit also rated at 200 m W s/cm 2. Efficacy testing 
o f the system  revealed an overall reduction in 
live organism s o f 69.7-99.1%  (m ean 87%) but it 
did not conform  to the BW M Convention’s 
IM O ’s D-2 discharge standard as >100 indivi
duals per tonne o f ballast w ater larger than 50pm 
survived the treatm ent. The UV system  was 
100% effective against coliform  bacteria 
how ever no difference was found in  colony 
counts o f heterotrophic bacteria in  treated w ater 
relative to untreated controls.

A cher et al. (1997) propose a different UV 
system  that concentrates U V  irradiation on a 
transparent quartz pipe through w hich w ater or 
effluent is passed. It was suggested that this 
system  is superior to existing shipboard installa
tions as it can operate in  w aters high in  sediment. 
Prelim inary experim ents conducted in turbid 
waters obtained prom ising results w ith polio-
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vim s and several other hum an pathogens from  
infested w ater controlled at doses betw een 10 
and 33 m W s/cm 2 (Acher et al. 1997). However, 
currently this system  can only operate w ith small 
w ater volum es at a low flow rate excluding it as 
a ballast w ater treatm ent option.

In summary, the current UV systems w ould be 
unlikely to elim inate all ballast w ater organism s 
as they seem unable to deliver a stable lethal 
dose to the entire ballast flow across a range of 
w ater quality conditions. The presence of 
sedim ent is likely to drastically reduce the 
efficacy o f UV as small organism s such as 
bacteria  would be shielded from  the treatm ent. 
Additionally, as many organism s, including 
dinoflagellate cysts, are resistant to UV irradi
ation, fine filtration would be necessary for their 
removal. A prim ary treatm ent step may also 
function to protect the UV source, improve w ater 
clarity, thus increasing UV transm ittance, and 
reduce pow er requirem ents and m aintenance 
costs. UV treatm ent systems w ould best be 
suited on ships w ith moderate ballast flow rates 
(up to approxim ately 1000 m 3/h) because once 
flow rates exceed this rate, these types of 
system s may require a prohibitively large 
am ount o f power. The estim ated capital cost for 
a U V  ballast w ater treatm ent system  ranges from  
US$300,000 to $400,000 depending on the 
m anufacturer w ith operational costs o f approxi
mately U S$0.065-0.26 per tonne o f ballast w ater 
(Perakis and Yang 2003; Sassi et al. 2005; 
L loyd’s R egister 2008). A lthough U V  is conside
red an environm entally sound treatm ent option, 
possible environm ental concerns include the 
release o f  ballast w ater containing genetically 
mutated organism s, i.e. organism s that manage to 
survive the UV treatm ent bu t have damaged 
DNA, and propulsion vibrations from  ships 
engines have caused the UV lamps to rapture 
releasing mercury (Sw anson and Perlich 2006). 
Organism  self-repair m echanism s and subsequent 
regrow th also lim it the efficacy o f UV treatm ent 
(Buma et al. 1995).

Cavitation

The destruction o f m icroorganism s by acoustic 
technologies has been o f considerable interest 
fo r over 80 years. The m echanical effects o f 
ultra-sound on biological systems in  a liquid 
m edium  are mainly thought to be due to 
cavitation although pressure wave deflections 
and possibly the degassing effect may also

contribute to the m ortality o f aquatic organism s 
(M ason et al. 2003; Rigby and Taylor 2001).

Cavitation is a relatively new technology for 
the treatm ent o f sh ips’ ballast water. Data 
concerning the efficacy o f ultrasonic treatm ent 
systems in  ballast w ater situations indicate that 
zooplankton may be effectively controlled, yet 
the effectiveness against m icroalgae and bacteria 
has not been proven. H olm  et al. (2008) showed 
that the survival o f zooplankton larger than 100 
pm  could be reduced by 90%, but phytoplankton 
and bacteria were largely unaffected. This was 
confirm ed by M ason et al. (2003) and Gavand et 
al. (2007) who dem onstrated that using cavita
tion  alone resulted in  the m ortality o f 19 and 
49% o f bacteria (M ason et al. 2003) and 5 and 
33% o f the green alga Dunaliella tertiolecta  
(Gavand et al. 2007) after 5 and 20 min 
respectively. W hen using cavitation alone, the 
decontam ination process was shown to be 
relatively slow using flow -through systems 
(M ason et al. 2003). Therefore, fo r effective 
treatm ent o f  ballast water, w ater would need to 
be recirculated through the ultrasonic unit or 
perhaps cavitation needs to be applied in 
conjunction w ith another treatm ent such as heat, 
UV or active substance.

W hen sonication is com bined w ith chemical 
treatm ents the biocidal action can be significant
ly improved. For example, after 20 m in expo
sure, D unaliella tertiolecta  m ortality resulting 
from  the individual treatm ent o f sonication, 100 
ppm  o f ozone and 100 ppm  o f hydrogen peroxide 
ranged from  33-40%, while 71-81%  m ortality 
was achieved w hen sonication was com bined 
w ith ozone or hydrogen peroxide (Gavand et al. 
2007). Furtherm ore, a m ortality o f 100% was 
achieved follow ing 5 m in exposure w ith the 
com bined treatm ents o f hydrogen peroxide, 
ozone and sonication. Likewise, the com bination 
o f chlorine (1 ppm) and cavitation reduced 
bacteria by 86% after 5 min, and 100% after 20 
m in (M ason et al. 2003), dem onstrating that it is 
possible to combine cavitation w ith  chemical 
biocides to achieve an increase in  organism  
rem oval and/or a reduction in  the am ount of 
biocide required fo r effective treatment. 
Similarly, Sassi et al. (2005) showed that u ltra
sound treatm ent alone resulted in  the m ortality of 
80-99%  o f zooplankton but the com bination of 
cavitation and UV achieved m ortality rates of 
97-100%.

To date, the m ajority o f studies investigating 
the effectiveness o f ultrasonic treatm ent against

5 3 3



M. G r e g g  et  al.

marine organism s have been conducted using 
only small volum es o f w ater and low flow rates, 
typically 5-375 L/min. The up-scaling o f cavi
tation  systems for ballast w ater treatm ent may 
prove problem atic as flow rates o f a single 
ballast pump may be even higher than 5,000m 3/h. 
One potential solution w ould be to recirculate 
ballast w ater through the ultrasound device but 
this may not be possible on short voyages due to 
tim e constraints. In addition, recirculating ballast 
w ater may also cause ship stability problem s, 
may resuspend ballast tank sedim ent thus 
increasing turbidity, and due to the configuration 
o f ballast tanks, some o f the ballast w ater may 
not be exposed to the cavitation device (Sassi et 
al. 2005). U ltrasound decontam ination o f ballast 
w ater has so far not been tested bu t is likely to 
require pre-filtration, as cavitation is unlikely to 
penetrate sediments (Rigby and Taylor 2001; 
M ason et al. 2003). Pre-filtration  may however 
decrease effectiveness against sm aller organism s 
by rem oving particulate m atter that would 
increase kills through collision. Overall 
effectiveness is also influenced by w ater 
tem perature, w ater depth and organism  
concentration. Sassi et al. (2005) estim ate the 
cost o f an ultrasound ballast w ater treatm ent 
system  fo r a ship w ith a ballast capacity of 
around 50,000 tonnes is in  the vicinity  o f US$6 
m illion w ith an operational cost of 
approxim ately $0.56 per tonne o f ballast water, 
bu t Environm ental Technologies Inc. claim  to be 
developing a system  costing only US$500,000 
w ith an operational cost o f US$0.005 (L loyd’s 
R egister 2007). Apart from  costs, other aspects 
that require consideration include health and 
safety issues, w hich may arise from  noise 
generated by the ultrasound treatm ent unit, high 
energy requirem ents and hull integrity problem s 
due to repeated exposure to cavitation.

Electrocution

Electrocution has been considered as a potential 
treatm ent o f ballast w ater organism s during 
ballasting  and deballasting and was first 
proposed by M ontani et al. (1995). In their study, 
germ ination o f  dinoflagellate cysts was inhibited 
using a dosage o f 100 V AC fo r a period o f 5 s. 
H allegraeff et al. (1997) dem onstrated that 
A. catenella  cysts were readily k illed using a 5 s 
shock applied to a 4 cm2 area (>5 V cm2); 
how ever cysts o f G. catenatum  exhibited a 7% 
germ ination success w hen dosed w ith a shock of

7.5 V cm 2 for 5 s. No direct com parison can be 
made betw een results obtained by these two 
studies as M ontani et al. (1995) provide no 
detailed description o f the apparatus u tilised or 
the precise area that the electric shock was 
applied. The biocidal action o f this electrocution 
technique was claim ed to be the generation of 
chlorine and heat rather than the electric shock 
itse lf (H allegraeff et al. 1997).

The inactivation o f bacteria by generating 
pulsed electric fields has been dem onstrated by 
Blatchley and Isaac (1992) and A ronsson et al.
(2001). The latter authors exam ined the killing 
effect o f pulsed electric fields on four m icro
organism s, including E. coli, and found signifi
cant reductions do occur (4-to 8-log). B latchley 
and Isaac (1992) and A ronsson et al. (2001) 
suggest the reduction o f bacteria can be directly 
ascribed to the electric treatm ent, rather to the 
generation o f other chem icals or heat during the 
process. Treated cells were found to have 
suffered no m embrane damage suggesting that 
pulsed electric field treatm ent has profound 
effects on the in tracellular organisation o f m icro
organism s (A ronsson et al. 2001). However, it is 
possible that the killing action dem onstrated in 
these experim ents is due to other chem ical 
reactions occurring as electrical currents are 
passed through the liquid medium.

D osing organism s w ith an electric shock 
during ballasting  would require the electric 
shock itse lf to be biocidal. As the production of 
chlorine has been dem onstrated as the biocidal 
com ponent o f electric shock treatm ent, this 
w ould negate electrocution as a ballast w ater 
biocide, how ever electrolysing seaw ater has been 
shown to be an econom ical way o f producing 
free chlorine (e.g. Dang et al. 2004; M atousek et 
al. 2006).

M echanical damage

The use o f high velocity pumps during ballast 
w ater intake and discharge may cause lethal 
damage to some organism s by m echanical 
abrasion. Taylor et al. (2002) suggest that these 
systems are hard to install and the cost for 
installing additional infrastructure to create high 
velocity je ts  o f  w ater in  ballast tanks or pipelines 
would be prohibitively expensive. Additionally, 
once w ater velocity exceeds a certain point (~3 
m/s), corrosion problem s may becom e a concern 
(Taylor et al. 2002). Veldhuis et al. (2006) found 
that the use o f a centrifugal w ater pump w ith a
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capacity o f 530 m 3/h effectively reduced the total 
num ber o f living zooplankton, indicating that 
current ballast w ater pumps may reduce the 
survival o f larger organism s, but m icro
organism s, especially bacteria, w ould be 
expected to pass through the pump systems w ith 
m inim al m ortality. H illm an et al. (2004) tested 
the effectiveness o f a prototype high-velocity 
sonic/shear disintegrator w hich generates shear 
and sonic stresses to destroy organisms. Initial 
results showed that the device was capable of 
destroying betw een 97.7 and 100% o f A rtem ia  
nauplii and reduced the hatching rate o f A rtem ia  
cysts by 47%. Prom ising research has also been 
conducted on a m echanical treatm ent device 
called the ‘Special Pipe System ’ w hich term i
nates organism s using sheer stress and cavitation 
produced by the special plate structures o f the 
system. This system  is used in conjunction w ith 
ozone and is discussed later. The O ceanSaver ® 
Ballast W ater System (see later) also includes a 
cavitation unit.

M agnetic treatm ent

M agnetic treatm ent has been utilised fo r the 
elim ination o f bacterial grow th in diesel fuel. In 
this process, a m agnetic field  is pulsed along fuel 
lines generating very low frequency, non
ionising electrom agnetic radiation. This radiation 
has a m uch low er frequency than microwave 
radiation, even low er than radio-waves, yet has a 
controlling effect on m icroorganism s (C lear
w ater Systems C orporation 2004). However, this

technique is considered bacteriostatic rather than 
bactericidal, as the bacteria are controlled rather 
than killed. Oemcke (1999) tested a magnetic 
treatm ent system  on spores o f Bacillus subtilis  
and found no effect. No efficacy data are 
available.

H itachi have developed an environm entally 
friendly ballast w ater treatm ent system  called 
‘C learB allast’, w hich treats ballast w ater by 
rem oving target organism s and other objects 
using flocculating agents and m agnetic sepa
ration. The system  operates by the addition o f a 
m agnetic powder, a coagulant and a flocculant, 
w hich collide w ith small organism s and 
aggregate to form  m agnetic floes. The floes are 
then separated from  the ballast w ater by 
m agnetic separation technology and are rem oved 
in  a rotating filte r drum  resulting in  the 
form ation o f a concentrated sludge that is tem po
rarily stored in  part o f the treatm ent system  and 
must be disposed o f in  landfill (Figure 1).

This coagulation m agnetic separation m ethod 
is suggested to remove not only zooplankton and 
phytoplankton but also bacteria, sedim ent and 
suspended solids in  the ballast w ater (Saho et al. 
2004). Land-based tests have been conducted on 
a pilot-scale system  at a flow rate o f 50 m3/h 
using w ater taken directly from  Tokyo Bay. 
R esults o f the organism  rem oval efficiency of 
the system revealed that it was able to m eet the 
BW M  Convention’s IM O ’s D-2 regulation for 
the discharge o f ballast water. The system 
rem oved 100% o f organism s greater than 10 pm 
in dim ension, reduced the concentration of
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Figure 1. Schematic diagram of the operating processes of the Hitachi 'Clearballast' ballast water treatment system 
From: http://www.hitachi-Dt.com
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E. coli from  1,100 to 2 cfu/100 ml and reduced 
the suspended solid concentration to non- 
detectable levels (MEPC 2007b).

The system  is considered to be environm ental
ly friendly since m ost o f the three active 
substances (Triiron tetraoxide, basic alum inium  
chloride, acrylam ide sodium  acrylate copolym er) 
that are added to the ballast w ater are collected 
in  the floes and rem oved (M EPC 2007b). No 
volatile organic com pounds have been identified 
in  treated ballast w ater bu t trace amounts o f 
alum inium  (0.08 mg/L) were detected (MEPC 
2007b). The use o f the ‘C learB allast’ system  on 
large ships may be lim ited by space restrictions. 
The m anufacturer suggests that the system  can 
be scaled up or m ultiple sets o f equipm ent can be 
installed allow ing a com m ercial system  to treat 
ballast w ater at flow rates from  50 to 10,000 
m3/h, how ever the volum e o f the m ajor com po
nents o f the system  increases in  proportion to the 
flow rate. A treatm ent system  capable of 
handling 200 m 3/h  has a footprint o f 20 m 2, 
while 100 m2 is required for a system  w ith a 
capacity o f 2,000 m 3/h (L loyd’s R egister 2007). 
No installation  or operational costs are available 
at the current stage o f developm ent but the 
system  has received Basic A pproval from  the 
IMO for the use o f active substances.

The above results w ould suggest that marine 
m icroorganism s are not likely to be killed 
directly by m agnetic treatm ent but the use of 
system s incorporating m agnetic separation and 
filtra tion  may provide an effective ballast w ater 
treatm ent.

Active Substances

M any chem ical treatm ent options have been 
proposed as potential solutions to the problem  of 
ballast-m ediated aquatic organism  introductions. 
For a potential chem ical treatm ent option to be 
effective it must: 1) inactivate all ballast w ater 
organism s including resistant resting life stages; 
2) not produce toxic by-products; 3) not be 
hazardous to sh ips’ crew nor corrosive to sh ips’ 
structures; 4) be cost effective; and 5) degrade 
at a rate that allows safe discharge o f residual 
chem icals into the aquatic environm ent. The 
follow ing section discusses the advantages and 
lim itations o f proposed chem ical options for the 
control o f ballast w ater organism s. Table 8 
provides a summary o f the biological efficacy of 
potential active substances.

Chlorine

For the past few decades, chlorine has been used 
as the disinfectant o f choice in  w ater treatm ent 
technologies due to its cost-effectiveness. 
Chlorine can be dosed to w ater in  a variety of 
form s including liquefied chlorine gas, sodium 
hypochlorite, calcium  hypochlorite, o r can be 
generated electrolytically from  seawater. The 
broad-spectrum  biocidal activity o f chlorine is 
m ediated by hypochlorous acid, w hich is form ed 
in  aqueous solutions at pH 5-8 (G ardner and Peel 
1991). The toxicity o f chlorine is a function of 
several factors including chlorine concentration, 
pH, exposure time, and type and quantity of 
chlorine com pounds formed.

C hlorination has been shown to elim inate 
aquatic organism s but the concentration required 
varies considerably w ith different organisms. 
Vegetative algal cells and free-living zoo
plankton can be killed at concentrations o f 1-100 
ppm  (Laughton et al. 1992; Piyatiratitivorakul et 
al. 2002; Stocks et al. 2004b; Zhang et al. 2004); 
how ever resistant organism s, such as dino
flagellate cysts, zooplankton resting stages and 
Bacillus subtilis spores require considerably 
higher concentrations (486-2,500 ppm) (Bolch 
and H allegraeff 1993; Stocks et al. 2004b; Gray 
et al. 2006).

B acterial susceptibility to chlorine varies 
greatly, w ith free-living gram -positive and gram- 
negative bacteria highly susceptible, whereas 
acid-fast bacteria, bacteria associated w ith 
crustaceans and bacterial spores require higher 
doses. For example, B acillus subtilis  spores 
require a chlorine concentration o f 500 ppm  for 
inactivation to occur (Sagripanti and Bonifacino
1996), whereas Zhang et al. (2004) com pletely 
elim inated Vibrio sp. at 5 ppm. Sim ilarly, Sousa 
et al. (2001) found doses o f 10 ppm  were 
effective in  killing free-living Vibrio cholerae', 
how ever this concentration was insufficient to 
destroy Vibrio's adhering to crustaceans. It has 
been suggested that the presence o f crustaceans 
causes an increase in  organic matter, reducing 
the bactericidal properties o f chlorine (Sousa et 
al. 2001). A nother study found toxigenic strains 
o f V  cholerae required a m uch higher dose of 
100 ppm  for the control o f free-living cells, w ith 
even higher doses (800 ppm) required to achieve 
satisfactory control o f attached V. cholerae, yet 
even at this concentration, regrow th was 
apparent w ithin 20 m in (M cCarthy and M iller 
1994). C hlorination at 800 ppm  was not effective
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Table 8. Summary of biological efficacy of proposed chemical ballast water treatment options

Treatment Option Organism Treatment Efficacy Reference

Chlorine Marine bacteria (free- 
living) 1-100 ppm, 5 min-24 h 100% mortality

McCarthy and Miller (1994); 
Sousa et al. (2001); Stocks et al. 
(2004b); Zhang et al. (2004)

Marine bacteria 
(attached to 
crustaceans)

800 ppm, 5 min below detection
McCarthy and Miller (1994); 
Sousa et al. (2001); Zhang et al. 
(2004)

Bacterial spores 500 ppm 99.9% inactivation Sagripanti and Bonifacino (1996)

Vegetative microalgae 1-100 ppm, 24-72 h 100% mortality
Piyatiratitivorakul et al. (2002); 
Stocks et al. (2004b); Zhang et 
al. (2004)

Dinoflagellate cysts 
(G. catenatum) >500 ppm, 24 h 100% inactivation Bolch and Hallegraeff (1993)

Zooplankton 2-40 ppm, 24 h 100% mortality Stocks et al. (2004b); Zhang et 
al. (2004)

Zooplankton resting 
stages 100-2,500 ppm, 24 h 100% mortality Stocks et al. (2004b); Gray et al. 

(2006)

electrolytic
chlorine Marine bacteria 3-4 ppm 99.99-99.999%

mortality
Dang et al. (2004); Matousek et 
al. (2006)

Phytoplankton 3-4 ppm 72%->99%
mortality

Dang et al. (2004); Matousek et 
al. (2006)

Zooplankton 4-15 ppm, 12-24 h 95->99% mortality Dang et al. (2004); Matousek et 
al. (2006)

C hlorine dioxide Marine bacteria 5-20 ppm, 24 h 100% mortality Ecochlor (2003); Gregg and 
Hallegraeff (2007)

Vegetative microalgae 3-25 ppm, 30-120 min 100% mortality Junii et al. (1997); Gregg and 
Hallegraeff (2007)

Dinoflagellate cysts 25 ppm, 2 weeks 100% inactivation Gregg and Hallegraeff (2007)

Zooplankton 5 ppm 70-100% mortlity Junii et al. (1997); Oemcke 
(1999)

Zooplankton {Artemia 
cysts) 3 ppm, 40 h 97% inactivation Oemcke (1999)

chlorine dioxide 
generators

Marine bacteria 
(including V. cholera 
and E. coli)

5 ppm, 24 h below detection Ecochlor (2003); Swanson and 
Perlich (2006)

Vegetative microalgae 5 ppm 24 h 99.6% mortality Ecochlor (2003)

Zooplankton 5 ppm, <24 h 98.4-100 % 
mortality

Ecochlor (2003); Swanson and 
Perlich (2006)

Ozone Marine bacteria (free- 
living)

>5 ppm Total Residual 
Oxidants (TRO), 5-10h

up to 99.99% 
reduction

Herwig et al. (2006); Perrins et 
al. (2006a)

0.15-0.20 ppm 
(residual ozone), 180 
sec

99.99% inactivation Liltved et al. (1995)

Bacteria {Bacillus 
subtilis) 8-14 ppm TRO, 24 h complete

inactivation Oemcke (1999)

Dinoflagellates >5 ppm TRO, 10 h >99% reduction Herwig et al. (2006)

Microflagellates >5 ppm TRO, 10 h 96-99% reduction Herwig et al. (2006)

Diatoms >5 ppm TRO, 10 h 17-135% of initial 
concentrations Herwig et al. (2006)

Zooplankton 0.75-7 ppm, 5-48 h 90-100% reduction
Sassi et al. (2005); Jones et al. 
(2006); Herwig et al. (2006); 
Perrins et al. (2006a)
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Table 8. Summary of biological efficacy of proposed chemical ballast water treatment options (continued)

Treatment Option Organism Treatment Efficacy Reference

Hydrogen
peroxide Bacterial spores 100,000-140,OOOppm 90-99.99%

mortality Sagripanti and Bonifacino (1996)

Vegetative microalgae 3-100 ppm, 
15 min-48 h 100% mortality Ichikawa et al. (1993); 

Piyatiratitivorakul et al. (2002);

Dinoflagellate cysts 100-10,000 ppm, 
24-96 h 100% inactivation

Bolch and Hallegraeff (1993); 
Ichikawa et al. (1993); Montani
et al. (1995)

Zooplankton 10 ppm (increased 
pH), < 5min 100% mortality Kurizian et al. (2001)

Peracetic acid Coliform bacteria 6-8 ppm >97% reduction Baldry and French (1989)

Bacterial spores 300 ppm 99.99% mortality Sagripanti and Bonifacino (1996)

G lutaraldehyde Bacteria (free-living) 8-14 ppm 83% inhibition Sano et al. (2003)

Bacterial spores 20,000 ppm 99.99% inactivation Sagripanti and Bonifacino (1996)

Zooplankton 11-550 ppm, 24-48 h 90% mortality Sano et al. (2003, 2004)

Zooplankton (Artemia 
salina cysts) 353 ppm, 72 h 90% mortality Sano et al. (2004)

Peraclean® O cean Marine bacteria 125-250 ppm 100% mortality Gregg and Hallegraeff (2007) 

Wright et al. (2004); Fuchs et al.
Vegetative microalgae 50-200 ppm, 48 h 100% mortality (2001); Gregg and Hallegraeff 

(2007)

Dinoflagellate cysts 150-400 ppm, 2 weeks 100% inactivation Gregg and Hallegraeff (2007) 

Fuchs and de Wilde (2004);

Zooplankton 100-400 ppm, <1-72 h >90-100% mortality Wright et al. (2004); Veldhuis et 
al. (2006); de Lafontaine et al.
(2008a,b)

Zooplankton (Artemia 
salina cysts)

>350 ppm-700 ppm, 
72 h 100% inactivation Fuchs et al. (2001); Fuchs and de 

Wilde (2004)

Freshwater fish 
species 100-150 ppm, <19 h 100% mortality de Lafontaine et al. (2008a)

Fish eggs (Clupea 
harengus) 200-400 ppm, 1-16 h 100% mortality Luchs and de Wilde (2004)

Wright and Dawson (2001);
SeaK leen® Marine bacteria 1-200 ppm, 100% mortality Cutler et al. (2004); Gregg and 

Hallegraeff (2007)

Wright and Dawson (2001);
Vegetative microalgae 0.5-2 ppm, 24-48 h 100% mortality Cutler et al. (2004); Gregg and 

Hallegraeff (2007)

Dinoflagellate 
temporary cysts 2 ppm, 2 h 100% mortality Cutler et al. (2004)

Dinoflagellate resting
cysts

6-10 ppm, 2 wk {Alex, 
catenella no control at 
10 ppm)

100% inactivation Gregg and Hallegraeff (2007)

Zooplankton 0.5-2 ppm, 24-48 h 100% mortality Cultler et al. (2004); Wright et 
al. (2004)

Zooplankton resting
eggs

2.6-12.7 ppm, 24 h 90% mortality Raikow et al. (2006)

A crolein® Bacteria 3-10 ppm >99.99->99.999%
reduction Penkala et al. (2004)

Marine bacteria 
(onboard trial) 9-15 ppm, 24-72 h 99.99-99.9999%

reduction Penkala et al. (2004)

Phytoplankton 1 ppm >99.999 reduction Penkala et al. (2004)

Zooplankton 0.18-0.5 ppm, 96 h 50 % mortality Penkala et al. (2004)
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Table 8. Summary of biological efficacy of proposed chemical ballast water treatment options (continued)

Treatment Option Organism Treatment Efficacy Reference

H ydroxyl
radicals

unicellular algae, 
protozoans, bacteria 0.63 mg/L, 2.67-8 sec 100% mortality Bai et al. (2005); Zhang et al. 

(2006)

D e-oxygenation
addition of 
glucose

Zooplankton
{Coscinasterias
calamaria)

>10 mM glucose, 19 d 
( >5 ppm O2) 40% mortality Mountfort et al. (1999a)

Macroalgal zoospores
{Undaria pinnatifida)

20 mM glucose, 28 d 
(always >5 ppm O2) ineffective Mountfort et al. (1999a)

addition of 
sulphide

Zooplankton
{Coscinasterias
calamaria)

60 pM sulphide, 68h 
(always >5 ppm O2) 100% mortality Mountfort et al. (1999a)

Macroalgal zoospores
{Undaria pinnatifida)

200 pM sulphide, 36 d 
(>5 ppm O2) 40% mortality Mountfort et al. (1999a)

vacuum
chambers Zooplankton >75 pm < 1 ppm 0 2, <3 d 100% mortality Browning Jr. et al. (2004)

nitrogen
sparging

Zooplankton
{Coscinasterias
calamaria)

2.3 ppm , 30 min 99.9% mortality Mountfort et al. (1999a)

Macroalgal zoospores
{Undaria pinnatifida)

2.8 ppm O2 , 10 min 99.9% mortality Mountfort et al. (1999a)

sparging 86% N 2 ,
12% CO2 , 2% O2

Zooplankon nondetectable O2 , 15 
min-48 h >95% mortality Husain et al. (2004)

Marine Bacteria
{Vibrio cholerae)

nondetectable O2 , 24 h >99% mortality Husain et al. (2004)

Venturi Oxygen 
Stripping™ Zooplankton

0.27-<l ppm 0 2, <48- 
120 h 99-100% mortality Tamburri et al. (2004); NEI 

Marine (2007)

Phytoplankton <1 ppm 0 2, 120 h 100% mortality NEI Marine (2007)

Bacteria {Enterococci, 
E. coli) <1 ppm 0 2, 120 h 99.9% reduction NEI Marine (2007)

pH adjustm ent Dinoflagellate cysts pH 2-10 no effect Bolch and Hallegraeff (1993)

Mixed zooplankton pH 8.5-10 no effect Kurizian et al. (2001)

Ctenophore
Mnemiopsis leidyi

pH 8.5-10 no effect Kurizian et al. (2001)

Salinity Dinoflagellate cysts 15-50 %o salinity 

100 %o salinity

no effect 

No germination

Bolch and Hallegraeff (1993)

against V. cholerae  w hen applied to 100% or 
10% strength ballast w ater suggesting that 
attachm ent to organism s and particulate m atter 
enhanced their survival (M cCarthy and M iller
1994).

The biocidal activity o f  chlorine may be 
increased if  com bined w ith other treatm ent 
technologies such as heat or ultrasonic treatm ent. 
M ason et al. (2003) found that the lethality of 
ultrasound on bacterial grow th doubled after 20 
mins w hen com bined w ith chlorine at a 
concentration o f 1 ppm. This w ould also act to 
drastically reduce the treatm ent cost.

Chlorine concentrations required for the 
effective treatm ent o f ballast w ater are likely to 
be prohibitively expensive. Bolch and H alle
graeff (1993) indicate that the costs required for

adequate chlorination o f 50,000 tonnes o f ballast 
w ater w ould be in  the vicinity o f US$160,000. 
E lectrolysed seawater may be used to generate 
chlorine for shipboard ballast w ater treatm ent 
(Dang et al. 2004; M atousek et al. 2006). 
M atousek et al. (2006) found that a 3 ppm 
chlorine concentration generated electrolytically 
from  seaw ater reduced bacteria by more than 
99.999%  and reduced phytoplankton and meso- 
zooplankon by 99%. Conversely, Dang et al.
(2004) found that only 72% o f total phyto
plankton can be killed if  raw seaw ater is treated 
by electrolysis w ith an initial chlorine 
concentration o f 4 ppm. E lectrolysing seawater 
may act to reduce the cost o f  chlorine treatm ent; 
however, several other factors negate the use of 
chlorination for the control o f organism s in
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sh ips’ ballast water. Forem ost, there is signifi
cant concern over the creation o f toxic organo- 
chlorides and subsequent environm ental impacts 
at the port o f ballast discharge. A shipboard 
assessm ent o f the use o f chlorine for ballast 
w ater treatm ent conducted by V ianna da Silva 
and da Costa Fernandes (2004) found that 
chlorine concentrations above 3 ppm  should not 
be used due to the form ation o f high 
concentrations o f toxic by-products such as 
carcinogenic trihalom ethanes (THM) and halo- 
acetic acids (HAA). These products are form ed 
w hen chlorine reacts w ith naturally occurring 
organic and inorganic m atter and levels tend to 
increase w ith pH, tem perature, time and quantity 
o f organic matter. Once discharged in ballast 
water, these products can persist in  the marine 
environm ent, bioaccum ulate in  the food chain 
and can interfere w ith or destroy the horm onal 
system s o f marine organism s (Jenner et al. 
1997). Additionally, ballast tank sedim ent is 
likely to reduce the available free chlorine levels 
(Bolch and H allegraeff 1993; Gray et al. 2006); 
and chlorine treatm ent has been claim ed to 
increase corrosion o f the vessel (Stocks et al. 
2004b; Zhang et al. 2004).

Chlorine dioxide

Chlorine dioxide (C102) is not used widely in 
w astew ater disinfection due to the high cost 
involved com pared w ith chlorination. However, 
the use o f C102 in  ballast w ater disinfection is 
considered advantageous over chlorine for 
several reasons. Chlorine dioxide treatm ent is 
not particularly reactive w ith organic m aterial, 
can m aintain the bactericidal and inactivation 
effects w ithin a w ider pH range than chlorine 
and is considered to be more environm entally 
friendly than chlorine as it does not involve or 
create free available chlorine or chlorinated by 
products. (M untisov et al. 1993; Junii et al. 
1997; V ianna da Silva and da Costa Fernandes 
2004). The m ajor by-products resulting from  
chlorine dioxide disinfection are chlorite, 
chlorate, and organic, biodegradable by-products 
such as carbonyl com pounds and short chain 
carboxylic acids (Raczyk-Stanislaw iak et al. 
2004). Chlorate has been docum ented to be toxic 
to marine m icro-algae, particularly in  nitrate- 
lim ited w aters (Stauber 1998), how ever such 
toxic chlorate concentrations are unlikely to 
result from  the discharge o f ballast water.

The m ajority o f C102 w ork has been 
conducted on freshw ater organism s (e.g. K orich

et al. 1990; Lykins Jr. et al. 1994; Junii et al.
1997), w ith only few studies available fo r marine 
systems (H illm an et al. 2004; Gregg and 
H allegraeff 2007). Nonetheless, results indicate 
that it is an excellent bactericide and sporicide, 
and is more effective in  controlling vegetative 
bacteria and viruses com pared w ith chlorine. For 
example, a range o f viruses could be controlled 
at a concentration o f 1-7 ppm  C102, whereas a 7 
ppm  dose o f chlorine had no observable effects 
(Junii et al. 1997). Yet, Junii et al. (1997) also 
found that there was no significant difference in 
the inactivation effect on algae betw een C102 
and chlorine, bu t concludes that C102 is better 
than or com parable to liquid chlorine in  the 
k illing  effect on algae.

Efficacy studies conducted in  seaw ater have 
found that vegetative cells o f the dinoflagellates 
Alexandrium  catenella, Gymnodinium catenatum, 
Protoceratium  reticulatum  and Scrippsiella  
trochoidea  are elim inated at 25 ppm  after 2 h; 
and sexual resting cysts o f G. catenatum  and 
P. reticulatum  are inactivated follow ing 2 wk 
exposure to 50 ppm  (Gregg and H allegraeff 
2007). H illm an et al. (2004) tested the effective
ness o f a chlorine dioxide generator against 
A rtem ia  cysts and concluded that a 3 ppm 
concentration can reduce the hatching rate by 
97%.

N ew er C102 generators are suggested to 
produce no chlorinated by-products or toxic 
residual m aterial at discharge. The Ecochlor® 
B allast W ater Treatm ent System generates 
chlorine dioxide using the Eka Chem ical Purate® 
technology, a m ethod that differs from  conven
tional chlorine dioxide generation m ethods in 
that it does not involve or create free available 
chlorine or chlorinated by-products. The trea t
m ent system  uses Purate® solution (containing 
40% sodium  chlorate and 8% hydrogen peroxide) 
and sulphuric acid to produce C102, w hich is 
injected into ballast w ater during intake.

Laboratory experim ents dem onstrated that an 
initial C102 concentration o f 5 ppm  was effective 
at elim inating bacterial and planktonic popula
tions to the extent that no regrow th was observed 
(Swanson and Perlich 2006). Shipboard studies 
on the biological efficacy o f the treatm ent 
system  as well as degradability and corrosion 
tests were carried out onboard the M V  Atlantic  
Compass in 2005. Results from  these 
experim ents showed that the application o f 5 
ppm  o f C102 im m ediately eradicated 100% of 
zooplankton, reduced the abundance o f total 
coliform  bacteria, Vibrio colonies and E. coli to
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non-detectable levels w ithin the first 24 h, and 
virtually  elim inated all phytoplankton biom ass 
(Sw anson and Perlich 2006). Some recovery of 
bacteria and phytoplankton was observed after 5 
days indicating that the treatm ent did not 
elim inate 100% o f organism s. This regrow th was 
attributed to the presence o f a b iofilm  in the 
ballast tanks w hich provided refuge fo r the 
organism s that survived (Sw anson and Perlich 
2006).

D egradability studies conducted during the 
shipboard trials determ ined that C102 rem ained 
active in  the ballast tanks for several hours but 
degraded at a rate that resulted in  no residual 
CIO2 in  the ballast w ater at the tim e o f discharge. 
For example, an initial dosage o f 5 ppm  left no 
residual C102 after 20-24 h w hen the tem perature 
o f ballast w ater was betw een 10 and 12°C, w hilst 
an initial dosage o f 8 ppm  in 25-26°C ballast 
w ater left no trace after 24-25 h (Swanson and 
Perlich 2006). Furtherm ore, corrosion tests 
conducted in  ballast tanks indicated that C102 
had no adverse effect on corrosion, in  fact a 
slight decrease in corrosion was observed in  the 
treated tanks during one experim ent (MEPC 
2008a). It should be noted that the corrosion 
tests were only carried out for a period o f 28-32 
days. M uch longer investigations are required to 
fully understand the effect o f the treatm ent 
system  on corrosion rates.

Advantages o f the Ecochlor® Ballast W ater 
Treatm ent System are that it is able to operate 
effectively under extremely varied w ater quality 
conditions at any tem perature or salinity. It also 
has the capacity to treat ballast w ater at high 
flow rates. The system  does not require the 
storage o f large amounts o f active substances 
onboard but does require the storage o f the p re
cursor chem icals (http://w w w .ecochlor.com ). 
A ccording to Carney et al. (2008), the capital 
cost o f the system  is betw een US$260,000 and 
US$400,000 for flow capacities o f  200 m 3/h  and 
2000 m 3/h, respectively, w ith an operating cost 
o f US$0.06 per tonne o f ballast water.

In summary, it appears that C102 is toxic to a 
w ide range o f aquatic organism s and should be 
considered as a ballast w ater treatm ent. 
Indications are that it is more environm entally 
friendly than chlorine as degradation products 
are not expected to persist or bioaccum ulate in 
the marine environm ent. Further w ork is required 
to assess the ability o f the biocide to inactivate 
organism s in  ballast tank sedim ent and possible 
corrosion impacts.

Ozone

Ozone is a pow erful oxidant used to control 
m icroorganism s in  a variety o f applications. It 
has been dem onstrated to be an excellent 
sterilisation agent in  freshw ater systems (Korich 
et al. 1990). However, the biocidal activity of 
ozonated seaw ater may differ considerably from  
that o f ozonated freshw ater as ozone reacts w ith 
brom ide and chloride ions to form  oxidants in 
seaw ater (Sugita et al. 1992b).

Ozone is an unstable gas that decom poses 
readily to oxygen, therefore must be generated 
on-site. Ozone can be safely generated from  air 
and could prove beneficial over many other 
chem ical treatm ent options for the follow ing 
reasons. F irstly, there is no need to store large 
am ounts o f chem icals onboard ships. Secondly, 
ozone is considered advantageous over other 
chem ical oxidants, as it poses few er environm en
tal problem s. Toxic by-products created during 
the ozonation o f seawater (e.g. brom inated 
organics, bróm ate, brom am ine) can cause 
environm ental im pacts at low concentrations, 
however, concentrations required to im pact on 
most organism s are considerably higher than 
those generated from  ozonation (Stewart et al. 
1979).

Ozone reacts w ith brom ide in  seawater 
resulting in a half-life o f 5.3 s (Andersen et al.
1995), nonetheless it is possible that m olecular 
ozone w ill make some contribution to d is
infection in  seaw ater regardless o f its reactions 
w ith brom ide and chloride, however, the 
m ajority o f disinfection is believed to be due to 
the production o f hypobrom ous acid/hypobro- 
mite (Perrins et al. 2006b), w hich are generally 
m easured as total residual oxidants (TR O ’s).

The ozonation o f  seaw ater has been shown to 
successfully remove bacterial fish  pathogens and 
viruses at low concentrations w ith low exposure 
tim es (Sugita et al. 1992b; Liltved et al. 1995). 
Sugita et al. (1992b) propose that ozone 
treatm ent at a totoal residual oxidant (TRO) 
concentration o f more than 1 ppm  for several 
m in is able to disinfect seawater, while Liltved et 
al. (1995) dem onstrated that a concentration of 
0.10-0.20 ppm  o f residual ozone inactivated all 
tested v iral and fish  pathogens w ithin 3 min. 
Perrins et al. (2006a) found that although cultur- 
able bacteria were initially controlled at TRO 
concentrations o f >1 ppm, once TRO fall below 
the bacterial inhibition threshold o f -0 .5  ppm, 
heterotrophic bacteria rapidly grow.
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Results from  laboratory studies suggest that 
some organism s are resistant to ozone. For 
example, A ndersen et al. (1995) assessed ozone 
treatm ent using several planktonic algae and 
crustaceans as model organism s. All test orga
nisms were effectively controlled by ozonation 
bu t dosage required varied betw een organisms. 
D osages required to inactivate crustaceans were 
found to be 2-5 tim es greater than those needed 
to inactivate algal species such as Am phidinium  
carterae  and Karlodinium  veneficum  (=Gymno
dinium galatheanum ) (A ndersen et al. 1995). 
Experim ents conducted on Bacillus subtilis 
found that m uch higher TRO dosages o f up to 14 
ppm  are required fo r adequate inactivation at a 
pH o f 8 w ith a 24 hr contact time, however 
reducing the pH to 7 resulted in  a reduced dose 
o f 9 ppm  required for disinfection (Oemcke
1999). O ther organism s that have been 
dem onstrated to be resistant to ozone treatm ent 
include dinoflagellate cysts, C irripeda nauplii, 
Polychaeta larvae, copepod nauplii, cyclopoid 
and harpacticoid copepods, m ysid shrimp and 
shore crabs (Deacutis and Ribb 2002; Herwig et 
al. 2006; Perrins et al. 2006a).

Several com panies have produced onboard 
treatm ent systems that inject ozone into sh ips’ 
ballast w ater during ballast intake; however 
doubts exist as to w hether these systems cost- 
effectively control all organism s. For example, 
m esocosm  and shipboard testing o f the 
biological efficacy o f the N utech 0 3 ozone 
generator found that the system  was capable of 
significant reductions o f up to 99.99%  of 
bacteria, >99%  o f dinoflagellates, 99% of 
m icroflagellates and zooplankton after 5-10 h 
treatm ent w hen the TRO levels exceeded 5 ppm 
(Herwig et al. 2006; Perrins et al. 2006a). 
H ow ever these reductions varied  considerably 
betw een experim ents and betw een sampling 
locations as the d istribution o f ozone was not 
hom ogenous (Herwig et al. 2006). The treatm ent 
system  was m uch less effective against diatoms 
and a num ber o f crustacean species (Herwig et 
al. 2006; Perrins et al. 2006a). The experim ents 
did not assess treatm ent effects on resting stages 
o f zooplankton or phytoplankton.

The above results raise doubts to w hether 
ozone treatm ent can cost-effectively control all 
ballast w ater organism s as many organism s, 
especially bacterial spores, dinoflagellate cysts 
and many zooplankton species, are likely to 
survive ozone treatm ent at the concentrations 
that are considered environm entally safe and 
achievable in  onboard situations. Ozone may

provide an effective control option for vegetative 
m icroalgae, pathogenic bacteria and viruses 
present in  ballast w ater, though a fine filtration 
pre-treatm ent may be necessary to remove 
resistant organism s. Contact tim es necessary for 
bacterial control indicate that ballast tanks would 
need to be continuously dosed w ith ozone. Also, 
steel in  vessel structures is likely to be oxidised 
by ozone and hypobrom ous acid increasing 
corrosion (Oemcke and van  Leeuw en 1998). 
P rojected costs o f an ozone treatm ent system  are 
in  the vicinity o f US$800,000 to $1.6 m illion 
w ith an operational cost o f  U S$0.28-0.32 per 
tonne o f ballast w ater (Sassi et al. 2005; Carney 
et al. 2008).

Hydrogen peroxide

H ydrogen peroxide is an oxidative biocide 
considered attractive fo r the treatm ent o f ballast 
w ater as it is know n to be o f lim ited risk to 
humans and decom poses rapidly resulting in 
harm less by-products o f oxygen and water. It is 
currently used as a disinfectant in  a variety of 
applications including laboratory and medical 
applications, and even as a replacem ent to 
chlorine fo r the treatm ent o f swim m ing pools.

Reported hydrogen peroxide concentrations 
required for the elim ination o f marine organism s 
range from  3 ppm  for vegetative dinoflagellate 
cells o f K arenia m ikim otoi to over 140,000 ppm 
for B. subtilis spores (Ichikaw a et al. 1993; 
Sagripanti and Bonifacino 1996). A large 
discrepancy exists in  the literature in  relation to 
the concentration required to elim inate vegeta
tive algal cells and dinoflagellate cysts. D ino
flagellate cyst inactivation has been achieved 
w ith doses betw een 100 and 10,000 ppm  (Bolch 
and H allegraeff 1993; Ichikaw a et al. 1993; 
M ontani et al. 1995; H allegraeff et al. 1997). 
This discrepancy may be due to different resis
tances o f isolates u tilised in these experim ents, 
different organic loadings o f  seaw ater or 
different brands o f hydrogen peroxide may vary 
in  potency. Similarly, different exposure times 
used may explain this inconsistency. For 
example, Piyatiratitivorakul et al. (2002) 
reported that a concentration o f 100 ppm  for 24 h 
resulted in  40 and 66.6%  m ortality in  the 
raphidophytes H eterosigm a akashiwo  and 
Chattonella m arina  respectively, whereas 30 
ppm  (H . akashiwo) and 10 ppm  (C. marina) for 
48 h resulted in  the com plete m ortality. This 
w ould suggest that the exposure time is a very 
im portant aspect o f the biocidal action of
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hydrogen peroxide. K uzirian et al. (2001) found 
that elevating the pH o f ballast w ater reduced the 
hydrogen peroxide concentrations required (1 
ppm) to elim inate a range o f  invertebrate taxa 
including the ctenophore M nem iopsis leidyi, the 
hydrozoan Pennaria  sp., and a range of 
polychaetes, crustaceans, chordates and larval 
bivalves. Similarly, M esbahi (2004) suggest that 
the efficacy o f hydrogen peroxide can be 
enhanced by elevated tem perature (up to 35°C).

B acterial spores are the m ost resistant marine 
organism s to hydrogen peroxide treatm ent 
requiring doses upw ard o f 100,000 ppm  for 
mortality to occur (Sagripanti and Bonifacino
1996). The high concentrations needed for spore 
and dinoflagellate cyst inactivation would 
exclude hydrogen peroxide as a ballast w ater 
treatm ent as the cost involved are likely to be 
substantial. A dditional concerns include hazards 
associated w ith the distribution, handling and 
onboard storage o f large volum es o f hydrogen 
peroxide. H ydrogen peroxide can how ever be 
produced in-situ  by means o f an electrochem ical 
conversion o f dissolved oxygen, w hich is carried 
out in  a specially designed and patented electro
chem ical reactor. The PeroxEgen™  on-board 
hydrogen peroxide w ater treatm ent system is 
claim ed to be able to control ballast w ater 
organism s (including bacteria) by injecting low 
hydrogen peroxide concentrations (<100 ppm) 
into ballast w ater during intake (Eltron W ater 
Systems 2007), how ever efficacy data are not 
available. If  this m ethod can safely and effecti
vely produce hydrogen peroxide concentrations 
able to inactivate resistant organism s, it may 
prove a feasible ballast w ater treatment.

G lutaraldehyde

Glutaraldehyde is an organic biocide w hich has 
been proposed, either on its own or in 
com bination w ith surfactant, for the treatm ent of 
vessels carrying little or no ballast to control 
organism s present in  ballast tank residues and 
sedim ent (Sano et al. 2003, 2004). It has been 
dem onstrated to successfully control the marine 
bacterium  Vibrio fischeri at a concentration o f 8- 
14 ppm; how ever doses o f 20,000 ppm  are 
required to inactivate B. subtilis spores (Sano et 
al. 2003; Sagripanti and Bonifacino 1996).

G lutaraldehyde is m ost active at higher tem pe
ratures and above a pH o f 7.5 (Sagripanti and 
Bonifacino 1996). As ballast tank pH generally 
varies from  4.2 to 8.6, this may lim it the appli

cation o f glutaraldehyde, unless the treatm ent 
system  can account for this strong pH response. 
G lutaraldehyde is corrosive in  its concentrated 
form, bu t is not considered to pose any corrosion 
problem s in  the diluted form  proposed for ballast 
w ater treatm ent.

O bservations by Sano et al. (2003) indicate 
that some ballast w ater organism s may be resis
tant to glutaraldehyde treatm ent; consequently 
elim inating m ost organism s may require a 
concentration o f 500 ppm. Pre-treatm ent o f fine 
filtration may act to reduce this concentration as 
the am ount o f sedim ent and organic carbon 
present in  ballast tanks is likely to im pact on the 
efficacy o f glutaraldehyde. In situations where 
higher amounts o f sedim ent exist in  relation to 
w ater, the ability o f glutaraldehyde to penetrate 
these sedim ents and kill any viable organism s is 
likely to be lim ited (Sano et al. 2003). In this 
situation, even higher doses may be required for 
adequate organism  removal.

The high glutaraldehyde concentration 
required to control ballast w ater organism s 
induces three im portant lim itations w ith respect 
to ballast w ater treatm ent. Firstly, the cost o f 
treatm ent w ill be prohibitively expensive; 
secondly, the potential for detrim ental 
environm ental im pacts is increased; and finally, 
occupational health and safety risks increase. 
Sano et al. (2003) suggest the cost o f glu tar
aldehyde treatm ent would equate to US$25 per 
tonne o f ballast w ater, thus lim iting the treatm ent 
to vessels w ith small quantities o f ballast water 
and sediment. The increased risk o f environm en
tal im pacts w ill relate to the tim e required for 
glutaraldehyde to degrade and the am ount of 
dilution that takes place prior to release into the 
receiving port (Leung 2001; Sano et al. 2003). 
The biodégradation o f glutaraldehyde relies on 
its digestion by microbes. As glutaraldehyde is a 
biocide, the concentration required to remove 
ballast w ater organism s is also likely to inhibit 
bacterial grow th and m etabolism , how ever once 
discharged the concentration w ill decline as the 
ballast w ater is dispersed into the aquatic 
environm ent. The biodegradability o f glu tar
aldehyde in  seawater has been tested and is a 
com plex issue varying w ith factors such as initial 
concentration, nutrient status and microbe 
concentration. Leung (2001) indicates that 
glutaraldehyde is considered readily b io 
degradable in  the freshw ater environm ent and 
has the potential fo r biodégradation in  the marine 
environment.

5 4 3



M. G r e g g  et  al.

Peracetic acid  and Peraclean® Ocean

Peracetic acid is another organic biocide 
suggested as a potential ballast w ater treatm ent 
due to its broad-spectrum  activity and lack of 
undesirable by-products. Very little data exists 
on the efficacy o f peracetic acid in  marine 
systems; how ever it has been docum ented to 
control coliform  bacteria in  sewage sludge at a 
concentration o f 6-8 ppm, and bacterial spores at 
300 ppm  (Baldry and French 1989; Sagripanti 
and Bonifacino 1996). Activity is not affected in 
the presence o f suspended solids and organic 
matter, how ever is affected strongly by pH. 
Sagripanti and Bonifacino (1996) found the 
biocide to be m ost active at a pH o f less than 3, 
while activity is lost above a pH o f 8. This 
finding may lim it the application o f peracetic 
acid as a ballast w ater biocide, how ever D egussa 
AG o f Germany has developed a ballast w ater 
treatm ent product com posed o f  peracetic acid 
and hydrogen peroxide, w ith the trade name 
Peraclean® Ocean. It is suggested to be effective 
against a broad range o f m icroorganism s 
including bacteria, spores, phytoplankton, 
aquatic invertebrates and fish  eggs at concen
trations o f 50-400 ppm  and exposure tim es o f 2- 
72 h (Fuchs et al. 2001; Fuchs and de W ilde 
2004). Apart from  broad toxicity, Peraclean® 
O cean is claim ed to be effective over a wide 
range o f conditions, to be relatively unaffected 
by organic m atter and readily biodegradable and 
decom pose into acetic acid, oxygen and water. 
The m anufacturer indicates that Peraclean® 
O cean has a half-life o f only 4 h in  unfiltered 
seaw ater and recom m ends a retention tim e o f 1-2 
d in ballast tanks due to its rapid degradation. 
One o f the added advantages over peracetic acid 
disinfection is that it is m ost active at pH values 
o f 5-7, but displays good activity up to a pH o f 9 
(Fuchs et al. 2001).

Peraclean® O cean has been developed as 
e ither a stand alone treatm ent or as the final 
stage o f  a treatm ent system  that uses a 
com bination o f technologies. Lab-scale testing 
has shown that the product is capable of 
elim inating bacteria, vegetative marine m icro- 
algae, dinoflagellate cysts and several different 
developm ent stages o f  the brine shrimp Artem ia  
salina. Gregg and H allegraeff (2007) elim inated 
vegetative cells o f the marine dinoflagellates 
A lexandrium  catenella, Gymnodinium catenatum, 
Protoceratium  reticulatum  and Scrippsiella  
trochoidea  at 50 ppm  and killed the green 
flagellate Tetraselm is suecica  at 100 ppm  after

48 h exposure. Fuchs et al. (2001) k illed  the 
green alga Chlorella  w ithin 48 h at 200 ppm, 
how ever higher concentrations (up to 1600 ppm) 
did not result in more rapid m ortality (Fuchs et 
al. 2001). This would suggest, as for hydrogen 
peroxide, that exposure tim e is a very im portant 
aspect o f the biocidal action o f  Peraclean® Ocean 
for the control o f algae. In addition, Peraclean® 
O cean inhibited bacterial regrow th o f Esche
richia coli, Staphylococcus aureus, Listeria  
innocua  and Vibrio alginolyticus at 125-250 ppm 
and could com pletely inactivate A rtem ia salina  
cysts and resting cysts o f the marine
dinoflagellates Gymnodinium catenatum, A lexan
drium catenella  and Protoceratium  reticulatum  
at 350-700 ppm  (Fuchs and de W ilde 2004; 
Gregg and H allegraeff 2007).

Full-scale shipboard and land-based testing 
has proved that Peraclean® O cean is an effective 
biocide for the control o f a wide range of 
planktonic organism s and marine bacteria in  both 
freshw ater and seaw ater (W right et al. 2004; 
Veldhuis et al. 2006; de Lafontaine et al. 2008a). 
Veldhuis et al. (2006) exam ined the effective
ness o f a full-scale land-based ballast w ater 
treatm ent system  that used Peraclean® Ocean as 
a final disinfection step. Peraclean® O cean was 
applied to estuarine w ater at a concentration of 
150 ppm  and resulted in  the elim ination o f all 
zooplankton and phytoplankton but bacterial 
regrow th was observed after 6 to 10 days 
indicating that the biocide did not result in full 
sterilisation (Veldhuis et al. 2006). De Lafon
taine et al. (2008a) treated freshw ater ballast 
onboard the M V Canadian Prospector  using a 
Peraclean® O cean concentration o f -100-150  
ppm  and observed a >90% reduction in  free- 
floating m icroorganism s and phytoplankton after 
5 d. The treatm ent also showed a lethal effect on 
fish  w ith 100% m ortality achieved in  less than 
19 h for a range o f cold w ater fish  species, 
how ever the treatm ent was found to be in 
effective against adult zebra m ussels and some 
organism s buried in  ballast sedim ents were not 
affected by a 5 d exposure to -100-150  ppm  of 
Peraclean® O cean (de Lafontaine et al. 2008a).

A lthough the m anufacturer indicates that 
Peraclean® O cean-treated ballast w ater may be 
safely discharged after 1-2 d, degradability 
studies have shown that this biocide may degrade 
at a slow rate resulting in  the discharge of 
potentially toxic ballast w ater into the marine 
environm ent. Results from  the shipboard trials 
conducted by de Lafontaine et al. (2008a) 
suggest a retention time o f 15-29 d is required
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prior to discharge w hen using Peraclean® Ocean 
at a concentration o f 100-150 ppm  for treating 
freshw ater ballast due to the presence o f toxic 
residues, and studies conducted in  marine 
harbour w ater recom m end a retention time o f >6 
d (Veldhuis et al. 2006). B iodegradability studies 
by Gregg and H allegraeff (2007) found that 200 
ppm  Peraclean® O cean concentrations degraded 
to a level non-toxic to marine m icroalgae in  2-6 
wk. D egradation occurred more rapidly when 
exposed to light and ballast tanks sediments, 
whereas filtered seawater, hum us-rich seawater, 
relatively clear freshw ater and a lack o f light 
appear to be the w orst conditions for the 
degradation o f Peraclean® Ocean (Gregg and 
H allegraeff 2007; de Lafontaine et al. 2008b).

The cost for this type o f treatm ent is 
suggested to be in  the vicinity o f U S$0.20-0.30 
per tonne o f ballast w ater (Rigby and Taylor 
2001). Apart from  being expensive for use 
onboard ships w ith large ballast capacities, some 
concerns still exist on the routine use o f Pera
clean® O cean w ith regard to potential residual 
toxicity o f treated ballast w ater (e.g. w hen the 
holding time for degradation onboard is shorter 
than recom m ended), reduced effectiveness in  the 
presence o f sedim ents, the need to store 
chem icals onboard and possible ship corrosion.

SeaK leen®

SeaKleen® is a patented biocide developed by 
Garnett, Inc. A tlanta and m anufactured by 
V itam ar Inc. M emphis. It consists prim arily of 
m enadione (a w ater-soluble form  o f Vitam in 
K3), w hich belongs to the chem ical class of 
naphthoquinones, and has been shown to be toxic 
to a wide range o f freshw ater and marine 
organism s. Apart from  its broad toxicity, the 
m anufacturer suggests that SeaKleen® is an 
attractive ballast w ater biocide because it is 
apparently o f low toxicity to mammals, birds and 
species o f fish, it has a short half-life causing it 
to degrade to harm less products w ithin days, it 
has no know n corrosive properties, and it is 
relatively cost-effective (W right and Dawson 
2001). Laboratory testing has proved SeaKleen® 
to be toxic to aquatic algal species (Chlorella  
sp., Isochrysis galbana, N eochloris sp., 
Tetraselmis suecica), vegetative dinoflagellates 
(Alexandrium catenella, A. tamarense, Gymno
dinium catenatum, Karenia brevis, K. brevisul
cata, Karlodinium  veneficum, Prorocentrum  
minimum, Protoceratium  reticulatum , Scrippsi

ella trochoidea), dinoflagellate tem porary cysts 
('Glenodinium fo liaceum ), raphidophytes {Chat
tonella marina) and zooplankton (Crassostrea  
virginica  larvae, Cyprinodon variegates, 
D reissena polym orpha  larvae, Leptocheirus  
plum ulous, M ytilus galloprovincialis) at concen
trations ranging from  0.5 to 2 ppm  (W right and 
D aw son 2001; Cutler et al. 2004; Gregg and 
H allegraeff 2007).

Full-scale shipboard trials o f SeaKleen® were 
conducted onboard the US S Cape May in 
Baltim ore H arbour in  2001. Results from  the 
tests indicate that dosing ballast tanks w ith a 
concentration o f 2 ppm  SeaKleen® resulted in 
overall zooplankton m ortalities o f 99 and 100% 
after 24 and 48 h (W right et al. 2004). 
Phytoplankton were controlled w ith SeaKleen® 
concentrations as low as 1 ppm  after 24 h, 
how ever the effectiveness on bacteria was not 
clear (W right et al. 2004, 2007a). Some 
disagreem ent exists regarding the bactericidal 
properties o f the product. W right and D awson 
(2001) and Cutler et al. (2004) suggest that 
SeaKleen® is extrem ely effective against bacteria 
and can elim inate Escherichia coli and Vibrio 
fish eri at a concentration o f 1 ppm. Conversely, 
m esocosm  experim ents conducted at the U niver
sity o f W ashington claim ed that SeaKleen® at 2 
ppm  had no observable effect on culturable 
bacteria (Herwig and Cordell 2004) and Gregg 
and H allegraeff (2007) required concentrations 
o f 50-200 ppm  to inhibit regrow th o f E. coli, 
Listeria innocua, Staphylococcus aureus and 
Vibrio alginolyticus.

Inconsistencies also exist in  the literature 
concerning the degradability o f  SeaKleen®. 
H erw ig and Cordell (2004) and W right et al. 
(2007a) reported a half life o f 18-30 h for 
SeaKleen®, yet Cutler et al. (2004) found that 
SeaKleen® degraded to only 21%  o f the initial 
concentration in  darkness in  seaw ater w ithout 
any organism s after 28 d. The latter authors 
suggest that degradability is faster under light 
conditions and in  the presence o f biological 
m aterial; however, Gregg and H allegraeff (2007) 
found that the degradation o f 4 ppm  SeaKleen® 
was m inimal after 15 wk and was not influenced 
by the presence o f ballast tank sediment, 
biological m atter or light conditions. Faim ali et 
al. (2006) also report that exposure to light failed 
to accelerate the degradation rate o f SeaKleen®. 
These authors indicate that a 10 ppm 
concentration o f  m enadione in  drinking w ater 
has a ha lf life o f 1,500 h under both  light and
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dark conditions and takes >5,000 h to totally 
degrade.

It has been suggested that the use of 
SeaKleen® may be advantageous in  situations 
w here w ater turbidity is high or to treat residual 
ballast tank sediments due to a low binding 
affinity to particulate m atter (W right et al. 
2007a). Several studies indicate that SeaKleen® 
does retain its activity in  the presence of 
sedim ent but it is less effective against resistant 
resting stages and sedim ent dw elling organisms. 
For example, Gregg and H allegraeff (2007) 
found that the biocidal effect o f SeaKleen® was 
not influenced by the presence o f sedim ent but 
the product failed to kill resistant resting cysts of 
the toxic dinoflagellate Alexandrium  catenella  at 
5 tim es the recom m ended dose (10 ppm) in 
sedim ent-free trials. Additionally, Sano et al. 
(2004) controlled the am phipod H yalella azteca  
at com parable SeaKleen® concentrations in  both 
sedim ent-free samples (2.5 ppm) and samples 
containing a 1:4 sedim ent to w ater ratio (3.5 
ppm), but 88 ppm  was required to control the 
burrow ing oligochaete Lum briculus variegates  in 
the 1:4 sedim ent to w ater ratio com pared to 1.8 
ppm  required in  the water-only exposures. These 
findings indicate that SeaKleen® may provide an 
effective treatm ent against organism s in the 
w ater colum n w hen ballast w ater contains a high 
suspended sedim ent load. W hile effective control 
o f resistant resting stages and sedim ent-dw elling 
organism s m ight be possible, the required 
concentrations would be likely to make the 
treatm ent prohibitively expensive and may pose 
environm ental problem s due to the discharge of 
toxic ballast w ater and residual sediment.

The estim ated cost o f SeaKleen® is approxi
mately US$0.20 per tonne w hen applied at a 
concentration o f  2 ppm, w hich may lim it the use 
o f this biocide to vessels w ith small or moderate 
ballast capacities. A dditional concerns that may 
lim it the use SeaKleen® as a routine ballast w ater 
treatm ent option include the possible discharge 
o f toxic ballast w ater due to low degradability o f 
the biocide and the lim ited effectiveness against 
bacteria  (Gregg and H allegraeff 2007).

Several other naphthoquinone compounds are 
currently being investigated as potential ballast 
w ater biocides. These include juglone, plumba- 
gin and m enadione nicotinam ide bisulphite 
(Faim ali et al. 2006; W right et al. 2007b). Like 
m enadione, juglone and plum bagin are natural 
plant products, w ith juglone isolated from  the 
black w alnut tree Juglans nigra, and plum bagin, 
a com pound found in  members o f  the sea

lavender fam ily, Plum baginaceae (W right et al. 
2007b). B oth products have been shown to 
exhibit greater bactericidal activity and overall 
toxicity to aquatic organism s com pared to m ena
dione (SeaKleen®), how ever m enadione was 
considered to be favourable biocide fo r ballast 
w ater treatm ent as the production cost o f m ena
dione is less than 2% the cost o f either juglone or 
plum bagin (W right et al. 2007a). Nonetheless, 
further work should assess the degradability of 
juglone and plum bagin and their ability to 
inactivate resistant marine organism s, such as 
dinoflagellate resting cysts.

M enadione nicotinam ide bisulphite is a 
synthetic derivative o f  m enadione (Faim ali et al. 
2006). Prelim inary screening o f its efficacy 
against marine organism s found that it can 
effectively elim inate a variety o f ballast water 
organism s in  the absence o f light. Zooplankton 
larvae, including A rtem ia salina  nauplii, Balanus 
am phitrite nauplii, M ytilus galloprovincialis 
larvae and Tigriopus fu lvu s  larvae were 
com pletely elim inated at concentrations o f 0.5 to 
5 ppm, grow th o f the green alga Chlorella  
m inutissim a  was inhibited at 0.5 ppm  and 
germ ination o f dinoflagellate cysts (Scrippsiella  
trochoidea) was reduced to 30% (com pared to 
90% in controls) after exposure to 5 ppm 
(Faim ali et al. 2006). The product displayed a 
variable effectiveness against bacteria (1 to >64 
ppm  required to inhibit regrowth) and was not as 
effective against Alexandrium  catenella  (EC 
50=32 ppm) (Faim ali et al. 2006). The m ajor 
advantage this com pound has over its parent 
m olecule (m enadione) is that it is highly 
biodegradable. Faim ali et al. (2006) imply that 
m enadione nicotinam ide bisulphite has a half life 
o f 48 h under dark conditions and <6 h under 
light conditions com pared to 1,500 h for 
m enadione w hen prepared in  drinking water.

A cro lein®

Acrolein® is a broad-spectrum  biocide produced 
by the Baker Petrolite Corporation. It is used 
extensively in  the petroleum  industry as a 
biocide to m itigate bacteria in produced fluids 
and is sold as an aquatic herbicide to control 
subm erged plants and algae in irrigation canals. 
It is claim ed to be toxic to a range of 
m icroorganism s including bacteria and algae, as 
w ell as m acroorganism s such as m olluscs, 
crustaceans, fish, and aquatic plants (Penkala et 
al. 2004). Lab-scale experim ents on marine 
organism s indicate that vegetative dino-
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flagellates and both  Gram -negative and Gram
positive spore-form ing and non-sporulating 
marine bacteria can be controlled at concen
trations o f 1-6 ppm  after contact tim es o f 24 and 
72 h (Penkala et al. 2004). A fter 24 h exposure, a 
concentration o f 6 ppm  caused a >99.99%  
reduction in  bacterial strains o f Pseudom onas 
fluorescens, Bacillus cereus, B. subtilis  and 
Staphylococcus epidermidis, while 10 ppm 
achieved a >99.999%  reduction. No viable 
m otile cells o f the marine dinoflagellate 
Akashiw o sanguinea  (=Gymnodinium sanguine
um) were observed at 1 ppm  (Penkala et al. 
2004). Results from  a 5 d shipboard trial found 
that ballast tanks treated w ith 9 ppm  effectively 
reduced bacteria by 99.99%  for a period o f  2 d; 
and 15 ppm  inhibited bacterial regrow th fo r 3 
days, whereas 1 and 3 ppm  o f Acrolein® was 
ineffective (Penkala et al. 2004). This would 
indicate that the dem and for Acrolein® in ballast 
tanks is m uch higher than w hat was predicted 
from  laboratory experim ents, nonetheless it is 
estim ated that m icroorganism  regrow th can be 
inhibited by m aintaining >2 ppm  residue in 
ballast tanks (Penkala et al. 2004). Acrolein® is 
claim ed to react w ith w ater and particulate 
m atter w ithin the ballast tanks resulting in  a 
discharge concentration o f zero ppm, thus 
allow ing its safe discharge over board. 
Laboratory studies conducted by Penkala et al.
(2004) determ ined that the product has a half-life 
o f 20-25 h for concentrations o f 1, 5 and 10 ppm 
w hen prepared in  natural port water; however, 
results from  the shipboard trials found that the 
rate o f degradation was m uch faster. For 
example, tanks that were treated w ith 9 ppm  had 
substantially decreased concentrations o f <2.5 
ppm  w ithin 24 h (Penkala et al. 2004) suggesting 
that the physical and chem ical conditions inside 
the ballast tank increase the degradability of 
Acrolein®. Acrolein® may also be deactivated by 
sodium  sulphite before discharge, how ever this 
w ould act to increase the treatm ent cost. The 
current estim ated cost o f Acrolein® for treating 
ballast w ater is betw een US$0.16 and 0.19 per 
tonne. We suggest that future research should 
assess 1) the ability o f Acrolein® to inactivate 
resistant ballast w ater organism s such as 
dinoflagellate cysts; and 2) the capacity o f the 
product to inactivate organism s in  ballast tank 
sedim ent (cf. Gregg and H allegraeff 2007). 
Concerns about the routine treatm ent o f ballast 
w ater w ith A crolein are sim ilar to those 
expressed for the active substance Peraclean.

H ydroxyl radical treatm ent

One o f the more recent treatm ent options 
proposed for the control o f ballast w ater 
organism s involves the onboard generation of 
hydroxyl- and oxygen radicals. These free 
radicals are aggressive and can break down 
alm ost any organic com pound to carbon dioxide 
and w ater (Taylor et al. 2002). It is recom 
mended as a tool fo r controlling ballast w ater 
organism s during ballasting and/or deballasting. 
The hydroxyl radicals are predom inantly 
produced from  the positive ions 0 2+ and N 2+ 
reacting w ith water, and the concentration 
required to kill m icroorganism s is reportedly 
only 0.63 mg/L (Bai et al. 2005). At this 
concentration, unicellular algae, protozoans and 
bacteria are k illed w ithin 2.67-8 s (Bai et al. 
2005; Qiong et al. 2009; Zhang et al. 2005). The 
m ain reasons o f cell death are lipid peroxidation, 
destruction o f  cell DNA and RNA, and damage 
to the antioxidant enzyme system  (Zhang et al.
2006). No efficacy data exist for resistant life 
stages such as cysts and spores.

This m ethod also has the follow ing advanta
ges: 1) ballast w ater quality is improved, as 
turbidity has shown to be decreased to 50% 
follow ing the 2.67s treatm ent; 2) the radicals are 
reported to be short-lived (nanoseconds), 
decom posing into water, oxygen and carbon 
dioxide, m aking it an environm entally sound 
technique; and 3) the equipm ent is small in  size, 
operationally simple and cost effective. Bai et al.
(2005) im plies that the running cost o f hydroxyl 
radical treatm ent is 1/30* the cost o f ballast 
w ater exchange; how ever the initial cost and 
pow er requirem ents would be expected to be 
considerable. Taylor et al. (2002) indicates that 
corrosion problem s may be a concern, unless the 
reactor is kept w ell separated from  the main 
ballast piping system, how ever this technology 
should still be pursued for ballast w ater 
applications, as it may provide a cost effective, 
safe, environm entally friendly ballast w ater 
treatm ent. Several com panies have developed 
treatm ent systems that use a com bination of 
m echanical separation and free radical 
generation. The effectiveness o f several o f these 
systems is discussed later.

D e-oxygenation

D e-oxygenation has been suggested to be a cost 
effective technique to prevent aquatic 
introductions while reducing ship corrosion. D e
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oxygenation can be achieved by the addition of 
nutrients, glucose or a reducing agent such as a 
sulphide, by the use o f a vacuum  cham ber, or 
oxygen can be purged out o f  the ballast tanks 
w ith a continual flow o f an inert gas from  an 
onboard generator (M ountfort et al. 1999a; 
Tam burri et al. 2002, Brow ning Jr. et al. 2004; 
Tam burri et al. 2004, M cC ollin et al. 2007b).

Initial results indicated that the addition of 
glucose or sulphide had m inim al effects on 
living organism s, how ever the other techniques 
have been shown to effectively kill many 
Zooplankton species (including larval stages) and 
aerobic bacteria but results against phyto
plankton have been inconclusive (Table 8). This 
approach is considered unlikely to remove taxa 
adapted to low oxygen environm ents or w ith 
resistant stages such as cysts and spores. For 
example, A nderson et al. (1987) reported that the 
viability  o f dinoflagellate cysts o f Alexandrium  
tamarense was not reduced w hen stored in  an 
oxygen-deprived environm ent.

M ountfort et al. (1999a) tested the effective
ness o f de-oxygenation by the addition of 
glucose or sulphide. The addition o f glucose did 
not significantly reduce the oxygen concentra
tion  and was ineffective in  k illing Coscinasterias 
calam aria  starfish larvae or Undaria p innatifida  
seaweed zoospores over a 28 d period, and 
sulphide addition was capable o f elim inating 
C. calamaria  larvae bu t it did not com pletely kill 
U. p innatifida  zoospores (M ountfort et al. 
1999a). Conversely, studies conducted by 
M cC ollin et al. (2007b) found that the addition 
o f nutrients to ballast w ater stim ulated the 
grow th o f bacteria  resulting in  an anoxic 
environm ent, w hich caused a reduction in  the 
abundance and viability o f Zooplankton but the 
results for phytoplankton showed no effect. 
Sim ilarly, experim ental trials using vacuum  
cham bers to suffocate aquatic organism s have 
been dem onstrated to be able to remove dis
solved oxygen from  ballast w ater to levels below 
1 ppm  resulting in the elim ination o f many 
Zooplankton species (Browning Jr. et al. 2004) 
bu t the effect on phytoplankton was not clear.

Recently, prelim inary experim ents indicate 
that the com bination o f low oxygen (2%) and 
high carbon dioxide (12%) is capable o f elim i
nating o f >95%  o f Zooplankton and invertebrates 
w ithin several hours, and can kill >99%  o f 
Vibrio cholerae in  24 h, how ever experim ental 
data is unavailable on the effects on phyto- 
plankton, cysts and spores (H usain et al. 2004). 
Cost estim ates for this type o f  treatm ent system

range from  US$135,000 to in  excess o f US$3 
m illion depending on ballast capacity and 
operating costs are approxim ately US$0.06 per 
tonne o f ballast w ater (L loyd’s R egister 2007).

NEI Treatm ent Systems, LLC o f Los Angeles, 
California has developed the V enturi Oxygen 
Stripping™  system- de-oxygenation technology 
that rapidly rem oves 95% o f dissolved oxygen 
from  ballast tanks. The system  rem oves oxygen 
from  ballast w ater by the introduction o f an inert 
gas into the w ater as it is being pum ped into 
ballast tanks. Initial laboratory experim ents 
conducted under a range o f environm ental 
conditions dem onstrated that dissolved oxygen 
levels dropped to 0.27-0.87 ppm  leading to 
greater than 99% m ortality o f Zooplankton 
(copepods, barnacle larvae, polychaete larvae, 
cladocerans, crustacean nauplii, bivalve larvae 
and nem atodes) in  less than 48 h, however, the 
system  was less effective against phytoplankton 
and no obvious difference in  bacterial abundan
ces were observed (Tam burri et al. 2004). 
Further testing at the Chesapeake Biological 
Laboratory showed prom ising results. The 
system  was capable o f elim inating 100% of 
Zooplankton and phytoplankton after 120 h of 
treatm ent, and reduced the levels o f Enterococci 
and E. coli bacteria by more than 99.9%  (NEI 
M arine 2007). In addition, biological trials from  
a shipboard installation onboard the bulk BW M 
Convention carrier the TECO Ocean suggest that 
the treatm ent system  is capable o f m eeting the 
D-2 discharge standard w hen operating at a flow 
rate o f 1000m3/h, how ever experim ental data are 
not available. The cost o f  the V enturi Oxygen 
Stripping™  system  ranges from  US$150,000 to 
$400,000 depending on the flow capacity o f the 
ship and operating costs are approxim ately 
US$0.05 per tonne o f ballast w ater (L loyd’s 
R egister 2007).

The above results indicate that de-oxygenation 
may elim inate Zooplankton bu t it is unlikely to 
be an effective ballast w ater treatm ent, as a many 
organism s such as seaweeds, phytoplankton, 
cysts and spores, anaerobic bacteria and many 
viruses are likely to survive such conditions. 
A lthough a num ber o f authors indicate that using 
de-oxygenation techniques may provide ship 
owners w ith a significant economic saving 
(approxim ately U S$80,000-100,000 per year) 
due to a reduction in  ballast tank corrosion 
(Deacutis and Ribb 2002; Brow ning Jr. et al. 
2004), it is suggested that alternating back and 
forth  from  anoxic conditions to air as w ell as the 
stim ulation o f anaerobic bacteria may act to
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enhance corrosion rates (Oemcke 1999; 
Tam burri et al. 2004).

p H  adjustm ent

M any organism s cannot survive large variations 
in  pH (M untisov et al. 1993). R aising or 
low ering pH level in  ballast tanks can be 
achieved by the addition o f alkali or basic 
chem icals and may effectively kill many 
organism s. However, this technique has several 
drawbacks. Firstly, low ering the pH may have 
significant negative effects in  term s o f corrosion, 
while elevating the pH may result in  chemically 
unstable w ater (Oemcke 1999). Secondly, 
altering the pH involves the addition of 
chem icals during ballast w ater intake or to the 
ballast tanks, consequently requiring a large 
storage space and increasing safety risks. 
Thirdly, this treatm ent would result in 
production o f vast quantities o f residues that 
w ould need to be kept onboard and disposed of 
safely in landfills, and ballast w ater pH may 
need to be restored prior to discharge by the 
addition o f neutralising agents (M untisov et al. 
1993). Finally, pH adjustm ent may not render all 
ballast w ater organism s inactive, especially 
cysts, spores and other resistant physiological 
resting stages. For example, Bolch and 
H allegraeff (1993) showed that the germ ination 
o f dinoflagellate cysts o f G. catenatum  was not 
affected after 24 h exposures to pH values 
ranging from  2 to 10 and K urizian et al. (2001) 
found no difference in m ortality o f mixed 
Zooplankton species betw een control and 
elevated pH (8.5 to 10) samples. B acteria are 
also capable o f surviving wide variations in  pH. 
The optim al pH for rapid m ultiplication of 
V. cholera  on copepods is around 8-9, w ith a 
decline in  m ultiplication evident at an acidic pH 
(6-6.5) (Huq et al. 1984). However, this decline 
in  abundance may be explained by the death of 
the copepods, rather than the m ortality o f the 
bacterium .

Salinity adjustm ent

Salinity adjustm ent is aim ed to inactivate or 
osm otically destroy marine organism s present in 
ballast w ater by increasing or decreasing the 
salinity o f the water, as it is believed that 
freshw ater organism s cannot survive oceanic and 
estuarine conditions. Conversely, survival of 
oceanic and estuarine species is likely to be

reduced w hen challenged by freshw ater 
conditions. As not all ships w ill travel betw een 
freshw ater and oceanic conditions this procedure 
could be achieved by the addition o f salts to 
ballast tanks or by the use o f an onboard de
salination unit. The latter is considered to be 
expensive, time consum ing and w ould require an 
enorm ous am ount o f energy.

A nother factor lim iting the use o f salinity 
adjustm ent for the treatm ent o f ballast w ater is 
that many pathogens and resting stages of 
organism s are likely to survive such treatm ents. 
For example, the survival and viability o f non- 
culturable estuarine E. coli and V. cholerae  was 
unaffected over a range o f salinities from  5 to 33 
g/L (Xu et al. 1982; Huq et al. 1984; M unro and 
Cowell 1996). Sim ilarly, G. catenatum  cysts 
exposed to freshw ater and salinities betw een 15 
and 50 g/L were unaffected; however, extreme 
salinities o f  100 g/L prevented their successful 
germ ination (Bolch and H allegraeff 1993). Sali
nities in  this extreme range are not considered 
econom ically or practically achievable in 
onboard situations.

Multi-Component Treatment Systems

Many ballast w ater treatm ent systems use a 
com bination o f treatm ent options (Table 9). A 
selected num ber o f such systems that are 
currently under com m ercial developm ent and in 
various stages o f testing and/or IMO approval 
are discussed below. The BW M  Convention 
requires that systems used to comply w ith the 
Convention m ust be approved by the A dm ini
stration and need to be tested in  a land-based 
facility and on board ships to prove that they 
m eet the perform ance standard D-2 o f the BW M 
Convention. Successful fulfillm ent o f the 
provisions should lead to the issuance o f a Type 
A pproval Certificate. Systems w hich make use 
o f Active Substances to comply w ith the 
Convention shall be approved by IMO in a two- 
tier process - to ensure that the ballast water 
m anagem ent system  does not pose unreasonable 
risk to the environm ent, hum an health, property 
or resources.

M echanical treatm ent and ozone disinfection

M itsui Engineering and Shipbuilding Co., L td in 
conjunction w ith the Japanese A ssociation of 
M arine Safety (JAM S) have developed the
Special Pipe B allast Water M anagem ent System
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Table 9. Summary of processes and key system data of selected multi-component ballast water treatment technologies in advanced 
stages o f approval (from Lloyd’s Register 2008; Carney et al. 2008)

System Name M anufacturer Treatm ent Process

Active
Substance

Basic
Approval

Active
Substance

Final
Approval

Type
Approval

IMO

National
Approval

Capa
city

(‘000's
m 3/h)

Footprint (m3) 
capacity 

200 vs 2000 m 3/h
Efficacy

AquaTriCom Aquaworx,
Germany

Filtration/ UV-C 
radiation+ultra- 
sound

Yes No No 0.25-4 NA NA NA

Blue Ocean 
Shield

COSCO,
China

Hydrocyclone/
filtration/U V

Yes No No 0.25 NA NA NA

Clearballast Hitachi,
Japan

Flocculation + 
m agnetic separation 
+ filtration

Yes Yes No >10 20 100
100% > 10 pm; 

>99.8% E. co li; 
Exceeded D2

EcoBallast Hyundai,
Korea

Filtration? UV 
radiation Yes No No NA NA NA NA

Ecochlor
Ecochlor,
Germany,
USA

Chlorine dioxide Yes No No 10 6.75 9.5 NA

EctoSys

Permascand,
RWO,
Sweden,
Germany

Filtration +
electrochemical
treatm ent

Yes Yes No >10 3 20

rem oved 100% 
o f  Artem ia  
cysts; exceeded 
D2 standard

Electro-C leen
Techcross 
and KORDI, 
Korea

Electrolysis/Electro
chlorination

Yes Yes Yes >10 2 6.5 NA

GloEn-P atrol

Greenship,
Sedinox

Hyde
Guardian

Nei Treatment 
System

NK-03,
BlueBallast

Oceansaver®

Optimarin

Resource
Ballast
Technology
System

Special Pipe

TGBallast 
cleaner and 
TGEnviron 
mental guard

GloEn- 
P atrol, 
Korea

Greenship
Ltd,
Netherlands

Hyde M arine 
Inc, UK

Nei
Treatm ent 
Systems 
LLC, US

NK Ballast
W ater
Treatm ent
System,
Korea

Metafil, 
Oceansaver 
AS, Norway

Optimarin,
Norway/US

Alfa Laval 
Tumba AB, 
Sweden

Resource 
Ballast 
Technology, 
South Africa

Hamann
AG/Degussa
AG,
Germany

Mitsui
Engin.
Shipbuilding 
JAMS, Japan

Toagosei 
grp; Tsurumi 
Soda Japan

Filtration+UV+
electric
decomposition

Cyclonic separation
+
electochlorination 

Filtration + UV

Venturi Oxygen 
Stripping (VOS)

99-100%
bacteria;
100% >50 pm; 
98-100% 10-50 
pm 
87 %
organisms; 
100% coliform 

bacteria

Filtration + 
cavitation 
electrolysis + 
deoxygenation

Filtration + UV

Filtration + 
advanced oxidation

Filtration + electro 
chlorination + 
cavitation

Cyclonic separation 
+filtration +active 
substance

M echanical 
tre a tm e n t, 
cavitation+ ozone 
(1 ppm)

Filtration + sodium 
hypochlorite+ 
sodium sulfite

Not appli
cable

Not appli
cable

>10 NA NA NA

NA

99.99999%
E. coli 
99.999% >10 
pm

Exceeded D2; 
100% phyto + 
Zooplankton

99%
phytoplankton;
89%

Zooplankton
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(com bined w ith ozone treatm ent). The system  
consists o f four treatm ent processes; a p re
treatm ent unit, the disinfection unit, a gas/liquid 
separation unit and discharge unit. The d is
infection unit term inates organism s using sheer 
stress and cavitation produced by the special 
plate structures o f the ‘Special P ipe’ and the 
ozone treatm ent enhances the killing effect. The 
pre-treatm ent unit prevents the blockage o f the 
disinfection unit, the gas/liquid separation unit 
prevents gaseous ozone entering the ballast tanks 
and the discharge unit decom poses any 
rem aining oxidant in the ballast w ater to safe
guard against chem ical discharge during de
ballasting. The system  has been granted basic 
approval from  the IMO for the use o f active 
substances (GESAM P 2008).

Land-based tests o f a prototype system  using a 
flow rate o f 20 m 3/h  showed that a single passage 
through the pipe resulted in  the term ination of 
54.8%  o f all phytoplankton and o f 65.1%  of 
Zooplankton and m ortality was increased to 99 
and 89%, respectively, by injecting lm g/L  of 
ozone into the seaw ater (Kikuchi et al. 2004). 
Further experim entation on an up-scaled model 
found that the system  was capable o f elim inating 
69.6%  o f phytoplankton and 94.3%  of 
Zooplankton after a single passage through the 
system  w ithout the addition o f ozone when 
operating at a flow rate o f 115 m 3/h and 
mortality was increased to 80% and 100% of 
phytoplankton and Zooplankton, respectively, by 
a two-tim e passage through the system  (Kikuchi 
et al. 2004). Furtherm ore, 85% o f phytoplankton 
and 100% o f Zooplankton were elim inated at a 
flow rate o f 150 m3/h  follow ing a single passage 
through the system  (Kikuchi et al. 2004). This 
indicates that the effectiveness o f the ‘Special 
P ipe’ com ponent o f the treatm ent system  is 
increased w ith an increase in flow rate. Efficacy 
data on the rem oval o f bacteria are not available; 
however, the secondary ozone treatm ent is likely 
to inhibit bacterial grow th if  TRO concentrations 
are m aintained at around 1 ppm. Advantages of 
the system  are that it is easily retro-fitted to 
existing ships and it does not require the storage 
o f large amounts o f chem icals onboard. D is
advantages include potential health  and safety 
issues for crew and possible increased corrosion 
o f ballast tanks due to the application o f ozone, 
and it may not be econom ically feasible for ships 
w ith high ballast pump flow  rates. The system  
costs approxim ately US$ 1 m illion for 
installation  on an existing container ship w ith an

estim ated operating cost o f US$0.15 per tonnes 
o f ballast w ater (MEPC 2006).

Filtration, cavitation, electrochem ical 
disinfection and de-oxygenation

The Oceansaver® is a N orwegian-m ade multi- 
com ponent treatm ent system  consisting o f a 
m echanical filtra tion  unit, a hydrodynam ic 
cavitation cham ber, an electrochem ical d is
infection unit and a nitrogen super-saturation 
generator. The m echanical filtration unit used is 
an autom atic self-cleaning 50 pm wedge wire 
filter that operates during ballast intake returning 
trapped organism s and sedim ent back to the 
source location. Efficacy tests have shown that 
the filter effectively removes only 50-70%  of 
m aterial over 50 pm (Andersen 2007).

The hydrodynam ic cavitation unit involves the 
form ation and im plosion o f cavitation bubbles 
w hich generate forces and shockwaves that 
affect particles and organism s larger than 10 pm. 
Land-based experim ental testing has shown that 
the cavitation unit allows the other treatm ent 
com ponents in  the system  to act more effectively 
(M EPC 2007e).

The electrochem ical disinfection unit 
produces active substances electrochem ically 
from  seaw ater in-situ  in  a side stream  o f the 
m ain ballast w ater w ithout the addition o f any 
active substances to the water. The active 
substance form ed is prim arily hypochlorous acid 
w ith small concentrations o f chlorine gas, ozone, 
hydrogen peroxide, chlorine dioxide and hypo
chlorite. The treated w ater is then re-injected 
back into the ballast water. This com ponent o f 
the system w ould not be effective when 
operating in  freshwater; however, it may be 
possible to generate active substances using an 
external source o f brine or seaw ater (MEPC 
2007e).

The nitrogen super-saturation unit injects 
nitrogen into the ballast w ater to reduce the 
dissolved oxygen concentration to levels o f 2-3 
mg/L (A ndersen 2007). This leads to hypoxic 
conditions in  the ballast w ater preventing the re
grow th o f organism s that require oxygen for 
their survival. The treated  w ater is then aerated 
during ballast discharge to avoid the discharge of 
hypoxic water.

The system  has been in  operation on several 
vessels including the M V Federal W elland  and 
H uai Trooper since 2005 and received basic, 
final and type approval from  IMO. The manu-
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facturer suggests that an advantage o f this 
system  is that it may be run in  several 
configurations depending on the level of 
treatm ent required. For example, follow ing the 
prim ary filtration step, any com bination o f the 
three secondary treatm ents may be used 
depending on the particular properties o f the 
ballast water.

D isadvantages include potential hum an-health 
im pacts on crew m embers due to the production 
o f active substances, including chlorine gas and 
carcinogenic trihalom ethanes (TH M ’s). Initial 
acute toxicity tests carried out follow ing the 
electrochem ical treatm ent step found that 
samples taken im m ediately after treatm ent and 5 
d after treatm ent showed aquatic toxicity (MEPC 
2008b). A lthough no total residual oxidants were 
detectable after 24 h, m easurem ents o f the 
form ation o f disinfection by-products and other 
chem icals showed a significant increase in the 
level o f several THM products (trichloro- 
m ethane/brom oform , dibrom ochlorom ethane and 
tribrom om ethane) directly after treatm ent and 
after 5 d o f storage (M EPC 2008b). To reduce 
the production o f these disinfection by-products 
a neutralization step was introduced, while the 
deoxygenation step has been shown to reduce 
corrosion.

It is suggested that the Oceansaver® system  is 
capable o f treating in  excess o f 10,000 m3 of 
ballast w ater per hour, how ever several treatm ent 
system s w ill be required to operate at this level. 
The technology is expected to cost approxim ate
ly US$800,000 per unit w ith an operating cost of 
$0.06 per tonne o f ballast w ater (L loyd’s 
R egister 2007).

Cyclonic separation, filtra tion  and chemical 
biocide treatm ent

H am ann AG and D egussa AG o f Germany have 
produced the SEDNA® (Safe, Effective D eacti
vation o f N on-indigenous Aliens) - a m odular 
ballast w ater treatm ent system  w hich consists of 
a tw o-step physical separation and a secondary 
biocide treatm ent that operates during ballast 
intake only (Figure 2). Physical separation is 
conducted by a num ber o f hydrocyclone devices 
and a self-cleaning 50 pm filter that function to 
reduce the sedim ent load o f the ballast w ater and 
remove organism s greater than 50 pm. These 
devices increase the stress on organism s present 
in  the ballast water, resulting in  physical damage 
to the organism s as w ell as an increased

sensitivity tow ards the secondary chemical 
treatm ent (HSB 2006). The secondary treatm ent 
uses the oxidative biocide Peraclean® O cean to 
provide com plete disinfection o f small organism s 
(<50 pm) and bacteria. The m anufacturers 
suggests that the SEDNA® system  is superior to 
other ballast w ater treatm ent systems as it is not 
lim ited w ith regard to w ater sedim ent load, 
salinity and tem perature or voyage length; it is 
fully autom ated and m aintenance can be carried 
out by trained ship personnel; it can be 
custom ised for ballast pump capacities ranging 
from  50 to 2000 m3/h; and the chem ical is fully 
biodegradable and only requires a retention time 
o f 24 h in  ballast tanks before it can be safely 
discharged overboard (HSB 2006; L loyd’s 
R egister 2007).

R esults o f sedim ent rem oval efficacy tests 
conducted by the m anufacturer suggest that the 
system  is capable o f rem oving up to 40% of 
particles >10 pm and >95%  o f the suspended 
solids >30 pm and biological efficacy tests have 
shown that the system  is capable o f exceeding 
the BW M  Convention D-2 standard (HSB 2006). 
Independent tests carried out by V eldhuis et al.
(2006) on a SEDNA® system  capable o f treating 
530 m 3/h  found that the physical separation 
com ponents o f the treatm ent system did not 
remove the sedim ent com ponent o f the natural 
harbour w ater, w hich consisted o f mainly clay 
(<2 pm) and silt (<63 pm) particles, or 
Phaeocystis globosa  cells but did reduce the 
abundance o f some Zooplankton species. 
A lthough the hydrocyclone did not effectively 
reduce the total suspended solids o f the incom ing 
w ater, it did act to alter the structure of 
gelatinous phytoplankton colonies o f P. globosa  
in  a m anner that the self cleaning filters were not 
clogged as often. For example, w hen the 
hydrocyclone devices were not operating, the 
filter was clogged w ithin 10 min, whereas under 
full operation the filte r self-cleaned every 60 to 
90 m in (Veldhuis et al. 2006). Lastly, the 
Peraclean® O cean disinfection step effectively 
elim inated all Zooplankton species, all 
phytoplankton species exam ined (Chaetoceros 
m uellerii, Chlorella autotrophica , P. globosa) as 
w ell as bacteria  at a concentration o f 150 ppm  
(Veldhuis et al. 2006). At this concentration (150 
ppm), bacterial regrow th was inhibited for a 
period o f 6-10 days indicating that Peraclean® 
O cean did not achieve a full disinfection o f the 
incom ing w ater (Veldhuis et al. 2006).

Potential disadvantages o f the system  include 
the cost effectiveness o f  Peraclean® Ocean
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to ballast

pre-separation

over
board

water tanks

over
board

filters

bio-degradable disinfection

Figure 2. Schematic diagram o f the three treatment stages o f the SEDNA® ballast water treatment system 
From: http://www.hamannasia.com/web/ballastwater korea.html

(approxim ately US$0.30 per tonne o f ballast 
w ater), possible increased corrosion due to the 
use o f an oxidative biocide, the reduced 
effectiveness o f Peraclean® Ocean against 
resistant organism s and in the presence of 
sedim ents, health  and safety issues and space 
requirem ents relating to the need to store large 
am ounts o f noxious chem icals onboard and 
possible residual toxicity o f treated ballast water, 
as several studies have found that the biocide 
degrades at a much slower rate than claim ed by 
the m anufacturer (e.g. Gregg and H allegraeff 
2007; de Lafontaine et al. 2008a).

Nonetheless, the SEDNA® ballast w ater 
treatm ent system  using Peraclean® O cean was 
the first operational system  that has received 
both  Basic and Final A pproval by the IMO for its 
use o f an active substance as w ell as fo r the 
w hole system  and Type A pproval by the relevant 
national regulatory authority, the Federal 
M aritim e and Hydrographic Agency, Ham burg 
(MEPC 2007d).

Cavitation and filtra tion

Environm ental Technologies Inc. and Q water 
Corporation o f the U nited States are developing 
treatm ent systems that com bine filtra tion  and 
cavitation. A lthough, no efficacy data are avail

able fo r either system, it is believed that p re
filtration may decrease the effectiveness of 
cavitation by rem oving particulate m atter that 
acts to kill sm aller organism s through collisions. 
An alternative approach that deserves investi
gation is the com bination o f cavitation w ith 
chem ical biocides and/or U V  treatm ent. M ason 
et al. (2003) and Gavand et al. (2007) have 
dem onstrated that the efficacy o f cavitation is 
increased by the addition o f chem icals including 
chlorine, ozone and hydrogen peroxide; and 
sim ilarly, Sassi et al. (2005) showed that the 
efficacy o f ultrasound treatm ent can be 
significantly im proved w hen com bined w ith UV 
irradiation. At the current stage o f developm ent, 
however, ultrasound technologies w ould not be 
considered appropriate for the shipboard 
treatm ent o f  ballast w ater due to high capital and 
operating costs and high pow er requirem ents 
(Rigby and Taylor 2001).

M echanical separation and electrochlorination

Several com panies have produced two-stage 
ballast w ater treatm ent system s that combine 
prim ary separation devices follow ed by 
disinfection by electrochlorination. Greenship  
L td  o f the N etherlands has designed a shipboard 
ballast w ater treatm ent system  that includes the
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O R G A N ISM S FREE 
W ATER

to the ballast tanks

SED IM E N T
goes directly 

overboard

SED IM E N T  FREE 
WATER

*

TREATED
W ATER

U-
from the Sedimentor

Figure 3. Main components o f the Greenship ballast water treatment system, (left) the ‘Sedimentor’- a hydrocyclone device ; 
and (right) the ‘Terminox’- a sodium hypochlorite generator. From: http://www.greenship.nl/insidecontent/newsl6.html

‘Sedim entor’- a hydrocyclone for rem oving 
sedim ent and biota during uptake, and the 
‘Term inox’- an electrolytic cell that produces 
sodium  hypochlorite fo r disinfection (Figure 3).

Efficacy experim ents conducted on a labora
tory test unit w ith a capacity o f 50 m3/h  suggest 
that the ‘Sedim entor’ is capable o f rem oving 
100% o f particles 20 pm and larger, and 80% of 
the particles greater than 10 pm (MEPC 2007a). 
This w ould act to remove most phytoplankton and 
Zooplankton species from  the ballast w ater and 
w ould significantly m inim ise the sediment load 
increasing the killing effect o f the sodium 
hypochlorite. Tests on the effect o f the 
electrolytic cell showed a k illing efficacy of 
>99.99%  o f heterotrophic bacteria (including 
E. coli) after 2 m in w hen perform ed w ith 10 ppm 
sodium  chlorite (MEPC 2007a); indicating that 
the system  is capable o f m eeting the bacterial 
com ponent o f the BW M  Convention. In addition 
to the laboratory test, supplem ental land-based 
tests were conducted on natural seaw ater using a 
system  w ith a capacity o f 100 m3/h. Results 
showed that the system rem oved 100% of 
organism s >50 pm, 98-100%  o f organism s 10-50 
pm and elim inated 99.9-100%  o f aerobic 
heterotrophic bacteria including E. coli and

Enterococcae (MEPC 2007a). For best results a 
free chlorine concentration o f at least 2.6 ppm  is 
recommended. The system  is capable of 
producing higher levels o f chlorine; however 
concentrations above 3 ppm  should not be used as 
they pose environm ental problem s due to the 
form ation o f toxic by-products. Residual 
m easurem ents o f sodium  hypochlorite found that 
no trace o f free chlorine was found in  treated 
ballast w ater after 90 min, however, several 
trihalom ethane and haloacetic acid products were 
detected (MEPC 2007a). O ther drawbacks o f the 
system  include potential increases in ballast tank 
corrosion and concerns regarding the toxicity of 
treated ballast w ater at discharge. Toxicity tests 
have shown that treated ballast w ater caused no 
negative effects on larvae o f the brine shrimp 
(Artem ia franciscana) or freshly fertilised eggs 
and yolk-sac larvae o f the sole (Solea solea) after 
24 h, but the diatom  Skeletonem a costatum  did 
not survive exposure to treated ballast w ater even 
in  tests conducted 96 h after treatm ent (MEPC 
2007a). Prelim inary shipboard testing has shown 
that the system  operates effectively in  salinities 
o f > 3  %o m eaning that the system  can operate in 
96% o f all situations w orldwide (MEPC 2007a). 
In order to operate in  freshw ater, seaw ater or
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brine needs to be injected into the system. The 
estim ated cost for full installation o f G reenship’s 
Ballast W ater M anagem ent System is 
U S$2,300,000 for a system  capable o f treating a 
flow o f 2000 m 3/h (Carney et al. 2008). This 
system  achieved basic approval from  IMO in 
2008.

Severn Trent De Nora builds a sim ilar 
treatm ent system, the BalPure®  Ballast W ater 
Treatm ent System, but this differs in  that 
filtra tion  is used prior to electrochlorination. The 
capital cost o f this system  is considerably less 
than the G reenship system  ($US500,000 for 2000 
m3/h  flow capacity) and has an operational cost 
o f US$0.02 per tonne o f ballast w ater (L loyd’s 
R egister 2007).

Filtration and fre e  radical treatm ent

RW O GmbH M arine W ater Technology and 
Veolia W ater Solutions and Technologies have 
developed ‘C leanBallastP- a two-stage ballast 
w ater treatm ent system  that consists o f a m echa
nical separation step and an electrochem ical 
treatm ent step (Figure 4). The m echanical 
filtra tion  step uses self-cleaning disc filters to 
remove suspended solids, sedim ent and larger 
organism s and prevent the accum ulation of

sedim ent in  ballast tanks. The filtration  system  
consists o f an array filter housings that operate 
in  parallel and are self-cleaned one at a time 
allow ing filtration  to operate w ithout reducing 
the ballast w ater flow rate. The electrochem ical 
treatm ent step produces active substances in-situ 
by the Ectosys® electrochem ical treatm ent cell. 
This unit produces several different disinfectants 
(free hydroxyl- and oxygen radicals and a small 
am ount o f hypochlorous acid) directly from  
seawater. The treatm ent system  operates during 
ballast intake, how ever land-based tests showed 
that re-grow th o f organism s does sometimes 
occur, therefore, during ballast discharge the 
filter unit is by-passed and the ballast w ater is 
treated again w ith the electrochem ical treatm ent 
cell (MEPC 2007c).

Only a very lim ited am ount o f efficacy data is 
available on the ‘CleanBallastP  system. The 
filter com ponent has been shown to remove 
100% o f A rtem ia salina  cysts (NAG M arine
2007) and biological efficacy tests conducted in 
river, brackish and seaw ater at four different 
locations indicate the system  is capable of 
exceeding the D-2 standard o f the BW M 
Convention for the three size classes of 
organism s (MEPC 2006), how ever experim ental 
data are not available.

Figure 4. The RWO GmbH Marine W ater Technology ‘CleanBallastT ballast water treatment system. 
From: http://www.nagmarine.com/environmental.html
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Two advantages Ectosys® electrolysis has 
over conventional electrolytic chlorine 
generators is that it can operate effectively in 
freshw ater w ithout the need to add brine or 
seaw ater and produces less chlorine and 
therefore less chlorine disinfection by-products. 
Results from  acute toxicity studies on treated 
effluent have shown no significant effects caused 
by treatm ent w ith the ‘CleanBallastP  system. 
The system  does produce small am ounts of 
hydrogen and chlorine gas but these are not 
regarded as a problem  if  the system  is adequately 
vented during operation. Low concentrations of 
several THM and HAA by-products as well as 
bróm ate are also formed, especially in  waters 
w ith high salinity (MEPC 2007c). No corrosion 
data are available for the ‘C leanB allast!’ system. 
The system  has a capacity o f 500 m 3/h  and due to 
its m odular design can be adapted to all flow 
rates by the jo in ing  o f num erous units.

Alfa Laval Tum ba AB o f Norway in 
partnership w ith global shipping firm  W allenius 
has also developed a chem ical-free treatm ent 
system  that uses filtra tion  and chem ical 
disinfection w ith free radicals produced in  the 
patented AOT (Advanced O xidation Technology) 
unit. D uring ballasting, w ater passes through a 
50 pm filter to remove any large particles and 
organism s. W ater then continues to the AOT 
unit, w hich contains titanium  dioxide catalysts 
that generate free radicals w hen hit by U V  light. 
D uring deballasting, w ater is passed again 
through the AOT unit to elim inate any organism s 
that may have re-grow n during transit. The 
treatm ent system  uses no chem icals or additives 
and has no toxic residuals. Laboratory pilot-scale 
tests conducted at a flow rate o f 25 m 3/h  have 
shown that ‘PureB allast’ system  elim inates over 
99.999%  o f organism s >10 pm and can achieve a 
99.999%  reduction in  the concentration o f E. coli 
bacteria  (A lfa Larval 2008). The system  has 
undergone full-scale testing onboard the W alle
nius car carrier, the M V Don Quijote. W allenius 
also plans to install ‘PureB allast’ on all newly 
built car carrier vessels. The ‘PureB allast’ 
system  has received full approval from  the IMO 
for the use o f active substances and has recently 
been granted full B allast W ater Type Approval 
from  the relevant N orw egian authorities. Due to 
the m odular design, the system  can be adapted 
fo r different vessel types and can cover a flow 
range o f 25-5000 m 3/h. The operational cost of 
the system  is approxim ately US$0.06 per tonnes 
o f ballast w ater (MEPC 2006).

The ‘ballast-free ship’ concept

A nother technology that could reduce the ballast- 
m ediated transfer o f non-indigenous organism s is 
the ‘ballast-free sh ip’ concept. This concept was 
patented in  2004 and is intended for new-vessel 
construction only. It involves redesigning the 
ballast system  o f ships so that a constant flow of 
w ater runs through the entire length o f the ship 
essentially elim inating the transport o f ballast 
w ater (Figure 5). The concept involves replacing 
traditional ballast tanks w ith longitudinal, 
structural ballast trunks that extend beneath the 
cargo region o f the ship below the ballast draft 
(Parsons and K otonis 2007). These trunks are 
flooded w ith seaw ater to reduce the buoyancy of 
the vessel and due to the m otion o f the ship 
through the water, a slow, continuous flow of 
‘local seaw ater’ moves through these open 
ballast trunks (Parsons and K otonis 2007). W hen 
a ship is required to take on cargo, the ballast 
trunks can be isolated from  the ocean by valves, 
then the w ater is pum ped out using conventional 
ballast pumps.

Com puter m odelling and scale model tests 
have shown that the idea is technically and 
econom ically feasible w ith vessels operating at 
norm al speed (Parsons and Kotonis 2006, 2007), 
how ever the entire vessel design needs to be 
redeveloped to support the proposed concept and 
it may only be suitable for certain ship types. If 
successful, this design would elim inate the need 
for costly ballast w ater treatm ent equipm ent or 
active substances and is even suggested to result 
in  as m uch as a 7.3%  reduction in  the pow er 
needed to propel the ship (Erickson 2008). The 
researchers suggest that the new design would 
result in  a net capital-cost saving o f around 
US$540,000 per ship and com bined w ith the 
expected fuel savings, total transport costs would 
be cut by $US2.55 per tonne o f  cargo (Erickson
2008).

Conclusions and recommendations

The variable efficacy and operational lim itations 
o f ballast w ater exchange (BW E) have led to 
significant financial investm ent in  the research 
and developm ent o f ballast w ater treatm ent 
technologies. Each o f the shipboard treatm ent 
options discussed here have their own 
advantages and disadvantages w ith regard to 
factors such as biological efficacy, cost, ship and 
crew safety, pow er and space requirem ents,
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Figure 5. Operating principle o f the 4 ballast-free ship’ concept compared to traditional ballast tanks. 
From: http://www.umich.edu/Releases/2008/Mar08/ballast

operational efficacy and environm ental 
soundness.

M echanical separation technologies may 
reduce the concentration of organisms and 
sedim ent taken in during ballasting but they are 
unlikely to satisfy the BWM C onvention 's D-2 
discharge standard. These devices (together with 
cavitation) may act to im prove water clarity thus 
im proving the perform ance o f secondary 
treatm ents. Many o f the ballast water treatm ent 
technologies employ a com bination o f either 
filtration and/or cyclonic separation follow ed by 
chemical biocide dosing, electrolytic treatm ent 
or UV irradiation.

Treatm ent systems that com bine m echanical 
separation and UV irradiation have the 
advantage o f being environm entally sound and 
relatively cost effective. These systems are 
intended for ships w ith ballast water flow rates 
up to -1 0 0 0  m 7h. The treatm ent o f larger flow 
rates is possible, but the systems would consume

a prohibitive amount o f power and may be 
subject to space lim itations. Another dis
advantage is that they are unlikely to elim inate 
all ballast water organisms, as they are not able 
to deliver a stable lethal dose across a wide 
range of water quality conditions and many 
organisms have been dem onstrated to be 
resistant to UV treatm ent. In addition, the 
presence o f sedim ent in ballast water is likely to 
shield small organisms, such as bacteria, from 
UV irradiation. Further research should aim to 
enhance the efficacy o f systems using UV by 
either im proving water clarity or by com bining 
with another treatm ent such as heat, ultrasound 
or chemical reagents.

Cavitation is also considered to be an 
environm entally safe option but at the current 
stage o f developm ent, it would not be considered 
appropriate for the shipboard treatm ent o f ballast 
w ater due to high capital and operating costs and 
high power requirem ents. This technology is
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also likely to be lim ited by the high flow rates o f 
ballast pumps. This problem  may be overcome 
by recirculating ballast w ater through the 
treatm ent device. This approach may also 
increase the efficacy o f UV irradiation but it may 
not be possible on short voyages due to time 
constraints and may cause ship stability 
problem s. Further research is required on the 
biological efficacy o f ultrasound in  a wide range 
o f w ater conditions as w ell as potential health 
and safety issues and hull integrity problem s due 
to repeated exposure to ultrasound.

The heating o f ballast w ater using waste heat 
from  sh ips’ engines has been claim ed to be a 
practical and cost effective treatm ent option for 
elim inating ballast w ater Zooplankton and phyto- 
plankton (including resting stages) but concerns 
exist that the attainable tem peratures w ill not 
elim inate bacterial pathogens or that heating may 
im pact on the structural integrity o f vessels. 
Prom ising research has been conducted on 
several systems that are able to achieve 
tem peratures capable o f elim inating bacteria. 
One system  uses additional heat exchangers to 
reach tem peratures o f >55°C for short periods 
bu t it is not know n w hether this tem perature can 
be achieved fo r the entire ballast capacity. The 
other treatm ent system  uses m icrowaves to heat 
w ater to tem peratures in  excess o f 100°C but at 
the present stage o f developm ent, high energy 
requirem ents and costs would elim inate the use 
o f this technology in  shipboard situations. 
N onetheless, heat treatm ent deserves further 
investigation for ballast w ater treatm ent as it is 
an environm entally sound option that can 
potentially elim inate all ballast w ater biota 
including sedim ent-dw elling organisms.

D e-oxygenation by the addition o f glucose or 
reducing agents are not effective ballast w ater 
treatm ent options, how ever de-oxygenation 
technologies that are based on the injection o f an 
inert gas are more prom ising as they are cost 
effective and do not im pact on the aquatic 
environm ent as ballast w ater is re-oxygenated 
prior to discharge. D isadvantages o f de
oxygenation are that it is unlikely to elim inate 
ballast w ater organism s adapted to low oxygen 
environm ents, such as resting stages, and the 
process takes several days to asphyxiate 
organism s and thus may not be appropriate w hen 
the voyage length is short.

Systems that uses flocculating agents and 
magnetic separation to remove ballast w ater 
organism s is a prom ising technology but it may 
be lim ited by space restrictions as the treatm ent

system  is large and the recovered m aterial must 
be stored onboard and disposed o f in  landfill.

B iocide dosing system s that use proprietary 
active substances w ould have low capital costs 
and pow er requirem ents but chem ical costs are 
significant. D osing ballast tanks w ith chemical 
biocides requires onboard chem ical storage areas 
and the chem icals w ould need to be available in 
ports worldwide. Treatm ent costs and space 
requirem ents can be significantly reduced by 
using onboard chem ical generators. The onboard 
generation o f ozone, chlorine, chlorine dioxide 
and hydrogen peroxide is possible but the capital 
cost o f these system s is significant and all have 
biological efficacy, safety, operational and 
environm ental concerns. M ost chemical 
treatm ent system s use m echanical separation 
and/or cavitation to enhance the k illing  effect o f 
the biocides while other treatm ent system s use 
no m echanical pre-treatm ent ahead o f the 
chem ical disinfection. For all these treatm ent 
systems, it needs to be determ ined w hether 
resistant organism s that reside in  ballast tank 
sedim ent can be effectively elim inated. The 
m ajor concern regarding the use o f chem ical 
biocides or active substances is the potential 
environm ent im pacts from  the release o f toxic 
ballast w ater or disinfection by-products. The 
treatm ent systems that produce free hydroxyl 
radicals by either electrolysis or advanced 
oxidation would be favourable over the other 
chem ical treatm ents as they are suggested to 
produce less or no toxic by-products at ballast 
discharge and, unlike electrochlorination 
systems, they can operate in  both  freshw ater and 
seawater. The m ajor lim iting factor for these 
technologies is high pow er requirem ents and it is 
unlikely that the pow er available onboard ships 
w ill be sufficient for the operation o f these 
systems at high flow rates.

A t the time o f w riting this review  (July 2009) 
16 prom ising systems using active substances 
had received basic approval and 8 systems final 
approval from  IMO, w ith 4 systems receiving 
type approval certification and 2 systems 
receiving national approval certification. The 
still lim ited production capacity for ballast w ater 
treatm ent systems may not be sufficient to equip 
all vessels by 2011 w hen the D-2 discharge 
standards are planned to apply to the first group 
o f vessels.

In summary, reducing the risk o f ballast w ater 
m ediated invasions represents a significant 
technological challenge. Ideally, a treatm ent 
option that is 100% effective is required. At the
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present time, no treatm ent option or m ulti- 
com ponent treatm ent system  has proved to be 
com pletely effective as each are lim ited by one 
or more factors including cost effectiveness, 
space and energy requirem ents, environm ental 
soundness, safety and biological efficacy. Many 
o f these lim itations relate to the high flow rates 
and volum es o f  w ater that must be treated. 
A lthough many o f the treatm ent options are 
suggested to be able to meet the BWM 
Convention D-2 discharge standard, further 
research is required to increase their biological 
and operational efficacy and safety under full- 
scale shipboard conditions, in  particular, their 
ability to inactivate resistant organism s such as 
dinoflagellate cysts.

A c k n o w l e d g e m e n t s

This work form ed part o f the requirem ents 
tow ards a PhD by M G at the University of 
Tasmania. GR and GMH were active m embers of 
the Research Advisory Group o f A ustralian 
Ballast W ater M anagem ent Advisory Committee 
(1989-2003). We have benefitted from  valuable 
collaboration w ith M r Iain Steverson and M r 
A lan Taylor (BHP B illiton (originally as BHP 
Transport and also through BHP Research)) and 
acknowledge BHP Transport for access to M V 
Iron W hyalla fo r critical onboard ballast w ater 
treatm ent experim ents in  1989-1999. The authors 
had no financial interests in  conducting this work 
nor sought to apply for any patent protection for 
the initiatives developed. We thank Dr. S. 
G ollasch and an anonym ous review er for 
constructive comments.

R e f e r e n c e s

Acher A, Fischer E, Turnheim R, Manor Y (1997) 
Ecologically friendly wastewater disinfection 
techniques. W ater Research 31: 1398-1404 doi: 10.1016/ 
80043-1354(96)00000-0 

Alfa Laval (2008) PureBallast Proven Effectiveness. 
http ://www.alfalaval. com/pureballast (Accessed on 20 
August 2008)

Andersen AB, Dragsund E, Johanessen BO (1995) Ballast 
water treatment by ozonation, http ://www .projects. 
dnv.com (Accessed on 29 August 2008)

Andersen AB (2007) MetaFil AS OceanSaver® Ballast Water 
Management System, http://www.vannforeningen.no/ 
iKnowBase/Content/19556/(7)%20Aage%20B%20Ander 
sen.pdf (Accessed on 12 July 2008)

Anderson DM, Lively JL, Reardon EM, Price C A (1987) The 
effects o f darkness and anaerobios is on dinoflagellate 
cyst germination. Limnology and Oceanography 32: 340- 
351

Aronsson K, Lindgren M, Johansson BR, Ronner U (2001) 
Inactivation o f microorganisms using pulsed electric 
fields: the influence o f process parameters on Esherichia  
coli, Listeria innocua, Leuconostoc mensenteroides and 
Saccharomyces cerevisiae. Innovative Food Science and 
Emerging Technologies 2: 41-54 doi: 10,1016/S 1466- 
8564(01)00021-2 

Bai XY, Zhang ZT, Bai MD, Yang B (2005) Killing of 
invasive species o f ship’s ballast water in 20t/h system 
using hydroxyl radicals. Plasma Chemistry and Plasma 
Processing 25: 15-22 doi: 10.1007/s 11090-004-8834-5 

Balasubramanian S, Ortego J, Rusch KA, Boldor D (2008) 
Efficiency o f Artemia  cysts removal as a model invasive 
spore using a continuous microwave system using heat 
recovery. Environmental Science and Technology 42: 
9363-9369 doi:10.1021/es8021107 

Baldry MGC, French MS (1989) Disinfection o f sewage 
effluent with peracetic acid. Water Science and 
Technology 21: 203-206 

Blatchley ER, Isaac RA (1992) Antimicrobial Processes.
W ater Environment Research 64: 391-398 

Bolch CJ, Hallegraeff GM (1993) Chemical and physical 
options to kill toxic dinoflagellate cysts in ships’ ballast 
water. Journal o f  Marine and Environmental Engineering 
1: 23-29

Boldor D, Balasubramanian S, Purohit S, Rusch KA (2008) 
Design and Implementation o f a Continuous Microwave 
Heating System for Ballast W ater Treatment. 
Environmental Science and Technology 42: 4121-4127 
doi:10.1021/es7024752 

Browning Jr. WJ, Davis JP, Browning III WJ (2004) Progress 
Report on the AquaHabiStat de oxygenation system. In: 
Matheickal JT, Raaym akers S (eds), Second 
International Symposium on Ballast Water Treatment. 
International Maritime Organisation, London, UK, pp 
26-33

Buchholz K (1998) Ballast Water Secondary Treatment 
Technology Review. Final Report to Northeast Midwest 
Institute. Washington, D.C. 20003. 202-544-5200 

Buma AGJ, van Hannen EJ, Roza L, Veldhuis MJW, Gieskes 
WWC (1995) Monitoring ultraviolet -  B-induc e d DNA 
damage in individual diatom cells by immunofluorescent 
thymine dimer detection. Journal o f Phycology 51: 314- 
321 doi: 10.111 l/i.0022-3646.1995.00314.x 

Burkholder JM, Hallegraeff GM, Melia G, Cohen A, Bowers 
HA, Oldach DW, Parrow MW, Sullivan MJ, Zimba PV, 
Allen EH, Kinder CA Mallin MA (2007) Phytoplankton 
and bacterial assemblages in ballast water o f  U.S. 
military ships as a function o f port o f origin, voyage 
time, and ocean exchange practises. Harmful Algae 6: 
486-518 doi: 10.1016/i.hal.2006.11.006 

Cangelosi A A, Knight IT, Bale er M, W right D, Dawson R, 
Blatchley C, Reid D, Mays N, Taverna J (2001) 
Evaluating bio effectiveness o f flow-through mechanical 
ballast water treatment systems at the pilot- and full- 
s c ales. Proceedings o f the Second International 
Conference on Marine Bioinvasions, New Orleans, La, 
USA, April 9-11, 2001, pp 10-11 

Cangelosi AA, Mays NL, Balcer MD, Reavie ED, Reid DM, 
Sturtevant R, Gao X (2007) The response o f Zooplankton 
and phytoplankton from the North American Great Lakes 
to filtration. Harmful Algae 6: 547-566 doi: 10.1016/ 
i.hal.2006.11.005 

Carney M, Judd S, Greensmith G, Reynolds G (2008) 
W atershed ahead. The Chemical Engineer. June 2008. 
http://www.tcetodav.com (Accessed on 18 Aug 2008)

5 5 9

http://www.alfalaval
http://www.vannforeningen.no/
http://www.tcetodav.com


M. G r e g g  et  al.

Chang JC, Ossoff SF, Lobe DC, Dorfman MH, Dumais CM, 
Qualls RG, Anderson JD (1985) UV inactivation of 
pathogenic and indicator microorganisms. Applied and 
Environmental Microbiology 49: 1361-1365 

Chen CP, Chen BY (1992) Effects o f high temperature on 
larval development and metamorphosis o f  Arachnoides 
placenta. Marine Biology 112: 445-449 doi: 10.1007/ 
BF00356290

Clearwater Systems Corporation (2004) Clearwater Systems 
Corporation-operating principles: methods o f action. 
http://www.clearwater-dolphin.com/operating-principles. 
htm (Accessed on 10 September 2004)

Cutler SJ, Cutler HG, Glinski J, W right D, Dawson R, Lauren 
D (2004) SeaKleen®, a potential product for controlling 
aquatic pests in ships’ ballast water. In: Matheickal JT, 
Raaymakers S (eds), Second International Symposium 
on Ballast W ater Treatment. International Maritime 
Organisation, London, UK, pp 164-174 

Dang K, Yin P, Sun P, Xiao J, Song Y (2004) Application 
study of ballast water treatment by electrolysing 
seawater. In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 103-110 

David M, Gollasch S (2008) EU shipping in the dawn of 
managing the ballast water issue. Marine Pollution 
Bulletin 56: 1966-1972 doi: 10.1016/i.marpolbul.2008. 
09.027

Deacutis CF, Ribb RC (2002) Ballast Water and Introduced 
Species: Management Options for Narragansett Bay and 
Rhode Island. Prepared to fulfil the requirements of 
Chapter 46-17.3 o f the Rhode Island General Laws 
Related to Ballast Water. Narragansett Bay Estuary 
Program R.I. Department o f Environmental Management 

de Lafontaine Y, Despatie S, Veilleux E, Wiley C (2008a) 
Onboard Ship Evaluation of the Effectiveness and the 
Potential Environmental Effects o f PERACLEAN® 
Ocean for Ballast W ater Treatment in Very Cold 
Conditions. Environmental Toxicology 24: 49-65 
doi: 10.1002/tox.20394 

de Lafontaine Y, Despatie S, Wiley C (2008b) Effectiveness 
and potential ecotoxicological impacts o f the Peraclean® 
Ocean ballast water treatment technology. Ecotoxicology 
and Environmental Safety 71: 355-369 doi: 10.1016/ 
i.ecoenv.2007.10.033 

Desmarchelier P, Wong F (1998) The potential for Vibrio 
cholerae to translocate and establish in Australian 
waters. AQIS Ballast Water Research Series Report 
No. 10. Australian Government Publishing Service, 
Canberra

Dickman M, Zhang F (1999) Mid-ocean exchange of 
container vessel ballast water. 1 : effects o f  vessel type in 
the transport o f diatoms and dinoflagellate s from 
Manzanillo, Mexico, to Hong Kong, China. Marine 
Ecology Progress Series 176: 253-262 doi: 10.3354/ 
meps!76253

Drake LA, Choi K-H, Ruiz GM, Dobbs FC (2001) Global 
redistribution o f bacterioplankton and virioplankton 
communties. Biological invasions 3: 193-199
doi: 10.1023/A: 1014561102724 

Drake LA, Ruiz GM, Galil BS, Mullady TL, Friedmann DO, 
Dobbs FC (2002) Microbial ecology of ballast water 
during a transoceanic voyage and the effects o f open- 
ocean exchange. Marine Ecology Progress Series 233: 
13-20 doi: 10.3354/mens233013 

Ecochlor (2003) The Ecochlor ballast treatment system. 
Washington State Ballast Water Treatment Technology

Forum May 14, 2003. http ://wdfw.wa. gov/fish/ballast/ 
ballast forum.htm (Accessed on 19 June 2004)

Eltron Water Systems (2007) Treating Contaminated Ballast 
W ater with the PEROXEGEN™ Hydrogen Peroxide 
W ater Treatment System. Tech. Brief. 
http ://www.eltronresearch. com (Accessed on 18 July 
2008)

Erickson J (2008) U-M ‘ballast-free ship’ could cut cost while 
blocking aquatic invaders. Research News. University of 
Michigan. http://michigantodav.umich.edu/2008/apr/ 
ballast (Accessed on 30 August 2008)

Faimali M., Garaventa F, Chelossi E, Piazza V, Saracino OD, 
Rubino F, Mariottini GL, Pane L (2006) A new 
photo degradable molecule as a low impact ballast water 
biocide: efficacy screening on marine organisms from 
different trophic levels. Marine Biology 149: 7-16 
doi: 10.1007/s00227-005-0207-v 

Forbes E, Hallegraeff GM (2001) Transport o f potentially 
toxic Pseudo-nitzschia  diatom species via ballast water. 
In: John J (ed), Proceedings o f the 15th Diatom 
Symposium. Ganter Verlag, Liechtenstein, pp 509-520 

Forrest BM, Blakemore KA (2006) Evaluation of treatments 
to reduce the spread of a marine plant pest with 
aquaculture transfers. Aquaculture 257: 333-345
doi: 10.1016/i.aquaculture.2006.03.021 

Fuchs R, de Wilde I (2004) Peraclean® Ocean-A potentially 
environmentally friendly and effective treatment option 
for ballast water. In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 175-180 

Fuchs R, Steiner RW, de Wild I, Voigt M (2001) Peraclean 
Ocean- a potential treatment option for ballast water. 1st 
International Ballast W ater R&D Symposium - Papers 
Presented, http://globallast.imo.org (Accessed on 10 
May 2004)

Galil BS, Hülsmann N (2002) The biological efficacy o f open 
ocean exchange-implications for ballast water 
management. In: Leppakoski E, Gollasch S, Olenin S 
(eds) Invasive Aquatic Species o f Europe. Distribution, 
Impacts and Management. Kluwer Academic Publishers, 
The Netherlands, pp 508-511 

Gardner JF, Peel MM (1991) Introduction to sterilisation, 
disinfection and infection control. Churchill Livingstone, 
United Kingdom 

Gavand, MR, McClintock JB, Amsler CD, Peters RW, Angus 
RA (2007) Effects o f sonication and advanced chemical 
oxidants on the unicellular green alga Dunaliella  
tertiolecta and cysts, larvae and adults o f the brine 
shrimp Artemia salina: A prospective treatment to 
eradicate invasive organisms from ballast water. Marine 
Pollution Bulletin 54: 1777-1788 doi:10.1016/
i.marpolbul.2007.07.012 

GESAMP (2008) Planning o f GESAMP activities: Review of 
proposals for approval o f ballast water management 
systems that make use o f  active substances. Report of 
the GESAMP Ballast Water Working Group (GESAMP- 
BWWG). 35th session. Agenda item 5.2.

Gollasch S, David M, Voigt M, Dragsund E, Hewitt C, 
Fukuyo Y (2007) Critical review o f the IMO 
international convention on the management o f ships’ 
ballast water and sediments. Harmful Algae 6: 585-601 
doi: 10.1016/i.hal.2006.12.009 

Graney RL, Cherry DS, Cairns J (1983) Heavy metal indicator 
potential o f the Asiatic clam (Corbicula flum inea) in 
artificial stream systems. Hydrobiologia 102: 81-88 
doi:10.1007/BF00006071

5 6 0

http://www.clearwater-dolphin.com/operating-principles
http://www.eltronresearch
http://michigantodav.umich.edu/2008/apr/
http://globallast.imo.org


P r o g r e s s  in d e v e l o p m e n t  o f  b a l l a s t  w a t e r  m a n a g e m e n t  o p t i o n s

Gray DK, Duggan IC, Maclssac HJ (2006) Can sodium 
hypochlorite reduce the risk o f species introductions 
from diapausing eggs in non-ballasted ships? Marine 
Pollution Bulletin 52: 689-695 doi: 10.1016/i.marpolbul. 
2005.11.001

Gray DK, Johengen TH, Reid DF, Maclsaac HJ (2007) 
Efficacy of open-ocean ballast water exchange as a 
means of preventing invertebrate invasions between 
freshwater ports. Limnology and Oceanography 52: 
2386-2397

Gregg MD, Hallegraeff GM (2007) Efficacy o f three 
commercially available ballast water biocides against 
vegetative microalgae, dinoflagellate cysts and bacteria. 
Harmful Algae 6: 567-584 doi: 10.1016/i.hal.2006.08. 
009

Gunasingh Masilamoni J, Nandakumar K, Jesudoss KS, 
Azariah J, Satapathy KK, Nair KVH (2002) Influence of 
temperature on the physiological responses o f the 
bivalve Brachidontes striatulus and its significance in 
fouling control. Marine Environmental Research 53:51- 
63 doi: 10.1016/S0141-1136(0U00109-X 

Hallegraeff GM (1998) Transport o f toxic dinoflagellate s via 
ship s’ballast water: bioeconomic risk assessment and 
efficacy of possible ballast water management strategies. 
Marine Ecology Progress Series 168: 297-309
doi: 10.3354/mens 168297 

Hallegraeff GM, Valentine J P, Marshall J, Bolch CJ (1997) 
Temperature tolerances o f toxic dinoflagellate cysts: 
application to the treatment o f ships’ ballast water. 
Aquatic Ecology 31: 47-52 doi: 10.1023/A: 1009972931 
195

Hamann AG (2007) Ballast Water Treatment.
http : // www. hamannag. c om (Accessed on 1 May 2008) 

Heinle DR (1969) Temperature and Zooplankton. Chesapeake 
Science 10: 186-209 doi: 10.2307/1350456 

Herwig RP, Cordell JR (2004) University o f Washington 
research with SeaKleen. Environmental Soundness Work 
Group January 8, 2004 Workshop: Evaluating SeaKleen. 
http://wdfw.wa.gov/fish/ballast/ballast ian08workshop,h 
tm (Accessed on 10 October 2004)

Herwig RP, Cordell JR, Perrins JC, Dinnel PA, Gensemer 
RW, Stubblefield WA, Ruiz GM, Kopp JA, House ML, 
Cooper WJ (2006) Ozone treatment o f ballast water on 
the oil tanker S/T Tonsina: chemistry, biology and 
toxicity. Marine Ecology Progress Series 324: 37-55 
doi: 10.3354/meps324037 

Hesse K, Casey M, Zhou P, Aslan F, Schmid E, Leigh A, 
Santos A (2004) The TREBAWA ballast water project. 
In: Matheickal JT, Raaymakers S (eds), Second
International Symposium on Ballast W ater Treatment. 
International Maritime Organisation, London, UK, pp 
231-242

Hess-Erga O-K, Attramadal K J K, Vadstein O (2008) Biotic 
and abiotic particles protect marine heterotrophic 
bacteria during UV and ozone disinfection. Aquatic 
Microbiology 4: 147-154 

Hillman S, Hoedt F, Schneider P (2004) The Australian pilot 
project for the treatment o f ships’ ballast water. Final 
report for the Australian Government Department o f 
Environment and Heritage 

Holm ER, Stamper DM, Brizzolara RA, Barnes L, De amer N, 
Burkholder JM (2008) S oni cation o f bacteria, 
phytoplankton and Zooplankton: Application to treatment 
o f ballast water. Marine Pollution Bulletin 56: 1201 - 
1208 doi: 10,1016/i,marpolbul,2008,02,007 

HSB (2006) The S EDNA®-System, A Hamann Modular 
Ballast Water Treatment System. Technical Description 
and Test Results. HSB International.

http : //www .hsbinternational.nl (Accessed on 31 July 
2008)

Huq A, Small EB, West PA, Huq MI, Colwell R (1984) 
Influence o f water temperature, salinity, and pH on 
survival and growth o f toxigenic Vibrio cholerae s ero var 
01 associated with live copepods in laboratory 
microcosms. Applied and Environmental Microbiology 
48: 420-424

Huq A, Xu B, Chowdhury MAR, Islam MS, Montilla R, 
Colwell RR (1996) A simple filtration method to remove 
plankton-associated Vibrio cholerae in raw water 
supplies in developing countries. Applied and 
Environmental Microbiology 62: 2508-2512 

Husain M, Felbeck H, Apple R, Altshuller D, Quirmbach C
(2004) Ballast water treatment by de-oxygenation with 
elevated CO 2  for a shipboard installation-a potentially 
affordable solution. In: Matheickal JT, Raaymakers S 
(eds), Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 48-64

ICES WGBOSV (2006) Report o f the ICES/IOC/IMO 
Working Group on Ballast and Other ship Vectors, 13-15 
March 2006, Oostende, Belgium. ACME:06, pp 29 

Ichikawa S, Wakao Y, Fukuyo Y (1992) Extermination 
efficacy of hydrogen peroxide against cysts o f red tide 
and toxic dinoflageHates. Nippon Suisan Gakkaishi 58: 
2229-2233

IMO (2004) International Convention for the Control and 
Management o f Ships’ Ballast Water and Sediments. 
International Maritime Organization.http://www.imo.org 
(Accessed on 1 November 2004)

Jelmert A (1999) Testing the effectiveness o f an integrated 
hydrocyclone/UV treatment system for ballast water 
treatment. Institute o f Marine Research. Autevoll Aqua
culture Research Station, Norway 

Jenner HA, Janssen-Mommen JPM (1993) Monitoring and 
control o f  Driessena polymorpha  and other macrofouling 
bivalves in the Netherlands. In: Nalepa TF, Schloesser 
PW (eds), Zebra Mussels: Biology, Impacts and Control. 
Lewis Publishing, London, UK, pp 537-554 

Jenner HA, Taylor CJL, Van Donk M, Khalanski M (1997) 
Chlorination by-products in chlorinated cooling water of 
some European coastal power stations. Marine 
Environmental Research 43: 279-293 doi:10.1016/ 
SO 141-1136(96)00091-8 

Jones AC, Gensemer RW, Stubblefield WA, Van Genderen E, 
Dethloff GM, Cooper WJ (2006) Toxicity o f Ozonated 
Seawater to Marine Organisms. Environmental 
Toxicology and Chemistry 25: 2683-2691 doi:10 .1897/ 
05-535R.1

Junii H, Li W, Nenqi R, Li LX, Fun SR, Guanle Y (1997) 
Disinfection effect o f chlorine dioxide on viruses, algae 
and animal planktons in water. W ater Research 31(3): 
455-460 doi: 10.1016/S0043-1354(96)00276-X 

Kikuchi T, Yoshida K, Kino S, Fukuyo Y (2004) Progress 
report on the ‘Special Pipe System’ as a potential 
mechanical treatment for ballast water. In: Matheickal 
JT, Raaymakers S (eds), Second International 
Symposium on Ballast W ater Treatment. International 
Maritime Organisation, London, pp 19-25 

Korich DG, Mead JR., Madore MS, Sinclair NA, Sterling CR 
(1990) Effects o f ozone, chlorine dioxide, chlorine and 
monochloramine on Cryptosporidium parvum  oocyst 
viability. Applied and Environmental Microbiology 
56(5): 1423-1428 

Kuzirian AM, Terry ECS, Bechtel DL (2001) Hydrogen 
peroxide: an effective treatment for ballast water. 
Biological Bulletin 201: 297-299 doi: 10.2307/1543376

5 6 1

http://wdfw.wa.gov/fish/ballast/ballast
http://www.imo.org


M. G r e g g  et  al.

Laughton RV, Moran T, Brown G, Chiles C, Lines M, Getty 
K, Shelley J, Harrison R (1992) A review and evaluation 
of ballast water management and treatment options to 
reduce the potential for the introduction o f non-native 
species to the Great Lakes, http://www.nollutech.com/ 
papersZp22.htm (Accessed on 20 May 2004)

Leung H-W (2001) Eco-toxicology o f glutaraldehyde: a 
review of environment fate and effects study. 
Ecotoxicology and Environmental Safety 49: 26-39 
doi: 10.1006/eesa.2000.2031 

Liltved H, Hektoen H, Efraimsen H (1995) Inactivation of 
bacterial and viral fish pathogens by ozonation or UV 
irradiation in water o f differing salinity. Aquacultural 
Engineering 14: 107-122 doi: 10.1016/0144-8609(94) 
P4430-J

Lloyd’s Register (2007) Guide to Ballast W ater Treatment 
Technology. Current Status June 2007. http://www.lr.org 
(Accessed on 10 July 2009)

Locke A, Reid DM, van Leeuwen HC, Sprules WG, Carlton 
JC (1993) Ballast water exchange as a means of 
controlling dispersal o f freshwater organisms by ships. 
Canadian Journal o f Fisheries and Aquatic Sciences 50: 
2086-2093 doi: 10.1139/f93-232 

Lykins Jr BW, Koffskey WE, Patterson KS (1994) Alternative 
disinfectants for drinking water treatment. Journal of 
Environmental Engineering 120: 745-758 doi: 10.1061/ 
(ASCE)0733-9372(1994)120:4(745)

Macdonald EM, Davidson RD (1998) The Occurrence of 
Harmful Algae in Ballast W ater Discharges to Scottish 
Ports and the Effects o f M id-Ocean Exchange in 
Regional Seas. In: Reguera B, Blanco J, Fernandez ML, 
Wyatt T (eds) Harmful Algae. Xunta de Galicia and 
Intergovernmental Oceanographic Commission of 
UNESCO, Paris, France, pp 220-223 

Mason TJ, Joyce E, Phull SS, Lorimer JP (2003) Potential 
uses o f ultrasound in the decontamination o f water. 
Ultrasonic Sonochemistry 10: 319-323 doi: 10.1016/ 
S 1350-4177(03)00102-0 

Matousek RC, Hill DW, Herwig RP, Cordell JR, Nielsen BC, 
Ferm NC, Lawrence DJ, Perrins JC (2006) Electrolytic 
Sodium Hypochlorite System for Treatment o f Ballast 
Water. Journal o f Ship Production 22: 160-171 

McCarthy SA, Miller AL (1994) Effects o f three biocides on 
Latin American and G ulf Coast strains o f  toxigenic 
Vibrio cholerae 01. Journal o f  Food Protection 57: 865- 
869

McCollin T, Shanks AM, Dunn J (2007a) The efficiency of 
regional ballast water exchange: Changes in
phytoplankton abundance and diversity. Harmful Algae 
6: 531-546 doi: 10.1016/i.hal.2006.04.015 

McCollin T, Quilez-Badia G, Josefsen KD, Gili M, Mesbahi 
E, Frid CLJ (2007b) Ship board testing o f a 
de oxygenation ballast water treatment. Marine Pollution 
Bulletin 54: 1170-1178 doi: 10.1016/i.marpolbul.2007. 
04.013

MEPC (2006) Brief Description o f the Technologies 
Presented. Report o f  the Marine Environment Protection 
Committee, October 2006. MEPC 55/WP.4 Annex 1 

MEPC (2007a) Harmful Aquatic Organisms in Ballast Water. 
Application for Basic Approval o f a combined ballast 
water management system consisting o f sediment 
removal and an electrolytic process using seawater to 
produce Active Substances. Report o f the Marine 
Environment Protection Committee, December 2007. 
MEPC 57/2/7

MEPC (2007b) Harmful Aquatic Organisms in Ballast Water. 
Application for Basic Approval o f a combined ballast 
water management system consisting o f sediment

removal and an electrolytic process using seawater to 
produce Active Substances. Report o f the Marine 
Environment Protection Committee, December 2007. 
MEPC 57/2/7

MEPC (2007c) Harmful Aquatic Organisms in Ballast Water. 
Application for Final Approval o f a ballast water 
management system using Active Substances. Report of 
the Marine Environment Protection Committee, 
September 2007. MEPC 57/2/3 

MEPC (2007d) Review of proposal for final approval o f the 
ballast water management system SEDNA® using 
PERACLEAN® OCEAN. Report o f the Marine 
Environment Protection Committee, September 2007. 
MEPC 57/2 Annex 7 

MEPC (2007e) Harmful Aquatic Organisms in Ballast Water. 
Application for Basic Approval o f  a ballast water 
management system using Active Substances. Report of 
the Marine Environment Protection Committee, 
September 2007. MEPC 57/2/6 

MEPC (2008a) Harmful Aquatic Organisms in Ballast Water. 
Application for Basic Approval o f the Ecochlor® Ballast 
W ater Treatment System. Report o f the Marine 
Environment Protection Committee, March 2008. MEPC 
58/2/2

MEPC (2008b) Harmful Aquatic Organisms in Ballast Water. 
Application for Final Approval o f the Oceansaver® 
Ballast W ater Management System. Report o f the 
Marine Environment Protection Committee, March 2008. 
MEPC 58/2/1

Mesbahi E (2004) Latest results from testing seven different 
technologies under the EU MARTOB project- Where do 
we stand now? In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 210-230 

Mesbahi E, Norman RA, Vourdachas A, Quilez-Badia G 
(2007a) Design o f a high-temperature thermal ballast 
water treatment system. Journal o f Engineering for the 
Maritime Environment 221: 31-42 

Mesbahi E, Norman RA, Wan Che e Peng M (2007b) An 
intelligent Simulation Model for Design and Cost of 
High Temperature Ballast W ater Treatment Systems. 
Marine Technology 44(3): 194-202 

Miller W (1998) Ballast research at the Smithsonian 
Environmental Research Centre. Paper presented at 
ICES/IMO/IOC Study Group Workshop on Ballast 
W ater and Sediments, The Hague, Netherlands, 23-24 
March 1998

Mimura H, Katakura R, Ishida H (2005) Changes o f microbial 
populations in a ship’s ballast water and sediments on a 
voyage from Japan to Qatar. Marine Pollution Bulletin 
50: 751-757 doi: 10.1016/i.marpolbul.2005.02.006 

Montani S, Meksumpun L, Ichimi K (1995) Chemical and 
physical treatments for destruction o f phytoflagellate 
cysts. Journal o f Marine Biotechnology 2: 179-181 

Morita S, Namikoshi A, Hirata T, Oguma K, Katayama H, 
Ohgaki S, Motoyama N, Fugiwara M (2002) Efficacy of 
UV irradiation in inactivating Cryptosporidium parvum  
oocysts. Applied and Environmental Microbiology 68: 
5387-5393 doi: 10.1128/AEM.68.11.5387-5393.2002 

Mountfort DO, Hay C, Dodgshun T, Buchanan S, Gibbs W 
(1999a) Oxygen Deprivation as a Treatment for Ships’ 
Ballast Water-Lab oratory studies and Evaluation. 
Journal o f Marine and Environmental Engineering 5: 
175-192

Mountfort DO, Dodgshun T, Buchanan S, Gibbs W, McCallin 
B (1999b) Towards a feasible heat treatment system for

5 6 2

http://www.nollutech.com/
http://www.lr.org


P r o g r e s s  in d e v e l o p m e n t  o f  b a l l a s t  w a t e r  m a n a g e m e n t  o p t i o n s

ships’ ballast water. Ports Corporation o f Queensland. 
Ecoports Monograph Series No. 19 

Munro PM, Colwell RR (1996) Fate o f Vibrio cholerae in 
seawater microcosms. W ater Research 30: 47-50
doi:10.1016/0043-1354(95)00137-A 

Muntisov M, van Oorschot R, Docherty C, Beggs C, Lord D 
(1993) Ballast water treatment for the removal o f  marine 
organisms. AQIS Ballast W ater Research Series Report 
N o.l. Australian Government Publishing Service, 
Canberra

NAG Marine (2007) CleanBallast!- RWO’s Ballast Water 
Treatment Solution. RWO Marine W ater Technology. 
http://www.nagllc.com (Accessed on 1 July 2008) 

National Research Council (1996) Stemming the Tide: 
Controlling Introductions o f Nonindigenous Species by 
Ships’ Ballast Water. National Research Council. 
National Academic Press. Washington, DC, USA 

NEI Marine (2007) NEI Treatment Systems, LLC Ballast 
Water Treatment, http://www.nei-marine.com (Accessed 
on 1 July 2008)

Oemcke DJ (1999) The treatment o f ships’ ballast water. Ports 
Corporation o f Queensland. Ecoports Monograph Series 
No. 18

Oemcke DJ, van Leeuwen J (1998) Chemical and physical 
characteristics o f  ballast water: implications for
treatment processes and sampling methods. CRC Reef 
Research Technical Report No. 23 

Park BH, Park MS, Kim BY, Hur SB, Kim SJ (1998) Culture 
o f the Pacific Oyster (Crassostrea gigas) in the Republic 
o f Korea. S e afarming Development and Demonstration 
Project (RAS/86/024), Pusan, Republic o f Korea, June 
1998

Parsons M, Harkins R (2000) The Great Lakes ballast 
technology demonstration project filtration mechanical 
test program. Marine Technology 37(3): 129-140 

Parsons M, Harkins R (2002) Full-scale particle removal 
performance o f three types o f mechanical separation 
devices for the primary treatment o f  ballast water. 
Marine Technology 39(4): 211-222 

Parsons M, Kotonis M (2006) S e away-Sized Bulk Carrier 
Model for Hydrodynamic Optimization o f Ballast-Free 
ship Design. Department o f Naval Architecture and 
Marine Engineering. University o f Michigan 

Parsons M, Kotonis M (2007) Hydrodynamic Optimization 
Testing o f Ballast-Free Ship Design. Department o f 
Naval Architecture and Marine Engineering. University 
o f Michigan, USA 

Penkala JE, Law M, Cowan J (2004) Acrolein as a potential 
treatment alternative for control o f  microorganisms in 
ballast tanks: five day sea trial. In: Matheickal JT, 
Raaymakers S (eds), Second International Symposium 
on Ballast W ater Treatment. International Maritime 
Organisation, London, UK, pp 181-197 

Perakis AN, Yang Z (2003) Options for nonindigenous 
species control and their economic impact on the Great 
Lakes and the St. Lawrence Seaway: a survey. Marine 
Technology 40(1): 34-41 

Perrins JC, Cordell JR, Ferm NC, Grocock JL, Herwig RP 
(2006a) Mesocosm experiments for evaluating the 
biological efficacy of ozone treatment o f marine ballast 
water. Marine Pollution Bulletin 52: 1756-1767
doi: 10,1016/i,marpolbul,2006,07,011 

Perrins JC, Cooper WJ, van Leeuwen J, Herwig RP (2006b) 
Ozonation o f seawater from different locations: 
Formation and decay of total residual oxidant- 
implications for ballast water treatment. Marine 
Pollution Bulletin 52: 1023-1033 doi:10.1016/
i .marpolbul. 2006.01.007

Piyatiratitivorakul P, Lirdwitayaprasit T, Thooithaisong J 
(2002) Laboratory studies on chemical control o f red 
tide phytoplankton {Chattonella marina and 
Heterosigma akashiwo) for black tiger shrimp {Penaeus 
monodon) culture. Science Asia 28: 217-220
doi: 10.2306/scienceasial513-1874.2002.28.217 

Qiong T, Wenju J, Yi Z, Zhishan Y, Mariana LT (2009) 
Inactivation o f dinoflagellate Scrippsiella trochoidea in 
synthetic ballast water by reactive species generated 
from dielectric barrier discharges. Journal o f  Physics D: 
Applied Physics 42, 095203 doi: 10.1088/0022-3727/ 
42/9/095203

Quilez-Badia G, McCollin T, Josefsen KD, Vourdachas A, 
Gili ME, Mesbahi E, Frid CLJ (2008) On board short- 
time high temperature heat treatment o f ballast water: A 
field trial under operational conditions. Marine Pollution 
Bulletin 56: 127-135 doi:10.1016/i.marpolbul.2007.
09.036

Raczyk-Stanislawiak U, Swietlik J, Dabrowska A, Nawrocki J
(2004) Biodegradability o f organic by-products after 
natural organic matter oxidation with C102-case study. 
W ater Research 38: 1044-1054 doi: 10.1016/i.watres. 
2003.10.032

Raikow DF, Reid DF, Maynard EE, Landrum PF (2006) 
Sensitivity o f aquatic invertebrate resting eggs to 
Seakleen® (menadione): A test o f  potential ballast tank 
treatment options. Environmental Toxicology and 
Chemistry 25(2): 552-559 doi: 10.1897/05-142R1.1 

Rajagopal S, van der Velde G, Jansen J, van der Gaag M, 
Atsma G, Janssen-Mommen JPM, Polman H, Jenner HA
(2005) Thermal tolerance o f the invasive oyster 
Crassostrea gigas: Feasibility o f heat treatment as an 
antifouling option. W ater Research 39: 4335-4342 
doi: 10.1016/i. watres.2005.08.021

Rigby GR, Hallegraeff GM (1993) Shipping ballast water 
trials on the bulk carrier M.V. “Iron Whyalla”, in Japan 
and en-route to Canada. In: AQIS Ballast Water 
Research Series Report No.2. Australian Government 
Publishing Service, Canberra 

Rigby GR, Taylor AH (1993) Shipping Ballast Water- 
Heating as a means of Destroying Potentially Harmful 
Marine Organisms. BHP Research Technical Note. 
BHPR/ENV/TN93/005 

Rigby GR, Taylor AH (2001) Ballast water treatment to 
minimise the risks o f introducing non-indigenous marine 
organisms into Australian ports. Review of current 
technologies and comparative costs o f practical 
solutions. Agriculture, Fisheries and Forestry-Australian 
Ballast W ater Research Series, Report No. 13 

Rigby GR, Steverson I, Hallegraeff GM (1993) Shipping 
ballast water trials on the bulk carrier M.V. “Iron 
W hyalla”. AQIS Ballast W ater Research Series Report 
No. 2. Australian Government Publishing Service, 
Canberra

Rigby GR, Hallegraeff GM, Sutton C (1998) Ballast water 
heating and sampling trials on the BHP ship M.V. “Iron 
W hyalla”, in Port Kembla and en-route to Port Hedland. 
AQIS Ballast W ater Research Series Report No. 11. 
Australian Government Publishing Service, Canberra 

Rigby GR, Hallegraeff GM, Sutton C (1999) Novel ballast 
water heating technique offers cost-effective treatment to 
reduce the risk o f global transport o f harmful marine 
organisms. Marine Ecology Progress Series 191: 289- 
293 doi:10.3354/m epsl91289 

Rigby GR, Hallegraeff GM, Taylor AH (2004) Ballast water 
heating offers a superior treatment option. Journal o f 
Marine and Environmental Engineering 7: 217-230

5 6 3

http://www.nagllc.com
http://www.nei-marine.com


M. G r e g g  et  al.

Ruiz GM, Hines AH (1997) The risk o f  nonindigenous species 
invasion in Prince William Sound associated with oil 
tanker traffic and ballast water management: pilot study. 
Smithsonian Environmental Research Centre, PFP 
Number 632.91.9 

Sagripanti J-L, Bonifacino A (1996) Comparative sporicidal 
effects o f liquid chemical agents. Applied and 
Environmental Microbiology 62(2):545-551 

Saho N, Isogami H, Mizumori T, Nishijima N (2004) 
Superconducting magnetic separator for ballast-water 
treatment. In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 125-134 

Sano LL, Moll RA, Krueger AM, Landrum PF (2003) 
Assessing the potential efficacy of glutaraldehyde for 
biocide treatment o f un-b aliaste d transoceanic vessels. 
Journal o f Great Lakes Research 29(4): 545-557 

Sano LL, Map iii MA, Krueger A, Garcia E, Gossiaux D, 
Phillips K, Landrum PF (2004) Comparative efficacy of 
potential chemical disinfectants for treating unballasted 
vessels. Journal o f Great Lakes Research 30(1): 201-216 

S as s i J, Viitasalo S, Rytkonen J, Leppakoski E (2005) 
Experiments with ultraviolet light, ultrasound and ozone 
technologies for onboard ballast water treatment. VTT 
Tie dotteita- Re search Notes 2313, 80 pp 

Sellers MA, Stanley JG (1989) Species Profiles: Life histories 
and environmental requirements o f  coastal fishes and 
invertebrates (North Atlantic). American Oyster. US 
Fish and Wildlife Service, Washington, DC. and US 
Army and Engineering Waterways Experiment Station. 
FWS/OBS-82/11.23 

Severin BF, Suidan MT, Englebrechy RS (1983) Effects of 
temperature on ultraviolet light disinfection. 
Environmental Science and Technology 17(12): 717-721 
doi: 10.1021/esQQl 18a006 

Sousa OV, Viera RHSF, Patel TR, Hofer E, Mesquita VP 
(2001) Effects o f chlorine on cells o f  Vibrio cholerae. 
Food Microbiology 18: 355-359 doi: 10.1006/fmic.2001. 
0404

Staub er JL (1998) Toxicity o f  chlorate to marine micro algae. 
Aquatic Toxicology 41: 213-227 doi: 10.1016/S0166- 
445X(97M)0087-8 

Stewart ME, Blogoslawski WJ, Hsu RY, Helz GR (1979) By
products o f  oxidative biocides: toxicity to oyster larvae. 
Marine Pollution Bulletin 10: 166-169 doi: 10.1016/ 
0025-326X(79~)90423-5 

Stocks DT, O ’Reilly M, McCracken W (2004a) Treatment of 
residual ballast water in the NOBOB ship using heat. In: 
Matheickal JT, Raaymakers S (eds), Second 
International Symposium on Ballast W ater Treatment. 
International Maritime Organisation, London, UK, pp 
137-147

Stocks DT, O ’Reilly M, McCracken W (2004b) Sodium 
hypochlorite as a ballast water biocide. In: Matheickal 
JT, Raaymakers S (eds), Second International 
Symposium on Ballast Water Treatment. International 
Maritime Organisation, London, pp 80-87 

Sugita H, Mitsuya T, Amanuma K, As ai T, Maruyama C, 
Deguchi Y (1992a) Ultraviolet susceptibility o f three 
marine fish pathogens. Bulletin o f the college o f the 
Agricultural and Veterinary Medicine 49: 117-121 

Sugita H, Asai T, Hayashi K, Mitsuya T, Amanuma K, 
Maruyama C, Deguchi Y (1992b) Application o f ozone 
disinfection to remove Enterococcus seriolicida, 
Pasturella piscicida , and Vibrio anguillarum  from 
seawater. Applied and Environmental Microbiology 
58:4072-4075

Sutherland TF, Levings CD, Elliott CC, Hesse WW (2001) 
Effect o f  a ballast water treatment system on 
survivorship o f natural populations o f  marine plankton. 
Marine Ecology Progress Series 210: 139-148
doi:10.3354/mens210139 

Swanson L, Perlich T (2006) Shipboard Demonstrations of 
Ballast W ater Treatment to Control Aquatic Invasive 
Species. Matson Navigation Company and Ecochlor, Inc. 
http://www.slc.ca.gov (Accessed on 1 August 2008) 

Tamburri MN, Wasson K, Matsuda M (2002) Ballast water 
de oxygenation can prevent aquatic introductions while 
reducing ship corrosion. Biological Conservation 103: 
331-341 doi: 10.1016/80006-3207(01)00144-6 

Tamburri MN, Little BJ, Ruiz GM, Lee JS, McNulty PD 
(2004) Evaluations o f Venturi Oxygen Stripping™ as a 
ballast water treatment to  prevent aquatic invasions and 
ship corrosion. In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 34-47

Tang Z, Butkus MA, Xie YF (2006) Crumb rubber filtration: 
A potential technology for ballast water treatment. 
Marine Environmental Research 61: 410-423
doi: 10.1016/i .marenvres. 2005.06.003 

Taylor AH, Bruce EJ (2000) Mid ocean ballast exchange: 
shipboard trials o f methods for verifying efficiency. 
Report prepared for Ministry o f Fisheries. Cawthron 
Institute, Halifax, New Zealand, Report No. 524, 59 pp 

Taylor A, Rigby G, Gollasch S, Voight M, Hallegraeff GM, 
McCollin T, Jelmert A (2002) Preventive Treatment and 
control techniques for ballast water. In: Leppakoski E, 
Gollasch S, Olenin S (eds) Invasive Aquatic Species of 
Europe. Distribution, Impacts and Management. Kluwer 
Academic Publishers, Dordrecht, The Netherlands, pp 
484-507

Taylor MD, MacKenzie LM, Dodgshum TJ, Hopkins GA, de 
Zwart EJ, Hunt CD (2007) Trans-Pacific shipboard trials 
on planktonic communities as indicators o f open ocean 
ballast water exchange. Marine Ecology Progress Series 
350: 41-54 doi:10.3354/mens07016 

Thornton G A, Chapman JE (2004) The use o f  heat for ballast 
water disinfection-the AquaTherm method. In: 
Matheickal JT, Raaymakers S (eds), Second 
International Symposium on Ballast Water Treatment. 
International Maritime Organisation, London, UK, pp 
88-102

Veldhuis MJW, Fuhr F, Boon JP, Hallers-Tjabbes CT (2006) 
Treatment o f ballast water: How to test a system with a 
modular concept?. Environmental Technology 27: 909- 
921 doi: 10.1080/09593332708618701 

Vianna da Silva JS, da Costa Fernandes F (2004) Use of 
chlorine for ballast water treatment. In: Matheickal JT, 
Raaymakers S (eds), Second International Symposium 
on Ballast Water Treatment. International Maritime 
Organisation, London, UK, pp 158-163 

Villae MC, Persich G, Fernandez L, Paranhos R, Dias C, 
Bonecker S, Garcia V, Odebrecht C, Tenenbaum D, 
Tristao ML, de Andrade S, F adei A (2001) Ballast Water 
Exchange: testing the dilution method. In: Hallegraeff 
GM, Blackburn SI, Bolch CJ, Lewis RJ (eds), 
Proceedings o f the 9th International Conference on 
Harmful Algal Blooms. Intergovernmental Oceano
graphic Commission o f UNESCO, Paris, pp 470-473 

Waite TD, Kazumi J, Lane PVZ, Farmer LL, Smith SG, Smith 
SL, Hitchcock G, Capo TR (2003) Removal o f natural 
populations o f marine phytoplankton by a large-scale 
ballast water treatment system. Marine Ecology Progress 
Series 258: 51-63 doi: 10.3354/mens258051

5 6 4

http://www.slc.ca.gov


P r o g r e s s  in d e v e l o p m e n t  o f  b a l l a s t  w a t e r  m a n a g e m e n t  o p t i o n s

Wonham MJ, Walton WC, Ruiz GM, Frese AM, Galil BS 
(2001) Going to the source: role o f the invasion pathway 
in determining potential invaders. Marine Ecology 
Progress Series 215: 1-12 doi: 10.3354/meps215001 

W right DA, Dawson R (2001) SeaKleen-A potential natural 
biocide for ballast water treatment. 1st International 
Ballast W ater R&D Symposium- Papers Presented. 
http ://globallast, imo. or g (Accessed on 10 May 2004) 

W right DA, Dawson R, M ae key TP, Cutler HG, Cutler SJ 
(2004) Some shipboard trials o f ballast water treatment 
systems in the United States. In: Matheickal JT, 
Raaymakers S (eds), Second International Symposium 
on Ballast W ater Treatment. International Maritime 
Organisation, London, UK, pp 243-257 

W right DA, Dawson R, Orano-Dawson CE (2007a) Shipboard 
trials o f Menadione as a Ballast W ater Treatment. 
Marine Technology 44(1): 68-76 

W right DA, Dawson R, Cutler HG, Cutler SJ, Orano-Dawson 
CE, Graneli E (2007b) Naphthoquinones as broad 
spectrum biocides for treatment o f ship’s ballast water: 
Toxicity to phytoplankton and bacteria. Water Research 
41: 1294-1302 doi: 10.1016/i.watres.2006.11.051 

W right DA, Dawson R, Orano-Dawson CE, M oes el SM 
(2007c) A test o f the Efficacy o f a Ballast Water 
Treatment System Aboard the Vessel Coral Princess. 
Marine Technology 44(1): 57-67

Xie Y, Chen P (2004) Crumb Rubber Filtration for Ballast 
W ater Treatment: A preliminary study. In: Proceedings 
o f  the Second International Ballast W ater Management 
Conference and Exhibition, Singapore 

Xu H-S, Roberts N, Singleton FL, Attwell RW, Grimes DJ, 
Colwell RR (1982) Survival and viability of 
nonculturable Escherichia coli and Vibrio cholerae in 
the estuarine and marine environment. Microbial 
Ecology 8: 313-323 doi:10.1007/BF02010671 

Zhang F, Dickman M (1999) M id-ocean exchange of 
container vessel ballast water. 1: seasonal factors 
affecting the transport o f harmful dinoflagellates and 
diatoms. Marine Ecology Progress Series 176: 243-251 
doi: 10.33 54/mens 176243 

Zhang S, Chen X, Yang D, Gong W, Wang Q, Zhang H, 
Wang Q (2004) Effects o f the chlorination treatment for 
ballast water. In: Matheickal JT, Raaymakers S (eds), 
Second International Symposium on Ballast Water 
Treatment. International Maritime Organisation, London, 
UK, pp 148-157 

Zhang Z, Bai M, Xiao Y, Bai M, Yang B, Bai X (2006) 
Treating ballast water with hydroxyl radical on 
introduced organisms. Chinese Journal o f Oceanography 
and Limnology 24: 161-167 doi:10.1007/BF02842816

5 6 5


