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Abstract

Development of marine transport and projected iasee of emission of toxic compounds formed when
combusting marine fuels enforces, apart from théssion research, the need of modelling those paolist
dispersion their immission in coastal regions a§ @igglomerations. The area of Gdansk Bay, just $i&a ports
or coastal regions, is vulnerable to the effectpoflutants present in exhaust gases coming fronugtréhl
plants, power plants, vehicles and vessels. Thestasrce of pollution concerns the vessels bothar areas
and in the roads.

In order to determine the share of vessels in @mvirental pollution and counteract the harmful afeaf
toxic compounds in marine engine exhaust gasesnécessary to know the emission values of th@spaunds
from particular vessels. This is possible with kimewledge of their movement parameters, conceotratalues
of particular compounds for these parameters amdatmospheric conditions.

The first step towards formulating the emission el®a@f toxic compounds in marine engines exhaustga
is determination of mathematical models of vesseiswement, which can be later used when formulating
dispersion and immission models of those pollutants

In the paper there were presented conditions coringrmodelling the emission of toxic compounds in
vessels exhausts as well as the possibilities infjube queuing theory and Monte Carlo methodsriatepto
formulate simulated model of vessels movemenginem area.

1. Introduction

Emission E and intensity (mainly mass) of pollusadispersed in atmospheric air —
immission 1, in the urban areas are the subjecintE@nsive research conducted in many
research institutions in Poland and abroad. Thaiogl between emission of toxic compounds
in exhausts and their immission can be written dawiollows [1]:

I(t) = O[E®], 1)
wherel]l means a mathematical operator (e.g. functional).

The intensity of emission E being a function ofdimy(t) from a particular source in relation
to time t:

dm, (t)
dat

where m— mass of a given toxic compound.

E()= 2



Road emission is defined [1] as emission derivatbeng a function of the roads)
from a source, which is the vessel, in relationo@d s covered by her

_dmy(s) 3
b, =T 3)
On the basis of equation (3) it can be written dolat emission on road S will be equal to
S
mS(S):ij ©)ds (4)
0
andintime T
.
m, (T) = [ b, (Yv(D)dt, (5)
0

where v(t) — vessel speed.

Road emission [2] can be written down as the faneti of value courses describing
the combustion engine work state i.e. of torqug kbtational speed n and the vectors
describing the thermal state of the engi), conditions of the surroundings(t) (e.g.
temperature of surrounding, pressure, air humidityy the changing vessel resistanO¢d
(vessel resistance in shallow waters, vessel ewet during movement in a canal, air
resistance and wave effect):

by =T [ Mo(b), n()), R(1), G(1),0()] (6)

where [l - operator transforming torque, rotational spead the vectors of the engine’s
thermal state, movement resistance and conditidntheo surroundings into average road
emission from a vessel.

The current research, concerning atmosphere pmilutaused by emission of harmful
compounds from traction engines, mainly concerniclehengines [1,3,4,5,6] and aircraft
engines [7]. They constitute a very large inputithe development of modelling the
immission of toxic compounds emitted from combustengines, however, because of both
different topographic, hydrometeorologic conditicarsd the specificity of vessel operation,
they cannot be applied for immission estimationaastal regions.

2. Factors determining exhausts emission

The subject of balancing the emission of the compsuin exhausts of vehicles and
vessels engines, are the processes of global emjssieraged in sufficiently long period of
time [2,8]. This time is determined first of all lige effectiveness of averaging variable
conditions of the objects operation.

Main factors determining the global emission of stahces present in the exhausts of
marine engines can be classified as follows:

- vessel structure (with respect to their size arstidation), engine size and kind, number
of particular engine kinds on the vessel (main anxiliary engines), and with respect to
the vessel’s technical condition, taking into cdesation technical solutions, state of the
hull and the wear of propulsion system elemenisealkas their number,

- vessel operational intensity,

- vessel movement model,



- conditions of the surroundings: atmospheric coodgi (waving, strong winds, icing),
navigational water areas (ports, straits, canald aimer dangerous and difficult to
navigate areas, open waters), sailing in ice,

- vessel economic properties with respect to opearatifuel consumption,

- ecologic properties of engines applied on vessels,

- fuel properties ifiter alia, with respect to fuel kind, composition and conteyit
pollutants).

3. Determination of a vessdl trajectory

In order to describe the trajectory of a vessel imgpun a given shipping lane from
pointh_; to point P in time interval (o, t«], it iS necessary to formulate a suitable
mathematical model. There should be taken into wdctwo options: a deterministic model
and a stochastic one. Both models must consisti@ici function describing the track of the
individual vessels and a probability law on theatatumber of vessels en route duritg t],
the position of those vessels at the initial titgeas well as their speed. It is necessary to
assume that the times at which the ships depalt @aiat P_, are Poisson distributed and the
ship speeds and the routes the ships travel dististly independent.

Description of a ship trajectory is possible if feemulate the function of the track the ship
covers, function of the ship movement and funcodrthe ship trajectory described by the
first two functions.

The function of the track of a vessel describestakall possible roads from poimt, to
point P, where the poink_, means the beginning of the journey, e.g. the demaport, and
point P - the end of the journey, e.g. the port of desibma The bigger area is taken into
account, the more pairs of pointg_{, P) must be considered. All possible routes between
any two points are the function of distangeneasured from point_, along the route that the
vessel covers.

Vessels generally move along the shipping laneg;hwimeans the areas of a given length
and width [8,9]. Knowledge of the shipping lanesaigiven area causes that for the majority
of vessels, such as merchant vessels or passeasrges ftravelling between ports, it can be
assumed that the distance covered by them is aldmgwn trajectory. However, there exist a
group of ships, e.g. fishing vessels or recreatigassels or naval vessels, which can operate
beyond shipping lanes. For these categories oklegscan be necessary to formulate a more
complicated model of ship trajectory.

Assume A, is an ordered set of points,iO1L,N dividing the interval{a,5] on N
subintervals, wherex =t, <...<ty =4. To this division [9] corresponds a se&t+1 points
P,.R.,...,Py on arc. These points form a broken line, whichrapimates the route of a vessel.
The length of the segment joining poirs,P, i=1..,.N can be expressed by a formula:

1R [E DX ) — X012 +IY(E) - Yt )] 7)

Applying the Lagrange’s theorem about average valoe investigated length of the
segment joining point®_,,R, i=1..,N is:

IRLR =X (6 )12 +1y (1A%, ®
whereg , 8 are the points from intervg@d_,.t;), and At =t —t;_;.



The knowledge of ship trajectories and statistidata obtained via AISAutomatic
Identification Systejr{11,12] for marine vessels passing through giveesh segments situated
perpendicularly to shipping lanes approaching thespof Gdynia and Gdansk, as well as the
shipping lane splitting into those two shippingdan(in the proximity of Hel port), it is
possible to describe the marine vessels flow (fig9l and then to formulate models of
emission of toxic compounds in these vessels exflaus

i

i
Ex
i

17.06.2000 S
19.06.2006
21.06.2006

Number of vessels
ORrMNWbBUO~D

01.06.2006
02.06.2006
05.06.2006 ___‘q
07.06.2006
09.06.2006
11.06.2006 S
13.06.2006
15.06.2006
25.06.2006
27.06.2006
29.06.2006 SN

Fig. 1. A twenty-four hours distribution of the nher of vessels outward bound passing
through the ‘gate’ GD (01-30.06.2006) [9]

4. M odels applying the queuing theory

In modelling the movement of ships going along gshgping lane from poink_; to point
P, it is possible to apply the queuing theory, whishbased on the characteristics of the

stream of incoming vessels (‘incoming traffic’) ttee analysed area (‘service canal’) and the
stream of vessels leaving the ‘canal’ [9]. For Ylessels that entered the ‘canal’ (the shipping
lane’, service time means the time of the vesseimpey in the analysed route.

If the moment of entering the first vessel to thstem (moment of arrival at the queue) in
the analysed time interval, e.g. a day, is theainitme t,=0, then it seems to be extremely
difficult or even impossible to predict the exaote of the next arrival (entering next vessels
on the shipping lane), and also times of all follagvarrivals (the same day and the next
days). The moments of all the following arrivalsllwiot overlap. Therefore, both the
moments of each incoming arrival, and the numbero¥als during a day, week, etc. are the
random variables.

The process of incoming arrivals is stochastic @ss¢ and the incoming traffic can be
described by a functioX(t), describing the number of arrivals requiring ‘semvig at the
time interval(0, t). The function X(t) is the random variable for each value tgfL0]. In the
figure 2 there is presented one of the realisatadntie random functioX(t) characterising
the process of traffic incoming to the ‘gate’ GDailgiven time period (48 hours) [9].
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Fig. 2. Realisation of a random functiXit) of vessels arriving at the ‘gate’ GD [9]

In order to determine fully thiencomi ng traffic, it is sufficient to know the probability
of that in time(0, t) there will comek; arrivals, in timg0, t) there will comek; arrivals etc.
If this probability is known for any group of pas# integral numberk, ks,.., ky and positive
ty, b,..., th, then the incoming traffic will be fully described.

A significant attribute of many real incoming thaffis their stationary character, which
significantly simplifies the formulated model. Thealysed incoming traffic of the vessels
arriving to the shipping lane is also stationaryrbbver, this incoming traffic possesses also
the character of theraffic without sequenceor the traffic of independent increamts
(cumulative distribution function of a grodf(t+a)-X(a), where(i = 0, 1, 2, ...n) att; >0
and anya > 0 does not depend on the valuexXgf) att < a).

Apart from determining the probability of the numloé arrivals to the shipping lane, it is
also important to determine the time of their jaynwhich in the light of the queuing theory
can be considered asrvice timeOf course, the time of their service is differéotdifferent
vessels and depends on many factors: first of aleir speed, but also on random
disturbances, such as conditions of the surrouncimglitions, which means the atmospheric
conditions (wind power and direction, state of le@, sea currents, atmospheric pressure, air
temperature), and the areas of the vessels oper@pen sea, ports, straits, etc.), as well as
the conditions referring to a particular vesselll(hhesistances, technical state, nautical
possibilities etc.).

Taking into account the above, in the analysed t@sthe vessels, the service time is the
random variable, so it can be described by the tatha distribution functionF(t) = P{y<
t} fort > 0, wherey is the service time. The functioR(t) describes the probability of that
the service timey/ will be shorter than previously determinedFunctionF(t) should be a
positive function monotonically increasing and ddawt be greater than one).

5. Models applying Monte Carlo methods

In practice there are situations where incominffitrdoes not possess the characteristic of
prime traffic or is not stationary and non-homogers there can be any distribution of service
time, or organisation in service time is complex aonsists of many stages. Problems of this
kind are very difficult or impossible to solve witiie analytic methods.

Simulation models of Monte Carlo methods permit golve these problems.
Simulations of the vessels ‘service’ [9], which medhe traffic of vessels arriving at the
analysed shipping lane, the time spent on the leae,be performed with the assumption
(previously preceded with the identification resdar that the incoming traffic is a
homogeneous Poisson process of paramgtend time spent on the lane is of normal
distribution. In simulation performed with so-callenethod of uniform step of a stationary



system ‘without waiting’the incoming traffic is simulated in an assumedqu of M days,
e.g. with the step of 24 hours. Probability of atence ofl-arrivals in each time interval of
24 hours can be calculated from the following folanu

P(l) =/|]—:exp(—/]) forl = 01,23,....D. (9)

For the calculated values of probabilities thene ba assigned e.g. 10 000 pseudorandom
numbers of steady distribution, which results frtime accuracy of computation. Af = 6
vessels/24 h, the probability of that an arrival wot occur during that timd € 0) is equal to
0.0025 and to that probability there are assighe®b consecutive numbers, as it is presented
in the fig. 3 £p1 = 0.0025).

For simulation of the process of the arrivals ‘sgng’, there can be analysed the
distribution of speeds of vessels moving alongdhalysed shipping lane or distribution of
time spent on that shipping lane. It is also pdesi simulate the number of vessels leaving
the shipping lane in the analysed period of time.

Number of incoming traffic /
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Fig. 3. An example of the simulation of the numbkincoming traffic to the system [9]

The capacity of the ‘service canal’, expressed ly humber of vessels leaving the
shipping lane atunit of time, can be calculated from the formula:
V\/i =a, U +a, (10)

where:

ai —sampled random number of normal distributigf,1),

o — standard deviation of the number of vesseigihg) the shipping lane,

a — average value of the number of vessels leafieaghipping lane (being serviced

by the ‘canal’) at a time unit.

If the average number of vessels ‘serviced’ in & ohtime isu, then 1i means the
average time of ‘servicing’. And if the length dfet ‘canal’ is known, then it is possible to
determine the average speed of vessels operatthg enalysed shipping lane.

In the method of consecutive occurrencame of each consecutive arrival to the ‘canal’
and its time of ‘servicing’ in that ‘canal’ are diated. Consecutive values of timentervals
between arrivals can be computed by generatingahéom numbers of steady distribution.
The following relation is used:

J.A expEAt)dt =& (11)
0

from which it results that:



r= —%In(l—{) . (12)
As the distribution of valu&-¢ is the same as the valéieit can be written down that:
1
r=-—In
I ' (13)

The formula (13) is directly helpful when computinglues ofz;, at different values of
sampled random numbefs

Time of ‘service’ of each arrival is simulated bgnspling separately the consecutive
random numbersg; of normal distributionN(0,1) and computing simulated time spentjﬁy
arrival (" vessel) in the area (on the shipping lane) wighftimula:

t =0l +tg, (14)

where:
o — standard deviation of the time spent by a ‘esséhe shipping lane,
to' — average value of time spent by vessels in tha, ar
j=1,2,3,...,m aconsecutive random number of ‘servicing’ {flearrival,
Course of computation starts at the moment of weage the first arrival (arriving a vessel
to the entry to the shipping lane). Time spent lo@ $hipping lane is calculated from the
formula (14).

6. Modelling emission of toxic compoundsin marine vessels exhausts

To determine the toxic compounds emission in exisans the basis of data obtained via
AIS, there were formulated some statistical modelscribing the momentary poweg* for
the momentary speed, regarding the vessel size, its time spent indtea of research, and
emission of toxic compounds. These values permegistomate the emission intensiyiox at
that point at the level of (0,6 — 576) kg/h [13].

However, it should be noticed that the time a vegsends in a region of a “gate” is only
a few minutes, and the absolute time a vesselmegjtor covering the distance Hel — Gdynia,
depending on the vessels speed, accounts for 20nises.

Thus, determining the value of emission inten&ityy in kilograms per nautical mile
[kg/Mm] (fig.4) or in grams per nautical mile dugrone hour [g/(Mrfid)] (fig. 5), seems to
be more expedient in this case (fig.3).
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7. Conclusion

Modelling emission, and then dispersion and imisb6 toxic compounds in marine
engines exhausts constitutes a very important &ng eomplex issue. Currently conducted
research devoted to the pollutants dispersionr ratenly to motorization, which because of,
among other things, the size of marine enginegjudigies them in modelling emission of
toxic compounds from marine engines, as the mottektsire depends not only on its
destination, but also on the quantity and qualityput data.

Additionally, apart from the problems appearing wineodelling the toxic compounds
emission from road vehicles, in case of marine elssamong the parameters disturbing the
appropriate determination of particular compounasseion (due to the lack of data or its
changeability) are also technical state of engamel especially of fuel apparatus, as well as
atmospheric conditions (mainly wind power and dieg.
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