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Abstract: An accepted solution to the environmental problems related to a ship’s ballast water has
been the adoption and proper utilization of approved onboard ballast water plans and management
systems (BWMS). On 8 September 2017, the International Maritime Organization Ballast Water
Management Convention comes into force, and under this Convention, ships engaged in international
trade must have an approved BWMS aboard to discharge ballast water, reducing species transfer.
In response to enormous global concern about this problem, the overwhelming majority of the
BWMS, approved currently for use by International Maritime Organization (IMO) and United States
Coast Guard, utilize two main technologies (electro-chlorination or ultraviolet irradiation) as their
principle mode of disinfection, often used in combination with filtration. However, both technologies
have been questioned regarding their practically, efficiency, and possible environmental impacts
upon discharge. This review article aims to explore some questions about these two technologies,
drawing attention to some current uncertainties associated with their use. Also, it draws attention
to some technical obstacles and regulatory impediments related to the new development of green
biocide technology, which largely has been ignored, despite its potential as a simpler, cleaner and
effective technology.

Keywords: ballast water treatment; invasive organisms; electro-chlorination; ultraviolet disinfection;
green biocide

1. Introduction

The unintended relocation of potentially invasive organisms via untreated ballast water, a large
volume (sometimes exceeding 50,000 metric tons/vessel) of coastal and ocean water used to
maintain the ships’ stability and integrity under different operational situations, is a global concern.
Such transfers and introductions are a leading cause of biological invasions in coastal environments
around the world. The ballast-mediated transfer of organisms is recognized as a challenging, complex,
and presently unresolved problem [1–4].

Nowadays, the most widely accepted solution has been the adoption and proper utilization
of approved onboard ballast water plan and management systems (BWMS). To this end the
International Maritime Organization (IMO) announced that the Ballast Water Management Convention
(BWM Convention), drafted in 2004 and now accepted by 52 of 172 IMO member States, will
come into force on 8 September 2017, compelling ships engaged in international trade to have an
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approved BWMS onboard [5,6]. Although a significant advance toward mitigating this environmental
problem, the majority of the approved BWMS typically rely on physical or chemical modes of action.
And, their efficiency, ease of use, and possible environmental impacts are still debated, begging the
question as to whether more environmentally friendly, simpler, and lower maintenance alternatives
are possible [7,8].

Although an absolute environmentally friendly BWMS does not yet exist, this review aims to
explore several questions about the two most commonly used ballast water treatment technology
types, electrolytic disinfection and ultraviolet irradiation, drawing attention to some remnant anxieties
associated with their use. Also, it draws attention to some uncertainties, technical obstacles,
and regulatory impediments related to the development of a green biocide technology, which largely
has been ignored, despite its potential as a simpler, cleaner and effective technology.

The authors highlight that the article might provide an update on the progress made in that area,
for they have opted to work with a specific subset of available studies with a focus in electrolytic,
ultraviolet, and green biocides technologies, and this review is neither a systematic nor an exhaustive
work about ballast water treatment.

2. Regulations and Challenges

Ballast Water Management Systems (BWMS) are being designed primarily to conform to ballast
water standards defined by the regulation D-2 of the BWM Convention and, in the case of the
United States of America, the “Standards for Living Organisms in Ships Ballast Water Discharged
in U.S. Waters”, set by the United States Coast Guard (USCG) as specified in the Code of Federal
Regulations [5,9,10].

The D-2 regulation is a discharge standard, which defines the permissible concentration of
organisms in ballast water discharge (Table 1), and this standard applies to multiple size classes of
organisms. This standard represents a large reduction in the concentration of biota delivered in ballast
water, compared to untreated water. Such reduction in propagule pressure (organism delivery) is
expected to reduce the establishment of new invasions. And, although based purely on the concept of
propagule pressure, one among several factors that affect invasion and establishment of non-native
species, these specific size-class discharge standards have been harmonized, accepted, and must be
achieved by any vendor seeking official approval for their system [5,9,11].

Table 1. Biological limits to ballast water discharges (IMO D-2 limit values) [5,9].

Target Organisms Concentration in the BW Discharge

Size ≥ 50 µm <10 viable organisms per cubic meter
Size ≥ 10 µm and < 50 µm <10 viable organisms per milliliter

Vibrio cholerae (serotypes O1 and O139) <1 (CFU) per 100 milliliter
Escherichia coli <250 (CFU) per 100 milliliter

Enterococci <100 (CFU) per 100 milliliter

IMO: International Maritime Organization; BW: ballast water; CFU: colony forming units.

BWMS technologies must overcome a myriad of specific design and construction requirements
related to these regulations, where the primary hurdle is defined by the biological performance
tests, to evaluate whether the BWMS meets the specific concentration-based discharge standards.
BWMS also must attain official approval or certification prior to installation and use on ships [12,13].

In the midst of these regulatory activities, the IMO’s recent announcement highlights the
importance of development, testing, and implementation of BWMS by the engineering and shipping
industries. However, from the manufacturing and implementation points of view, the development,
testing, installation, and everyday use of officially approved BWMS is a complicated and lengthy
process. In fact, performance specifications are critical points for the design, engineering, construction,
and operational requirements of BWMS. Therefore, any uncertainty about the performance standards
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that a BWMS must achieve could greatly to complicate the effective development and the
implementation of such systems [14].

At this stage, there is broad international agreement on regulation D-2 discharge standards
from IMO, providing the industry with a relatively solid design target. However, in addition to
biological concentration standards, all BWMS must meet safety and environmental impact standards
too (e.g., the safety of ship and crew and the chemical release to surrounding waters). To complicate
matters, despite IMO advice for signatory countries to not penalize those “early adopters” who have
installed first-generation BWMS, manufacturers must keep in mind the possibility that performance
standards and regulations may become more stringent in the future. So, given the operational life of
ships, manufacturers and shipping companies must adopt a long-term view of ballast water treatment,
yet seek to comply with current ballast water discharge standards [15,16].

As described, the challenges to designing a BWMS with available technology are many fold.
BWMS must be accommodated by different types of ships, effective for different classes of organisms
(including their various and distinct life stages), and operate efficiently and safely under widely
varying ballast water conditions (e.g., ranges of salinities, temperatures, and flow rates). Although
future innovation and cutting-edge technologies are often viewed as the most attractive approaches
to solving such problems, existing technologies must not be overlooked. Ballast water technologies
must be well grounded in basic and well-known physical, chemical, and biological principles, and
they must also conform to essential characteristics required for onboard commercial technology, i.e.,
a system that is technically feasible, environmentally acceptable, practical (easy training, operation,
and maintenance), operationally safe, and, of course, of acceptable final cost [17].

Under ordinary operating conditions, there are still uncertainties about the reliability, longevity,
and biocidal performance of an approved BWMS after being commissioned. In this context,
a recent study conducted by Bakalar et al. concluded that some type approved BWMS, despite
proper installation on evaluated ships, have been unsatisfactorily operated, monitored, and, in the
worst case, by-passed altogether [18]. Similar conclusions were drawn by the 2015 final report from
Marine Environment Protection Committee [19]. Thus, regardless of the technical potential of a BWMS
to meet discharge standards, including even initial performance tests that meet D-2 standards, real
world onboard conditions and human behavior can present limitations to a system’s practicability
(i.e., training, operation, and maintenance), which in some cases can undermine the effectiveness of
a BWMS.

Looking to the future, such practicability limitations could also plague more stringent discharge
standards. The USCG has approved its first BWMS in 2016 but also stated in its “Practicability
Review” of 10 May 2016 that it knows of no available technology capable of meeting discharge
standard more stringent than current D-2 standards [20,21]. Related to such practicability issues,
on 8 October 2015, the state of California approved a State bill delaying the implementation
date for its final (more stringent) performance standard of zero detectable living organisms to
1 January 2030, due to lack of available technology that can meet this performance [22]. There
is, however, disagreement about the current capability and performance of available technologies. For
example, in contrast to USCG and California State releases, Cohen et.al concluded that some existing
BWMS can meet limits until 100 times more stringent than those in regulation D-2 [23].

As indicated in IMO’s 2015 final report, among those approved and commercially available
BWMS used for reducing organisms concentration in ballast water, filtration devices are included in
almost 80% of treatment approaches used by the ships evaluated, electrolytic disinfection devices in
almost 40%, ultraviolet (UV) irradiation devices in 32%, and the use of liquid hypochlorite are found
in almost 17% of systems. Acoustic devices, heat procedures, mechanical or chemical deoxygenating,
and other less frequently applied alternative technologies were represented negligibly [19].

Currently, most approved BWMS and systems in the test phase tend to operate using
a combination of filtration followed by chemical treatment (e.g., electro-chlorination, the addition of
active substances), or physical oxidation using UV irradiation [24,25]. The filtration stage aims to retain
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and to remove organisms and suspended matter from ballast water, normally limited to size classes
above 50 µm in maximum dimension. In contrast, both chemical treatment and physical oxidation
stages have distinct principles of action. While the first acts by disrupting cellular membranes and
other cellular components, the latter induces damage directly to cell’s deoxyribonucleic acid and
proteins [26]. The objectives of these approaches are to either outright kill the organisms present in
the ballast water or to damage them sufficiently to render them not viable (i.e., lacking the biological
capacity to live, develop and reproduce), to achieve biological discharges standards.

3. Remnant Anxieties Related to Two Main Technologies

3.1. Using UV Irradiation

An apparent advantage of ballast water management systems (BWMS) that use filtration
followed by UV irradiation is that the environmental pollution footprint of the process is
minimized since, supposedly, no chemicals or chemical byproducts are released into the surrounding
waters. However, Culin and Mustac have identified possible unexpected disinfection by-products,
organohalogens compounds, and aldehydes [27]. Although UV treatment typically does not require
secondary treatment to neutralize chemical activity prior to discharge, thereby minimizing
unintended environmental impacts, these types of systems generally require meticulous operation and
maintenance [18].

Additionally, they may require significantly greater electric power capacity to accommodate large
flow rates and sufficient electrical supply to power UV components. In fact, estimated energy budgets
for UV irradiation can range from 60 to 200 kWh per 1000 m3 of ballast water treated [25], and they are
also plagued by significant losses in efficiency when high dissolved organic matter or high turbidity is
present in the ballast water intake [28].

First and Drake have stressed the necessity for correct irradiation dosage versus uninterrupted
irradiation to overcome cellular repair mechanisms in target organisms, indicating that UV radiation
may be incapable of destroying some microorganisms, such as bacterial spores and microalgae [29,30].

With respect to the efficacy of UV radiation, laboratory assays using three size classes of living
marine planktonic organisms, the investigators showed UV treatments were ineffective at reducing
concentrations to acceptable discharge standards [31]. Furthermore, tests using microalgae showed
that, after a combination of UV treatment and dark storage, significant subsequent regrowth under
light exposure occurred and was directly dependent on the UV dose applied [32]. Grob and Pollet [33]
highlighted problems related to potential regrowth of resistant microorganisms in ballast water, and
diatoms, frequently the most common and abundant phytoplankton in the seawater, have also proven
to be very resistant to UV treatment [34,35].

Because UV irradiation does not immediately kill many microorganism types, the issue of
the viable vs. living condition is raised. So, when immediate mortality is not directly induced,
the true efficacy of a BWMS must be evaluated based on whether or not the biota in ballast water
has been damaged enough to prevent proper growth, development, and reproduction following UV
treatment [36–38].

Indeed, the lag time between exposure and death or reproductive impairment introduces
complicating factors for BWMS testing and evaluation. Such issues raise technical questions related to
viability assessment methods used and that have been debated extensively. To address such issues,
the USCG has determined that traditional regrowth assay using the most probable number test,
in replacement of vital stain tests, will not be accepted as an accurate method for determining the
number of the viable organism in the size range of ≥10 µm and <50 µm [39]. In the absence of a rapid
but accurate, viability assessment methodology, such a ruling may significantly hamper the approval
of some UV irradiation BWMS by the USCG.
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3.2. Using Electrolytic Disinfection

The use of electrolytic disinfection (electro-chlorination) relies on the generation of the chlorine
gas (Cl2(g)), which reacts with water to produce hypochlorous acid (HOCl), both active substances
with powerful oxidant action [40,41]. The chemical reactions associated with these BWMS (Table 2)
show that this process is dynamically dependent on both the molar concentration of hydrogen ions
[H+] and the molar concentration of chlorine ions [Cl−] existing in the ballast water under treatment.

Natural seawater has, with some variation, a pH typically around 8 [42], and, consequently, a low
[H+] available to react. Based on both the dissociation reaction of the HOCl (Table 2) and Le Chatelier’s
principle, the formation of HOCl will be diminished because of a shift of equilibrium toward the
formation of hypochlorite ion (OCl−) [43,44]; and, given that OCl− is a disinfectant agent several times
less active than HOCl, it is expected that electro-chlorination efficiency of natural seawater always will
be impaired due its relatively low [H+].

Table 2. Electrolytic disinfection chemical process [43,44].

Process Chemical Reactions

Solvation NaCl(s) + H2O(l) → H+
(aq) + OH−(aq) + Na+

(aq) + Cl−(aq)

Electrolysis:
(cathode) 2H+

(aq) + 2e− → H2(g)
(anode) 2Cl−(aq) → Cl2(g) + 2e−

Hydrolysis Cl2(g) + H2O(l) → HOCl(aq) + H+
(aq) + Cl−(aq)

Dissociation
HOCl 
 H+ + OCl−

Dissociation constant, Ka(T) =
[H+][OCl−]

[HOCl]

Carbonation CO2(g) + H2O(l) 
 H+
(aq) + HCO3

−
(aq)

aq: aqueous; e−: electron; g: gas; l: liquid; s: solid.

Actually, the pH problem related to the effectiveness of electro-chlorination in natural
seawater raises additional technical concerns, and additional procedure, such as carbonation
(reaction showed Table 2), i.e., direct injection of carbon dioxide gas (CO2) into ballast water is used
to maintain low ballast water pH, i.e., higher [H+] [45]. However, extra and necessary equipment
must be properly installed and the process controlled and monitored. Ultimately, the cost and efficacy
of electro-chlorination disinfection must be fully considered when attempting to understand the
process’s efficacy.

On the other hand, problems related to [Cl−] are directly correlated with lower salinities,
conditions that are common in the upper reaches of many estuaries and in freshwater ecosystems.
Lower [Cl−] will produce lower formation Cl2 in the anode area and consequently produce lower
disinfection efficiency when compared to most saline water. Indeed, this is a real problem that requires
the use of specific electrode materials as well as an increase in electric power consumption to generate
adequate concentrations of total residual oxidants [46,47].

The aforementioned factors are not the only ones affecting the efficiency of the electrolytic
disinfection process. Ballast water temperature is also an important and frequently ignored factor
that is directly related to the equilibrium dissociation constant (Ka(T))—lower temperatures decrease
the molar concentration of hypochlorous acid [HOCl] favoring the existence of OCl− species [48].
Additionally, the presence of other naturally occurring anion species in seawater compete in the
anode area and impair the efficiency of this process. For example, bromide anions, in conjunction
with dissolved organic material, can generate very harmful by-products (e.g., different brominated
compounds and tri-halomethanes), which can contribute to increased levels of hazardous disinfection
byproducts during deballasting [43,49,50].
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Yet another important complicating aspect of electro-chlorination procedures is the possibility of
accelerated rates of carbon steel corrosion due to the corrosive action of oxidizing agents, such as Cl2,
HOCl, and ClO- produced during the treatment [51,52]. Indeed, appropriate corrosion testing has been
recommended by the IMO to BWMS applicants, as a precautionary measure (despite the inconclusive
or contradictory nature of findings to date), since increased rates of corrosion have the potential to
intensify structural failures in ballast tanks and pipelines, thus compromising the structural integrity
of the ship [12]. The consequence, of such added testing, is a further increase in the cost of maintenance
and preventive corrosion protection, i.e., paint and sacrifice anodes [53].

4. Using Biocides as Active Substances

The term biocide defines any product used to control organisms harmful to human, animal and
vegetal health, or that may cause damage to materials and equipment. Biocides can contain or generate
one or more active substances, and usually, they are classified into 4 main groups: disinfectants,
pesticides, preservatives, and others biocidal products [54,55].

In the context of ballast water treatment, an active substance is defined as any substance or
organism specifically used against nuisance aquatic organisms and pathogens present in the ballast
water, and a relevant chemical is defined as any reaction product that is hazardous to human health
and/or the environment. Both, active substances and relevant chemicals can be produced before or
during ballast water treatment, and in the worst case, in the environment of the discharge site [15,56].

Without exception, to officially gain recognized approval, any ballast water management systems
(BWMS) that make use of active substances or produces relevant chemicals must comply with all
associated environmental regulations. The IMO guideline G-9, Procedure for Approval of Ballast
Water Management Systems that make use of active substances, as well as the rules testing and
evaluation requirements for active substances, preparations and relevant chemicals, and test report
requirements, respectively subparts 162.060-32 and 162.060-36, Title 46 of the United States Code of
Federal Regulations, establish that such chemicals must be deemed acceptable and safe via additional
testing that demonstrates the substances are not bioaccumulative, not persistent in the environment,
and not toxic to humans [12,15,56].

Legislative and public acceptance, cost/benefit and risk evaluation, shipboard safety, and
practicality are also important factors that affect the use of biocides. In the case of new biocide
candidates, such requirements are even more problematic, since thorough testing to characterize their
chemical nature and activity must be completed before any real world tests are possible [57].

As a rule, those additional requirements are laborious, time-consuming, and expensive, but they
are mandatory, according to internationally recognized standards and testing regulations/guidelines.
Perhaps for this reason, during the last ten years, only 41 BWMS classified as using active substance
have received final approval of use by the IMO. Among these approved systems, there is not a single
system using a living organism for biological control, and only 11 systems using simple addition of
chemical substances: peracetic acid (3 systems), sodium hypochlorite (2), calcium hypochlorite (1),
sodium chlorate (1), sodium dichloroisocyanurate (3), and polyaluminiun chlorohydrate (1 system).
However, it is important to note that none of these systems use an environmentally friendly or a “green
biocide”, and the remaining approved systems use much more complex operational process, such as
electro-chlorination (21 systems), associated UV irradiation (6) and Ozone generation (3 systems) [58].

An environmentally friendly or a green biocide has as cornerstone principle the use of green
chemistry, i.e., to be produced from least toxic and renewable raw material using a more economical
synthesis process, to cause minimal or no harm to the environment, and do not be hazardous to human
health [59,60].

Indeed, except for the peracetic acid, few biocides without metal or halogen components in
their composition have been suggested for testing in BWMS. Among them, only two commercial
products have actually undergone rigorous testing, Mexel® 432 and SeaKleen®. Mexel 432 has as
active substance a mixture of alkylamines, CAS No. 61791-63-7, and possesses an anionic surfactant
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action. It has been used as an antifouling agent to prevent fouling development in cooling water
systems. Although considered an efficient molluscicide, Mexel 432 has been characterized by its toxicity
at very low concentrations [61–64]. SeaKleen® has as active substance a synthetic naphthoquinone,
CAS No. 58-27-5, also known as Menadione, a polycyclic aromatic compound that has been used as
anti-hemorrhagic animal feed additive [65,66].

A study comparing the actions of the peracetic acid with these two biocides shows that although
peracetic acid was more efficient against bacteria, Seakleen and Mexel 432 were more efficient against
phytoplankton and zooplankton [67].

The peracetic acid, CAS No. 79-21-0, has been used in BW treatment in association with hydrogen
peroxide in different proportions. Even though this mixture is free from metal or halogenated substance,
the peracetic acid is corrosive to metallic structures [68,69], besides being considered an unstable,
flammable, and irritating substance [70].

Although the idea of a green biocide that lacks metal or halogen substances, is readily
biodegradable, and does not persist in the environment (including low bioaccumulation patterns)
may seem attractive, the BWMS industrial segment has not moved in this direction. Indeed, the
absence of an efficient and environmentally friendly biocide also has been a significant problem
faced by the shipping industry when considering how to prevent biofouling on the outside of hulls,
another recognized vector associated with the undesirable relocation of potentially invasive organisms.
To date, the marine coating industry as a whole has not invested in developing environmentally
friendly natural biocides [71,72]. Nevertheless, environmentally friendly natural biocide compounds
may hold great promise, both for BWMS and hull fouling prevention.

5. Discussion

Over the last thirty years, there have been countless discussions and deliberations by regulatory
bodies, scientists, and industry on the nature and extent of economic impacts associated with the
growing number of marine invasive species around the world [73]. It is of great concern that there
are still so few available technologies designed to treat ballast water. Indeed, among the ballast
water management systems (BWMS) available today, the technologies that are currently in use can be
categorized primarily into two basic types: (1) filtration plus ultraviolet irradiation and (2) filtration
plus electro-chlorination [74]. Regardless of their market share, there still remain unanswered technical
questions and uncertainties about these systems’ genuine efficacy and robustness for organism
reduction across the full spectrum of operational and environmental conditions.

The situation is surprising when one realizes that an entire century has passed since Nicolaus
Peter and Albert Panning wrote their early conjectures about ballast water as a possible vector in the
dispersion of the Chinese Mitten crab Eriocheir sinensis in Europe [75]. Indeed, it has been more than
40 years since definitive evidence of aquatic invader transfer across long distances by means of ballast
water was scientifically documented [76].

In general, potentially simpler BWMS that use an ordinary biocide addition process and run less
complicated equipment that requires little maintenance and monitoring, have been overlooked by
BMWS manufacturers and are largely unavailable [17]. Although this reticence is likely due to the
current absence of a safe, environmentally friendly, and economical chemical with the capacity to be
used as an active substance, it is possible that other factors also play into a hesitation to pursue such
technologies [57,60].

The perceived financial risk-to-reward ratio may be a deterrent, compared to the application
(modification) of existing technologies for municipal water treatment. For example, there are often
relatively meager yields compared to enormous investments by pharmaceutical companies attempting
to identify and isolate potential drugs from nature. The experience of such limited results suffered by
pharmaceutical industry, which has invested in extensive and continual research to identify, to isolate,
and to industrialize naturally occurring chemical substances, may have indirectly contributed to the
lack of investments in the prospection and use of natural products by shipping industry [77].
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Nevertheless, even though a myriad of natural bioactive substances are being discovered and
published every year [78,79], natural biocide compounds are generally too complex to synthesize, and
the greatest obstacle to producing green biocides at large scale and mass production levels are the
technical challenges associated with developing practicable methods of synthesis that can scale to
metric tonnes of output [80,81].

In fact, the transfer of living organisms in ballast water remains an unresolved environmental
problem worldwide, but choosing an effective BWMS to put aboard is also a big and onerous challenge.
While recognizing that there is not a miraculous treatment system that can overcome the whole
problem just around the corner, it is possible to agree that an environmentally friendly system running
simpler equipment, requiring low maintenance, and easy operation could be the best and first option.
In fact, the use of onboard BWMS has great potential to be a truly global solution to a global problem.
Since ships that operate onboard BWMS have the potential to protect all coastal waters of all countries,
not just the most economically advantaged countries, this engineering solution represents a socially just
solution to a shared environmental challenge. However, there remain several sources of uncertainty
about which technologies will be part of this solution, and their relative merits and constraints.

Whether due to regulatory uncertainty, perceived costs, or public concern, the relatively slow
pace of technological innovation has contributed to the current limited ability to accurately identify
and rapidly advance BWMS mechanisms that hold the greatest promise to address this environmental
problem. At the same time, the urgency for a solution is all the more amplified by the impending
September 2017 regulatory deadline faced by the commercial shipping industry.

Even general apprehension about the use of biocide substances, by society and regulatory bodies,
may also contribute to the current lack of action and innovation in this field, this absence of innovation
is paradoxical. In fact, biocides are used extensively for agriculture, drinking water, and sewage
treatment, activities that affect large portions of the global population and represent enormous
economic investments, costs that far outstrip any potential investment costs borne by the commercial
shipping industry. Fortunately, in spite of very little resource allocation (when compared with the
amount spent on environmental remediation) researchers have relentlessly continued their assessments
and investigations of green biocides, as well as other possible alternative technologies, for potential
use as approved BWMS. Needless to say, without greater vision and financial support from industrial
sectors, the necessary research and development of such technologies will be slowed significantly.

6. Conclusions

Despite various doubts related to regulatory requirements, reliability, and efficacy of currently
available technologies, the use of ballast water management systems (BWMS) is a widely accepted and
established solution for mitigating invasion risks associated with ballast water. Robust, high efficiency,
simpler principle, environmentally friendly, low maintenance, and easy use are the most desired
characteristics of a BWMS. Some uncertainties and anxieties still exist about existing technologies,
raising the question to whether a more environmentally and crew friendly technology is possible.
While improvement of the currently available technologies is actively underway, innovation and
development of green and environmentally friendly biocides should advance also to meet both short
and long-term goals, to minimize both invasion risks and environmental impacts. Given that the
actual performance of early onboard BWMS remains uncertain, there is still room to develop, test,
and implement a range of new BWMS technologies to effectively reduce the release of invasive marine
species. We suggest that future research should include deeper exploration of green technologies,
aiming to advance environmentally friendly systems with simple equipment and maintenance needs,
easy operations, and low uncertainty about environmental impacts. While all this is going on, it is
time to choose a BWMS to put aboard.
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