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Abstract: The purpose of this study is to present and apply an innovative technique to model environ-
mental consequences of shipping accidents in relations to events initiating those accidents. The Monte
Carlo simulation technique is used to model shipping accidents and chemical release consequences
within the world’s sea and ocean waters. The model was created based on the previously designed
novel general probabilistic approach to critical infrastructure accident consequences, including three
models: the process of initiating events generated by a critical infrastructure accident, the process of
environmental threats coming from released chemicals that are a result of initiating events, and the
process of environmental degradation stemming from environmental threats. It is a new approach
that has never been proposed and applied before. The Monte Carlo simulation method is used under
the assumption of the semi-Markov model of these three processes. A procedure for the realization
and generation of this process and evaluation of its characteristics is proposed and applied in the
preparation of the C# program. Using this program, the processes’ characteristics are predicted for
a specific sea area. Namely, for the considered processes, the limit values of transient probabilities
between the states and the mean values of total sojourn times at the particular states for the fixed
time are determined. The results obtained can be used practically by maritime practitioners involved
in making decisions related to the safety of maritime transport and to mitigation actions concerned
with maritime accidents.

Keywords: sea transport; dangerous goods; hazardous chemical; sea accident; environmental threat;
environmental degradation

1. Introduction

Shipping is one of the most-effective means of carrying huge amount of goods over
long distances. It enables countries to trade and fosters their economic development. On
the one hand, it is less dangerous to the environment than other means. On the other
hand, constantly increasing traffic causes the risk of navigation hazards, despite the use of
sophisticated supervising systems [1–4] and, consequently, the environmental impact of oil
and other chemical releases [5–7]. Fortunately, despite the increase in transport intensity,
the number of shipping accidents has decreased in recent decades [7]. About 90% of cargoes
at the global scale are carried by sea. There are over 50,000 merchant ships around the
world and a fleet is registered in more than 150 nations [8].

Transport on a general scale carries risks, including the risk of accidents. The reasons
are different, although the human factor is dominant in each mode of transport [7,9].
Shipping accidents, such as collision, stranding, flooding, fire or explosion, are usually
spectacular and may lead to serious consequences for the environment, its resources and
seafarers [10–12]. Hull failures affecting the structural strength of the ship, damage to the
ship’s equipment or system, loss of electrical or propulsion power, are some of the less
threatening causes of accidents [13], but they may promote the next one, finally creating
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a chain of events [14]. The ships involved in marine accidents are mostly a means of
transporting goods and/or people, thus pollution may be often significant, and even
sometimes associated with a large number of victims. This is often complemented by large
material losses, e.g., ship damage, high costs of rescue operations, closure of fisheries and
recreation areas and mitigating of contamination effects [15–19].

According to a recent Allianz report on shipping losses and safety, there were 3000 ac-
cidents recorded around the world in 2021 and 54 of them resulted in the total loss of
ship [20]. For comparison, Lloyd’s report points out that 21,746 accidents occurred in
the years 2012–2020 and total loss of ships decreased from 132 in 2012 to 58 in 2020 [21].
Despite the fact that sea transport is most intensive within the Persian Gulf, west of the
Atlantic Ocean, the Baltic Sea and in the north-west of the Pacific Ocean [22], regions of the
North Sea, the English Channel, the British Isles, and the Bay of Biscay recorded the highest
number (668) of marine accidents in 2021 [20]. Moreover, the sea areas around Indonesia,
Indochina, Philippines and South China reported 1 in 5 total losses of ships in 2021 [20].

Modelling, identifying and analysing maritime transport risk play a crucial role in
accident prevention. Fault trees, Bayesian networks, fuzzy logic and simulation are the
most popular approaches to risk analysis and accident assessment [23–33]. Recently, the
number of scientific research papers and publications on this topic has also increased [34].
The main focus of these studies is on the analysis of ship collisions and foundering, proba-
bly as casualties are the most frequent in these incidents, which represent together more
than half of fatalities (57.4% in 2014–2021) [26,35]. For example, Monte Carlo simulation
and the bidirectional long short-term memory neural network were used in a ship collision
probability estimation model that allows the determination of the safety routes of ships [36].
Monte Carlo simulation combined with artificial neural network methods were also pro-
posed in [37] to assess the probabilistic extent of damage in collision risk assessment and
to predict the structural response to a ship collision. The probabilistic assessment of ship
grounding evaluated by Monte Carlo simulation, and ship damage stability evaluation are
proposed in [38]. Monte Carlo simulation has been for some years a commonly known
technique in environmental risk assessment [39,40]. However, any of these approaches does
not holistically investigate the problem of environmental consequences and losses caused
by maritime accidents involving chemical releases, whilst simultaneously considering
their initiating events. Currently, there are no competitive studies. The need of a mutual
consideration of initiating events, environmental threats and environmental degradation in
accident consequences analysis is obvious and very important for the maritime transport.
Linking these three particular aspects is an original and novel approach to the analysis of
the consequences of maritime accidents [41]. To the best of the authors’ knowledge, this
study is among the first to use the Monte Carlo simulation technique to model shipping
accidents in relation to their initiating events and chemical release consequences, not previ-
ously used in other studies. Therefore, the current proposal is different from other studies,
in which causes and effects of accidents, such as aspects of marine pollution, are discussed
separately. The new model was developed to analyse the data and evaluate the results in
order to challenge existing practices.

A consistent nomenclature to highlight the key concepts and findings of the paper
is presented in Appendix A, Table A1. It consists of technical terms and concepts used in
Sections 2–4.

2. Materials and Methods

The general model of critical infrastructure accident consequences (CIAC) is described
in [41]. The CIAC consists of three models:

• the process of initiating events (IE) generated by a critical infrastructure accident;
• the process of environmental threats (ET) coming from dangerous situations in the

critical infrastructure operating area that are a result of IE;
• the process of environmental degradation (ED) as a result of environmental threats (ET).
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Next, the semi-Markov models of these processes [42–47] are considered jointly. To
do this, it is assumed that the ET process is conditional. This means that the ET process
involves the process of IE, because the ET process depends on the IE process. Similarly,
the ED process is conditional, as its states depend on the states of the ET process [48–50].
These interdependencies are discussed in more detail in Sections 2.1–2.3 and presented in
Figure 1.
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The probabilistic general model of CIAC, which is made up of the three models
mentioned above, is adopted within the world’s sea waters, using statistical historical
accident data. Here, the CIAC model is used for identification and prediction of the
environmental accident consequences generated by ships belonging to networks operating
globally. The background parameters of these processes are described below. Next, the
Monte Carlo simulation technique, based on the stochastic general model, is applied. First,
using self-written software in C#, a simulation procedure is proposed and applied to
generate the realization of the three processes and evaluate their characteristics, predicted
for the considered sea area. Specifically, the limit values of transient probabilities and the
mean values of total sojourn times for the pre-set time at the fixed states are determined.

2.1. General Model of Shipping Accident and Chemical Release Consequences

The general model of shipping accident and chemical release consequences is created,
based on the probabilistic approach of CIAC, including three models as three connected
processes [41]:

• the process of IE generated by a shipping critical infrastructure accident;
• the ET process stemming from released chemicals that are a result of IE;
• the ED process as a result of ET.

In the following Sections 2.1.1–2.1.3, the semi-Markov models of these three (IE, ET
and ED) processes are distinguished. To model the processes, a time interval t ∈ 〈0,+∞) is
assumed for the ship’s operation within global sea waters, and the appropriate designations
and notions are distinguished.

2.1.1. Process of Initiating Events (IE)

The basic designations are introduced to define the process of IE:
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• the number n1, where n1 ∈ N, of events initiating a dangerous situation for the ship
operating in the specific environment;

• kinds of IE: E1, E2, . . . , En1 ;
• the number of IE states ω, ω ∈ N;

• IE states el =
[
el

1, el
2, . . . , el

n1

]
, where el

i ∈ {0, 1}, l = 1, 2, . . . , ω, i = 1, 2, . . . , n1;

• the process of IE: E(t) with states from the set E =
{

e1, e2, . . . , eω
}

;
• the probabilities pl j, l, j = 1, 2, . . . , ω, l 6= j of transitions between the different states

el and ej;
• random conditional sojourn times θl j at the state el while the next transition will be

performed for the different state ej;
• the conditional distribution functions Hl j(t) = P

(
θl j < t

)
of θl j at the state el while

the next transition will be performed for the state ej.

The main characteristics for the process of IE are:

• the limit transient probabilities pl of the probabilities pl(t) = P
(

E(t) = el
)

remaining

at the states el ;
• the mean values M̂l = E

[
θ̂l
]
∼= plθ of the sojourn total times θ̂l in the time interval

〈0, θ〉, θ > 0 at particular states el .

2.1.2. Process of Environmental Threats (ET)

The basic designations are introduced to define the ET process:

• the number n2, where n2 ∈ N, of kinds of threats that may cause environmental
degradation;

• kinds of environmental threats: H1, H2, . . . , Hn2 ;
• factors f 1, f 2, . . . , f n2 characterising the environmental threats;
• the number li, where li ∈ N, i = 1, 2, . . . , n2, of factors’ values ranges;

• ranges f i1, f i2, . . . , f ili
of factors’ values;

• the number n3, where n3 ∈ N of environment sub-areas;
• environment sub-areas D1, D2, . . . , Dn3 of the ship operating within the environment

area D = D1 ∪ D2 ∪ . . . ∪ Dn3 that may be degraded by the environmental threats;
• the conditional process S(k/l)(t) of ET in the subarea Dk, k = 1, 2, . . . , n3, while the

process of IE is at the state el ;
• the process S(k)(t) of ET in the sub-area Dk, k = 1, 2, . . . , n3;
• the number of ET states υk, υk ∈ N of the sub-area;

• ET states sυ
(k) =

[
f 1
(k), f 2

(k), . . . , f n2
(k)

]
, where f i

(k) ∈
{

0, f ij
(k)

}
, i, j, υ = 1, 2, . . . , υk, k =

1, 2, . . . , n3, si
(k) 6= sj

(k), for i 6= j;

• the probabilities pij
(k/l), l, j = 1, 2, . . . , υk, l 6= j of transitions between the different

states si
(k/l) and sj

(k/l);

• random conditional sojourn times η
ij
(k/l) at the state si

(k/l) while the next transition will

be performed for the different state sj
(k/l);

• the conditional distribution functions Hij
(k/l)(t) = P

(
η

ij
(k/l) < t

)
of η

ij
(k/l) at the state

si
(k/l) while the next transition will be performed for the state sj

(k/l).

The main characteristics for the conditional ET process are:

• the limit transient probabilities pi
(k/l) of the probabilities pi

(k/l)(t) = P
(

S(k/l)(t) = si
(k/l)

)
remaining at the states si

(k/l);



Water 2023, 15, 1824 5 of 33

• the mean values M̂i
(k/l) = E

[
η̂i
(k/l)

]
∼= pi

(k/l)η of the sojourn total times η̂i
(k/l) in the

time interval 〈0, η〉, η > 0 at particular states si
(k/l).

The main characteristic for the unconditional process S(k)(t) is:

• the limit transient probabilities pi
(k) of the probabilities pi

(k)(t) = ∑ω
l=1 P

(
E(t) = el

)
·P
(

S(k)(t) = si
(k)

∣∣∣E(t) = el
)

= ∑ω
l=1 pl(t)·pi

(k/l)(t) remaining at the states si
(k) are

given by

pi
(k) =

ω

∑
l=1

pl ·pi
(k/l), i = 1, 2, . . . , υk, k = 1, 2, . . . , n3 (1)

where pl and pi
(k/l) are mentioned earlier.

2.1.3. Process of Environmental Degradation (ED)

The basic designations to define the ED process are introduced:

• the number mk, where mk ∈ N, of dangerous degradation effects for the environment
subarea Dk, k = 1, 2, . . . , n3;

• degradation effects R1
(k), R2

(k), . . . , Rmk
(k);

• states of the degradation effect Rm
(k), which are the levels Rm1

(k), Rm2
(k), . . . , R

mνm
(k)

(k) , m =

1, 2, . . . , mk;
• the number νm

(k), νm
(k) ∈ N, of degradation effect levels;

• the number of ED states lk, lk ∈ N of the sub-area;

• ED states rm
(k) =

[
d1
(k), d2

(k), . . . , dmk
(k)

]
, in the sub-area, where dm

(k) ∈
{

0, Rmj
(k)

}
, j =

1, 2, . . . νm
(k);

• ED states R(k) =
{

rl
(k),l = 1, 2, . . . ,lk

}
, in the sub-area, when some of the states rm

(k)

cannot occur, where dm
(k) ∈

{
0, Rmj

(k)

}
, j = 1, 2, . . . νm

(k), ri
(k) 6= rj

(k), for i 6= j;

• the conditional process R(k/υ)(t) of ED in the sub-area Dk, k = 1, 2, . . . , n3, υ =
1, 2, . . . , υk, while the process of environmental threats S(k)(t) is at the state sυ

(k),
υ = 1, 2, . . . , υk, k = 1, 2, . . . , n3 and having values in the environmental degradation
states set;

• the process R(k)(t) of ED in the sub-area Dk, k = 1, 2, . . . , n3, involved with the process
of environmental threats S(k)(t);

• the probabilities qij
(k/υ)

, i, j = 1, 2, . . . ,lk, i 6= j of transitions between the different

states ri
(k/υ)

and rj
(k/υ)

;

• random conditional sojourn times ζ
ij
(k/υ)

at the state ri
(k/υ)

while the next transition

will be performed for the different state rj
(k/υ)

;

• the conditional distribution functions Gij
(k/υ)

(t) = P
(

ζ
ij
(k/υ)

< t
)

of ζ
ij
(k/υ)

at the state

ri
(k/υ)

while the next transition will be performed for the state rj
(k/υ)

.

The main characteristics for the process R(k/υ)(t) are:

• the limit transient probabilities qi
(k/υ)

of the probabilities qi
(k/υ)(t) = P

(
R(k/υ)(t) = ri

(k/υ)

)
remaining at the states ri

(k/υ)
;

• the mean values M̂i
(k/υ)

= E
[
ζ̂ i
(k/υ)

]
∼= qi

(k/υ)
ζ of the sojourn total times ζ̂ i

(k/v) in the

time interval 〈0, ζ〉, ζ > 0 at particular states ri
(k/υ)

.

The main characteristic for the process R(k)(t) is:
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• the limit transient probabilities qi
(k) of the probabilities qi

(k)(t) = ∑υk
υ=1 P

(
S(t) = sυ

(k)

)
·P
(

R(k)(t) = ri
(k)

∣∣∣S(t) = sυ
(k)

)
= ∑υk

υ=1 pυ
(k)(t)·q

i
(k/υ)(t) remaining at the states ri

(k),
given by

qi
(k) =

υk
∑

υ=1
pυ
(k)·q

i
(k/υ)

=
υk
∑

υ=1

[
ω

∑
l=1

pl ·pυ
(k/l)

]
qi
(k/υ)

,

i = 1, 2, . . . ,lk,k = 1, 2, . . . , n3

(2)

where pl , pi
(k/l) and qi

(k/υ)
are mentioned earlier.

The Formula (2) expresses the limit forms of total probabilities of the joint (superposi-
tion) processes: IE, ET and ED.

The interdependencies of the particular processes from which the joint model of CIAC
is composed are presented in Figure 1.

2.2. Monte Carlo Simulation-Based General Model of Shipping Accident and Chemical
Release Consequences

In this Section, a model of shipping accident and chemical release consequences,
based on the designed general probabilistic approach of critical infrastructure accident
consequences, is presented. This paper proposes a non-analytical, approximate approach,
i.e., a computer simulation technique based on the Monte Carlo method. This method can
provide fairly accurate results in a relatively short time spent on calculations.

In order to estimate the unknown basic parameters of the processes IE, ET and ED,
firstly the number of states of the processes should be fixed and the states should be defined.
Next, the numbers of transients from one state to another should be counted, at the initial
moment (starting point), as well as during the experiment time.

After the statistical data collection, i.e., numbers of initial states, numbers of transitions
between the states and the conditional sojourn times’ realizations, the identification of
statistical parameters is carried out. Namely, the initial probabilities, the probabilities of
transitions between the states and the hypotheses on the distribution functions of that
random conditional sojourn times were verified. When the basic parameters are identified,
it is possible to fix the input data for Monte Carlo simulation, assuming the initial time
t = 0.

2.2.1. Generating Processes’ Basic Parameters

The general model of shipping accident and chemical release consequences consists
of three processes: IE, ET and ED (see Section 2.1). Each of those processes is defined by
the initial probabilities at its states, the probabilities of transitions between these states
and the distributions of the conditional sojourn times at these states in Sections 2.1.1–2.1.3.
Next, the main characteristics of the considered processes, i.e., the limit values of transient
probabilities and the unconditional mean values of total sojourn times at the particular states
for the fixed time, can be determined. The procedure for obtaining these characteristics is
presented in Section 2.2.2.

Moreover, these results are used to perform the superposition of three particular
processes: IE, ET and ED, according to (2), also illustrated in Figure 1.

2.2.2. Monte Carlo Simulation Procedure for Processes’ Characteristics Determination

A procedure for the processes’ generation of realizations and evaluation of its char-
acteristics is proposed. This procedure can be applied for all three processes, thus the
denotations are general, and not exactly the same as in Sections 2.1.1–2.1.3.

To conduct the simulation, the formulae for generating the initial state of the process,
and the next states it stays at, are introduced. The nomenclature is presented in Appendix A.
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The realization of the process’ initial state at the moment t = 0 is denoted by si =
si(g), i ∈ {1, 2, . . . , ω}. Further, the state is selected by generating realizations from the
distribution defined by the vector

[
pi(0)

]
1×ω

, according to the formula

si(g) = sb,
b

∑
ρ=1

pρ−1(0) ≤ g <
b

∑
ρ=1

pρ(0),b ∈ {1, 2, . . . , ω}, (3)

where g is a randomly generated number from the uniform distribution on the interval
〈0,1) and p0(0) = 0.

After selecting the initial state si, i ∈ {1, 2, . . . , ω}, the next state of the process
can be fixed. The sequence of the realizations of the consecutive states of the process
generated from the distribution defined by the matrix

[
pij]

ω×ω
are denoted by sj = sj(g),

j ∈ {1, 2, . . . , ω}, j 6= i. These realizations are generated for a fixed i, i ∈ {1, 2, . . . , ω},
according to the formula

sj(g) = sl ,
l

∑
ρ=1

pj(ρ−1) ≤ g <
l

∑
ρ=1

pjρ,

l ∈ {1, 2, . . . , ω}, l 6= i
(4)

where g is a randomly generated number from the uniform distribution on the interval
〈0,1) and pi0 = 0.

After selecting the initial state and the next state, the time for staying in the state
(sojourn time) can be generated randomly from a given distribution function. In other
words, first a pseudo-random number g is drawn by a computer program and the initial
state is generated according to (3). Then, the program draws another pseudo-random
number g and generates a next state according to (4). For instance, if the first state is si = 3
and the next state is sj = 4, then the program will generate the conditional sojourn time
from the distribution of the random variable Θ34 (representing the time staying in a state 3,
under the condition that the next state will be 4).

The inverse transform method (also known as inversion sampling method) can be
used for generating draws from a given probability distribution. This is convenient if it is
possible to determine the inverse distribution function [42–44,51–54].

To receive a sufficient number of realizations of the considered random conditional
sojourn time Θij, i, j = 1, 2, . . . , v, i 6= j, is denoted by θij, the realizations at the state si,
while the next transition will be carried out for the different state sj. These realizations are
generated from the distribution Hij, where nij is the number of the sojourn time realizations

during the fixed experiment time
∼
θ , according to the formula

θij =
(

Hij
)−1

(h), (5)

where
(

Hij)−1
(h) is the inverse function of the distribution function Hij(t) and h is a

randomly generated number from the uniform distribution on the interval (0,1〉.
The realizations are numerated

θ
ij
(1), θ

ij
(2), . . . , θ

ij
(nij)

(6)

for the conditional sojourn times of the process and it is possible to determine approximately

the total sojourn time at the state si during the time of the experiment
∼
θ applying the formula

∼
θ

i
=

v

∑
j=1
j 6=i

nij

∑
ρ=1

θ
ij
(ρ)

. (7)
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Further, the limit transient probabilities pi(t) can be approximately obtained using the formula

pi =

∼
θ

i

∼
θ

(8)

where
∼
θ =

v

∑
i=1

∼
θ

i
. (9)

The mean values of the process’ unconditional sojourn times Θi at the particular states are
given respectively by

Mi =
1
ni

∼
θ

i
, ni =

w

∑
j=1

nij, i ∈ {1, 2, . . . , ω}. (10)

Other interesting characteristics of the process are its total sojourn times
^
Θ

i

at the
particular states si, during the fixed time θ̂. It is well known [42,44,45] that the total sojourn

time
^
Θ

i

of the process at the state si, i ∈ {1, 2, . . . , ω}, for a sufficiently large time, has
approximately normal distribution, with the expected value given as follows

M̂i = E
[ ^
Θ

i]
= pi·θ̂, i ∈ {1, 2, . . . , ω}. (11)

The following detailed procedure is formed and applied in C# program preparation.

Procedure 1. Monte Carlo simulation procedure to estimate process characteristics.

1. Draw a randomly generated number g from the uniform distribution on the inter-
val (0,1〉;

2. Select the initial state si, i ∈ {1, 2, . . . , ω}, according to (3);
3. Draw another randomly generated number g from the uniform distribution on the

interval (0,1〉;
4. For the fixed i, select the next state sj, j ∈ {1, 2, . . . , ω}, j 6= i, according to (4);
5. Draw a randomly generated number h from the uniform distribution on the inter-

val (0,1〉;
6. For the fixed i and j, generate a realization θij, of the conditional sojourn time Θij,

from a given probability distribution, according to (5);
7. Substitute i := j and repeat 3.–6., until the sum of all generated realizations θij reaches

a fixed experiment time
∼
θ ;

8. Calculate total sojourn times at the states si, according to (7);
9. Calculate limit transient probabilities at the particular states si, according to (8);
10. Calculate unconditional mean sojourn times at the states si, according to (10);
11. Calculate mean values of the total sojourn times at the states si, during the fixed time

θ̂, according to (11).

The procedure is used to prepare a C# program code and, further, using the statistical
data, the processes’ characteristics are predicted (Section 3). The limit values of transient
probabilities and the mean values of total sojourn times for the fixed time at the fixed states
are evaluated.

2.3. Sources of Real Data

The model is adopted to the maritime transport critical infrastructure, understood as a
ship network operating in sea waters, using the statistical data on sea accidents occurring
in global sea waters in 2004–2014. These data come from freely accessible databases: the
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Global Integrated Shipping Information System Centre of Documentation—GISIS, and the
Research and Experimentation on Accidental Water Pollution—CEDRE (available on the
websites: www.cedre.fr and https://webaccounts.imo.org respectively, accessed on 13 July
2022). Namely, 1630 reports collected on ship casualties are analysed and an 11 years period
is considered as the experimental time for this research.

The initiating events, the environmental threats and environmental degradation effects
are defined and background parameters are described, similarly to those distinguished by
maritime authorities such as the International Maritime Organization.

The necessary statistical data for the processes are collected and processed, and the
hypotheses concerned with the distributions of the random conditional sojourn times
are formulated and verified. These results are described in [41,48–50]. After perform-
ing the identification, it is possible to process the data and predict the processes’ basic
characteristics (see Section 3.2).

In Sections 3–5, a description is given to illustrate the results clearly.

3. Results

Using the statistical data from the CEDRE and the GISIS mentioned in Section 2.3,
the initiating events and environmental degradation as consequences of sea accidents and
chemical releases are identified and predicted for the world’s sea waters.

3.1. Modelling Shipping Accident Consequences
3.1.1. Modelling the Process of IE

The initiating events are the fundamentals of the model of the process of IE [13,41],
as follows:

• E1—collision;
• E2—grounding;
• E3—contact with an external object;
• E4—fire or explosion on a board;
• E5—shipping without control (drifting, or missing ship);
• E6—capsizing or listing of a ship;
• E7—movement of cargo in a ship.

The states of the process of IE are based on the types of IE mentioned above and
expressed by vectors, where 0 means that any IE dangerous to the environment does not
appear and 1 means that IE appears. For instance, the vector e1 = [0,0,0,0,0,0,0] expresses
no initiating event occurred, the vector e5 = [0,0,0,1,0,0,0] expresses the initiating event
E4 (fire or explosion on a board) occurred, and the vector e9 = [0,1,0,1,0,0,0] expresses
both the initiating event E2 (grounding) and the initiating event E4 (fire or explosion on a
board) occurred.

Further, the vectors that did not occur within the considered experimental time are
eliminated and the remaining ones are numbered. In this way, ω =16 numbers of IE states
are defined and presented in Appendix B, Table A2.

3.1.2. Modelling the Conditional ET Process

The environmental threats and parameters with their ranges, characterising these
threats are fundamental to the ET [41]. The environmental threats in the ship accident area
are as follows:

• H1—explosion of a chemical substance;
• H2—fire due to a chemical substance;
• H3—toxic substance presence;
• H4—corrosive substance presence;
• H5—bio-accumulative substance presence;
• H6—other dangerous chemical substances presence.

Parameters, with their ranges, characterising the environmental threats are as follows:

www.cedre.fr
https://webaccounts.imo.org
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• f 1—explosiveness of the chemical substance causing the explosion (based on the classi-
fication of the International Maritime Dangerous Goods Code—IMDG [55]; explosives
belong to class 1 of IMDG), l1 = 6;

• f 2—flashpoint (the lowest temperature creating a sufficient amount of vapour to lead
to the fire) of the chemical substance causing the fire, l2 = 4;

• f 3—toxicity (defined by the average lethal concentration—LC50—the concentration
that is lethal for 50% of the exposed organisms) of the chemical substance, l3 = 6;

• f 4—time of causing skin necrosis by the corrosive substance, l4 = 3;
• f 5—ability of the chemical substance to bioaccumulate in living organisms (defined

by logP that points the substance’s ability to dissolve in water and nonpolar solvents),
l5 = 5;

• f 6—ability of the chemical substance to cause other threats, specially long-term, such
as carcinogenic, reprotoxic, teratogenic, l6 = 1.

The summary of environmental threat types and possible of parameter ranges are
presented in Table 1.

Table 1. Environmental threats and parameter ranges, based on [41].

Level

Parameter of
Environmental

Threat
f1

(# of IMDG
Division)

f2

(◦C)

f3

(% in Air) or
(g/m3 in Water)

f4

(min)
f5

(logP)
f6

1 1.6 (61,+∞) (10,+∞) in air
(100,+∞) in water (60,+∞) (1,2〉 yes

2 1.5 (23,61〉 (2,10〉 in air
(10,100〉 in water (3,60〉 (2,3〉 —

3 1.4 (−18,23〉 (0.5,2〉 in air
(1,10〉 in water (0,3〉 (3,4〉 —

4 1.3 (−∞,−18〉 (0,0.5〉 in air
(0.1,1〉 in water — (4,5〉 —

5 1.2 — (0.01,0.1〉 in water — (5,+∞) —

6 1.1 — (0,0.01〉 in water — — —

Moreover, the ET and their ranges are considered in relation to the n3 = 5 following
sub-areas of the environment that may be degraded by environmental threats:

• D1—air;
• D2—water surface;
• D3—water column;
• D4—sea floor;
• D5—coast.

The process states of ET are based on the types of ET and their ranges mentioned above
and expressed by vectors, where 0 means that no ET does occurs, but the other digit means
that ET occurs, and its value expresses the threat’s level, as given in Table 1. For instance, the
vector s1

(1) = [0,0,0,0,0,0] expresses that air is not threatened, the vector s6
(1) = [0,0,1,0,0,0]

expresses the slight presence of toxic substance in air, the vector s7
(1) = [0,0,2,0,0,0] expresses

the moderate presence of toxic substance in air, and the vector s15
(1) = [0,0,1,3,0,0] expresses

the presence both of slightly toxic and highly corrosive substance in air.
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Further, the vectors that did not occur within the considered experimental time are
eliminated and the remaining ones are numbered. In this way, υ1 = 35, υ2 = 33, υ3 = 29,
υ4 = 29 and υ5 = 29 ET states for particular sub-areas, defined and presented in Appendix B,
Table A3.

Next, the ET process for each subarea is involved with the process of IE. Namely,
the state of the ET process is conditional upon the state of the IE process that caused the
previous one. For instance, state s15

(1/9) signifies the state of the ET process for environment

sub-area D1(air) when the process of IE is at the state e9.

3.1.3. Modelling the Conditional ED Process

The dangerous degradation effects and parameters, with their ranges, characterising
these effects are the fundamental of the model of the ED process [41]. The dangerous
degradation effects in the ship accident area are as follows:

• R1—increase of temperature;
• R2—decrease in oxygen concentration;
• R3—disturbance of pH regime;
• R4—aesthetic nuisance;
• R5—pollution.

Each degradation effect may reach νm = 3, m = 1, 2, . . . ,5 levels. The summary of
types of degradation effects and possible parameter levels are presented in Table 2.

Table 2. Degradation effects and their parameter levels, based on [41].

Level
Degradation Effect

R1 (◦C)
R2 (% in Air) or
(g/m3 in Water) R3 (pH Unit) R4 R5 (g/m3)

1 (0,10〉 (0,2〉 ±(0,1〉 closure of accident area
is not required (0,0.5LC50〉

2 (10,20〉 (2,5〉 ±(1,2〉 closure of accident area
is required up to 2 days (0.5LC50,LC50〉

3 (20,+∞) (5,+∞) ±(2,14)
closure of accident area

is required for more than
2 days

(LC50,+∞)

Next, the degradation effects and their levels, similarly to ET, are considered in
relation to the n3 = 5 sub-areas of environment that may be degraded and considered in
Section 3.1.2.

The states of the ED process are based on the types of degradation effects and their
ranges mentioned above and expressed by vectors, where 0 means that no degradation
effect occurs but the other digit means the environment is degraded at that level as given
in Table 2. For instance, the vector r1

(1) = [0,0,0,0,0] expresses that air is not degraded,

the vector r2
(1) = [0,0,0,0,1] expresses that the air is polluted at the level 1, the vector

r3
(1) = [0,0,0,0,2] expresses that the air is polluted at the level 2, and the vector r7

(1) =

[0,0,0,1,2] expresses that the air is both affected by aesthetic nuisance at the level 1 and
polluted at the level 2.

Further, the vectors that did not occur within the considered experimental time are
eliminated and the remaining ones are numbered. In this way, l1 = 30, l2 = 28, l3 = 28,
l4 = 31, and l5 = 23 numbers of ED states for particular sub-areas, defined and presented
in Appendix B, Table A4.

Next, the ED process of each sub-area is involved with the ET process. Specifically,
the state of the ED process is conditional upon the state of the ET process that caused the
previous one. For instance, state r7

(1/15) is the state of the ED process of the environment

sub-area D1(air) when the ET process is at the state s15
(1).
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3.2. Statistical Identification of Processes

The main aim and result of the statistical identification of three particular processes,
the IE process, the ET process and the ED process, is to obtain their initial probabilities
and the probabilities of transition between particular states of the processes. These results
are established based on statistical data concerning the sea accidents occurring in years
2004–2014. The results, as supporting and input results of the main results of the paper,
are presented in Appendix B. Unfortunately, there are too many conditional distribution
functions to present in the article and, therefore, if necessary, these records can be made
available on request. Further, using these results, the characteristics of the particular
processes can be predicted (in Section 3.4).

3.3. Sensitivity Analysis and Potential Limitations of the Methodology

In this Section, a sensitivity analysis is performed to show how the established as-
sumptions of the Monte Carlo simulation technique in modelling shipping accidents and
chemical release consequences may affect the obtained results. Sensitivity analysis is a
technique used to evaluate how the output of a model changes when inputs are varied.
Assessment of the result’s sensitivity can be carried out either locally or globally [40]. Local
sensitivity is determined on subsets of the input parameter ranges. In contrast, a global sen-
sitivity analysis evaluates the effect of input parameters by considering their entire range
of possible values. The range of input parameters is linked to uncertainty and variability in
those parameters, making global sensitivity analysis relevant to uncertainty analysis. In the
context of a simulation-based model, the sensitivity analysis is used to identify which input
variables have the most significant impact on the simulation output. Due to the stochastic
nature of Monte Carlo simulations, it becomes challenging to separate the desired responses
from the background noise, making the parameter sensitivity analysis a complex task [56].

A discussion is presented that covers potential sources of error/bias in the simulation
results, such as the assumptions made about the input parameters and the number of
iterations applied in the model, and any other simplifications or assumptions made. In
addition, the possible impact of these limitations and potential weaknesses on the results
associated with the applied method is considered. A brief justification for the choices made
is also provided, e.g., concerned with the programming language used.

3.3.1. A Step-by-Step Guide to Sensitivity Analysis in Simulation-Based Methods

The sensitivity analysis of a method used can be performed using the steps below:

1. Identification of the input variables: The first step is to identify the input variables that
are used in the simulation-based method. These are the variables that are randomly
sampled during the simulation, as well as those which are fixed.

2. Definition of the ranges for input variables: for each input variable, a range of values
is defined over which it can vary.

3. Run of the simulation: the Monte Carlo simulation is run multiple times, each
time using a different set of randomly sampled input variables within their defined
ranges [56].

4. Analyzing the results: after running the simulation multiple times, the analysis of the
results was performed to identify which input variables had the greatest impact on
the output.

5. Performing additional analyses (optional): Depending on the results of the sensitivity
analysis (point 4), additional analyses may be necessary to further investigate the
relationships between input variables and output. For example, regression analysis
can be performed to identify nonlinear relationships, or the results can be plotted to
identify any trends or patterns.

6. Adjusting the model: based on the results of the sensitivity analysis, the model may
need to be adjusted to better reflect the real-world situation being modeled. This
could involve changing the input ranges, adding or removing input variables, or
adjusting the weighting of input variables in the model.
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The program written in C# programming language allowed application of the simula-
tion technique to the modelling of shipping accidents and chemical release consequences.
The program consists of three main subprograms: for the IE process of IE, the ET process
and the ED process. The sub-program for predicting the characteristics of the process of
IE consists of one simulation project, whereas the sub-programs for the remaining two
processes consist of 35 and 34 simulation projects, respectively, for particular conditional
processes of ET and ED with regards to each sub-area of the environment (Figure 2). From
a mathematical point of view, it is necessary to consider the research problem in such a
way that pseudo-random numbers are generated consecutively, not in parallel, so that the
variables used remain independent.
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Furthermore, it seems sensible to focus on the sub-program for the IE process, because
this may influence the results in a very significant way. This sub-program is crucial one for
the assessment of shipping accident consequences and environmental degradation.

3.3.2. Identifying Input Variables and Analysing Simulation Results for the IE Process

Based on Section 3.3.1, the sensitivity analysis of the results was carried out for the
IE process and a discussion of how varying these factors might impact the accuracy of
the simulation results was performed. The parameters of the distributions used and other
relevant factors were analyzed.

• The input variables identification. After consultation with experts from the Maritime
Search and Rescue Service, Gdynia, Poland, selected key variables were assumed that
can affect the outcome of the simulation: fixed experiment time (affecting the number
of simulation iterations), initial probabilities (assumed), probabilities of transitions
between the states (calculated from the historical numbers of transitions) and distribu-
tion functions (verified statistically). The experiment time is the same for all program
projects and was designated on the basis of the simulation convergence. An exemplary
illustration is shown in Figure 3.
There is only one simplification in the model, i.e., the initial probabilities are assumed
in a way in which no initiating events happen at t = 0 (all probabilities are equal to
0 at a starting point). This assumption cannot be changed. Table A5 in Appendix C
determines the probabilities of transitions. These input parameters should be ran-
domly sampled from the same matrix that was used to generate the original input
parameters, as they are calculated from the historical data. Moreover, the hypotheses
on the distribution functions of the realizations of the conditional sojourn times were
verified on the basis of the sufficiently large number of realizations, and the empirical
distribution functions were determined for numbers of realizations less than 30. This
assumption is necessary from the statistical point of view.



Water 2023, 15, 1824 14 of 33
Water 2023, 15, x FOR PEER REVIEW  14  of  36 
 

 

 

Figure 3. Expected values of 𝑀 /
   of ED in air sub‐area using Monte Carlo simulation method. 

Source: own study. 

There is only one simplification in the model, i.e., the initial probabilities are assumed 

in a way in which no initiating events happen at t = 0 (all probabilities are equal to 0 

at a starting point). This assumption cannot be changed. Table A5  in Appendix C 

determines  the probabilities of  transitions. These  input parameters should be ran‐

domly sampled from the same matrix that was used to generate the original input 

parameters, as they are calculated from the historical data. Moreover, the hypotheses 

on the distribution functions of the realizations of the conditional sojourn times were 

verified on the basis of the sufficiently large number of realizations, and the empirical 

distribution functions were determined for numbers of realizations less than 30. This 

assumption is necessary from the statistical point of view. 

 The ranges for input variables statement. 

The generating functions for input parameters remain the same for the input varia‐

bles and, for this simulation method, they sufficiently reflect the expected variability 

of the real‐world situation being modeled. 

 The simulation run. 

The Monte Carlo simulation is run 30 times, each time using a different set of ran‐

domly sampled input variables, for a large number of iterations in order to ensure 

that the results are statistically significant. The simulation time is equal to 25 years 

and, therefore, the number of iterations is different for each simulation run, depend‐

ing on the sojourn times. 

 The results analysis. 

The statistical measures of interest for the outputs, such as the means and standard 

deviations, are calculated. These measures can provide an overall understanding of 

the behavior of the output variables. 

 Additional analysis. 

The relationships between the input and output variables have been sufficiently in‐

vestigated and no further investigation is needed. 

 The model adjustments. 

The model can be adjusted using the results of the sensitivity analysis. However, it is 

also possible to evaluate the significance of the remaining two (simulating succes‐

sively 35 and then 34 projects). That is why, it is still possible to analyse the sensitivity 

of the overall output globally to variations in each sub‐program. 

Figure 3. Expected values of M̂27
(1/4) of ED in air sub-area using Monte Carlo simulation method.

Source: own study.

• The ranges for input variables statement. The generating functions for input param-
eters remain the same for the input variables and, for this simulation method, they
sufficiently reflect the expected variability of the real-world situation being modeled.

• The simulation run. The Monte Carlo simulation is run 30 times, each time using a
different set of randomly sampled input variables, for a large number of iterations in
order to ensure that the results are statistically significant. The simulation time is equal
to 25 years and, therefore, the number of iterations is different for each simulation run,
depending on the sojourn times.

• The results analysis. The statistical measures of interest for the outputs, such as the
means and standard deviations, are calculated. These measures can provide an overall
understanding of the behavior of the output variables.

• Additional analysis. The relationships between the input and output variables have
been sufficiently investigated and no further investigation is needed.

• The model adjustments. The model can be adjusted using the results of the sensitivity
analysis. However, it is also possible to evaluate the significance of the remaining two
(simulating successively 35 and then 34 projects). That is why, it is still possible to
analyse the sensitivity of the overall output globally to variations in each sub-program.

3.3.3. Limitations and Weaknesses of the Monte Carlo Method

The model used based on the Monte Carlo simulation method, like any other simula-
tion technique, has some limitations and weaknesses. Here are some of them:

• Accuracy depends on the quality of the model: the accuracy of the results obtained
depends on the quality of the model used to represent the problem regarding ship
accident consequences being analyzed. If the model is oversimplified or does not
capture all the important features, the results may not be accurate. Mostly, the accuracy
of the model is limited by the accuracy of the input data used. Inaccurate or incomplete
data can lead to inaccurate results.

• Computationally intensive: Monte Carlo simulations can be computationally intensive
and require a large number of random samples to obtain accurate results. This is a
limitation when dealing with a complex problem that requires a significant amount
of computational resources. It can lead to long simulation times and high comput-
ing costs.

• Uncertainty: simulation-based models are inherently probabilistic, meaning that there
is always a degree of uncertainty in the results. This uncertainty can be difficult to
quantify and communicate to stakeholders.
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• Difficulty in modelling human factors: the method is less effective at modelling the
impact of human factors, such as operator error, which can play a significant role in
the occurrence and severity of accidents.

• Convergence issues: the convergence of a Monte Carlo simulation can be slow, espe-
cially when dealing with systems that exhibit rare events. This can make it difficult
to obtain accurate results in a reasonable amount of time. The model is less effective
for dealing with rare events, such as major chemical spills or catastrophic accidents,
when the degradation effects listed in Table 2 reach high levels of their parameters, or
accidents lead to the release of less frequently transported substances, especially those
other than oil, due to the low probability of these events occurring (see results given
in Section 3.5).

• Requires distributional assumptions: Monte Carlo simulations rely on the assumption
that the input variables have statistically verified distributions. This can be a limitation
when dealing with a problem in which distribution functions do not fit to any of the
known functions.

Despite these limitations, the approach used in the paper remains a powerful tool
for modelling and simulating complex problems when requiring expertise in statistical
methods and modelling techniques. It is important to be aware of its limitations and
weaknesses in order to use it effectively and accurately.

3.3.4. Additional Limitations of the Model

The approach to shipping accidents and chemical release consequences’ assessment
involves considering the uncertainties associated with the potential impacts of shipping ac-
cidents on the environment and human health. Uncertainty refers to the lack of knowledge
or information about the value of a parameter. Some of the values used in Tables A5–A7
(Appendix C) are not known (there is no empirical data) and are assumed to be 0, or there
is little data (the empirical distributions were assumed for the sets containing less than
30 elements). The uncertainty assessment for these parameters could be enhanced with
the availability of additional data or information. Uncertainties also arise due to a lack of
knowledge about the specific details of the accident scenario, as well as natural variability
in environmental conditions and human responses. The potential impacts of the accidents
were estimated with a range of probabilities. This approach can allow assessment of the
risks associated with different accident scenarios and evaluation of the effectiveness of
different response and mitigation strategies.

3.3.5. Justification of the Programming Language Used

There are several reasons why C# is a good choice for a simulation-based model. It
is a powerful and flexible language that is well-suited to simulation development. First
of all, it is an object-oriented programming language, which means that it allows for the
creation of complex, modular simulations with reusable code. Moreover, the language
is cross-platform, which means that it was used to develop simulations across different
operating systems, including Windows and macOS, and can also be used on Linux. The
language is designed to work well with other Microsoft tools, such as Visual Studio, which
provide a comprehensive development environment for modelling. C# language comes
with a large standard library, providing a range of pre-built functionality which was used
to speed up the Monte Carlo simulation. This reach framework offers much control over
memory management and garbage collection, which automatically frees up memory when
it is no longer needed. Namely, it has automatic memory management with no need to
manage memory manually, making it easier to write and maintain the code and reducing
the risk of memory leaks and crashes. It is a compiled language, which means that it is
generally faster than interpreted languages, such as Python. This makes it a good choice
for simulations that require high performance.

C and C++ are also popular languages for simulation, but they have different strengths
and weaknesses compared to C#. C is a low-level language that is often used in systems
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programming and for developing operating systems. It is fast and efficient, but it requires
more manual memory management than higher-level languages like C#. C++ is an object-
oriented extension of C that is often used in developing applications and games, but can be
more difficult to learn and use.

3.4. Prediction of Shipping Accident Consequences

The results obtained in Section 3.2 are essential to predict characteristics of the par-
ticular processes: the IE process, the ET process and the ED process. In this way, the
approximate limit values of transient probabilities at particular states of these processes
are predicted and the results are presented in Sections 3.4.1–3.4.3. The following results
are obtained for 25 years. Moreover, using these results, the approximate mean values of
sojourn total time of these processes at their particular states during the fixed time (e.g.,
1 year) can be obtained.

The mean values presented in Tables 3–6 are calculated using the very detailed ob-
tained limit transient probabilities, taken with a precision of 15–17 decimal places (double
floating-point type). To show the values in an accessible way, they are approximated to five
decimal places in this article.

Table 3. Limit transient probabilities and approximate mean values of sojourn total times at particular
states of the IE process.

Limit Transient Probabilities Mean Values of Sojourn Total Times per 1 Year (h)

p1 = 0.999648485390849 ≈ 0.99965 M̂1 = 8756.920732 ∼= 8756.9
p2 = 0.000000030155895567252 ∼= 0 M̂2 = 0.000264166 ∼= 0
p3 = 0.000350730555866569 ∼= 0.00035 M̂3 = 3.072399669 ∼= 3.1
p4 = p5 = 0 M̂4 = M̂5 = 0
p6 = 0.00000015077947783626 ∼= 0 M̂6 = 0.001320828 ∼= 0
p7 = p8 = p9 = p10 = 0 M̂7 = M̂8 = M̂9 = M̂10 = 0
p11 = 0.000000603117911345039 ∼= 0 M̂11 = 0.005283313 ∼= 0
p12 = p13 = p14 = p15 = p16 = 0 M̂12 = M̂13 = M̂14 = M̂15 = M̂16 = 0

Table 4. Limit transient probabilities and approximate mean values of sojourn total times at particular
states of the IE process, based on the longer duration of the experiment.

Limit Transient Probabilities Mean Values of Sojourn Total Times per 1 Year (hrs)

p1 = 0.999436013641732 ∼= 0.99944 M̂1 = 8755.05948 ∼= 8755.1
p2 = 0.000000479582845682385 ∼= 0 M̂2 = 0.004201146 ∼= 0
p3 = 0.000518379728488059 ∼= 0.00052 M̂3 = 4.541006422 ∼= 4.5
p4 = 0.0000000693390426800051 ∼= 0 M̂4 = 0.00060741 ∼= 0
p5 = 0.0000119479841108746 ∼= 0.00001 M̂5 = 0.104664341 ∼= 0.1
p6 = 0.000018036005559835 ∼= 0.00002 M̂6 = 0.157995409 ∼= 0.2
p7 = 0.0000120960096478568 ∼= 0.00001 M̂7 = 0.105961045 ∼= 0.1
p8 = 0.000000489089788167662 ∼= 0 M̂8 = 0.004284427 ∼= 0
p9 = 0.000000228175065272163 ∼= 0 M̂9 = 0.001998814 ∼= 0
p10 = 0.00000205072197232601 ∼= 0 M̂10 = 0.017964324 ∼= 0
p11 = 0.000000132864320148473 ∼= 0 M̂11 = 0.001163891 ∼= 0
p12 = 0.00000000159802446913971 ∼= 0 M̂12 = 0.0000139987 ∼= 0
p13 = 0.0000000263293555391591 ∼= 0 M̂13 = 0.000230645 ∼= 0
p14 = 0.0000000127841957531177 ∼= 0 M̂14 = 0.00011199 ∼= 0
p15 = 0.0000000158280518848124 ∼= 0 M̂15 = 0.000138654 ∼= 0
p16 = 0.0000000203177396790621 ∼= 0 M̂16 = 0.000177983 ∼= 0



Water 2023, 15, 1824 17 of 33

Table 5. Limit of transient probabilities and approximate mean values of sojourn total times at
particular states of the ET process.

Subarea Limit Transient Probabilities Mean Values of Sojourn Total Times per 1 Year (hrs)

air p1
(1/2) = 0.00028, p7

(1/2) = 0.00155, p27
(1/2) = 0.99817;

p1
(1/3) = 0.04622, p23

(1/3) = 0.00170, p27
(1/3) = 0.94834,

p30
(1/3) = 0.00374;

p1
(1/4) = 0.00041, p5

(1/4) = 0.00696, p13
(1/4) = 0.00297,

p27
(1/4) = 0.98664, p35

(1/4) = 0.00302;

p1
(1/5) = 0.00080, p3

(1/5) = 0.00008, p4
(1/5) = 0.37520,

p7
(1/5) = 0.00040, p17

(1/5) = 0.02418,

p27
(1/5) = 0.59812, p34

(1/5) = 0.00122;

p1
(1/6) = 0.00017, p27

(1/6) = 0.99983;

p1
(1/7) = 0.00051, p27

(1/7) = 0.98374, p30
(1/7) = 0.01574;

p1
(1/8) = 0.00054, p3

(1/8) = 0.00128, p6
(1/8) = 0.11040, p7

(1/8) = 0.00051,

p8
(1/8) = 0.00774, p21

(1/8) = 0.00017, p27
(1/8) = 0.87936;

M̂1
(1/2) = 2.5, M̂7

(1/2) = 13.6, M̂27
(1/2) = 8744.0;

M̂1
(1/3) = 404.9, M̂23

(1/3) = 14.9, M̂27
(1/3) = 8307.5, M̂30

(1/3) = 32.8;

M̂1
(1/4) = 3.6, M̂5

(1/4) = 61.0, M̂13
(1/4) = 26.0,

M̂27
(1/4) = 8643.0, M̂35

(1/4) = 26.5;

M̂1
(1/5) = 7.0, M̂3

(1/5) = 0.7, M̂4
(1/5) = 3286.8,

M̂7
(1/5) = 3.5, M̂17

(1/5) = 211.8, M̂27
(1/5) = 5239.5, M̂34

(1/5) = 10.7;

M̂1
(1/6) = 1.5, M̂27

(1/6) = 8758.5;

M̂1
(1/7) = 4.5, M̂27

(1/7) = 8617.6, M̂30
(1/7) = 137.9;

M̂1
(1/8) = 4.7, M̂3

(1/8) = 11.2, M̂6
(1/8) = 967.1,

M̂7
(1/8) = 4.5, M̂8

(1/8) = 67.8, M̂21
(1/8) = 1.5,

M̂27
(1/8) = 7703.2;

water
surface

p1
(2/2) = 0.00003, p2

(2/2) = 0.21335, p33
(2/2) = 0.78662;

p1
(2/3) = 0.01386, p17

(2/3) = 0.04731, p18
(2/3) = 0.08870, p33

(2/3) = 0.85013;

p1
(2/4) = 0.00003, p33

(2/4) = 0.99997;

p1
(2/5) = 0.00003, p33

(2/5) = 0.99997;

p1
(2/6) = 0.00008, p33

(2/6) = 0.99992;

p1
(2/7) = 0.00013, p17

(2/7) = 0.00697, p33
(2/7) = 0.99290;

p1
(2/8) = 0.00010, p2

(2/8) = 0.04985, p4
(2/8) = 0.00321, p5

(2/8) = 0.00315,

p33
(2/8) = 0.94369;

M̂1
(2/2) = 0.3, M̂2

(2/2) = 1868.9, M̂33
(2/2) = 6890.8;

M̂1
(2/3) = 121.4, M̂17

(2/3) = 414.4, M̂18
(2/3) = 777.0, M̂33

(2/3) = 7447.1;

M̂1
(2/4) = 0.3, M̂33

(2/4) = 8759.7;

M̂1
(2/5) = 0.3, M̂33

(2/5) = 8759.7;

M̂1
(2/6) = 0.7, M̂33

(2/6) = 8759.3;

M̂1
(2/7) = 1.1, M̂17

(2/7) = 61.1, M̂33
(2/7) = 8697.8;

M̂1
(2/8) = 0.9, M̂2

(2/8) = 436.7, M̂4
(2/8) = 28.1,

M̂5
(2/8) = 27.6, M̂33

(2/8) = 8266.7;

water
column

p1
(3/2) = 0.00003, p2

(3/2) = 0.20668, p24
(3/2) = 0.79329;

p1
(3/3) = 0.01172, p14

(3/3) = 0.03802, p15
(3/3) = 0.07211, p24

(3/3) = 0.87815;

p1
(3/4) = 0.00003, p24

(3/4) = 0.99997;

p1
(3/5) = 0.00003, p24

(3/5) = 0.99997;

p1
(3/6) = 0.00008, p24

(3/6) = 0.99992;

p1
(3/7) = 0.00013, p14

(3/7) = 0.00682, p24
(3/7) = 0.99305;

p1
(3/8) = 0.00010, p2

(3/8) = 0.05244, p3
(3/8) = 0.00320, p4

(3/8) = 0.00324,

p24
(3/8) = 0.94102;

M̂1
(3/2) = 0.3, M̂2

(3/2) = 1810.5, M̂24
(3/2) = 6949.2;

M̂1
(3/3) = 102.7, M̂14

(3/3) = 333.1, M̂15
(3/3) = 631.7, M̂24

(3/3) = 7692.6;

M̂1
(3/4) = 0.3, M̂24

(3/4) = 8759.7;

M̂1
(3/5) = 0.3, M̂24

(3/5) = 8759.7;

M̂1
(3/6) = 0.7, M̂24

(3/6) = 8759.3;

M̂1
(3/7) = 1.1, M̂14

(3/7) = 59.7, M̂24
(3/7) = 8699.1;

M̂1
(3/8) = 0.9, M̂2

(3/8) = 459.4, M̂3
(3/8) = 28.0,

M̂4
(3/8) = 28.4, M̂24

(3/8) = 8243.3;

sea
floor

p1
(4/2) = 0.01147, p2

(4/2) = 0.25289, p24
(4/2) = 0.73564;

p1
(4/3) = 0.02427, p14

(4/3) = 0.04355, p15
(4/3) = 0.07551, p24

(4/3) = 0.85667;

p1
(4/4) = 0.00002, p24

(4/4) = 0.99998;

p1
(4/5) = 0.00001, p24

(4/5) = 0.99999;

p1
(4/6) = 0.03410, p24

(4/6) = 0.96590;

p1
(4/7) = 0.00453, p14

(4/7) = 0.00278, p24
(4/7) = 0.99269;

p1
(4/8) = 0.00005, p2

(4/8) = 0.06682, p4
(4/8) = 0.00445,

p24
(4/8) = 0.92868;

M̂1
(4/2) = 100.5, M̂2

(4/2) = 2215.3, M̂24
(4/2) = 6444.2;

M̂1
(4/3) = 212.6, M̂14

(4/3) = 381.5, M̂15
(4/3) = 661.5, M̂24

(4/3) = 7504.4;

M̂1
(4/4) = 0.2, M̂24

(4/4) = 8759.8;

M̂1
(4/5) = 0.1, M̂24

(4/5) = 8759.9;

M̂1
(4/6) = 298.7, M̂24

(4/6) = 8461.3;

M̂1
(4/7) = 39.7, M̂14

(4/7) = 24.4, M̂24
(4/7) = 8696.0;

M̂1
(4/8) = 0.4, M̂2

(4/8) = 585.3, M̂4
(4/8) = 39.0,

M̂24
(4/8) = 8135.2;

coast p1
(5/2) = 0.01368, p24

(5/2) = 0.98632;

p1
(5/3) = 0.01077, p15

(5/3) = 0.08876, p24
(5/3) = 0.90047;

p1
(5/4) = 0.00001, p24

(5/4) = 0.99999;

p1
(5/5) = 0.00001, p24

(5/5) = 0.99999;

p1
(5/6) = 0.02483, p24

(5/6) = 0.97517;

p1
(5/7) = 0.00009, p24

(5/7) = 0.99991;

p1
(5/8) = 0.00001, p24

(5/8) = 0.99999.

M̂1
(5/2) = 119.8, M̂24

(5/2) = 8640.2;

M̂1
(5/3) = 94.3, M̂15

(5/3) = 777.5, M̂24
(5/3) = 7888.1;

M̂1
(5/4) = 0.1, M̂24

(5/4) = 8759.9;

M̂1
(5/5) = 0.1, M̂24

(5/5) = 8759.9;

M̂1
(5/6) = 217.5, M̂24

(5/6) = 8542.5;

M̂1
(5/7) = 0.8, M̂24

(5/7) = 8759.2;

M̂1
(5/8) = 0.1, M̂24

(5/8) = 8759.9.
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Table 6. Limit of transient probabilities and approximate mean values of sojourn total times at
particular states of the ED process.

Subarea Limit Transient Probabilities Mean Values of Sojourn Total Times per 1 Year (hrs)

air q1
(1/3) = 0.00151, q6

(1/3) = 0.27232, q22
(1/3) = 0.09077, q25

(1/3) = 0.18154,

q28
(1/3) = 0.45386;

q1
(1/4) = 0.00037, q20

(1/4) = 0.00189, q21
(1/4) = 0.18736, q24

(1/4) = 0.25167,

q27
(1/4) = 0.55305, q29

(1/4) = 0.00189, q30
(1/4) = 0.00377;

q1
(1/5) = 0.00222, q20

(1/5) = 0.06652, q23
(1/5) = 0.13303, q26

(1/5) = 0.79823;

q1
(1/6) = 0.00090, q2

(1/6) = 0.92773, q17
(1/6) = 0.00892,

q18
(1/6) = 0.00892, q19

(1/6) = 0.05353;

q1
(1/7) = 0.00271, q2

(1/7) = 0.02030, q6
(1/7) = 0.24424, q8

(1/7) = 0.16283,

q10
(1/7) = 0.56992;

q1
(1/8) = 0.00415, q13

(1/8) = 0.24896, q14
(1/8) = 0.24896, q15

(1/8) = 0.49793;

q1
(1/13) = 0.00826, q6

(1/13) = 0.99174;

q1
(1/17) = 0.00139, q66

(1/17) = 0.24964, q22
(1/17) = 0.16644,

q25
(1/17) = 0.16644, q28

(1/17) = 0.41609;

q1
(1/21) = 0.09091, q20

(1/21) = 0.90909;

q1
(1/23) = 0.00415, q2

(1/23) = 0.99585;

q1
(1/27) = 0.00046, q6

(1/27) = 0.99954;

q1
(1/30) = 0.00383, q11

(1/30) = 0.99617;

q1
(1/35) = 0.00222, q20

(1/35) = 0.06652, q23
(1/35) = 0.13303, q26

(1/35) = 0.79823

M̂1
(1/3) = 13.2, M̂6

(1/3) = 2385.5, M̂22
(1/3) = 795.1, M̂25

(1/3) = 1590.3,

M̂28
(1/3) = 3975.8;

M̂1
(1/4) = 3.2, M̂20

(1/4) = 16.6 M̂21
(1/4) = 1641.3,

M̂24
(1/4) = 2204.6 M̂27

(1/4) = 4844.7, M̂29
(1/4) = 16.6, M̂30

(1/4) = 33.0;

M̂1
(1/5) = 19.4, M̂20

(1/5) = 582.7, M̂23
(1/5) = 1165.3, M̂26

(1/5) = 6992.5;

M̂1
(1/6) = 7.9, M̂2

(1/6) = 8126.9, M̂17
(1/6) = 78.1, M̂18

(1/6) = 78.1,

M̂19
(1/6) = 468.9;

M̂1
(1/7) = 23.7, M̂2

(1/7) = 177.8, M̂6
(1/7) = 2139.5, M̂8

(1/7) = 1426.4,

M̂10
(1/7) = 4992.5;

M̂1
(1/8) = 36.4, M̂13

(1/8) = 2180.9, M̂14
(1/8) = 2180.9, M̂15

(1/8) = 4361.9;

M̂1
(1/13) = 72.4, M̂6

(1/13) = 8687.6;

M̂1
(1/17) = 12.2, M̂6

(1/17) = 2186.8, M̂22
(1/17) = 1458.0, M̂25

(1/17) = 1458.0,

M̂28
(1/17) = 3644.9;

M̂1
(1/21) = 796.4, M̂20

(1/21) = 7963.6;

M̂1
(1/23) = 36.4, M̂2

(1/23) = 8723.6;

M̂1
(1/27) = 4.0, M̂6

(1/27) = 8756.0;

M̂1
(1/30) = 33.6, M̂11

(1/30) = 8726.4;

M̂1
(1/35) = 19.4, M̂20

(1/35) = 582.7, M̂23
(1/35) = 1165.3, M̂26

(1/35) = 6992.5

water
surface

q1
(2/1) = 0.00166, q5

(2/1) = 0.99834;

q1
(2/2) = 0.00035, q2

(2/2) = 0.99965;

q1
(2/4) = 0.00069, q2

(2/4) = 0.99931;

q1
(2/5) = 0.00069, q13

(2/5) = 0.54129, q14
(2/5) = 0.24983, q18

(2/5) = 0.20819;

q1
(2/17) = 0.00015, q12

(2/17) = 0.38392, q16
(2/17) = 0.32496,

q21
(2/17) = 0.23249, q25

(2/17) = 0.03693, q27
(2/17) = 0.02155;

q1
(2/18) = 0.00002, q6

(2/18) = 0.23294, q9
(2/18) = 0.26622, q11

(2/18) = 0.50081;

q1
(2/33) = 0.00002, q2

(2/33) = 0.09335, q6
(2/33) = 0.79246, q9

(2/33) = 0.07727,

q11
(2/33) = 0.02379, q12

(2/33) = 0.00546, q15
(2/33) = 0.00273, q20

(2/33) = 0.00382,

q22
(2/33) = 0.00055, q23

(2/33) = 0.00055

M̂1
(2/1) = 14.5, M̂5

(2/1) = 8745.5;

M̂1
(2/2) = 3.1, M̂2

(2/2) = 8756.9;

M̂1
(2/4) = 6.0, M̂2

(2/4) = 8754.0;

M̂1
(2/5) = 6.0, M̂13

(2/5) = 4741.7, M̂14
(2/5) = 2188.5, M̂18

(2/5) = 1823.7;

M̂1
(2/17) = 1.3, M̂12

(2/17) = 3363.1, M̂16
(2/17) = 2846.6, M̂21

(2/17) = 2036.6,

M̂25
(2/17) = 323.5, M̂27

(2/17) = 188.8;

M̂1
(2/18) = 0.2, M̂6

(2/18) = 2040.6, M̂9
(2/18) = 2332.1, M̂11

(2/18) = 4387.1;

M̂1
(2/33) = 0.2, M̂2

(2/33) = 817.7, M̂6
(2/33) = 6941.9, M̂9

(2/33) = 676.9,

M̂11
(2/33) = 208.4, M̂12

(2/33) = 47.8, M̂15
(2/33) = 23.9, M̂20

(2/33) = 33.5,

M̂22
(2/33) = 4.8, M̂23

(2/33) = 4.8

water
column

q1
(3/2) = 0.00035, q2

(3/2) = 0.99965;

q1
(3/3) = 0.00069, q2

(3/3) = 0.99931;

q1
(3/4) = 0.00069, q13

(3/4) = 0.54129, q14
(3/4) = 0.24983, q18

(3/4) = 0.20819;

q1
(3/14) = 0.00015, q12

(3/14) = 0.38963, q16
(3/14) = 0.32086,

q21
(3/14) = 0.22985, q25

(3/14) = 0.03867, q27
(3/14) = 0.02084;

q1
(3/15) = 0.00005, q6

(3/15) = 0.46621, q9
(3/15) = 0.53369, q11

(3/15) = 0.00005;

q1
(3/24) = 0.00003, q2

(3/24) = 0.07492, q6
(3/24) = 0.72972, q9

(3/24) = 0.15589,

q11
(3/24) = 0.02892, q12

(3/24) = 0.00438, q15
(3/24) = 0.00219, q20

(3/24) = 0.00307,

q22
(3/24) = 0.00044, q23

(3/24) = 0.00044

M̂1
(3/2) = 3.1, M̂2

(3/2) = 8756.9;

M̂1
(3/3) = 6.0, M̂2

(3/3) = 8754.0;

M̂1
(3/4) = 6.0, M̂13

(3/4) = 4741.7, M̂14
(3/4) = 2188.5, M̂18

(3/4) = 1823.7;

M̂1
(3/14) = 1.3, M̂12

(3/14) = 3413.2, M̂16
(3/14) = 2810.7, M̂21

(3/14) = 2013.5,

M̂25
(3/14) = 338.7, M̂27

(3/14) = 182.6;

M̂1
(3/15) = 0.4, M̂6

(3/15) = 4084.0, M̂9
(3/15) = 4675.1, M̂11

(3/15) = 0.4;

M̂1
(3/24) = 0.3, M̂2

(3/24) = 656.3, M̂6
(3/24) = 6392.3, M̂9

(3/24) = 1365.6,

M̂11
(3/24) = 253.3, M̂12

(3/24) = 38.4, M̂15
(3/24) = 19.2, M̂20

(3/24) = 26.9,

M̂22
(3/24) = 3.9, M̂23

(3/24) = 3.9

sea
floor

q1
(4/2) = 0.00035, q2

(4/2) = 0.99965;

q1
(4/4) = 0.00069, q13

(4/4) = 0.54129, q14
(4/4) = 0.24983, q18

(4/4) = 0.20819;

q1
(4/14) = 0.00015, q12

(4/14) = 0.39677, q16
(4/14) = 0.31881, q21

(4/14) = 0.22466,

q28
(4/14) = 0.03839, q30

(4/14) = 0.02122, q1
(4/15) = 0.00002, q6

(4/15) = 0.23294,

q9
(4/15) = 0.26622, q11

(4/15) = 0.50081;

q1
(4/24) = 0.07918, q6

(4/24) = 0.12719, q9
(4/24) = 0.73416, q11

(4/24) = 0.05726,

q24
(4/24) = 0.00024, q25

(4/24) = 0.00083, q26
(4/24) = 0.00114

M̂1
(4/2) = 3.1, M̂2

(4/2) = 8756.9;

M̂1
(4/4) = 6.0, M̂13

(4/4) = 4741.7, M̂14
(4/4) = 2188.5. M̂18

(4/4) = 1823.7;

M̂1
(4/14) = 1.3, M̂12

(4/14) = 3475.7, M̂16
(4/14) = 2792.8, M̂21

(4/14) = 1968.0,

M̂28
(4/14) = 336.3, M̂30

(4/14) = 185.9;

M̂1
(4/15) = 0.2, M̂6

(4/15) = 2040.6, M̂9
(4/15) = 2332.1, M̂11

(4/15) = 4387.1;

M̂1
(4/24) = 693.6, M̂6

(4/24) = 1114.2, M̂9
(4/24) = 6431.2, M̂11

(4/24) = 501.6,

M̂24
(4/24) = 2.1, M̂25

(4/24) = 7.3, M̂26
(4/24) = 10.0

coast q1
(5/1) = 0.00166, q5

(5/1) = 0.99834;

q1
(5/15) = 0.00002, q6

(5/15) = 0.23295, q9
(5/15) = 0.26622, q11

(5/15) = 0.50081;

q1
(5/24) = 0.00813, q6

(5/24) = 0.59321, q9
(5/24) = 0.19495, q11

(5/24) = 0.20371

M̂1
(5/1) = 14.5, M̂5

(5/1) = 8745.5;

M̂1
(5/15) = 0.2, M̂6

(5/15) = 2040.6, M̂9
(5/15) = 2332.1, M̂11

(5/15) = 4387.1;

M̂1
(5/24) = 71.2, M̂6

(5/24) = 5196.5, M̂9
(5/24) = 1707.8, M̂11

(5/24) = 1784.5

3.4.1. Prediction of the IE Process

The approximate limit transient probabilities and the approximate mean values of the
sojourn total times during the fixed time of 1 year = 8760 h at the particular states are given
in Table 3.

The results given in Table 3 allow a statement that, fortunately, no IE dangerous to the
environment surrounding the accident area takes place after a ship accident, as the state
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e1 reaches the greatest probability p1 = 0.99965 (the meaning of state e1 is explained in
Section 3.1.1, as well as in Table A2 of Appendix B). Consequently, the mean sojourn total
time for the state e1 also reaches the greatest value (M̂1 = 8756.9 hr/year).

As we can see in Table 3, not all the states occurred, or occurred only with a very
small probability in a given simulation. Therefore, an additional simulation is carried out
for a longer duration of the experiment to increase the number of iterations, and thus the
realizations of the total numbers of process transitions. The results are presented in Table 4
(increasing the time to make the majority of the realizations statistically significant).

If the obtained characteristics are compared with those obtained for 1 year, it can be
noticed that, apart from the values obtained in the first simulation, all other values are close
to zero.

3.4.2. Prediction of the Conditional ET Process

The approximate limit of transient probabilities and the approximate mean values of
the sojourn total times during the fixed time of 1 year = 8760 h at the particular states are
given in Table 5.

The results given in Table 5 allow a statement that the most likely threats as a result of
sea accident are typically oil spills and connected with the presence in the accident area of
moderate toxic and moderate bio-accumulative substances causing additional long-term
effects, as the states s27

(1), s33
(2), s24

(3), s24
(4) and s24

(5) reach the greatest probability (the meaning
of these states is explained in Section 3.1.2 and in Table A3 of Appendix B). Consequently,
the mean sojourn total times for these states also reach the greatest value.

3.4.3. Prediction of the Conditional ED Process

The approximate limit of transient probabilities and the approximate mean values of
sojourn total times during the fixed time 1 year = 8760 h at the particular states are given in
Table 6.

The results given in Table 6 allow a statement that the most likely degradation effects
as a result of sea accident are typically oil spills and connected with aesthetic nuisance and
pollution of air and water. as the states e.g., r2 and r6 in particular environmental sub-areas
reach the greatest probability (the meaning of these states is explained in Section 3.1.3 and
in Table A4 of Appendix B). Consequently, the mean sojourn total times for these states
also reach the greatest value.

3.5. Joint IE Process, ET Process and ED Process—Superposition

The IE, ET and ED processes are predicted and the characteristics, such as approximate
limit values of transient probabilities and approximate mean values of sojourn total time,
of these particular processes at their states are obtained in Section 3.4. Then these results
are used in superposition for these three particular processes to find the unconditional limit
transient probabilities of the joint processes, i.e., the unconditional ED process, applying
Formula (2). The results are as follows:
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q1
(1) = 0.99966545925, q2

(1) = 0.00000059326, q6
(1) = 0.00033263931,

q8
(1) = 0.00000000001, q10

(1) = 0.00000000003, q11
(1) = 0.00000130814,

q13
(1) = q14

(1) = q15
(1) = q17

(1) = q18
(1) = q19

(1) = q20
(1) = q22

(1) = q23
(1) = q24

(1)= q25
(1) = q26

(1)
= q27

(1) = q28
(1) = q29

(1) = q30
(1)
∼= 0;

q1
(2) = 0.99964910673, q2

(2) = 0.00002785620, q5
(2) = 0.00000485401,

q6
(2) = 0.00024367125, q9

(2) = 0.00003133615, q11
(2) = 0.00002267715,

q12
(2) = 0.00000799881, q13

(2) =q14
(2)
∼= 0, q15

(2) = 0.00000081432,
q16
(2) = 0.00000539187, q18

(2)
∼= 0, q20

(2) = 0.00000114005,
q21
(2) = 0.00000385746, q22

(2) = 0.00000016286, q23
(2) = 0.00000016286,

q25
(2) = 0.00000061269, q27

(2) = 0.00000035759;
q1
(3) = 0.99965321112, q2

(3) = 0.00002309595, q6
(3) = 0.00023666753,

q9
(3) = 0.00006153819, q11

(3) = 0.00000891299, q12
(3) = 0.00000654619,

q13
(3) = q14

(3)
∼= 0, q15

(3) = 0.00000067514, q16
(3) = 0.00000427886,

q18
(3)
∼= 0, q20

(3) = 0.00000094519, q21
(3) = 0.00000306513,

q22
(3) = 0.00000013503, q23

(3) = 0.00000013503, q25
(3) = 0.00000051573,

q27
(3) = 0.00000027792;

q1
(4) = 0.99968141400, q2

(4) = 0.00000000762, q6
(4) = 0.00004440480,

q9
(4) = 0.00022776002, q11

(4) = 0.00003047766, q12
(4) = 0.00000606086,

q13
(4) = q14

(4)
∼= 0, q16

(4) = 0.00000486991,
q18
(4)
∼= 0, q21

(4) = 0.00000343185, q24
(4) = 0.00000007136,

q25
(4) = 0.00000024837, q26

(4) = 0.00000034305, q28
(4) = 0.00000058641,

q30
(4) = 0.00000032410;

q1
(5) = 0.99965166582, q5

(5) = 0.00000377608, q6
(5) = 0.00019470512,

q9
(5) = 0.00006989055, q11

(5) = 0.00007996243.

The above results are essential as they can be used to obtain the mean values of
sojourn total times for the unconditional ED process, during the fixed time of 1 year = 8760
h, according to the Formula (11), for pi := qi

(k). The results are as follows (M̂i
(k) equal to 0

are omitted):

M̂1
(1) = 8757.06942, M̂2

(1) = 0.00520, M̂6
(1) = 2.91392, M̂11

(1) = 0.01146;
M̂1

(2) = 8756.92618, M̂2
(2) = 0.24402, M̂5

(2) = 0.04252, M̂6
(2) = 2.13456,

M̂9
(2) = 0.27450, M̂11

(2) = 0.19865, M̂12
(2) = 0.07007, M̂15

(2) = 0.00713,
M̂16

(2) = 0.04723, M̂20
(2) = 0.00999, M̂21

(2) = 0.03379, M̂22
(2) = 0.00143,

M̂23
(2) = 0.00143, M̂25

(2) = 0.00537, M̂27
(2) = 0.00313;

M̂1
(3) = 8756.96213, M̂2

(3) = 0.20232, M̂6
(3) = 2.07321, M̂9

(3) = 0.53907,
M̂11

(3) = 0.07808, M̂12
(3) = 0.05735, M̂15

(3) = 0.00591, M̂16
(3) = 0.03748,

M̂20
(3) = 0.00828, M̂21

(3) = 0.02685, M̂22
(3) = 0.00118, M̂23

(3) = 0.00118,
M̂25

(3) = 0.00452, M̂27
(3) = 0.00244;

M̂1
(4) = 8757.20919, M̂2

(4) = 0.00007, M̂6
(4) = 0.38899, M̂9

(4) = 1.99518,
M̂11

(4) = 0.26698, M̂12
(4) = 0.05309, M̂16

(4) = 0.04266, M̂21
(4) = 0.03006,

M̂24
(4) = 0.00062, M̂25

(4) = 0.00218, M̂26
(4) = 0.00300, M̂28

(4) = 0.00514,
M̂30

(4) = 0.00284;
M̂1

(5) = 8756.94859, M̂5
(5) = 0.03308, M̂6

(5) = 1.70562, M̂9
(5) = 0.61224,

M̂11
(5) = 0.70047.
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4. Discussion

Using the Monte Carlo simulation technique, three considered processes’ (IE, ET
and ED) predicted characteristics are obtained for a 25 years period of time for the sea
area. Specifically, the limit values of transient probabilities and the mean values of total
sojourn times for the fixed time at the fixed states of particular processes are determined
in the paper. A study was carried out for different and increasing numbers of simulation
iterations N, shown in Figure 3. This was done for a randomly selected process (ED) and
its sub-area (air): M̂27

(1/4). It is clear that the relative errors between the simulation and
analytical expected values of the considered unconditional lifetime are decreasing. For
example if N = 19442 the relative error equals

RE =

∣∣∣M̂27
(1/4)simulation − M̂27

(1/4)analytical

∣∣∣
M̂27

(1/4)analytical

∼= 0.00121748 ≈ 0.12%.

This means that the number of iterations taken into account is reasonable in this case.
The weakness of the simulation-based model used in this paper is that the use of a

pseudo-random number generator can result in different sequences of numbers, which
can affect the results of the simulation and make it difficult to reproduce the same results.
A sequence of numbers generated by a pseudo-random number generator is determined
by an initial value, known as the seed value. If the same seed value is set and the same
number of random numbers is generated using the same procedure, the same sequence
of numbers will be obtained every time. Nevertheless, if the seed value is even slightly
altered, a different sequence of numbers will be produced. Hence, while the numbers may
seem random, they are actually deterministic and can be predicted based on the seed value
and the procedure utilized to generate them. To overcome this difficulty, it is recommended
to use multiple random number generators with different seed values and procedures, or to
use a method called “quasi-random sampling” which uses a more structured approach to
generate samples. On the other hand, C# is a high-level language that offers features such
as automatic memory management, a simpler syntax and a rich class library that makes it
easier to write code quickly and reliably.

Furthermore, performing a sensitivity analysis on the model helped to identify how
sensitive the results are to variations in the input parameters and can provide insights into
the robustness of the model. It seemed reasonable to focus on the sub-program for the IE
process, because this can have the most significant impact on the results. It is crucial for the
assessment of shipping accident consequences and the environmental degradation.

The sensitivity analysis for the first program (process IE) was carried out and the
one output parameter (M̂1

(1)) of 16 was plotted against the range of values for the input
variables (in this case, the states generated and the numbers of simulation iterations were
different). Figure 4 can help us visualize how changes in the input variables affect the
output variable M̂1

(1).
Therefore, the model can be adjusted and it is possible to evaluate the significance

of the remaining two program projects (simulating successively 35 and then 34 projects
for ET and ED). That is why it is still possible to analyse the sensitivity of the overall
output globally to variations in each sub-program. The Monte Carlo simulation can be
run to obtain the outputs for each set of input values. Based on the sensitivity analysis
results, adjustments can be made to the sub-programs to improve their accuracy, or other
modifications can be made to improve the overall performance of the program.

The main results of the study are presented in Section 3.4, where the unconditional
limit transient probabilities of the previously defined kinds of environmental degradation
effects are considered as the consequences of ships’ accidents at seas in the global scale.
These consequences and their probabilities are established in regards to five sub-areas of
marine environment (air, water surface, water column, sea floor and coast).
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The results show that states r1
(1), r1

(2), r1
(3), r1

(4), and r1
(5) reach the highest value of

transient probabilities, approximately equal to q1
(1) = q1

(2) = q1
(3) = q1

(4) = q1
(5)
∼= 0.9997.

This means that the vast majority of accidents cause no degradation effects within all
considered sub-areas of the maritime environment (Figures 5–9). Disregarding these values,
other states of environmental degradation that reach the noticeable values of limit transient
probabilities are:

• within the air subarea: r6
(1) reaches the value of the transient probability equals to

q6
(1)
∼= 0.00033, which means that this state lasts M̂6

(1)
∼= 2.9 h per a year (Figure 5);

• within the water surface subarea: r6
(2) reaches the value of the transient probability

equals to q6
(2)
∼= 0.00024, which means that this state lasts M̂6

(2)
∼= 2.1 h per a year

(Figure 6);
• within the water column subarea: r6

(3) and r9
(3) reach the value of the transient proba-

bilities equal to q6
(3)
∼= 0.00024 and q9

(3)
∼= 0.00006 respectively, which means that these

states lasts M̂6
(3)
∼= 2.1 and M̂9

(3)
∼= 0.5 h per a year (Figure 7);

• within the sea floor subarea: r6
(4) and r9

(4) reach the value of the transient probabilities

equal to q6
(4)
∼= 0.00004 and q9

(4)
∼= 0.00023 respectively, which means that these states

last M̂6
(4)
∼= 0.4 and M̂9

(4)
∼= 2.0 h per a year (Figure 8);

• within the coast subarea: r6
(5), r9

(5) and r11
(5) reach the value of the transient probabilities

equal to q6
(5) = 0.00019, q9

(5)
∼= 0.00007 and q11

(5)
∼= 0.00008 respectively, which means

that these states last M̂6
(5)
∼= 1.7, M̂9

(5)
∼= 0.6 and M̂11

(5)
∼= 0.7 h per year (Figure 9).

The states mentioned above are related to the environmental degradation when aes-
thetic nuisance and pollution are caused by the presence of toxic substances in the ship
accident area (see: Tables 1 and A4 of Appendix B). These results are typical during oil
spills and closure of the accidental area is usually not required, or temporarily required for
no more than 48 h.

The values of probabilities of other states of ED in particular sub-areas are so insignifi-
cant that they are not mentioned above. Consequently, this means that the mean values of
sojourn total times of these states equals approximately less than an hour per year.
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Figure 8. Limit transient probabilities of ED states in sea floor sub-area. Source: own study.
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5. Conclusions

The paper presents an innovative approach to modelling the consequences of shipping
accidents and chemical releases in sea waters. The Monte Carlo simulation technique
combined with the semi-Markov model is a general technique, but in the paper is applied
in different fields, and they have never been used in the form of their superposition and its
application in the analysis of maritime transport accident consequences. The superposition
of three processes (process of initiating events, process of environmental threats and process
of environmental degradation) based on their semi-Markov models is an original approach
and there is a genuine need for more exact investigation of accident consequences, which
are very complex and require the proposed, practically important tool. The usage of Monte
Carlo simulation with a semi-Markov model allows for a probabilistic analysis of the
processes involved, which can be useful further for decision-making purposes.

The study and obtained results confirm that oil is the most frequent substance (being
both the cargo and the fuel of ships) that causes pollution and has a devastating impact
on the marine environment [5,7,57,58]. Oil is toxic to many marine organisms, including
fish, mammals, birds and invertebrates. When oil spills occur, it can contaminate the water
and the sea floor, causing harm to the ecosystem. Oil spills can also harm habitats such
as coral reefs, seagrass beds and wetlands, which provide critical breeding and feeding
grounds for many marine species. As well as these environmental consequences, oil spills
can cause economic and social consequences [59–61]. The main economic consequences are
to the fishing and tourism industries. Fishing is often suspended after an oil spill due to
concerns about the safety of seafood, which can lead to economic losses for fishermen and
seafood processors. Similarly, tourism can be impacted by the presence of oil on beaches
and in the water, leading to canceled trips and lost revenue for businesses that depend on
tourism. This is connected with social consequences, particularly for communities that
rely on fishing or tourism for their livelihoods. These communities may suffer economic
hardship and stress, and oil spills can also impact their health and wellbeing. Additionally,
oil spills can cause conflict between different groups, such as fishermen, oil companies
and government agencies. Thus, oil spills at sea can have significant and long-lasting
consequences for the environment, economy and society, underscoring the importance
of preventing and responding to them. Therefore both proactive and reactive strategies
play essential roles in the emergency response process to an oil spill [62,63]. The proactive
strategy focuses on preventing an oil spill from happening in the first place. This includes
measures such as regular maintenance of tankers to prevent leaks, implementing safety
procedures and protocols, and conducting regular safety drills to prepare for emergencies.
In addition, there are regulations and standards in place to ensure that ships operate in a
safe and responsible manner to minimize the risk of oil spills. This study points out the type
of common pollutant that oil is, which the maritime salvage companies will have to combat
and remove from the ecosystem. This knowledge, as an element of proactive strategy in
the prevention of environmental degradation, permits preparation for emergency response
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process in advance. The reactive strategy focuses on responding to an oil spill once it has
occurred. This includes measures such as deploying oil spill response teams, containing
and recovering spilled oil, and cleaning up affected areas. Reactive measures are typically
activated once an oil spill is detected, and they aim to minimize the impact of the spill on
the environment, economy, and society. Therefore, an important role in reactive strategy is
modelling, prediction and determining the shape and direction of oil spread under variable
hydro-meteorological conditions [64–66]. Both proactive and reactive strategies are critical
components of the emergency response process. While proactive strategy aims to prevent
oil spills, reactive strategy provides a rapid and effective response to minimize the damage
caused by the spills that do occur. By combining both strategies, we can reduce the risk of
oil spills and minimize their impact when they do occur.

This study also has some limitations. Apart from those mentioned in Sections 3.3.3 and 3.3.4,
due to the fact that the results are evaluated on the basis of real statistical data coming from
maritime accidents over an 11-year period as the experimental timescale for this research,
their values may change and become more precise if the duration of the experiment is
longer. Therefore, future studies with a larger sample of statistical data are recommended.
Moreover, as to the limitations of this study, this research concentrates on shipping accidents’
consequences without considering impacts of any environmental factors, e.g., weather
influence. Yet, despite these limitations, the current findings may constitute a basis for
discussion and a starting point that will stimulate further extended research.

The above mentioned limitations set the direction for future studies. It could be highly
interesting in future research to extend the model of shipping accident and chemical release
consequences by adding weather impact. The first attempts have been made in [41,67],
where only the influence of sea wave height, wind speed and direction were taken into
consideration. Moreover, other parameters such as the temperature of water and air and
the salinity of sea water, which are crucially significant to the range of environmental
degradations caused by chemical releases, should be investigated. Moreover, optimized
modeling techniques could be used to improve the simulation results, adjusting them more
to reality.

An explanation and a summary of the key findings of the study, highlighting the most
important results and insights, are illustrated in Figure 10.
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Appendix A

Table A1. Glossary of technical terms and symbols.

Symbol Description

IE process of initiating events generated by a shipping critical infrastructure accident
ET process of environmental threats coming from released chemicals that are a result of IE
ED process of environmental degradation as a result of ET
si realization of the process’ initial state at the moment t = 0
w number of process’ states

Θij random conditional sojourn times of a process at state si when its next state is sj

θij realization of the conditional sojourn time Θij of a process
∼
θ experiment time

nij number of sojourn time realizations during the time
∼
θ

Hij(t) conditional distribution function of conditional sojourn time Θij(
Hij
)−1

(h) inverse function of distribution function Hij(t)
g, h randomly generated numbers from the interval 〈0,1)[

pi(0)
]

1×ω
vector of initial probabilities of a process at initial state si[

pij
]

ω×ω
matrix of probabilities of transitions of a process between states si and sj

pi(t) transient probability of a process at state si at the moment t
pi limit value of a transient probability pi(t)
Θi unconditional sojourn time of a process at state si

Mi mean value of unconditional sojourn time Θi at state si

θ̂ fixed time, e.g., 1 year to illustrate the results
^
Θ

i

total sojourn time at state si, during the fixed time θ̂

M̂i mean value of total sojourn time
^
Θ

i

at state si during the fixed time
N number of simulation iterations

RE relative error between simulation and analytical expected values

In addition to the terms and symbols listed in Table A1, more definitions can be
found in Sections 2.1.1–2.1.3. These sections contain the nomenclature related to three
processes: the process of initiating events, the process of environmental threats and the
process of environmental degradation. These processes are central to the study and the
definitions provided in these sections will enhance readers’ understanding of the concepts
and terminology used throughout the paper. Therefore, readers are encouraged to refer to
these sections for a complete understanding of the terms and symbols used.

Appendix B

Table A2. States of process of IE.

IE State
Type of IE *

E1 E2 E3 E4 E5 E6 E7

e1 0 0 0 0 0 0 0
e2 1 0 0 0 0 0 0
e3 0 1 0 0 0 0 0
e4 0 0 1 0 0 0 0
e5 0 0 0 1 0 0 0
e6 0 0 0 0 1 0 0
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Table A2. Cont.

IE State
Type of IE *

E1 E2 E3 E4 E5 E6 E7

e7 0 0 0 0 0 1 0
e8 0 0 0 0 0 0 1
e9 0 1 0 1 0 0 0
e10 0 0 0 1 1 0 0
e11 0 0 0 0 1 1 0
e12 0 0 0 1 0 0 1
e13 0 0 0 0 0 1 1
e14 0 0 0 1 1 1 0
e15 0 0 0 0 1 1 1
e16 0 0 0 1 0 1 0

Note: * Types of initiating events are explained in Section 3.1.1.

Table A3. States of ET process for particular sub-areas.

Subarea

Air Water Surface Water Column Sea Floor Coast

ET
State Type of ET * ET

State Type of ET* ET
State Type of ET * ET

State Type of ET * ET
State Type of ET *

si
(1) H1 H2 H3 H4 H5 H6 si

(2) H1 H2 H3 H4 H5 H6 si
(3) H1 H2 H3 H4 H5 H6 si

(4) H1 H2 H3 H4 H5 H6 si
(5) H1 H2 H3 H4 H5 H6

s1
(1)

0 0 0 0 0 0 s1
(2)

0 0 0 0 0 0 s1
(3)

0 0 0 0 0 0 s1
(4)

0 0 0 0 0 0 s1
(5)

0 0 0 0 0 0

s2
(1)

0 1 0 0 0 0 s2
(2)

0 0 1 0 0 0 s2
(3)

0 0 1 0 0 0 s2
(4)

0 0 1 0 0 0 s2
(5)

0 0 1 0 0 0

s3
(1)

0 2 0 0 0 0 s3
(2)

0 0 0 2 0 0 s3
(3)

0 0 2 0 0 0 s3
(4)

0 0 2 0 0 0 s3
(5)

0 0 2 0 0 0

s4
(1)

0 3 0 0 0 0 s4
(2)

0 0 2 0 0 0 s4
(3)

0 0 3 0 0 0 s4
(4)

0 0 3 0 0 0 s4
(5)

0 0 3 0 0 0

s5
(1)

0 4 0 0 0 0 s5
(2)

0 0 3 0 0 0 s5
(3)

0 0 4 0 0 0 s5
(4)

0 0 4 0 0 0 s5
(5)

0 0 4 0 0 0

s6
(1)

0 0 1 0 0 0 s6
(2)

0 0 4 0 0 0 s6
(3)

0 0 5 0 0 0 s6
(4)

0 0 5 0 0 0 s6
(5)

0 0 5 0 0 0

s7
(1)

0 0 2 0 0 0 s7
(2)

0 0 5 0 0 0 s7
(3)

0 0 0 2 0 0 s7
(4)

0 0 0 2 0 0 s7
(5)

0 0 0 2 0 0

s8
(1)

0 0 3 0 0 0 s8
(2)

0 1 0 0 0 0 s8
(3)

0 0 0 0 1 1 s8
(4)

0 0 0 0 1 1 s8
(5)

0 0 0 0 1 1

s9
(1)

0 0 4 0 0 0 s9
(2)

0 2 0 0 0 0 s9
(3)

0 0 0 2 0 1 s9
(4)

0 0 0 2 0 1 s9
(5)

0 0 0 2 0 1

s10
(1)

0 0 0 1 0 0 s10
(2)

0 3 0 0 0 0 s10
(3)

0 0 1 3 0 0 s10
(4)

0 0 1 3 0 0 s10
(5)

0 0 1 3 0 0

s11
(1)

0 0 0 2 0 0 s11
(2)

0 4 0 0 0 0 s11
(3)

0 0 2 0 0 1 s11
(4)

0 0 2 0 0 1 s11
(5)

0 0 2 0 0 1

s12
(1)

0 0 0 0 3 0 s12
(2)

0 0 0 0 1 1 s12
(3)

0 0 2 0 1 0 s12
(4)

0 0 2 0 1 0 s12
(5)

0 0 2 0 1 0

s13
(1)

0 0 0 0 2 1 s13
(2)

0 0 0 2 0 1 s13
(3)

0 0 2 0 2 0 s13
(4)

0 0 2 0 2 0 s13
(5)

0 0 2 0 2 0

s14
(1)

0 0 0 2 0 1 s14
(2)

0 0 2 0 1 0 s14
(3)

0 0 2 0 0 0 s14
(4)

0 0 2 3 0 0 s14
(5)

0 0 2 3 0 0

s15
(1)

0 0 1 3 0 0 s15
(2)

0 0 2 1 0 1 s15
(3)

0 0 3 0 1 0 s15
(4)

0 0 3 0 1 0 s15
(5)

0 0 3 0 1 0

s16
(1)

0 0 2 3 0 0 s16
(2)

0 0 2 2 0 0 s16
(3)

0 0 3 0 0 1 s16
(4)

0 0 3 0 0 1 s16
(5)

0 0 3 0 0 1

s17
(1)

0 2 3 0 0 0 s17
(2)

0 0 2 3 0 0 s17
(3)

0 0 3 0 2 0 s17
(4)

0 0 3 0 2 0 s17
(5)

0 0 3 0 2 0

s18
(1)

0 0 3 0 0 1 s18
(2)

0 0 3 0 1 0 s18
(3)

0 0 3 0 3 0 s18
(4)

0 0 3 0 3 0 s18
(5)

0 0 3 0 3 0

s19
(1)

0 0 3 0 2 0 s19
(2)

0 0 3 0 2 0 s19
(3)

0 0 3 1 0 0 s19
(4)

0 0 3 1 0 0 s19
(5)

0 0 3 1 0 0

s20
(1)

0 0 3 1 0 0 s20
(2)

0 0 3 0 2 1 s20
(3)

0 0 4 0 0 1 s20
(4)

0 0 4 0 0 1 s20
(5)

0 0 4 0 0 1

s21
(1)

0 3 2 0 0 0 s21
(2)

0 0 3 0 3 0 s21
(3)

0 0 4 0 2 0 s21
(4)

0 0 4 0 2 0 s21
(5)

0 0 4 0 2 0

s22
(1)

0 0 3 2 0 0 s22
(2)

0 0 3 0 3 1 s22
(3)

0 0 2 0 1 1 s22
(4)

0 0 2 0 1 1 s22
(5)

0 0 2 0 1 1

s23
(1)

0 0 4 0 1 0 s23
(2)

0 0 3 1 0 0 s23
(3)

0 0 2 1 0 1 s23
(4)

0 0 2 1 0 1 s23
(5)

0 0 2 1 0 1

s24
(1)

0 0 2 0 0 1 s24
(2)

0 0 3 2 2 0 s24
(3)

0 0 2 0 3 1 s24
(4)

0 0 2 0 3 1 s24
(5)

0 0 2 0 3 1

s25
(1)

0 0 3 3 0 0 s25
(2)

0 0 3 2 3 0 s25
(1)

0 0 3 0 2 1 s25
(4)

0 0 3 0 2 1 s25
(5)

0 0 3 0 2 1

s26
(1)

0 0 2 0 1 1 s26
(2)

0 0 4 2 0 0 s26
(3)

0 0 3 0 3 1 s26
(4)

0 0 3 0 3 1 s26
(5)

0 0 3 0 3 1

s27
(1)

0 0 2 0 3 1 s27
(2)

0 0 5 0 5 1 s27
(3)

0 0 3 2 2 0 s27
(4)

0 0 3 2 2 0 s27
(5)

0 0 3 2 2 0

s28
(1)

0 0 3 1 0 1 s28
(2)

3 3 0 0 0 0 s28
(3)

0 0 3 2 3 0 s28
(4)

0 0 3 2 3 0 s28
(5)

0 0 3 2 3 0

s29
(1)

0 0 3 2 3 0 s29
(2)

0 0 1 3 0 0 s29
(3)

0 0 5 0 5 1 s29
(4)

0 0 5 0 5 1 s29
(1)

0 0 5 0 5 1

s30
(1)

0 0 4 3 0 0 s30
(2)

0 0 2 0 0 1

s31
(1)

0 0 4 0 1 1 s31
(2)

0 0 2 0 1 1

s32
(1)

0 0 4 0 5 1 s32
(2)

0 0 2 3 0 0

s33
(1)

0 0 4 2 2 0 s33
(2)

0 0 2 0 3 1

s34
(1)

3 3 0 0 0 0

s35
(1)

3 4 0 0 0 0

Note: * Types of environmental threats are explained in Section 3.1.2.
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Table A4. States of ED process for particular sub-areas.

Subarea

Air Water Surface Water Column Sea Floor Coast

ED
State

Type of Degradation
Effect *

ED
State

Type of Degradation
Effect *

ED
State

Type of Degradation
Effect *

ED
State

Type of Degradation
Effect *

ED
State

Type of Degradation
Effect *

ri
(1) R1 R2 R3 R4 R5 ri

(2) R1 R2 R3 R4 R5 ri
(3) R1 R2 R3 R4 R5 ri

(4) R1 R2 R3 R4 R5 ri
(5) R1 R2 R3 R4 R5

r1
(1)

0 0 0 0 0 r1
(2)

0 0 0 0 0 r1
(3)

0 0 0 0 0 r1
(4)

0 0 0 0 0 r1
(5)

0 0 0 0 0

r2
(1)

0 0 0 0 1 r2
(2)

0 0 0 0 1 r2
(3)

0 0 0 0 1 r2
(4)

0 0 0 0 1 r2
(5)

0 0 0 0 1

r3
(1)

0 0 0 0 2 r3
(2)

0 0 0 0 2 r3
(3)

0 0 0 0 2 r3
(4)

0 0 0 0 2 r3
(5)

0 0 0 0 2

r4
(1)

0 0 0 0 3 r4
(2)

0 0 0 0 3 r4
(3)

0 0 0 0 3 r4
(4)

0 0 0 0 3 r4
(5)

0 0 0 0 3

r5
(1)

0 0 0 1 0 r5
(2)

0 0 0 1 0 r5
(3)

0 0 0 1 0 r5
(4)

0 0 0 1 0 r5
(5)

0 0 0 1 0

r6
(1)

0 0 0 1 1 r6
(2)

0 0 0 1 1 r6
(3)

0 0 0 1 1 r6
(4)

0 0 0 1 1 r6
(5)

0 0 0 1 1

r7
(1)

0 0 0 1 2 r7
(2)

0 0 0 1 2 r7
(3)

0 0 0 1 2 r7
(4)

0 0 0 1 2 r7
(5)

0 0 0 1 2

r8
(1)

0 0 0 2 2 r8
(2)

0 0 0 2 0 r8
(3)

0 0 0 2 0 r8
(4)

0 0 0 2 0 r8
(5)

0 0 0 2 0

r9
(1)

0 0 0 2 3 r9
(2)

0 0 0 2 2 r9
(3)

0 0 0 2 2 r9
(4)

0 0 0 2 2 r9
(5)

0 0 0 2 2

r10
(1)

0 0 0 3 3 r10
(2)

0 0 0 2 3 r10
(3)

0 0 0 2 3 r10
(4)

0 0 0 2 3 r10
(5)

0 0 0 2 3

r11
(1)

0 0 1 0 0 r11
(2)

0 0 0 3 3 r11
(3)

0 0 0 3 3 r11
(4)

0 0 0 3 3 r11
(5)

0 0 0 3 3

r12
(1)

0 0 1 0 2 r12
(2)

0 0 1 0 1 r12
(3)

0 0 1 0 1 r12
(4)

0 0 1 0 1 r12
(5)

0 0 1 0 1

r13
(1)

0 0 1 1 1 r13
(2)

0 0 1 1 1 r13
(3)

0 0 1 1 1 r13
(4)

0 0 1 1 1 r13
(5)

0 0 1 1 1

r14
(1)

0 0 2 2 2 r14
(2)

0 0 1 1 2 r14
(3)

0 0 1 1 2 r14
(4)

0 0 1 1 2 r14
(5)

0 0 1 1 2

r15
(1)

0 0 2 2 3 r15
(2)

0 0 2 0 1 r15
(3)

0 0 2 0 1 r15
(4)

0 0 2 0 1 r15
(5)

0 0 2 0 1

r16
(1)

0 0 2 3 3 r16
(2)

0 0 2 0 2 r16
(3)

0 0 2 0 2 r16
(4)

0 0 2 0 2 r16
(5)

0 0 2 0 2

r17
(1)

0 1 0 0 0 r17
(2)

0 0 2 1 2 r17
(3)

0 0 2 1 2 r17
(4)

0 0 2 1 2 r17
(5)

0 0 2 1 2

r18
(1)

0 2 0 0 0 r18
(2)

0 0 2 2 3 r18
(3)

0 0 2 2 3 r18
(4)

0 0 2 2 3 r18
(5)

0 0 2 2 3

r19
(1)

0 3 0 0 0 r19
(2)

0 0 2 3 3 r19
(3)

0 0 2 3 3 r19
(4)

0 0 2 3 3 r19
(5)

0 0 2 3 3

r20
(1)

1 0 0 0 0 r20
(2)

0 0 3 0 2 r20
(3)

0 0 3 0 2 r20
(4)

0 0 3 0 2 r20
(5)

0 0 3 0 2

r21
(1)

1 1 0 1 0 r21
(2)

0 0 3 0 3 r21
(3)

0 0 3 0 3 r21
(4)

0 0 3 0 3 r21
(5)

0 0 3 0 3

r22
(1)

1 1 0 2 2 r22
(2)

0 0 3 1 2 r22
(3)

0 0 3 1 2 r22
(4)

0 0 3 1 2 r22
(5)

0 0 3 1 2

r23
(1)

2 1 0 0 0 r23
(2)

0 0 3 2 3 r23
(3)

0 0 3 2 3 r23
(4)

0 0 3 2 3 r23
(5)

0 0 3 2 3

r24
(1)

2 2 0 2 0 r24
(2)

1 0 0 0 0 r24
(3)

1 0 0 0 0 r24
(4)

0 1 0 1 1

r25
(1)

2 2 0 3 3 r25
(2)

1 0 3 0 3 r25
(3)

1 0 3 0 3 r25
(4)

0 1 0 2 2

r26
(1)

3 2 0 0 0 r26
(2)

1 1 0 2 2 r26
(3)

1 1 0 2 2 r26
(4)

0 1 0 3 3

r27
(1)

3 3 0 3 0 r27
(2)

2 0 3 0 3 r27
(3)

2 0 3 0 3 r27
(4)

1 0 0 0 0

r28
(1)

3 3 0 3 3 r28
(2)

2 1 0 0 0 r28
(3)

2 1 0 0 0 r28
(4)

1 0 3 0 3

r29
(1)

2 0 0 0 0 r29
(4)

1 1 0 2 2

r30
(1)

3 1 0 0 0 r30
(4)

2 0 3 0 3

r31
(4)

2 1 0 0 0

Note: * Types of degradation effects are explained in Section 3.1.3.

Appendix C

Identification of the process of IE

• Initial probabilities:
[

pl(0)
]

1×16
= [1, 0, . . . , 0];

• Probabilities
[

pl j
]

16×16
of transitions between particular states are given in Table A5.

Identification of the conditional ET process

• Initial probabilities:
[

pi
(k/l)(0)

]
1×υk

= [1, 0, . . . , 0] for k = 1, 2, . . . , 5, l = 1, 2, . . . , 16;

• Probabilities
[

pij
(k/l)

]
υk×υk

of transitions between particular states are given in Table A6.
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Table A5. Probabilities of transitions between particular states of IE process, based on [41].

l
j

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 – 0.2460 0.2264 0.0754 0.1644 0.1436 0.1258 0.0184 0 0 0 0 0 0 0 0
2 0.5461 – 0.2880 0.0069 0.0092 0.0507 0.0922 0 0 0.0046 0.0023 0 0 0 0 0
3 0.9908 0.0026 – 0 0 0.0053 0 0 0.0013 0 0 0 0 0 0 0
4 0.7450 0.0201 0.0872 – 0 0.0604 0.0873 0 0 0 0 0 0 0 0 0
5 0.7692 0 0 0 – 0 0 0 0.0659 0.1429 0 0.0037 0 0 0 0.0183
6 0.4488 0.0989 0.3110 0.0777 0 – 0 0 0 0.0141 0.0495 0 0 0 0 0
7 0.4115 0 0.5423 0.0038 0 0 – 0.0116 0 0 0.0116 0 0.0192 0 0 0
8 0.8750 0 0 0 0 0 0 – 0 0 0 0 0.1250 0 0 0
9 1 0 0 0 0 0 0 0 – 0 0 0 0 0 0 0

10 0.5790 0 0 0 0 0.3947 0 0 0 – 0 0 0 0.0263 0 0
11 4444 0 5556 0 0 0 0 0 0 0 – 0 0 0 0 0
12 1 0 0 0 0 0 0 0 0 0 0 – 0 0 0 0
13 0.4445 0 0.3333 0 0 0 0 0 0 0 0 0 – 0 0.2222 0
14 1 0 0 0 0 0 0 0 0 0 0 0 0 – 0 0
15 0 0 1 0 0 0 0 0 0 0 0 0 0 0 – 0
16 0.4000 0 0.4000 0 0 0 0.2000 0 0 0 0 0 0 0 0 –

Table A6. Probabilities of transitions between particular states of ET process, based on [41].

Subarea Probabilities of Transitions between Particular States

air p1 27
(1/2) = p7 1

(1/2) = 1, p27 1
(1/2) = 0.977, p27 7

(1/2) = 0.023;

p1 23
(1/3) = 0.023, p1 27

(1/3) = 0.931, p1 30
(1/3) = 0.046, p23 1

(1/3) = p27 1
(1/3) = p30 1

(1/3) = 1;

p1 13
(1/4) = p1 35

(1/4) = 0.055 p1 27
(1/4) = 0.890, p5 1

(1/4) = p13 1
(1/4) = p27 1

(1/4) = p35 5
(1/4) =1;

p1 3
(1/5) = p1 34

(1/5) = 0.1, p1 4
(1/5) = 0.3, p1 27

(1/5) = 0.5, p3 17
(1/5) = p4 1

(1/5) = p7 1
(1/5) = p17 7

(1/5) = p27 1
(1/5) = p34 4

(1/5) = 1;

p1 27
(1/6) = p27 1

(1/6) = 1;

p1 27
(1/7) = 0.875, p1 30

(1/7) = 0.125, p27 1
(1/7) = p30 1

(1/7) = 1;

p1 3
(1/8) = p17

(1/8) = p1 8
(1/8) = 0.059, p1 6

(1/8) = 0.176, p1 27
(1/8) = 0.647,

p3 1
(1/8) = p6 1

(1/8) = p7 21
(1/8) = p8 1

(1/8) = p21 1
(1/8) = p27 1

(1/8) = 1;

water
surface

p1 33
(2/2) = p2 1

(2/2) = 1, p33 1
(2/2) = 0.977, p33 7

(2/2) = 0.023;

p1 17
(2/3) = 0.067, p1 18

(2/3) = 0.022, p1 33
(2/3) = 0.911, p17 1

(2/3) = p18 1
(2/3) = p33 1

(2/3) = 1;

p1 33
(2/4) = p33 1

(2/4) = 1;

p1 33
(2/5) = p33 1

(2/5) = 1;

p1 33
(2/6) = p33 1

(2/6) = 1;

p1 17
(2/7) = 0.125, p1 33

(2/7) = 0.875, p17 1
(2/7) = p33 1

(2/7) = 1;

p1 2
(2/8) = p1 4

(2/8) = p1 5
(2/8) = 0.071, p1 33

(2/8) = 0.787, p2 1
(2/8) = p4 1

(2/8) = p5 1
(2/8) = p33 1

(2/8) = 1;

water
column

p1 24
(3/2) = p2 1

(3/2) = 1, p24 1
(3/2) = 0.977, p24 2

(3/2) = 0.023;

p1 14
(3/3) = 0.067, p1 15

(3/3) = 0.022, p1 24
(3/3) = 0.911, p14 1

(3/3) = p15 1
(3/3) = p24 1

(3/3) = 1;

p1 24
(3/4) = p24 1

(3/4) = 1;

p1 24
(3/5) = p24 1

(3/5) = 1;

p1 24
(3/6) = p24 1

(3/6) = 1;

p1 14
(3/7) = 0.125, p1 24

(3/7) = 0.875, p14 1
(3/7) = p24 1

(3/7) = 1;

p1 2
(3/8) = p1 3

(3/8) = p1 4
(3/8) = 0.071, p1 24

(3/8) = 0.787, p2 1
(3/8) = p3 1

(3/8) = p4 1
(3/8) = p24 1

(3/8) = 1;
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Table A6. Cont.

Subarea Probabilities of Transitions between Particular States

sea
floor

p1 2
(4/2) = 0.046, p1 24

(4/2) = 0.954, p2 1
(4/2) = p24 1

(4/2) = 1;

p1 14
(4/3) = 0.136, p1 15

(4/3) = 0.046, p1 24
(4/3) = 0.818, p14 1

(4/3) = p15 1
(4/3) = p24 1

(4/3)
= 1;

p1 24
(4/4) = p24 1

(4/4) = 1;

p1 24
(4/5) = p24 1

(4/5) = 1;

p1 24
(4/6) = p24 1

(4/6) = 1;

p1 14
(4/7) = 0.2, p1 24

(4/7) = 0.8, p14 1
(4/7) = p24 1

(4/7) = 1;

p1 2
(4/8) = p1 4

(4/8) = 0.2, p1 24
(4/8) = 0.6, p2 1

(4/8) = p4 1
(4/8) = p24 1

(4/8) = 1;

coast p1 24
(5/2) = p24 1

(5/2) = 1;

p1 15
(5/3) = 0.062, p1 24

(5/3) = 0.938, p15 1
(5/3) = p24 1

(5/3)
= 1;

p1 24
(5/4) = p24 1

(5/4) = 1;

p1 24
(5/5) = p24 1

(5/5) = 1;

p1 24
(5/6) = p24 1

(5/6) = 1;

p1 24
(5/7) = p24 1

(5/7) = 1;

p1 24
(5/8) = p24 1

(5/8) = 1.

Identification of the conditional ED process

• Initial probabilities:
[
qi
(k/υ)(0)

]
1×lk

= [1, 0, . . . , 0], i = 1, 2, . . . ,lk, for:

• k = 1, and υ = 1, 3, 4, 5, 6, 7, 8, 13, 17, 32, 23, 27, 30, 34, 35,
• k = 2, and υ = 1, 2, 4, 5, 17, 18, 33,
• k = 3, and υ = 1, 2, 3, 4, 14, 15, 24,
• k = 4, and υ = 1, 2, 4, 14, 15, 24,
• k = 5, and υ = 1, 2, 4, 14, 15, 24;

• Probabilities
[
qij
(k/υ)

]
lk×lk

of transitions between particular states are given in Table A7.

Table A7. Probabilities of transitions between particular states of ED process, based on [41].

Subarea Probabilities of Transitions between Particular States

air q1 28
(1/3) = q6 1

(1/3) = q22 6
(1/3) = q25 22

(1/3) = q28 25
(1/3) = 1;

q1 27
(1/4) = 0.75, q1 30

(1/4) = 0.25, q20 1
(1/4) = q21 1

(1/4) = q24 21
(1/4) = q27 24

(1/4) = q29 20
(1/4) = q30 29

(1/4) = 1;

q1 26
(1/5) = q20 1

(1/5)
= q23 20

(1/5) = q26 23
(1/5) = 1;

q1 2
(1/6) = 0.667, q1 19

(1/6) = 0.333, q2 1
(1/6) = q17 1

(1/6) = q18 17
(1/6) = q19 18

(1/6) = 1;

q1 2
(1/7) = q1 10

(1/7) = 0.5, q2 1
(1/7) = q6 1

(1/7) = q8 6
(1/7) = q10 8

(1/7) = 1;

q1 15
(1/8) = q13 1

(1/8) = q14 13
(1/8) = q15 14

(1/8) = 1;

q1 6
(1/13) = q6 1

(1/13) = 1;

q1 28
(1/17) = q6 1

(1/17) = q22 6
(1/17) = q25 22

(1/17) = q28 25
(1/17) = 1;

q1 20
(1/21) = q20 1

(1/21) = 1;

q1 2
(1/23) = q2 1

(1/23) = 1;

q1 6
(1/27) = q6 1

(1/27) = 1;

q1 11
(1/30) = q11 1

(1/30) = 1;

q1 26
(1/35) = q20 1

(1/35) = q23 20
(1/35) = q26 23

(1/35) = 1;
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Table A7. Cont.

Subarea Probabilities of Transitions between Particular States

water
surface

q1 5
(2/1) = q5 1

(2/1) = 1;

q1 2
(2/2) = q2 1

(2/2) = 1;

q1 2
(2/4) = q2 1

(2/4) = 1;

q1 18
(2/5) = q13 1

(2/5) = q14 13
(2/5) = q18 14

(2/5) = 1;

q1 25
(2/17) = q1 27

(2/17) = 0.5, q12 1
(2/17) = q16 12

(2/17) = q21 16
(2/17) = q25 21

(2/17) = q27 25
(2/17) = 1;

q1 11
(2/18) = q6 1

(2/18) = q9 6
(2/18) = q11 9

(2/18) = 1;

q1 6
(2/33) = 0.480, q1 9

(2/33) = q1 11
(2/33) = 0.256, q1 23

(2/33) = 0.008,

q2 1
(2/33) = q6 1

(2/33) = q9 6
(2/33) = q11 9

(2/33) = q12 2
(2/33) = q15 12

(2/33) = q20 15
(2/33) = q22 20

(2/33) = q23 22
(2/33) = 1

water
column

q1 2
(3/2) = q2 1

(3/2) = 1;

q1 2
(3/3) = q2 1

(3/3) = 1;

q1 18
(3/4) = q13 1

(3/4) = q14 13
(3/4) = q18 14

(3/4) = 1;

q1 25
(3/14) = q1 27

(3/14) = 0.5, q12 1
(3/14) = q16 12

(3/14) = q21 16
(3/14) = q25 21

(3/14) = q27 25
(3/14) = 1;

q1 11
(3/15) = q6 1

(3/15) = q9 6
(3/15) = q11 9

(3/15) = 1;

q1 6
(3/24) = 0.648, q1 9

(3/24) = 0.296, q1 11
(3/24) = 0.048, q1 23

(3/24) = 0.008, q6 1
(3/24) = 0.961, q6 9

(3/24) = 0.039,

q9 6
(3/24) = 0.857, q9 11

(3/24) = 0.143, q2 1
(3/24) = q11 9

(3/24) = q12 2
(3/24) = q15 12

(3/24) = q20 15
(3/24) = q22 20

(3/24) = q23 22
(3/24) = 1

sea
floor

q1 2
(4/1) = q2 1

(4/1) = 1;

q1 18
(4/4) = q13 1

(4/4) = q14 13
(4/4) = q18 14

(4/4) = 1;

q1 28
(4/14) = q1 30

(4/14) = 0.5, q12 1
(4/14) = q16 12

(4/14) = q21 16
(4/14) = q28 21

(4/14) = q30 28
(4/14) = 1;

q1 11
(4/15) = q6 1

(4/15) = q9 6
(4/15) = q11 9

(4/15) = 1;

q1 6
(4/24) = 0.912, q1 9

(4/24) = 0.070, q1 11
(4/24) = 0.018, q6 1

(4/24) = 0.600, q6 9
(4/24) = 0.390, q6 24

(4/24) = 0.010,

q9 6
(4/24) = 0.610, q9 11

(4/24) = 0.280, q9 25
(4/24) = 0.110, q11 9

(4/24) = 0.294, q11 26
(4/24) = 0.706, q24 6

(4/24) = 1,

q25 6
(4/24) = 0.857, q25 24

(4/24) = 0.143, q26 9
(4/24) = 0.917, q26 25

(4/24) = 0.083

coast q1 2
(5/1) = q5 1

(5/1) = 1;

q1 11
(5/15) = q6 1

(5/15) = q9 6
(5/15) = q11 9

(5/15) = 1;

q1 6
(5/24) = 0.745, q1 9

(5/24) = 0.177, q1 11
(5/24) = 0.078, q6 1

(5/24) = 0.699, q6 9
(5/24) = 0.301, q9 6

(5/24) = 0.761,

q9 11
(5/24) = 0.239, q11 9

(5/24) = 1
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Kontekst Bezpiecznego i Efektywnego Gospodarowania na Morzu; Piocha, S., Ed.; Środkowopomorska Rada Naczelnej Organizacji
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