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Abstract: The authors have formed a definition of „ecological security of a marine 

combustion engine” originating from a general notion of ‘security’. The process of 

changes of the engine condition influencing the ecological security has been described 

formally. Based on this process the authors have introduced the notion of structural 

function of an engine and the structure of its ecological security. The state of ecological 

security of an engine as a whole has been formulated as a stochastic process and the 

function, being a one-dimensional distribution of this process, has been used as  

a measure of the ecological security of an engine at any given moment in its service life. 

A general example of optimization of this structure has been given based on the 

fulfillment by the engine of the requirements related to the emission of nitric oxides. It has 

been assumed that the actions taken aiming at the fulfillment of these requirements allow 

an obtainment of certain structures of the engine ecological security.  
 

Keywords: marine combustion engine, ecological security, structure of ecological 

security, optimization of ecological security. 
  

Streszczenie: Autorzy sformułowali zakres pojęciowy „bezpieczeństwa ekologicznego 

okrętowego silnika spalinowego” wychodząc z ogólnego zakresu pojęcia 

„bezpieczeństwa”. Opisano formalnie proces zmian stanów silnika mających wpływ na 

jego bezpieczeństwo ekologiczne. Na bazie tego procesu wprowadzono pojęcie funkcji 

strukturalnej silnika i struktury jego bezpieczeństwa ekologicznego. Stan bezpieczeństwa 

ekologicznego silnika jako całości sformułowano jako proces stochastyczny, a funkcję 

będącą jednowymiarowym rozkładem procesu wykorzystano jako miarę bezpieczeństwa 

ekologicznego silnika w dowolnej chwili jego istnienia. Podano ogólny przykład 

optymalizacji tej struktury na podstawie spełnienia przez silnik wymogów dotyczących 

emisji jednostkowe tlenków azotu. Założono, że podejmowane działania mające na celu 

spełnienie tych wymagań pozwalają uzyskać określone struktury bezpieczeństwa 

ekologicznego silnika.  
 

Słowa kluczowe: okrętowy silnik spalinowy, bezpieczeństwo ekologiczne, struktura 

bezpieczeństwa ekologicznego, optymalizacja bezpieczeństwa ekologicznego. 
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1. Introduction 

The term ‘security’ is generally associated with a state of tranquility, certainty and 

lack of jeopardy [1]. The state of tranquility, certainty and lack of jeopardy in such 

an understanding of security must be related to a specified area of analysis. Hence, 

the security of the areas under analysis denotes a state of lack of formulated risks 

that are greater than the admissible ones. Relating the term ‘security’ to the areas of 

analysis very often substantiates associating it to the adjective indicating the kind 

of ‘security’. In terms of ‘political areas of analysis’ we can distinguish ‘global 

security’, ‘regional security’, ‘national security’ etc. By relating security to the 

geographical area of countries we can distinguish ‘internal and external security’. 

Taking into account the areas of analysis understood as functioning of countries we 

can distinguish: ‘military security’, ‘energy security’, ’social security’ and 

‘ecological security’. The latter, in marine transportation, can be treated in an even 

more narrow sense, i.e. ecological security of seafaring’, ‘ecological security of 

seaports”, ‘ecological security of vessels’.  

By narrowing down the area of analysis of a single vessel to its engine we can 

obviously analyze the ‘energy security of a marine engine’. Hence, the ecological 

security of a marine engine is such a state of the area of analysis covering the 

marine engine in which all the perils formulated in this area do not generate a risk 

greater than the admissible one. 

Air pollution with the toxic exhaust components constitutes the greatest risk. 

Similar risk is associated with the pollution from the exhaust gas generated by 

boilers and waste incinerators, noise emissions and vibrations generated during 

engine operation, risks related to the heat energy transferred to seawater with the 

cooling water and the exhaust as well as the risks related to compounds based on 

crude oil (fuel and lubricant) in the form of liquid or vapor. The greatest risk, 

however, is the exhaust emissions related disadvantages for humans and natural 

environment. 

An example of such a risk is the possibility of sustaining damage by people and the 

natural environment as a result of excessive emissions of the sulfur oxides. The 

source of the risk in this case is the presence of sulfur in the marine fuel. An 

admissible risk is reached at the unit emission of sulfur oxides of 2 g/(kW∙h). When 

the level of the unit emission of sulfur oxides exceeds the admissible value it is 

necessary to take action using procedures related to the risk. In this particular case 

action is taken to reduce the sulfur content in marine fuel (avoidance of the sources 

of risk) or exhaust gas aftertreatment (reduction of risk). 

In this paper the authors attempted to generally and formally describe the 

ecological security of a marine combustion engine. Based on the formal 

descriptions the problems of engine ecological security optimization were 

formulated in terms of its compliance with the exhaust emission requirements. The 

optimization can be analyzed according to a variety of criteria. 
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2. The process of changes of the engine condition 

We can assume that an engine is composed of n number of elements. Let N = {1, 2, 

..., n} be a set of numbers of the engine elements. 

At any moment of the engine service life the engine elements have a certain 

technical condition and act on the environment in an individual way. We assume 

that technical conditions of engine elements influencing the environment can have 

numbers assigned to them. These numbers we will refer to as the conditions of 

elements. Symbol Sk will denote a set of all conditions of elements of the number 

kN. 

We assume that in set Sk a relation of the partial order 
k
  is determined, hence a 

relation fulfilling the following conditions: 
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in individual models the notation x
k
 y can be interpreted that condition x of 

element of number k is „not better” than  condition y of this element.  

Cartesian product 

S = S1  S2  ...  Sn          (4) 

determines the condition of all engine elements. 

The state of engine influence on the natural environment as a whole depends on the 

states of influence on the environment of all of its individual elements i.e. their 

conditions (in terms of exhaust emissions) and mutual structural relations [2]. For 

example an engine element is its combustion chamber inside the cylinder, a fuel 

injector, the lubrication, supercharging or SCR systems used for the reduction of 

nitric oxides in the exhaust gas with the use of ammonia at the presence of  

a catalyst. 

Let Z denote a set of object states as a whole. We assume that this set is ordered by 

the relation written as follows (3). 

We refer to function  

Z   : na S         (5) 

as engine structural function [3]. 

We refer to pair  ,N  as the structure of engine ecological security. 
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We call the structure coherent if the following implication takes place 
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This property tells us that a deterioration of the condition of the engine elements 

increases the negative impact on the environment. 

Let T  R+ denote the period of engine service life. The condition of the engine 

elements is changed during its life cycle and these changes are most frequently 

random. The stochastic process {Xk(t); tT} of the set of conditions Sk we refer to 

as the process of changes of the condition of the engine elements. For each steady 

tT, Xk (t) is a random variable denoting the condition of k-th element in moment t.  

The vector process 

  X(t) = (X1(t), ..., Xk(t))         (7) 

of the values in set S = S1  S2  ...  Sn is determined by the collective conditions 

of all engine elements in moment t. 

The stochastic process 

  Y(t) = (X(t))                (8) 

of the values in set Z denotes the ecological security as a whole in moment tT. 

Let B  Z 

Function  

  P(t,B) = Pr {Y(t)  B}    (9) 

Is a one-dimensional decomposition of the process  

  {Y(t): tT}         (10) 

We should note that 

  Pr{Y(t)  B} = Pr {(X(t))  B} = Pr {X(t)  
-1

 (B)}           (11) 

Set 
-1

 (B) is an inverse image of set B in : 

  
-1

 (B) ={sS: (s)  B}      (12) 

Particularly, if B is a set of engine conditions that make the engine operation 

impossible with all the environment protection requirements fulfilled, then P(t, B) 

is the measure of the ecological security of an engine in moment t. 

3. The structure of ecological security of a marine combustion engine 

The engine can be ecologically ‘formed’ on the design and production stages as 

well as in its service life. As a result of certain actions taken on the design and 

production stages related to the combustion process (design of the combustion 

chamber, design of the fueling system, charge exchange systems etc.) application 



Jerzy Merkisz, Leszek Piaseczny 

 

 

 
9 

of aftertreatment systems  we can create an engine that meets local and global 

regulations related to the marine environment [4,5]. 

In a service life of an engine the process of creation of an ecological engine 

consists in the control of the engine load and maintaining appropriate technical 

conditions of the engine elements (consequently, the technical conditions of the 

whole engine) to meet the above-mentioned requirements and standards. Systems 

of on-board diagnostic are applied increasingly, whose task is to signal a loss of  

a required condition of the engine elements from the point of view of the 

environmental perils [5]. In the case of a breach of the required engine ecological 

security a repair service is performed. 

If to is the moment of initiation of service of the k-th element, and  is the moment 

of completion of this service, then for each of these actions a relation should take 

place 

  )( x)(t x k
k

o k
k





N

                 (13) 

An ecological security of an engine can be understood as its adaptation to meet the 

prescribed ecological standards. 

The structure of engine ecological security can be analyzed based on the graph 

theory. 

Let W = {p1,..., pm} be a finite set of elements and U  WW a binary relation. As 

we know, an ordered pair of set UW,  is referred to as a graph. The elements of 

set W are called the graph vertexes and the ordered pairs (pi, pj)  U are the arcs. If 

(pi, pj)  U then we say that pi directly precedes pj and the notation is pi pj. 

We refer to subset {pi, pj} so that (pi, pj)  U or (pj, pi)  U as the edge of the 

graph. A sequence of subsets {pk1, pk2}, {pk2, pk3}, ..., {pks-1,pks} is referred to as the 

chain in the graph UW, . 

A graph UW,  is non-cyclic if for any path  

  (pi1, pi2), (pi2, pi3), ..., (pis-1, pis)         (14) 

we have 

  pi1  pis     (15) 

Vertex po is referred to as the initial point of the graph UW,  if for any  

pi  W, (pi, po)U. Vertex pk is referred to as the graph endpoint UW,  if for 

any pi  W, (pk, pi)U.  

In the analyzed case of the structure of marine engine ecological security we 

ascribe an arc  )(

j

)(

i

)(

ij p,pu rrr   to each action aiming at the maintenance or 

improvement of the ecological security of a marine engine of r-th kind. 
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Vertex 
)(

ip r
 we interpret as an event i.e. the initiation of an action and 

)(

jp r
 is the 

event that finishes the action. A set of all vertices we mark Wr and the set of all 

arcs Ur. 

If Gr = rr U,W  , corresponding to the possibility of controlling the ecological 

security of an r-th engine is coherent, non-cyclic and has one initial and one end 

vertex then we say that this graph determines the structure of the engine in terms of 

the possibility of controlling the ecological security of an engine of the r-th kind. 

A set of graphs G = {Gr : r = 1, 2, ... ,p} determines the structure of ecological 

security of a marine engine. The determination of the structure of ecological 

security of engines, as said earlier, is possible on the engine design stage. We can, 

thus, compare engines in terms of their structures. 

4. Examples of the problems of optimization of the structures of 

ecological security of a marine engine 

The problems of optimization of the structure of the ecological security can be 

formulated in a variety of ways assuming different criteria of optimization. 

Let us assume that the condition of the engine elements is determined by a random 

vector 

  X(t) = (X1(t), ..., Xn(t))                  (16) 

of the set of conditions S = S1  S2  ...  Sn. 

The examples of optimization of the structures of the engine ecological 

susceptibility we will discuss on the example of fulfilling by the marine engine of 

the requirements related to the unit emission of nitric oxides as per annex of the VI 

MARPOL 73/78 convention [6]. 

Actions aiming at the fulfillment by the engine of the above requirements (let us 

mark it with operations of the r-th kind) can be realized in different ways using 

different methods. 

Different operations of the r-th kind will be assigned different structures of 

ecological security Gr.  

Functions Tr : Gr  R+, r = 1, 2, ..., p assign numbers Tr(Gr) to structures Gr 

denoting the durations of actions ensuring ecological security of an engine of the r-

th kind.  

As a result of action of the r-th kind the k-th element of the engine returns to  

a technical condition or is given a technical condition that allows the fulfillment by 

the engine of the requirements of the VI MARPOL 73/78 convention as per test E3 [6]. 

Functions hk,r : Gr  Sk; k = 1, 2, ... ,n; r = 1, 2, ... ,p assign  technical conditions of 

the engine, after performing actions of the r-th kind, to the structures of ecological 

security Gr. 

The values of function hr: Gr  Z, r =1, 2, ..., p determined by the formula  

  hr (Gr) =  (h1,r(Gr), ..., hn,r(Gr))            (17) 
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are the engine conditions (e.g. values of the engine unit emission of nitric oxides) 

after performing the actions of the r-th kind (aiming at e.g. the fulfillment of the  

requirements of the MARPOL convention as per test E3 of the standard [6]). 

Function R(t, , Gr) = Pr { ((x1(t), ..., xn(t))  Z+(( (x1(), ..., xn()) = hr(Gr) 

denotes engine security in terms of its unit emission of nitric oxides at moment t > 

 under the condition that at the moment of ending of the actions aiming at the 

fulfillment by the engine of the ecological requirements  was in the hr(Gr) 

condition. 
The most important issues related to the optimization of the structures of ecological 

security of the engine are: maximization of the efficiency of the applied actions and 

methods of fulfillment by the engine of the nitric oxides emission requirements and 

cost minimization. 

The maximization of efficiency of an individual method of fulfillment by the 

engine of the nitric oxides emission requirements consists in finding of such a Gr
*
 

structure as to obtain 

 
 

) , (t, R max  ) , (t, R r

*

r
a ,t rr

GG
DG




    (18) 

The solution to this problem is structure Gr
*
 that corresponds to a method 

guaranteeing the highest efficiency in terms of the fulfillment by the engine of the 

ecological requirements determined by test E3 in the range [, a]. 

The minimization of costs of the fulfillment by the engine of the NOx emission 

requirements consists in finding such a Gr
*
 structure that will ensure that the cost of 

obtaining of this structure (out of all structures determined by set B – formula (9)) 

is the lowest: 

 Kr (Gr
*
) = 

BGr
min  Kr (Gr)    (19) 

The solution to this problem is structure Gr
*
  B that corresponds to the most cost-

effective method of the r-th kind. 

5. Conclusions 

The presented formal approach to the problem of ecological security of an engine 

and its optimization are a part of the optimization problem of ecological structures 

of a marine engine and correspond to pro-ecological actions of the same kind.  

A global approach to the problem of optimization of structures of ecological 

security related to the adaptation of the engine to all the ecological requirements is 

much more difficult not only in the design and production but also in the service 

and end-of-life processes of the whole engine or its individual elements. 
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