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1 Faculty of Maritime Studies, University of Rijeka, Studentska 2, 51000 Rijeka, Croatia;
marko.dordevic@student.uniri.hr (M.Ð.); kriskovic@pfri.hr (A.K.)

2 Faculty of International Relations and Diplomacy, Libertas International University, Trg J.F. Kennedy 6b,
10000 Zagreb, Croatia; legovic@irb.hr

3 Laboratory for Data Science, Oikon, Trg Senjskih Uskoka 1-2, 10020 Zagreb, Croatia
4 Division for Marine and Environmental Research, R. Bošković Institute, Bijenicka Cesta 54,
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Abstract: Ships pollute bays and coves with oils daily. Although the number of major pollution
events is decreasing, accidents still occur and are likely to occur in the future. Most often, pollution
arises from spills of non-persistent oil in bays, mainly during the summer season. A prompt response
is key to oil collection success in semi-enclosed waters. In order to ensure that oil does not reach
the mainland and endanger a potentially crucial economic resource of a country, it is vital to collect
it in minimal time. Furthermore, it is also essential to send response ships that minimize the cost.
In practice, there may be several optimal combinations of response ships to be sent. When the response
cost is considered, obtaining all possible optimal solutions (a complete Pareto front) is vital because
the shortest collection time does not necessarily mean the lowest costs. For these reasons, two general
optimization models are considered. The first model gives the minimum response time to collect oil
from the sea’s surface, while the second model gives the minimum response cost of ships participating
in the clean-up operation. The supplied pseudo-codes allow for all optimal solutions to be found.

Keywords: collection time; cost; pseudo-code; Rijeka Bay

1. Introduction

Today, transporting goods and cargo by sea is the most economical transport branch [1].
Some types of cargo require special attention during transport and handling while loading
and unloading in ports. World sea transport involves cargo with different properties [2].
Historically, liquid cargo tankers have influenced marine ecology significantly [3,4]. Pre-
venting the spread of oil on the sea surface during transport is crucial [5]. Knowledge of
the characteristics of the spilled oil is an essential factor in the application of appropri-
ate intervention measures, including operational staff [6]. In addition, the allocation of
maritime oil spill combat ships is crucial [7]. It should be emphasized that each maritime
accident and each oil spill should be considered separately [8,9] (p. 1). The frequency of oil
pollution will be significantly reduced by applying preventive measures, but oil spills are
possible anywhere and anytime despite prevention [10–12]. For these reasons, an efficient
system is needed to respond to accidental marine pollution in order to maximally reduce
the damage.

In a thorough review, Weiwei et al. (2015) [13] claimed that in the event of a large oil
spill at sea, often more than one oil spill emergency vessel should be dispatched. Further-
more, they analysed the state-of-the-art characteristics of emergency disposal programs
for marine oil spills and the requirements for emergency vessel scheduling. Their re-
search demonstrated that integrating multiple technologies, such as ad-hoc networks, GPS,
and AIS, can improve the operational capacity of emergency vessels on-site and minimize
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damage caused by offshore oil spills. The research gap is that the study showed the sched-
ule of the response ships but did not give an answer as to which combination of response
ships to send toward oil slicks. Li et al. (2019) [14] provided a systematic literature review
of the methodology for emergency materials to be dispatched based on three main steps
combined with the development of China’s oil spill response capacity. The first step is to in-
tervene in large marine spills. Second, following different grade accidents, the demand for
all available emergency materials is replaced by an equivalent total volume. The third step
lists the conditions for the emergency materials to be dispatched to minimize the arrival
times of all oil spill emergency disposal vessels. The shortcoming of the study was that
the authors calculated the fastest arrival of ships to the place of the spill, but this does not
necessarily mean that the fastest remedial action will happen because the rate of collecting
oil from the sea surface was not considered.

Ye et al. (2019) [15] focused on how to improve marine oil spill response efficiency to
minimize environmental and socioeconomic impacts. They proposed a new simulation-
based multi-agent particle swarm optimization (SA-PSO) approach for supporting marine
spill decision-making through the integrated simulation and optimization of response
device allocation and process control. The authors did not consider different types of oils.
Each type of oil affects flora and fauna differently and requires different types of skimmer
devices. Ye et al. (2021) [16] suggested an emergency response system based on dynamic
process simulation and system optimization modelling. Furthermore, the authors sug-
gested a particle swarm optimization (ME-PSO) algorithm with outstanding convergence
performance and low computational cost characteristics that integrated multi-agent theory
and evolutionary population dynamics. Most authors have used linear programming,
multi-criteria analysis, or genetic algorithms. A genetic algorithm was also used to al-
locate specialized vessels. The model proposed in this paper concerning the mentioned
models takes the capacity of an individual skimmer device to be a more accurate measure
in the calculation of the spill response time. Furthermore, it is important to emphasize that
the pollution of bays and coves is more frequent than large accidents at sea [17]. As previ-
ously pointed out, oil spills should be considered separately precisely because there are
different types of oils, behaviours, and movements on the sea surface. For these reasons,
the basic properties of oil were reviewed from an analytical and graphical point of view.
Using the ADIOS program, the properties of Arabian extra light (Aramco) oil can be viewed
graphically in real time.

The two general models proposed in this paper can be applied to any bay or cove
in the world. The first model gives the minimum number of response ships that have a tank
capacity sufficient enough to collect the oil slick, taking into account that the duration of
collecting pollution from the sea will be the shortest. The second proposed model considers
the cost of the response ship per hour of operation. Thus, in the case of pollution, the com-
mander in charge of the response to accidental marine pollution can choose a response,
taking into account the minimum duration of collecting pollution from the sea or using
the model and strategy to reduce costs. The presentation of the results from the two models
is given using the example of the Rijeka Bay area. It is important to emphasize that proper
handling of personal protection and specialized equipment and following the intervention
plan must not be neglected in order to reduce the risk of pollution and take the optimal
action. The two general models proposed here enable selecting the optimal number of
response ships sent to collect oil spills in bays or coves. The contribution of the article in-
cludes several possible optimal solutions with the selection of the optimal time of response
to pollution or reducing remediation costs. The proposed models can thus significantly
help ports and bays respond to accidental oil pollution.

The paper is organized as follows: First, oil behaviour in marine environments is
reviewed, and then methods of finding optimum sets of ship combinations to collect oil
are elaborated. Pseudo-codes of the presented methods can be found in the appendices.
The results and verification of the models are presented next using several examples,
including the data from Rijeka Bay. In the discussion, various application issues are
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mentioned. The conclusion emphasizes the value of the obtained results in combating oil
pollution in bays and semi-enclosed seas.

2. Maritime Spill Accidents and Oils Behaviour in the Marine Environment

Advances in technology have enabled maritime transport to develop faster, but freight
prices have risen significantly due to the recent coronavirus pandemic [18] and war.
Throughout history, liquid cargo ships have significantly influenced marine ecosystems [19].
However, other types of vessels that can dramatically pollute the sea and coast should
not be neglected. For example, container vessels are also increasing to reduce transport
costs, but they have larger fuel tanks, which, in the case of an accidental oil spill, can cause
significant damage to flora and fauna [19,20]. The main goal of cleaning up accidental
pollution is to collect the spilled oil from the sea surface as quickly as possible before it dis-
solves in the seawater or reaches the coast or other economically significant resources of
a particular country and protect human lives [21]. Figure 1 shows two categories of marine
pollution with oil. The amounts of pollution shown were caused by liquid cargo ships.
The first category is in the domain of over 700 tons of oil spilled on the sea surface and
is shown in the colour green. The blue colour shows pollution in the range of 7–700 tons.
It should be emphasized that 7–700 tons of oil is much more common than large oil spills
of over 700 tons. Furthermore, the red line shows the average marine pollution per year.
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Figure 1. Number of medium and large tanker spills per year from 1970 to 2021. Reproduced with
permission from ITOPF, 2022 [22].

It is essential to emphasize the characteristics of oils. The physical and biological effects
of an oil spill, the behaviour of the oil slick, and the effectiveness of different cleaning
methods largely depend on the type of oil spilled [23]. Furthermore, the physical and
chemical characteristics determine the thickness of the layer of oil, the rate of spread of
the oil slick, and consequently, the selection of the most suitable cleaning technique [24].
The physical and chemical characteristics of oil that determine its behaviour on water
and the effectiveness of cleaning operations include its density, viscosity, evaporation,
dispersion, and changes in these parameters over time [25]. The physical properties
of the oil will vary depending on local conditions and may deviate significantly from
the values that exist in the standards. Most often, pollution arises from a spill of non-
persistent oil in bays, mainly during the summer season [26]. So, we decided to analyse
weathering processes using ADIOS (NOAA’s oil weathering model) for oil types, using
Arabian extra light (Aramco) as an example.
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Figure 2 shows changes in oil density over time. Oil density affects the rate of oil
dispersion in water. The American Petroleum Institute (API) scale (density), which is
based on pure water, is often used, which determines the API value of 10% mass by
agreement [27].
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(from the ADIOS program).

Figure 3 shows changes in oil viscosity over time. Viscosity is a measure of the internal
resistance of a fluid. The lower the viscosity of a substance, the easier it flows [28]. Honey is
usually an example of a high viscosity liquid. Temperature affects viscosity as well as other
physical characteristics of oil [28,29]. The lower the temperature, the higher the viscosity.
The viscosity is determined by the amount of lighter fractions that the oil contains and
the ambient temperature [30]. Regarding the cleaning of the oil spill, the viscosity affects
the spread of the slick, the stickiness of the oil, its penetration into the soil and sediments of
nearby beaches, and the possibility of pumping the oil from the surface [31].
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Figure 4 shows an example of oil budget and weathering, including the evaporation
and dispersion of spilled oil. It is essential to point out that volatile fractions are lost to
the atmosphere, and the rate of evaporation is determined by the type of oil, wind speed,
and ambient temperature [32]. A wavy sea promotes evaporation, and the rest of the oil
that does not evaporate has a higher density and is more viscous [33]. It can also be seen
in the graph how evaporation causes a loss of oil mass at sea. Most crude oils lose up
to about 40% of their volume in a few hours [34], while products such as gasoline and
light diesel evaporate completely in a few hours [35]. Figure 4 also shows the rate of oil
dispersion after contact with the sea surface. It should be emphasized that the waves
tear the surface covered by oil into smaller patches and thus improve the dispersion of
the oil [36]. Smaller droplets remain in the water column, while larger droplets rise again
to the sea surface. The dispersion rate depends on the type of oil spilled and the state
of the sea [37]. The spread and decomposition of oil are directly affected by the state of
the sea with parameters such as the wind, sea currents, sea depth, and waves. The wind
is a factor that affects the behavior and conditions of the oil. Wind and sea conditions
have the most significant effect on the speed of oil movement, which reaches 2.5 to 4% of
the wind speed [38].
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3. Materials and Methods

Several optimization strategies are suggested. In all strategies, two-level hierarchical
optimization is used. The allocation scenario is a combination in which each response
ship is associated with an appropriate amount of oil to collect. For each response ship
in the scenario, this quantity is less than or equal to the maximum capacity of the response
ship (known value prior to the accident) and strictly greater than zero. Additionally, it is
assumed that all response ships, except one at most, will have an allocated amount equal to
their maximum capacity. In all of the strategies, it is assumed that each response ship will
participate in the operation once at most and that there is at least one scenario of available
response ships whose total capacity is greater than or equal to the volume of pollution.
We started each strategy with a set of all possible scenarios without allocation. In the first
stage of all strategies, scenarios whose total capacity is strictly less than the amount of
pollution are rejected. Taking into account the previous assumption, this means that there
exists at least one strategy that will not be rejected in this step. The flowchart for Stage 1 is
given in Figure 5.
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The rest of the algorithm is different for each strategy, and the details are given below.
Strategy 1
The first strategy uses optimization at the following two levels:

1. The minimum number of response ships involved in the operation,
2. The shortest operation duration (includes collection only).

This strategy does not take into account the time of arrival of the response ships
but only the time of collection. In other words, it is assumed that all response ships are
equidistant from the place of pollution (for example, a fleet stationed in one port) and that
they have the same sailing speed. Note that the cost of the operation is not taken into
account in this strategy. In this strategy, the input values of the algorithm are as follows:

• The amount (volume) of pollution;
• Data on available response ships, i.e., for each ship. the following is known:

1. Maximum capacity (m3);
2. Collection rate (m3/h).

In the second stage of this strategy, the optimization procedure with regard to the num-
ber of response ships in the scenario (first level of optimization) is carried out by determin-
ing for each scenario the number of ships involved in that scenario, and then the minimum
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number of ships in all scenarios. All scenarios that include more than the minimum number
of response ships needed to collect the oil are rejected. In the third stage for each of the re-
maining scenarios, the allocation of the amount of pollution for all ships in the scenario is
carried out. Note that due to the second stage in each remaining scenario, all ships must be
allocated some of the total amount of pollution (otherwise, there is a contradiction with
the minimum selection at the first level). In addition, due to the assumption that all but
one ship at most must have an allocated maximum capacity, the allocation is carried out as
follows: For each scenario, the maximum collection time for each ship is calculated. The full
capacity is then allocated to all vessels except the one with the longest maximum collection
time. The vessel with the longest maximum collection time is allocated the remaining
amount of pollution (total amount of pollution reduced by the total capacity of other ships
in this scenario). After this stage, the allocation scenario is known. In the last (fourth)
stage, minimization is performed with respect to the duration of the collection operation
(second level of optimization). For each allocation scenario, an operation duration (equal to
the maximum collection time for response ships in that scenario) is determined, and then
a minimum operation duration is determined among all scenarios. All the scenarios that
have a duration of operation longer than the minimum are rejected. The scenarios re-
maining after the fourth stage are optimal with regard to Strategy 1. The pseudo-code
corresponding to the algorithm described above is given in Appendix A.

Strategy 2
In the second strategy, the additional input of parameters is taken into account.

As in the first strategy, for each available response ship, the following is known:

1. Ship capacity (m3);
2. Collection rate (m3/h).

In addition, in this strategy, equidistance is no longer assumed. Furthermore, ships
may differ in their speed of sailing and in the cost of participating per unit of time, so
the following is also known for each ship:

3. Distance from the oil slick (km);
4. Average sailing speed (km/h);
5. Price of participation in the operation (EUR/h).

In Strategy 2, the following two optimization criteria are used:

• Minimum total duration of the operation (includes the start and duration of collection);
• Minimum cost of participating in the operation (includes travel and collection).

In the two versions of this strategy, there are different hierarchical arrangements of
the two listed optimization criteria, as shown in Table 1.

Table 1. Order of optimization criteria for different versions of Strategy 2.

Order of Criteria Strategy 2a Strategy 2b

1. Minimum total duration Minimum cost

2. Minimum cost Minimum total duration

After the application of the first stage, which is the same for all strategies and in which
all scenarios with insufficient total capacity have been removed, there may be many combi-
nations left, i.e., scenarios in which not all response ships are allocated some capacity, while
maintaining the assumption that all ships in the scenario have a capacity allocation greater
than zero, and all but a maximum of one have their maximum capacity allocated. In order
to reduce the computational complexity of the algorithm in the process of implementing
the optimization criteria, in the second stage, first, all of the suboptimal scenarios are
discarded. An easy way to do this is for all scenarios that still have the total capacity to
collect pollution when a ship with the lowest capacity is rejected from them to be declared
suboptimal. The flowchart for Stage 2 of Strategies 2a and 2b is given in Figure 6.
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The remaining stages in the two versions differ, and the general idea is as follows.
In the third stage, for each combination, the corresponding allocation scenario is deter-
mined so that all response ships except the one with the maximum target value with respect
to the first optimization criterion (maximum duration in Strategy 2a and maximum cost
in Strategy 2b) are allocated their full capacity. The remaining ship is allocated a capac-
ity equal to the remaining amount of pollution. Then, for each scenario, the value of
the objective function given by the first optimization criterion is calculated (duration of
the operation in Strategy 2a and total cost in Strategy 2b) and the corresponding minimum
value of the objective function across all remaining scenarios. At the end of this stage, all
scenarios that have a value of the objective function strictly greater than the minimum are
rejected. In the last, fourth phase, for each remaining allocation scenario, the corresponding
value of the objective function is calculated according to the second optimization criterion
(total cost in Strategy 2a and duration of the operation in Strategy 2b), and then the mini-
mum value among them is selected. Finally, all scenarios that have a value of the objective
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function strictly higher than the determined minimum are rejected. General flowchart for
all strategies is given in Figure 7. Figure 8 shows flowchart for stage 2 of strategy 1.
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4. Verification of Models and Results

In this section, several examples are used to test and verify the algorithms described
in the previous section on several examples. In Example 1, Strategy 1 is tested. The input
data related to the response ship characteristics are given in Table 2. Let the volume of
pollution be P = 10 m3. In practice, the volume will have the greatest uncertainty. Hence,
one should use a higher rather than a lower estimate.
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Table 2. Example 1—input data.

Ship ID Ship Capacity (m3) Oil Collection Rate (m3/h)

1 10 1

2 12 1

3 16 1

4 20 1

The results below are given for each intermediate step in the algorithm i.e., the output
after each phase and the final result. The output of Stage 1 is given in Table 3, in which 1
indicates that the corresponding ship is participating in the given scenario and 0 indicates
that it is not participating. Scenarios differ by the ships involved. There are 10 scenarios
in which the total capacity of the response ships involved is sufficient to collect the oil
spill, i.e., greater than or equal to the value of P = 10 m3. The table shows that the mini-
mum number of ships included in the scenario is two. After Stage 2, the scenarios listed
in Table 4, i.e., those scenarios from Table 3 that include exactly two response ships. Stage 3
allocates the amount of pollution for the scenarios in Table 4 according to the criterion of
the minimum duration of the operation, as described in the previous section. The results of
the allocation (in m3) are recorded in Table 5. Table 6 presents the durations (h) of operation
for individual ships. The scenarios have the durations of 16 h, 13 h, 13 h, 15 h, and 15 h,
respectively, and the minimum duration is 13h.

Table 3. Example 1—output of Stage 1.

Scenario
Ship ID

1 2 3 4

1 0 0 1 1
2 0 1 0 1
3 0 1 1 0
4 0 1 1 1
5 1 0 0 1
6 1 0 1 0
7 1 0 1 1
8 1 1 0 1
9 1 1 1 0
10 1 1 1 1

Table 4. Example 1—output of Stage 2.

Scenario
Ship ID

1 2 3 4

1 0 0 1 1
2 0 1 0 1
3 0 1 1 0
5 1 0 0 1
6 1 0 1 0

Table 5. Example 1—final results of the allocation (m3).

Scenario
Ship ID

1 2 3 4

1 0 0 16 9
2 0 12 0 13
3 0 12 13 0
5 10 0 0 15
6 10 0 15 0
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Table 6. Example 1—final results of the duration (h).

Scenario
Ship ID

1 2 3 4

1 0 0 16 9
2 0 12 0 13
3 0 12 13 0
5 10 0 0 15
6 10 0 15 0

Therefore, after Stage 4, the final output of the algorithm is calculated, that is, Scenarios
2 and 3. This is also the final output of Strategy 1, which means that, in Example 1, there
are two global minima. In Example 2, the input data related to the ship characteristics of
Strategies 2a and 2b are given in Table 7. Let the volume of pollution be P = 25 m3.

Table 7. Example 2—input data. The price (EUR/h*) is hypothetical.

Ship ID Ship Capacity
(m3)

Oil Collection
Rate (m3/h)

Distance From
Pollution (km)

Average
Sailing Speed

(km/h)

Price of
Participation in the

Operation
(EUR/h*)

1 10 1 1 1 1

2 12 1 1 1 2

3 16 1 1 1 1

4 20 1 1 1 1

A list of possible scenarios after Stage 1 is given in Table 8. This list also includes
scenarios that contain too many response ships, i.e., the scenarios that do not allow alloca-
tion in accordance with the description of the strategies. For example, in Scenario 10, it is
not possible to meet the principle that one ship at most does not collect its full capacity.
The results after Stage 2, in which the surplus ship scenarios are rejected, are presented
in Table 9. The first two stages, as well as the corresponding results, are the same for both
Strategies 2a and 2b. In Strategy 2a, Stage 3 is optimized in terms of duration, and Stage
4 in terms of cost. The results after Stage 3 are presented in Tables 10–12. It can be seen
that the minimum duration is 14h, and the total cost of both scenarios is equal to 43 EUR.
Therefore, the results after Stage 4 are the same as after Stage 3, and they are equal to
the final output of the algorithm. So, there are two optimal scenarios under Strategy 2a.
The flowchart for stage 3 of strategy 1 is given in Figure 9. Figure 10 shows flowchart for
stage 4 of strategy 1. In Example 2, for final allocation, duration and cost for strategy 2a is
given in Tables 10–12.

Table 8. Example 2—all possible scenarios.

Scenario
Ship ID

1 2 3 4

1 0 0 1 1
2 0 1 0 1
3 0 1 1 0
4 0 1 1 1
5 1 0 0 1
6 1 0 1 0
7 1 0 1 1
8 1 1 0 1
9 1 1 1 0
10 1 1 1 1
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Table 9. Example 2—results after Stage 2.

Scenario
Ship ID

1 2 3 4

1 0 0 1 1
2 0 1 0 1
3 0 1 1 0
5 1 0 0 1
6 1 0 1 0

Table 10. Example 2—final allocation for Strategy 2a (m3).

Scenario
Ship ID

1 2 3 4

2 0 12 0 13
3 0 12 13 0

Table 11. Example 2—final duration for Strategy 2a (h).

Scenario
Ship ID

1 2 3 4

2 0 13 0 14
3 0 13 14 0

Table 12. Example 2—final cost for Strategy 2a (EUR).

Scenario
Ship ID

1 2 3 4

2 0 28 0 15
3 0 28 15 0
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In Strategy 2b, Stage 3 is optimized in terms of cost and Stage 4 in terms of duration.
The results after Stage 3 are presented in Tables 13–15. The minimum cost is 29 EUR,
and the scenarios have a duration of 17 h, 16 h, and 16 h, respectively. Thus, after Stage
4, two scenarios remain, Scenarios 5 and 6, which are also the two final solutions to
the problem under Strategy 2b. Clearly, the optimal solutions found by Strategies 2a and
2b differ. The flowchart for stage 3 of strategy 2a is given in Figure 11. Figure 12 shows
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flowchart for stage 4 of strategy 2a. In Example 2, for final allocation, duration and cost for
strategy 2b is given in Tables 13–15.
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Table 13. Example 2—final allocation for Strategy 2b (m3).

Scenario
Ship ID

1 2 3 4

1 0 0 16 9
5 10 0 0 15
6 10 0 15 0

Table 14. Example 2—final duration for Strategy 2b (h).

Scenario
Ship ID

1 2 3 4

1 0 0 17 10
5 11 0 0 16
6 11 0 16 0

Table 15. Example 2—final cost for Strategy 2b (EUR).

Scenario
Ship ID

1 2 3 4

1 0 0 18 11
5 12 0 0 17
6 12 0 17 0

Example 3
In this example, all strategies were tested on realistic input data for Rijeka Bay. Input

data related to the response ship characteristics are given in Table 16. The hypothetical
amount of pollution was P = 10 m3 and the price was 500 EUR/h.

Table 16. Example 3—input data.

Ship ID Ship Capacity
(m3)

Oil Collection
Rate (m3/h)

Distance from
Pollution (km)

Average
Sailing Speed

(km/h)

Price of
Participation in the
Operation (EUR/h)

EKO 2000 10 6 10 18.52 500

EKO 1 2000 10 6 15 18.52 500

According to Strategy 1, we obtained two optimal scenarios. In the first scenario,
only the ship EKO 2000 participates with its maximum capacity, and the duration of
the operation is 1.67 h. In the second optimal scenario, only the ship EKO 12,000 with
its full capacity participates, and the operation lasts 1.67 h. Strategies 2a and 2b give
the same results. This is the optimal scenario in which only the ship EKO 2000 participates
with its maximum capacity. The total duration of the operation is 2.21 h, and the cost
is 1373.29 EUR. Additionally, the model results may be significantly affected only by
the uncertainty of the volume of oil spilled. The rest of the parameters are subject to small
errors. The flowchart for stage 3 of strategy 2b is given in Figure 13. Figure 14 shows
flowchart for stage 4 of strategy 2b.
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5. Discussion

In response to the accidental pollution of bays and coves, the following variables
are taken into account: the number of existing response ships, the variable rate of oil
collection (skimmers) installed on each ship, the capacity (volume) of tanks on a response
ship, the sailing speed of an individual response ship, the distance of an individual response
ship to the place of pollution, and the cost of the response ship taken in the model to be
calculated per hour of ship operation. The number of existing ships may vary depending
on the pollution area or the country responsible for the area. There are different types of
skimmer devices on ships. Each skimmer has a different oil collection rate; in addition,
skimmers can differ in selectivity so that one skimmer can collect more seawater than
another [39]. All this can affect the accuracy of the model. Furthermore, there are different
skimmer devices such as disk skimmers and brush skimmers. In practice, the disk skimmer
is used for non-persistent oils that are much more common in bays and coves, but we must
not ignore the fact that there is pollution with bunker fuel even in closed areas [40]. Bunker
fuel is a persistent oil and, as such, requires removal with a brush skimmer. The rates
of disk and brush skimmers are different. The choice depends on the person handling
the ship and the collection rate of the skimmer [41]. The rate of oil collection from the sea
surface also varies. In addition, the response ship may have more than one skimmer device
installed. Furthermore, when looking at the pollution collection capacity, one ship can vary
from 30 m3 to 45 m3. Ship speeds are also variable, and the distance of ships to the oil
slick often varies [42]. The above indicates that the model must be general. The developed
pseudo-codes represent two models where one can insert the values of variables prior to
and with the first known information of the accident. The models may be used for any
bay or cove in the world. Verification of the models was performed on several theoretical
examples, and finally, the models were tested with accurate data for the Rijeka Bay area.
As pointed out, in the given problem of minimizing the time required to remove pollution
from the sea, there are several optimal solutions. Using software tools such as Matlab,
Python, and R programs can provide only one optimal solution. The programs show, for
example, the first and fourth ships as the optimal solution for the minimum time of oil
removal, while the combination of the first and third ships also gives the same collection
time. Not considering all possible solutions can lead to a suboptimal result when multiple
variables are considered. For these reasons, it was necessary to program such models and
construct pseudo-codes that will allow for finding all optimal solutions [43]. Furthermore,
there is a contradiction when optimizing for the duration of removing oil from the sea
surface or optimizing for the costs. For example, if there are two ships, and one ship collects
oil for 3 h, and the other ship collects for 5 h, the total collection time is 5 h. However, when
the cost of the ship per hour is taken into account, it is necessary to pay for eight working
hours. In the second example, two ships collect oil for 4.5 h, and the total time is 4.5 h, which
leads to the conclusion that this is a more optimal solution when looking at the duration of
the cleaning action. However, the cost of these two ships is more expensive than the first two
ships. For this reason, two models and two types of optimization strategies are proposed.
The command team is thus given the option to choose between the optimal number of ships
to keep collection time to a minimum (for example, when the oil slick is close to a coast) or
to optimize the cost (when the oil slick is far from the coast).

6. Conclusions

Rapid response to accidental pollution in bays is the key to combating oil slicks
on the sea surface close to the coast. The two proposed models help in choosing the optimal
number of response ships, aiming to shorten the response time to accidental pollution
or to minimize the cost. The proposed first model selects the minimum number of ships
sufficient to remove pollution from the sea, considering the shortest response time. The oil
will be removed from the sea surface as quickly as possible, preventing further pollution
and preserving critical economic areas. The model also contributes to the protection of
nearby beaches, nature parks, or other country resources. It is essential to know exactly
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how many ships and which ships meet the criteria for collecting a specific volume of
spilled oil while keeping costs to a minimum. The proposed second model provides
the optimal number of ships that meet the criteria for collecting oil slicks from the sea
while minimizing the response costs. Furthermore, it is essential to point out that knowing
the characteristics of the spilled oil and its properties, such as its viscosity and evaporation,
helps in choosing specialized equipment to respond to marine pollution. The proposed
models may contribute to the development of intervention plans, and preventive measures,
and ultimately raises the likelihood of marine environment protection following an oil spill.
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Appendix A. Pseudocodes

Algorithm A1: Strategy 1

Input: Matrix of response ships data A (A has n rows, where n is number of available ships; the columns are as follows: A[:, 1] (the first column of
A)—ship capacity in m3; A[:, 2] (the second column of A)—oil collection rate in m3/h); volume of pollution: P in m3.
Output: Number of optimal scenarios k; matrix of optimal scenarios M (M has k rows and n columns; M[i,j]—quantity of pollution assigned to ship
j in solution i), matrix of duration for each scenario: T (T has k rows and n columns, T[i,j]—duration of operation of ship j in scenario i); duration of
operation T_min.
1 Initialization: M is the matrix of all possible solutions (M has binary entries, 2n−1 rows and n columns, M[i, j] = 0 means that ship j is not

assigned and M[i, j] = 1 means that ship j is assigned in the i-th solution.); k = 2n−1.
Stage 1: Elimination of scenarios with insufficient capacity
2 for i = 1, 2, . . . , k do:
3 if the dot product of M[i, :] and A[:, 1] (the total capacity of ships in the i-th scenario) is less than P
4 Remove row i from matrix M
5 end if
6 end for
7 k = number of rows of matrix M
Stage 2: Minimizing the number of ships in the scenario
8 Initialization: s_min = n . . . number of rows of A, i.e., number of available ships
9 for i = 1,2, . . . ,k do:
10 s = sum(M[i, :]) . . . number of ships involved in scenario i
11 if s_min > s
12 s_min = s
13 end if
14 end for
15 for i = 1,2, . . . ,k do:
16 if s_min < sum(M[i, :])
17 Remove row i from matrix M
18 end if
19 end for
20 k = number of rows of matrix M

https://mmpi.gov.hr/more-86/traganje-i-spasavanje-109/statistika/13773
https://mmpi.gov.hr/more-86/traganje-i-spasavanje-109/statistika/13773
https://ribarstvo.mps.hr/default.aspx?id=45
https://mint.gov.hr/pristup-informacijama/dokumenti-80/statistike/arhiva-12059/12059
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Algorithm A1: Cont.

Stage 3: Job allocation given the total duration of the operation
21 Initialization: T = kxn nul-matrix; T_min = 0
22 for i = 1,2, . . . ,k
23 cap = elementwise product of A[:, 1] and M[i, :] . . . vector of maximum capacities of the i-th scenario
24 c = sum(cap) . . . total maximum capacity of the i-th scenario
25 dur = elementwise quotient of A[:, 1] and A[:, 2] multiplied elementwise with the M[i, :] . . . the duration vector of full capacity collection of

all ships participating in the operation according to scenario i
26 j_0 = argmax(dur) . . . index corresponding to the vessel that has the longest individual duration of maximum capacity collection in i-th

scenario
27 for j = 1, 2, . . . , n do:
28 if j 6= j_0
29 M[i, j] = cap[j] . . . Update the i-th row of the matrix M so that instead of each unit, except the one corresponding to the ship j_0,

it is replaced with the maximum capacity of that ship.
30 T[i, j] = dur[j] . . . Update the i-th row of the matrix T so that instead of each unit, except the one corresponding to the ship j_0, it is

replaced with the full capacity collection duration for that ship.
31 otherwise if j = j_0
32 M[i, j] = cap[j]–(c–P) . . . Update value in the i-th row of matrix M corresponding to ship j_0 with the remaining volume of

pollution.
33 T[i, j] = M[i, j]/A[j, 2] . . . Update value in the i-th row of matrix T corresponding to ship j_0 with the duration of the collection of

the allocated volume of pollution according to the corresponding value in the matrix M.
34 end for
35 t = max(T[i, :]) . . . duration of the operation in scenario i
36 if i = 1
37 T_min = t
38 otherwise if T_min > t
39 T_min = t
40 end if
41 end for
Stage 4: Extracting the solutions with minimal duration
42 for i = 1, 2, . . . , k do:
43 if T_min < max(T[i, :])
44 Remove row i from matrix M
45 Remove row i from matrix T
46 end if
47 end for
48 k = number of rows of matrix M

Algorithm A2: Strategy 2a

Input: Matrix of ship data A (A has n rows, where n is number of available ships; the columns are as follows: A[:, 1] (the first column of A)—ship
capacity in m3; A[:, 2] (the second column of A)—oil collection rate in m3/h; A[:, 3] (the third column of A)—distance from pollution in km; A[:, 4]
(the fourth column of A)—average sailing speed in km/h; A[:, 5] (the fifth column of A)—price of participation in the operation in EUR/h); volume
of pollution: P in m3.
Output: Number of optimal scenarios k; matrix of optimal scenarios M (M has k rows and n columns; M[i,j]—quantity of pollution assigned to ship
j in solution i), matrix of duration for each scenario: T (T has k rows and n columns, T[i,j]—duration of operation of ship j in scenario i); duration of
operation: T_min, matrix of cost for each scenario: C (C has k rows and n columns, T[i,j]—cost of operation of ship j in scenario i); total cost of
operation: C_min.
1 Initialization: M is the matrix of all possible solutions (M has binary entries, 2n−1 rows and n columns, M[I,j] = 0 means that ship j is not

assigned and M[i,j] = 1 means that ship j is assigned in the i-th solution.); k = 2n−1.
Stage 1: Elimination of scenarios with insufficient capacity
2 for i = 1, 2, . . . , k do:
3 if the dot product of M[i, :] and A[:, 1] (the total capacity of ships in the i-th scenario) is less than P
4 Remove row i from matrix M
5 end if
6 end for
7 k = number of rows of matrix M
Stage 2: Removing redundancies
8 for i = 1, 2, . . . , k do:
9 d = elementwise product of M[i, :] and A[:, 0] in which all zeros have been removed . . . capacity vector of ships in scenario i
10 d_min = min(d) . . . the minimum capacity of an individual ship in the scenario i
11 d_tot = sum(d) . . . total capacity in the scenario i
12 if d_tot–d_min >= P
13 Remove row i from matrix M
14 end if
15 end for
16 k = number of rows of matrix M
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Algorithm A2: Cont.

Stage 3: Job allocation and duration minimization
17 Initialization: T = kxn nul-matrix; T_min = 0, C = kxn nul-matrix
18 for i = 1, 2, . . . , k
19 cap = elementwise product of A[:, 1] and M[i, :] . . . vector of maximum capacities of the i-th scenario
20 cap_tot = sum(cap) . . . total maximum capacity of the i-th scenario
21 a = elementwise quotient of A[:, 3] and, A[:,4] multiplied elementwise by M[i, :] . . . arrival duration vector for ships in scenario i
22 col = elementwise quotient of A[:, 1] and A[:, 2] multiplied elementwise with the M[i, :] . . . the duration vector of full capacity collection of

all ships participating in the operation according to scenario i
23 dur = a + col . . . total duration vector for ships in scenario i
24 j_0 = argmax(dur) . . . index corresponding to the vessel that has the longest individual total duration in i-th scenario
25 for j = 1, 2, . . . , n do:
26 if j 6= j_0
27 M[i, j] = cap[j] . . . Update the i-th row of the matrix M so that instead of each unit, except the one corresponding to the ship j_0,

it is replaced with the maximum capacity of that ship.
28 T[i, j] = dur[j] . . . Update the i-th row of the matrix T so that instead of each unit, except the one corresponding to the ship j_0, it is

replaced with the total duration for that ship.
29 C[i, j] = (dur[j] + a[j]) * A[j, 5] . . . Update the i-th row of the matrix C so that instead of each unit, except the one corresponding to

the ship j_0, it is replaced with the total cost for that ship.
30 otherwise if j = j_0
31 M[i, j] = cap[j]–(cap_tot–P) . . . Update value in the i-th row of matrix M corresponding to ship j_0 with the remaining volume of

pollution.
32 T[i, j] = a[j] + M[i, j]/A[j, 2] . . . Update value in the i-th row of matrix T corresponding to ship j_0 with the duration of the arrival

and collection of the allocated volume of pollution according to the corresponding value in the matrix M.
33 C[i, j] = (T[i, j] + a[j]) * A[j, 5] . . . Update value in the i-th row of matrix C corresponding to ship j_0 with the total cost of arrival,

departure and collection of the allocated volume of pollution according to the corresponding value in the matrix M.
34 end for
35 t = max(T[i, :]) . . . duration of the operation in scenario i
36 if i = 1
37 T_min = t
38 otherwise if T_min > t
39 T_min = t
40 end if
41 for i = 1, 2, . . . , k do:
42 if T_min < max(T[i, :])
43 Remove row i from matrix M
44 Remove row i from matrix T
45 Remove row i from matrix C
46 end if
47 end for
48 k = number of rows of matrix M
Stage 4: Cost minimization
49 Initialization: C_min = 0
50 for i = 1, 2, . . . , k do:
51 c = sum(C[i, :]) . . . total cost of the operation in scenario i
52 if i = 1
53 C_min = c
54 otherwise if C_min > c
55 C_min = c
56 end if
57 end for
58 for i = 1, 2, . . . , k do:
59 if C_min < sum(C[i, :])
60 Remove row i from matrix C
61 Remove row i from matrix M
62 Remove row i from matrix T
63 end if
64 end for
65 k = number of rows of matrix M
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Algorithm A3: Strategy 2b

Input: Matrix of ship data A (A has n rows, where n is number of available ships; the columns are as follows: A[:, 1] (the first column of A)—ship
capacity in m3; A[:, 2] (the second column of A)—oil collection rate in m3/h; A[:, 3] (the third column of A)—distance from pollution in km; A[:, 4]
(the fourth column of A)—average sailing speed in km/h; A[:, 5] (the fifth column of A)—price of participation in the operation in EUR/h); volume
of pollution: P in m3.
Output: Number of optimal scenarios k; matrix of optimal scenarios M (M has k rows and n columns; M[I,j]—quantity of pollution assigned to ship
j in solution i), matrix of duration for each scenario: T (T has k rows and n columns, T[i,j]—duration of operation of ship j in scenario i); duration of
operation: T_min, matrix of cost for each scenario: C (C has k rows and n columns, T[i,j]—cost of operation of ship j in scenario i); total cost of
operation: C_min.
1 Initialization: M is the matrix of all possible solutions (M has binary entries, 2n-1 rows and n columns, M[I,j] = 0 means that ship j is not assigned

and M[i,j] = 1 means that ship j is assigned in the i-th solution.); k = 2n-1.
Stage 1: Elimination of scenarios with insufficient capacity
2 for i = 1, 2, . . . , k do:
3 if the dot product of M[i, :] and A[:, 1] (the total capacity of ships in the i-th scenario) is less than P
4 Remove row i from matrix M
5 end if
6 end for
7 k = number of rows of matrix M
Stage 2: Removing redundancies
8 for i = 1, 2, . . . , k do:
9 d = elementwise product of M[i, :] and A[:, 0] in which all zeros have been removed . . . capacity vector of ships in scenario i
10 d_min = min(d) . . . the minimum capacity of an individual ship in the scenario i
11 d_tot = min(d) . . . total capacity in the scenario i
12 if d_tot–d_min >= P
13 Remove row i from matrix M
14 end if
15 end for
16 k = number of rows of matrix M
Stage 3: Job allocation and cost minimization
17 Initialization: T = kxn nul-matrix; C_min = 0, C = kxn nul-matrix
18 for i = 1, 2, . . . , k
19 cap = elementwise product of A[:, 1] and M[i, :] . . . vector of maximum capacities of the i-th scenario
20 cap_tot = sum(cap) . . . total maximum capacity of the i-th scenario
21 a = elementwise quotient of A[:, 3], A[:,4] multiplied elementwise by M[i, :] . . . arrival duration vector for ships in scenario i
22 col = elementwise quotient of A[:, 1] and A[:, 2] multiplied elementwise with the M[i, :] . . . the duration vector of full capacity collection of

all ships participating in the operation according to scenario i
23 cost = elementwise product of (a*2 + col) and A[:, 5] . . . total cost vector for ships in scenario i
24 j_0 = argmax(cost) . . . index corresponding to the vessel that has the largest individual total cost in i-th scenario
25 for j = 1, 2, . . . , n do:
26 if j 6= j_0
27 M[i, j] = cap[j] . . . Update the i-th row of the matrix M so that instead of each unit, except the one corresponding to the ship j_0,

it is replaced with the maximum capacity of that ship.
28 T[i, j] = a[j] + col[j] . . . Update the i-th row of the matrix T so that instead of each unit, except the one corresponding to the ship j_0,

it is replaced with the total duration for that ship.
29 C[i, j] = cost[j] . . . Update the i-th row of the matrix C so that instead of each unit, except the one corresponding to the ship j_0, it is

replaced with the total cost for that ship.
30 otherwise if j = j_0
31 M[i, j] = cap[j]–(cap_tot–P) . . . Update value in the i-th row of matrix M corresponding to ship j_0 with the remaining volume of

pollution.
32 T[i, j] = a[j] + M[i, j]/A[j, 2] . . . Update value in the i-th row of matrix T corresponding to ship j_0 with the duration of the arrival

and collection of the allocated volume of pollution according to the corresponding value in the matrix M.
33 C[i, j] = (T[i, j] + a[j]) * A[j, 5] . . . Update value in the i-th row of matrix C corresponding to ship j_0 with the total cost of arrival,

departure and collection of the allocated volume of pollution according to the corresponding value in the matrix M.
34 end for
35 c = sum(T[i, :]) . . . total cost of the operation in scenario i
36 if i = 1
37 C_min = c
38 otherwise if C_min > c
39 C_min = c
40 end if
41 for i = 1, 2, . . . , k do:
42 if C_min < sum(C[i, :])
43 Remove row i from matrix M
44 Remove row i from matrix T
45 Remove row i from matrix C
46 end if
47 end for
48 k = number of rows of matrix M
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Algorithm A3: Cont.

Stage 4: Operation duration minimization
49 Initialization: T_min = 0
50 for i = 1, 2, . . . , k do:
51 t = max(T[i, :]) . . . duration of the operation in scenario i
52 if i = 1
53 T_min = t
54 otherwise if T_min > t
55 T_min = t
56 end if
57 end for
58 for i = 1, 2, . . . , k do:
59 if T_min < max(T[i, :])
60 Remove row i from matrix C
61 Remove row i from matrix M
62 Remove row i from matrix T
63 end if
64 end for
65 k = number of rows of matrix M
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