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Abstract. Today, it is very important to select and install the optimal equipment for the treatment of ballast water in
existing ships. Increasing cargo volumes demand for a greater number of ships for transportation and expanded navi-
gation geography as well as result in increased amount of discharged ballast water. Consequently, sea water pollution
is increasing and invasive microorganisms appear that the existing flora and fauna are unaccustomed to. In order to
protect territorial waters from these invasive species, International Maritime Organization (IMO) requirements have
been implemented that regulate the quality parameters of discharged ballast water from ships. This problem has be-
come particularly relevant for operational ships, in which ballast water treatment equipment and technical solutions
had not been anticipated in the design stage. This article provides a comparative analysis of the treatment equipment
of ballast water and the related technical parameters, in order to distinguish the most important equipment criteria. A
Carrier, according to its technical characteristics, was analysed together with the water treatment method for operated
bulk. An expert evaluation for the characteristics of the technical equipment was established.

Keywords: ship; seawater; ballast water treatment; treatment methods; multi-criteria evaluation.

Introduction

Ballast water is used to stabilise vessels by taking ballast
water into tanks from one global ocean harbour while
the ship is unloading and to discharge it in another place
while the ship is loading. This leads to the introduction
of invasive species. In 2004, the International Maritime
Organization (IMO) adopted the International Conven-
tion for the Control and Management of Ships™ Ballast
Water and Sediments (BWM) (IMO 2004). The Conven-
tion will enter into force once it has been ratified by 30
States, representing 35% of the world merchant shipping
tonnage. Ships built after 2009 with a ballast tank capac-
ity below 5000 m? and ships newly built on and after
1 January 2012 with a ballast tank capacity of 5000 m?
and over will have to have ballast water treatment sys-
tems installed by the time the convention is enacted. Sys-
tems for a ballast water management shell are approved
by the authorities of the Flag State of the ship. Today,
there are many known ballast water treatment methods
and equipment suppliers and, therefore, for ship owners
and operators it is often rather difficult to select the most

suitable ballast water treatment system for their ship in
terms of efficiency, price and duration of installation
works, operational expenditures, etc. In operating ships,
the engine room mostly has a narrow available pathway
to move the ballast water treatment system’s components
and, normally, there is no space around the pumps.

The other trouble such as peaking retrofit demand
and the lack of sufficient industrial capacity could hap-
pen if ship owners of possible 49300 ships, which need
to be outfitted, postpone the ballast water treatment
system installation to an intermediate survey, with this
being the latest point for a ship to comply with global
regulations in a few years time.

The Ballast Water Management Convention (IMO
2004) has not yet entered into force, but the schedule for
mandatory treatment of ballast water is fixed indepen-
dent of when the convention is ratified. The main peak is
expected in 2017, when the last ships with medium bal-
last water capacity have to retrofit at the same time as the
rest of the fleet has to start retrofitting. After 2019, the
retrofitting is expected to be largely completed. It is good
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news for ship equipment manufacturers and shipyards.
They need to be prepared to deliver their products and
provide services to shipping companies.

Nowadays, one of the most serious problems is the
aquatic invasive species: spread of organisms from ship
ballast water that is emergent in maritime surroundings
(Wu et al. 2011a, 2011b; Drake, Lodge 2004; Gregg et al.
2009; Endresen et al. 2004). In order to prevent these or-
ganisms from spreading, ballast water treatment systems
should be installed in all ships (Gollasch et al. 2007; Da-
vid, Gollasch 2008).

Globally, research has been carried out on the
analysis of mechanical, physical, and chemical methods
and their combinations: filtration and hydrocyclonic
separation (Tang et al. 2006, 2009), deoxygenation
(David, Gollasch 2008; McCollin et al. 2007), ozona-
tion (Oemcke, Van Leeuwen 2005; Perrins et al. 2006),
chemical biocides (Zhang et al. 2013), UV (Wu et al.
2011a, 2011b; Holm et al. 2008; Raikow et al. 2007), ul-
trasound or a combination of these methods, e.g. filtra-
tion or hydrocyclone as a primary treatment and ultra-
violet light as a secondary one (Champ 2002; Tang et al.
2006; Sutherland et al. 2001).

Each method has its own advantages and disadvan-
tages. According to factors of safety, effectiveness and
cost, a single method does not ensure fulfilment of re-
quirements posed by the IMO (Wu et al. 2011a, 2011b).

The aim of this article is to show how to select the
possible most popular ballast water treatment system for
bulk carries’ retrofitting with the help of a survey issued
to maritime industry experts and the analysis of their
point of view.

1. Research Selection Criteria of the Ballast
Water Cleaning Equipment

1.1. The Overview of Ballast Water
Treatment Methods

At the moment, modern ballast water treatment equip-
ment is based on mechanical (filtration and hydrocy-
clonic separation), physical (UV radiation and deoxida-
tion) and chemical (ozonation, chlorination and elec-
trolysis) treatment methods (Table 1).

Each treatment technology has different charac-
teristics and features and differs from others by several
aspects.

Understanding the differences and limitations be-
tween the treatment technologies used by the ballast
water treatment systems available on the market could
be the first step in starting to select a ballast water treat-
ment system for a ship, even if almost all the systems on
the market make use of more than one technology to
overcome possible technology limitations and to reach
full compliance with the D-2 Standard (IMO 2004).

Table 1. Ship’s ballast water treatment methods (Tang et al. 2006; Sutherland et al. 2001; Sateikiené, Januténiené 2012)

Ballast water

treatment Ship and operations Safety Environments
methods
Treatment at: uptake; Reduction of sediments into the ballast
Filtration Time for lethality: at treatment; No safety related effects. tanks;
Pressure drops and reduced flow rate. Not effective for microorganisms.
T : ke; . . .
. reatment at: uptake Reduction of sediments into the ballast
Cyclonic Time for lethality: at treatment;
. No safety related effects. tanks;
separation Pressure drops and reduced flow rate; . . .
C . Not effective for microorganisms.
Minimum maintenance.
. Tfeatment at up take; Reduction of sediments into the ballast
Coagulation/  Time for lethality: n/a; N/a tanks:
flocculation ~ Storage tanks for additives are ) P . .
Not effective for microorganisms.
necessary.
Treatment at: uptake and discharge;
Uv Time for lethality: at treatment; UV light exposure can be Efficiency is dependent on water quality;
Increased energy consumption; harmful. Effective for microorganisms.
High maintenance.
Treatment at: uptake for some e . Effective for microorganisms;
. Toxic (it is a primary o
systems and at discharge for others; . . . Ballast water neutralisation before
. . . irritant, affecting especially :
Ozonation Time for lethality: up to 15 hours; . discharge;
: eyes and respiratory . . o
Possible consequences on tanks and systems) Efficiency is dependent on water quality;
pipe corrosion. Y ’ Air pollution.
Treatment at: uptake; . .
. : Risk of chemical exposure . .
. Time for lethality: hours; - Effective for a broad range of organisms;
Electrolytic : to the ship’s crew; o
L7 Possible consequences on tanks and Ballast water neutralisation before
chlorination/ . . Exhaust of hydrogen and )
. pipe corrosion; S discharge;
electrolysis chlorination gas generated

Increased energy consumption;
High maintenance.

by electrolysis.

Efficiency is dependent on water quality.
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The technologies used for treating ballast water are
generally derived from municipal and other industrial
applications. Some of them are very well-known treat-
ment applications but they are now subject to new con-
straints such as space on board, costs and efficacy.

1.2. Equipment Selection Criteria

This research includes analysed methods for the treat-
ment of ballast water and the information about the
equipment for the treatment of ballast water certified
by manufacturers. The main technical characteristics of
the equipment were highlighted. The maximum techni-
cal parameters of the certified equipment were collected
regardless of the manufacturer of the equipment and
provided in Table 2 in accordance with the method for
the treatment of ballast water. The maximum values per-
taining to technical characteristics of the analysed meth-
ods for the treatment of ballast water were very different.

Subsequent to the analysis of the approved treat-
ment equipment offered by manufacturers, it is possible
to distinguish the main technical parameters that have
an influence on selecting dry bulk cargo ships.

Treatment equipment capacity — the maximum bal-
last water treatment amount per time unit: for the re-
search, a Bulk Carriers vessel was selected (type — handy,
representative ballast capacity - 18000 m?, representa-
tive pumps rate 1300 m>/h); therefore, this parameter
is important.

Treatment equipment dimensions — dimensions of
treatment equipment assembled in operational ships.
There are no anticipated places for treatment equipment
installation in operational ships and the dimensions are
limited by passages and installed equipment while trans-
porting it to a selected place.

Treatment equipment mass — the total mass of in-
stalled equipment module. During the installation of
ballast water treatment equipment in an operational
ship, some additional mass appears that had not been
anticipated in the design and construction stage.

Energy consumption - any newly installed treat-
ment equipment uses energy. The equipment’s energy
consumption is relevant because the ship’s design and
construction has not foreseen additional energy con-
sumption. Electrical power consumption by the ballast
water treatment systems is potentially a significant hur-
dle for some technologies on the high ballast dependent
ships.
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2. Multi-Criteria Evaluation Methods

Multi-criteria decision making methods are applied for
deterministic problem solving, when the set of alter-
natives are known and are directly determined at the
beginning of the selection process: ELECTRE group
of methods (ELECTRE I, ELECTRE II, ELECTRE III,
ELECTRE IV, ELECTRE A, ELECTRE TRI) (Zavadskas
et al. 2013; Radziszewska-Zielina 2010) are based on
overbalance of the ratio and assigned to overbalance ra-
tio approach methods and should be assigned to group-
ing and classification group methods according to their
purpose; the PROMETHEE group of methods (PRO-
METHEE I, II, IIT and IV) (Kabak, Dagdeviren 2014;
Podvezko, Podviezko 2010); and the PCCA procedure,
which is the basis, on which these methods are devel-
oped: Mappac, Pragma, Cartesian methods (Matarazzo
1990; He et al. 2009); AHP method (Esmaeili et al. 2014;
Rostamzadeh et al. 2014; Gudiené et al. 2014; Siozinyté
et al. 2014; Kildiené et al. 2014).

For contractor problem solving, it is necessary to
distribute potential priorities. These priorities are con-
sidered from the best to the worst. For every analysis
there can be applied several multi-criteria methods. The
best-known methods are Goal Programming, Analytical
Hierarchy Process, the ELECTRE and the PROMETH-
EE group of methods (Zavadskas et al. 2013; Radzisze-
wska-Zielina 2010; Kabak, Dagdeviren 2014; Podvezko,
Podviezko 2010; Esmaeili et al. 2014; Rostamzadeh et al.
2014; Gudiené et al. 2014; SioZzinyté et al. 2014; Kildiené
et al. 2014).

The PROMETHEE method is assigned to ranking
methods. PROMETHEE methods need a lot of informa-
tion, but the number of criteria is reduced considerably.
A decision maker defines the priorities of the function
of each criterion and provides the following functions
thresholds.

Quantitative multi-criteria methods are based
the decision-making matrix R=“rij“ of criteria (in-
dicators) that characterise the analysed process and
indicator importance (weight) vectors Q =||(D,~||
(i=1,2,...m;j=1,2,...,n), where: m — the number of in-
dicators; n — the number of compared objects (alterna-

tive) (z::wi :1) (Podvezko 2012).

Indicators are of a maximised or minimised type,
i.e. with consideration to the analysed purpose, their

Table 2. Ballast water treatment methods and equipment and their maximum values of indicators

Methods of treatment

Jforametersof | Measurement L g Filmtion QRIS Coagulant
§ camp generation uv trolysis OZf)JI:it;OH elecrtlg(;ic(l)lllori— (WI;}QIISS%E; tic
1. Capacity m3/h 9600 6000 5000 3000 6000 2400
2. Dimensions m? 23 15.9 5.23 13.5 43.3 209.2
3. Equipment mass kg 7520 4750 13600 11000 7750 14090
4. Energy consumption kw 233 76 800 348 177.8 170
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best value may be the highest or the lowest. The influ-
ence of individual indicators (criteria) is different in
terms of the present purpose and measurement units
of criteria. Quantitative multi-criteria methods com-
bined normalised values of criteria #;(0<7; <1) and
their weights ®; with the method of evaluation criteria
(Podvezko 2012; Ginevicius, Podvezko 2005; Ginevicius,
Vaitkanaité 2006).

Depending on the SAW (Simple Additive Weight-
ing) method, the evaluation criterion S; is calculated by
the following formula:

m
i=1

where: ®; - weight coefficient; r;; — significance coeffi-
cients.

The method of alternative evaluation is the PRO-
METHEE (Preference Ranking Organisation METHod
for Enrichment Evaluation) method. Instead of the cri-
teria of normalised values 7, in the formula (1) priority
function p(d) values are appiied, where d is the function
argument and is the index (criterion) values difference
di(Aj’Ak):rij Tk

Weighting coefficient value selection method is
applicable, as a decision-maker selects values of the
weighting coefficients, depending on the calculated task
specifics, and considering the fact that the most impor-
tant parameter is the quality of the clean-up, which if it
not met means the other parameters of the analysis do
not make sense.

The prioritisation function values indicate the de-
gree of importance of one alternative (prioritisation) in
respect of other alternatives and depend on the function
parameters g and s (Podvezko 2012).

Evaluation with the PROMETHEE method of two
alternatives A; and A, comparison criteria Tt(Aj;Ak)
are calculated by the following formula:

n(Aj;Ak):(imi oo (4540)) | @)
i=1

where: ®;- i-th index R; weight; p, (d) = p, (digAj JAy )) -
t-th (one of the proposed) priority function, for the cho-
sen i-th indicator.

These methods differ from other multi-criteria
methods as instead of the normalised values of criteria,
specifically chosen functional (priorities, consensus and
disagreement) values apply.

3. Ballast Water Treatment Methods and the
Comparative Analysis of the Equipment Index

The importance of technical parameters of ballast water
treatment equipment was analysed in order to determine
the ones that need to be estimated while installing treat-
ment systems in ships.

For expert evaluation, specialists of this field were
selected: ship owners, ship designers, constructors and
scientists.

An accomplished expert evaluation and to have all
expert results of the evaluation is expedient in working

them out. The processing of results is expedient in work-
ing out these tasks:

- set of expert opinions’ compatibility;

- set of dependence between the expert opinions;

- summarise the evaluation of the experts;
assess the reliability of the results of the expert
evaluation (Rimkuviené 2002) (Table 3).

In processing the results of the expert evaluation,
especially in the case in which the opinions are incom-
patible, it is appropriate to determine the dependency
between the different expert opinions. In order to es-
tablish the unity of expert opinions as well as calculate
the Kendall concordance coefficient W (Cekanavicius,
Murauskas 2004):

2
we_ 128 3)
m? (k> —k)
where: S - sum of squares pertaining to deviation of re-
sults received from evaluation of each criterion; m — the
number of experts (m = 7); k — the number of evaluation
criteria (k = 4).

The concordance coeflicient may fluctuate in the
range from 0 to 1. When W = 1, all experts accepted all
of the criteria; and when W = 0, experts did not have a
unanimous opinion. The evaluation can be considered
to be sufficiently objective if W > 0.6.

Deviation from the average of the squares of the
ranks is equal to:

k(m 2
§t= Z[inj —a] =185, (4)

j=1l i=1

where: x;; - j-th object rank of row i; a - the average
value of ranks:

a=0.5-m-(k+1)=17.5.

When the concordance coeflicient exceeds the val-
ue of 0.6, it is assumed that the expert opinion is unani-
mous and the expert assessment is deemed to be reliable
and completed (Birks, Malhotra 2002).

To calculate the concordance coefficient:

" 12.8 121185 o076, 5)

m? (k3 —k) 7%-(4°-4)

In order to test the hypothesis of the significance of
W it is necessary to calculate X} :

,_ 12§ 12:1394
Cmeko(k+1) 7-4-(4+1)

=119.49, (6)

where: 32 - testing criteria for the significance of con-
cordance coeflicient.

If using the following formula the calculated value
is greater than the critical value, the rankings hypothesis
concerted by the experts is confirmed. When x> <y2 ..,
it is considered that expert opinions are incompatible
and radically different:

Xhrit =X, '(k_l):X%.os '(3)20.352. (7)
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Table 3. Ballast water treatment criteria
Evaluation of priority
The evaluation
criteria Amount . The average Square
b2 3 4 5 6 7 of ranks Ranking value of ranks deviation
Capacity 4 3 4 4 4 3 4 26 4 17.5 72.25
Dimensions 3 4 3 2 3 2 2 19 3 17.5 2.25
Equipment mass 1 1 1 1 1 1 1 7 1 17.5 110.25
Energy consumption 2 2 2 3 2 4 3 18 2 17.5 2.25
An accomplished expert assessment and materiality Conclusions

of reliable analysis can accentuate the most significant
and the most important factors of the selection of the
ballast water treatment equipment.

The ballast water treatment methods and equip-
ment evaluation criteria for weight coeflicients are pre-
sented in Table 4.

Table 4. The ballast water treatment methods
and criteria evaluation of equipment

The evaluation criteria Weight coefficient o;

Capacity 0.37
Dimensions 0.27
Equipment mass 0.10
Energy consumption 0.26

Of each criteria under consideration, the ballast
water treatment method and the relative importance of
equipment parameters are calculated to consider the mi-
nimised or maximised normalised criteria values.

Calculated values are multiplied by the appropriate
weight factor. In this case, we are interested in low bac-
terial spread, the minimum energy costs and the mini-
mum overall dimensions and weight of the equipment.

Calculated by formula (1), it is estimated that these
days, to produce the ballast water treatment, the mini-
mum performance parameters S_, =2.793 ensure the
water chlorination method (Table 5).

Having analysed the main technical characteristics of
currently manufactured equipment for the treatment of
ballast water, the main technical parameters were high-
lighted, which would be important when choosing the
equipment and installing it in ships. The rating of main
technical parameters of the equipment for the treatment
of ballast water using PROMETHEE method was per-
formed and experts were surveyed. During the expertise,
the main technical parameters which have to be evaluat-
ed were determined as follows: efficiency, capacity, mass
and power consumption of the equipment.

Calculations regarding the coeflicient of concor-
dance revealed the compatibility of the expert opinions.
The value of the coefficient of concordance is 0.76. This
result shows that experts think similarly and the exper-
tise is considered reliable.

The results acquired from the comparative analy-
sis of technical characteristics of the equipment for the
treatment of ballast water using multi-criteria method
showed that the equipment for water treatment based
on chlorination is the most effective and energy efficient
only in accordance with technical parameters. The treat-
ment efficiency using chlorination method depends on
chlorine concentration, ambient temperature, and salt
content in water, pH and time of impact.

In order to achieve good results of water treatment,
it is suggested to combine two measures: chlorine and
filtration. It is essential to neutralise and remove all re-
maining chemicals from ballast water before draining it.

Table 5. The ballast water treatment methods and the assessment of equipment

Cleaning methods and equipment significance coeflicients 7;

Parameters of

No. cleaning equipment Optimisation ~ Chlorine  Filtration ~  Elec- Fggfnozr;_— efilltcrtarz?r;i; / (wict:ﬁariilarrllettic

direction  generation uv trolysis . YSIST 1ag
nation  electrochlorination particles)

1. Capacity max* 0.370 0.231 0.193 0.116 0.231 0.093
2. Dimensions min 0.030 0.021 0.007 0.017 0.056 0.270
3. Equipment mass min 0.053 0.034 0.097 0.078 0.055 0.100
4. Energy consumption min 0.008 0.025 0.260 0.113 0.058 0.055
Sunin 2.793 4403 5552 8.857 4.493 11.236

Note: *measured ratios.
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