



















mailto:A.Bogdanowicz@amw.gdynia.pl
mailto:T.Kniaziewicz@amw.gdynia.pl
mailto:M.Zacharewicz@amw.gdynia.pl










































mailto:jgirtl@pg.edu.pl






























mailto:z.korczewski@gmail.com


















http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/490/laboratory-station-for-research-of-the-innovative-dry-method-of-exhaust-gas-desulfurization-for-an-engine-powered-with-residual-fuel
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/490/laboratory-station-for-research-of-the-innovative-dry-method-of-exhaust-gas-desulfurization-for-an-engine-powered-with-residual-fuel
http://www.ika.com/
http://www.stenaoil.com/






mailto:z.korczewski@gmail.com

































http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/490/laboratory-station-for-research-of-the-innovative-dry-method-of-exhaust-gas-desulfurization-for-an-engine-powered-with-residual-fuel
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/490/laboratory-station-for-research-of-the-innovative-dry-method-of-exhaust-gas-desulfurization-for-an-engine-powered-with-residual-fuel
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions
http://www.kongres.ptnss.pl/lista-zgloszonych-artykulow/489/the-concept-of-research-on-ecological-energetical-and-reliability-effects-of-modified-marine-fuel-oils-usage-to-supply-compression-ignition-engines-in-real-conditions



mailto:piotr.kwiatkowski0902@gmail.com
mailto:ryszadra@pg.gda.pl
























mailto:romanl@pg.edu.pl
















































http://www.e4ships.de/press.html
http://blog.ballard.com/the-next-generation-of-shunting-locomotives-uses-fuel-cell-power






mailto:jacekrud@pg.edu.pl












































































































mailto:p.wirkowski@amw.gdynia.pl
mailto:jaroslaw.markowski@put.poznan.pl
mailto:t.kniaziewicz@amw.gdynia.pl
















4.2. Turbinowy silnik spalinowy a ochrona srodowiska morskiego

Turbinowe silniki spalinowe o zastosowaniu morskim, ze wzgledu na swoje wlasciwosci,
stanowig zaledwie kilkuprocentowy udzial w catej populacji okrgtowych silnikow spalinowych. Ze
wzgledow ekonomicznych (sprawnos¢, zuzycie paliwa) w zdecydowanej wiekszosci w uktadach
napedowych i elektrowniach okretowych jednostek ptywajacych stosowane sg ttokowe silniki
spalinowe o zaptonie samoczynnym. W zwigzku z tym obowigzujace regulacje prawne dotyczace
emisji zwigzkow szkodliwych w spalinach silnikow okretowych dotycza tylko silnikow
tlokowych. Jednym z takich aktéw prawnych jest wspomniana wczesniej Konwencja MARPOL.

W Tab. 1 przedstawiono normy emisji tlenkéw azotu dla okrgtowych ttokowych silnikow
spalinowych o zaptonie samoczynnym o mocy powyzej 130 kW w zaleznosci od predkosci
nominalnej silnika.

Tab. 1. Dopuszczalne wartosci emisji jednostkowej NOy dla okretowych silnikow spalinowych
o zaptonie samoczynnym wg Zatgcznika V1 do Konwencji MARPOL 73/78 [8]

Dopuszczalne normy emisji NOy [g/(kWh)]
Poziom Rok w zaleznos$ci od predkosci nominalnej silnika n [obr/min]
wolnoobrotowe srednioobrotwe szybkoobrotowe
n<130 n <130 <2000 n > 2000
| 2000 17,0 * 45,007 * 9,8 *
I 2011 14,4 ** 44,0 0% ** 7,7 %%
1 2016 3,4 *** 9,0:n 02 *** 2,0 ***

* podane warto$ci dotyczg statkow zbudowanych, albo tych, ktére przeszty modernizacje¢ po
1 stycznia 2000 r. a przed 1 stycznia 2011 r.,

** podane warto$ci dotyczg statkéw zbudowanych po 1 stycznia 2011 .,

*** podane wartosci dotycza statkéw zbudowanych po 1 stycznia 2016 r. i uprawiaja zegluge
w Pénocnoamerykanskim Obszarze Kontroli Emisji lub w Obszarze Morza Karaibskiego
Stanow Zjednoczonych.

Wylaczeniem z przestrzegania norm emisji zwigzkow szkodliwych w spalinach sa wszystkie
silniki zastosowane na okrgtach wojennych. Nalezy nadmieni¢, iz procentowa populacja
turbinowych silnikow spalinowych zamontowanych na okretach wojennych jest kilkakrotnie
wicksza w poréwnaniu do floty cywilnej. Jednakze rzady panstw posiadajacych floty wojenne
daza w miar¢ swoich mozliwosci do wdrazania przepisow dotyczacych ochrony $rodowiska
morskiego (np. Konwencji MARPOL) na okrgtach wojennych.

4.3. Przygotowanie do badan emisji zwiazkéw szkodliwych spalin okretowych turbinowych
silnikow spalinowych

Niniejszym podjeto si¢ proby okreslenia poziomu emisji zwigzkéw szkodliwych w spalinach
okretowego turbinowego silnika spalinowego, zastosowanego w ukladzie napgedowym okretu
wojennego klasy fregata rakietowa (Rys. 5). Uktad napedowy jednostki fregaty sktada si¢ z dwoch
zespolow napedowych wyposazonych w turbinowe silniki spalinowe firmy General Electric typu
LM 2500 (Rys. 6.), jednej zbiorczej przektadni redukcyjnej o przetozeniu 1/20, jednego watu
Srubowego oraz S$ruby nastawnej. Moc ukladu napgdowego wynosi okoto 30000 kW przy
maksymalnej predko$ci obrotowej turbin napedowych wynoszacej nty = 3600 obr/min. Turbinowe



silniki spalinowe zastosowane w uktadzie napedowym fregaty sa zespotami dwuwirnikowymi.
Podstawe konstrukcji takiego silnika stanowi wytwornica spalin, w ktdrej szesnastostopniowa
sprezarka osiowa napedzana jest przez dwustopniowg turbing wysokiego cisnienia. Proces
cigglego spalania odbywa si¢ w pierscieniowej komorze spalania zasilanej paliwem przez
trzydzieSci dwa wtryskiwacze. Z wytwornica spalin wspolpracuje szesciostopniowa oddzielna
turbina napedowa stanowigca zrodto energii mechanicznej dla okretowego uktadu napedowego.

Rys. 5. Fregata rakietowa klasy Oliver Hazard Perry [11]
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Rys. 6. Okretowy turbinowy silnik spalinowy typu LM 2500 [General Electric]

Przeprowadzona analiza konstrukcji uktadu wylotu spalin silnika LM 2500, zamontowanego
na rozpatrywanym okrecie, umozliwila podjecie decyzji, iz najkorzystniejszym mozliwym
miejscem montazu sondy pomiarowej zwigzkow szkodliwych spalin begdzie przekrdj wyjsciowy
kanatu wylotu spalin (Rys. 7).

Uktad wylotu spalin posiada kilkunastometrowej dtugosci pionowy kanal o $rednicy ponad
dwoch metréw, konczacy sie¢ zwezeniem do Srednicy okoto metra. Umozliwi to zastosowanie
sondy pomiarowej pobierajacej probke spalin z prawie catej dtugosci srednicy zwezonego kanatu.
Pobrana probka przestana zostaje do analizatora spalin Semtech-DS. Jednoczenie dokonywane
beda pomiary parametrow eksploatacyjnych pracy silnika. Sensory przenosnego analizatora gazoéw
spalinowych Semtech-DS umozliwiag pomiar emisji toksycznych zwigzkow tj. tlenku wegla,
weglowodoréw, tlenkow azotu oraz stezenia dwutlenku wegla w spalinach [5].
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Rys. 7. Uktad dolotowy powietrza i wylotowy spalin silnika LM 2500 zamontowanego na fregacie rakietowej
z zaznaczonym miejscem poboru probki spalin oraz widokiem analizatora spalin Semtech-DS.

Jednoczesny pomiar 1 rejestracja wyselekcjonowanych parametréw eksploatacyjnych
najbardziej charakteryzujacych prace silnika turbinowego LM 2500 zapewni przeno$ny system
pomiarowo-rejestracyjnego SENGA AIO 661. Obecnie system jest w stanie mierzy¢ parametry
pracy silnika przedstawione w Tab. 2.

Tab. 2. Parametry mierzone systemem SENGA AlO 661

Nr | Oznaczenie po%n?;::g?/vy Opis parametru

1. Nce 0+12000 min? | predkos¢ obrotowa wytwornicy spalin

2. Npt 0+5000 min? | predko$é obrotowa turbiny napedowe;

3. p1 0+0,11 MPa ci$nienie powietrza na wlocie do sprezarki

4. P2 0+2,07 MPa ci$nienie powietrza na wylocie ze sprezarki

S. Pa2 0+0,517 MPa | ci$nienie spalin na wlocie do turbiny napedowej

6. Ty - 40+65,6 °C temperatura powietrza na wlocie do sprezarki

7. T 0+1090 °C temperatura spalin na wlocie do turbiny napedowej
8. Ppal 0+104 MPa cisnienie paliwa przed wtryskiwaczami

Istniejacy obecnie poziom techniki pomiarowej zwigzanej z badaniem emisji zwigzkow
szkodliwych spalin co prawda umozliwia dorazne przeprowadzenie pomiaréw emisji zwigzkow
szkodliwych zawartych w spalinach podczas rzeczywistych warunkow realizowanego rejsu, ale ze
wzgledu na wysokie koszty aparatury pomiarowej nie jest mozliwe prowadzenie rejestracji ciaglej
poziomu emisji w/w zwigzkéw. Badania tego typu pozwalajg jednak okresli¢ poziom warto$ci
emisji poszczegdlnych zwigzkéw szkodliwych spalin w rzeczywistych warunkach eksploatacji na
podstawie analiz parametrow eksploatacyjnych zarejestrowanych przez okretowe rejestratory



parametrOw ruchu okr¢tu oraz pracy silnikow uktadu napedowego. Z wielu rejestrowanych przez
rejestrator parametréw eksploatacyjnych kilka z nich moze by¢ wykorzystanych do analizy
warunkow eksploatacji okretu, a w szczegdlnosci jego uktadu napedowego. Do oceny warunkow
eksploatacyjnych silnika turbinowego ukladu napedowego mozna wykorzystaé zarejestrowane
parametry przedstawione w Tab. 3.

Tab. 3. Wybrane parametry pracy uktadu napedowego okretu klasy fregata FFG7

Oznaczenie Jednostka Nazwa parametru
parametru
PLA [%0] ustawienie dzwigni obcigzenia silnika
Myt [kN] moment obrotowy na wale napgdowym
Maiinik [kN] moment na wale wyjsciowym silnika
Pwa [kw] moc na wale napedowym
Psiinik [kwW] moc na wale wyj$ciowym silnika
Nea [obr/min] |predkos¢ obrotowa wirnika wytwornicy spalin
NpT [obr/min] [predkos¢ obrotowa wirnika turbiny napgdowe;
NeR [obr/min] |predkos¢ obrotowa na wale wyjsciowym przektadni redukcyjnej
NLw [obr/min] |predkos¢ obrotowa linii watu
h [deg] skok $ruby
T, [°C] temperatura powietrza na wlocie uktadu dolotowego
T, [°C] temperatura powietrza na wlocie sprezarki
Tu2 [°C] temperatura spalin na wlocie turbiny napgdowej
Ts [°C] temperatura spalin w kanale wylotowym
Truel [°C] temperatura paliwa zasilajacego
P2 [bar] ciSnienie powietrza na wlocie sprezarki
Pcop [bar] ci$nienie powietrza na wylocie sprezarki
Pa.2 [bar] cisnienie spalin przed turbing napedowa
Pruel [bar] ci$nienie paliwa przed wtryskiwaczami

Przygotowujac si¢ do wykonania badan szczegdlng uwage nalezy poswigci¢é mozliwosci
instalacji sondy pomiarowej w strumieniu spalin wyptywajacych z uktadu wylotowego spalin
silnikow, umiejscowionego w gornej czg¢sci nadbuddéwki okretu. Analiza konstrukcyjna uktadu
wylotu spalin silnikow LM 2500, zamontowanych na okrgcie FFG-7, wykazuje koniecznos¢
wykonania i montazu w gornej czesci uktadu wylotowego spalin specjalnej konstrukcji nosne;j,
podtrzymujacej sonde pomiarowag zwigzkow szkodliwych. Przewody doprowadzajace spaliny do
analizatora powinny by¢ zamocowane do zbudowanej konstrukcji wspornika, a analizator nalezy
umiesci¢ w bezpiecznej odlegltosci od uktadu wylotowego spalin silnika.

Podsumowanie

O ile prawnym ograniczeniom emisji zwigzkow szkodliwych spalin poddane sg lotnicze silniki
turbinowe (zwlaszcza odrzutowe) [2], okrgtowe turbinowe silniki spalinowe, wg stanu prawnego
na dzien dzisiejszy, maja mozliwo$¢ nieograniczonej emisji tych zwiazkéw do Srodowiska.
Niewielka populacja tego rodzaju silnikow stosowanych na jednostkach ptywajacych ma co
prawda stosunkowo niewielki udzial w zanieczyszczaniu $§rodowiska morskiego zwigzkami



szkodliwymi w odniesieniu do wszystkich okr¢towych maszyn spalinowych, jednakze nalezy
podejmowac kroki do ograniczania emisji tych zwiazkow dla kazdej maszyny.

Zmienne warunki eksploatacji okretow marynarek wojennych, a w zwigzku z tym zmienne
warunki eksploatacji silnika spalinowego uktadu napgdowego okretu, stanowiag pewien problem na
drodze do okreslenia cigglej oceny emisji zanieczyszczen spalin w takich warunkach
eksploatacyjnych okretu. W zwiagzku z tym podjeto probe opracowania sposobu oceny emisji
zanieczyszczen spalin z turbinowych silnikow spalinowych okretow wojennych w ich
rzeczywistych warunkach eksploatacyjnych. Dziatania te mogg przyczynic¢ si¢ do wprowadzenia
narzg¢dzia w postaci procedur realizacji testow emisyjnych i dopuszczalnych limitow szkodliwych
sktadnikéw spalin, co moze si¢ przyczyni¢ do stymulacji rozwoju konstrukcji tego typu
| zastosowania silnikow.

Proponowane badania emisji zwigzkéw szkodliwych z okrgtowego turbinowego silnika
spalinowego w efekcie koncowym pozwolg okresli¢ emisje jednostkowa (g/kWh) poszczegolnych
zwigzkow, a tym samym mozliwe bedzie wnioskowanie o dalszych krokach zmierzajacych do
redukcji ilosci emitowanych zwiazkéow szkodliwych spalin do $rodowiska z tego rodzaju
I zastosowaniu silnika spalinowego.
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Abstract

The article presents the continuation of the authors’ research on the problem of the operational fluidity of cargo
handling sea terminals, based on the example of the DCT. The article presents a solution based on the multi-
equation models and applied to analyze the operational fluidity of terminals in the transshipment and feeder
relation. To provide a solution to the problem of the functioning of sea-land supply chains at the terminal, the
GRETL software has been applied.

Keywords: multi-equation models, simulation, container terminal

1. Introduction

The question of providing the operational fluidity to sea-land supply chains in operations
of container terminals is connected with the coordination of the processes which take place
there, the capacity of cargo handling equipment and the capacity of the storage yards. The
article comes as the continuation of the authors’ research on modelling sea-land supply chains
with the use of simulation methods. Maintaining the operational fluidity depends on the
storage yards and stockpiling areas for the containers. They play the role of the stability
absorbers in a supply chain because the character of the turnover at the terminal negatively
affects the regularity of the process (considering the deadweight of large vessels in particular),
and it generates its periodical fluctuations. Therefore, the monitoring and assessment of this
process is necessary, and it is realized in many ways. Most frequently, it means defining the
occupancy level of a storage yard. The occupancy indicator, which describes this particular
feature, is of typical static character, and it does not consider the dynamics of the changes
which are connected with loading and unloading of vessels characterized with significant
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deadweight (such as Maersk vessels). The changes of this indicator present some noticeable
deviations, however they do not come as the measure of the process.

As such, applying the static models, where the handling operation of the terminal is
recorded on a daily basis, resulted in a significant irregularity of processes related to large
vessel handling. It negatively affected the correlation of indicators concerning the occupancy
of the quay and storage yard. Considering the abovementioned facts, the real hourly-based
form of recording handling operations was assumed for further research. This form guarantees
not only the operational fluidity of the terminal, but it also eliminates significant deviations
concerning the occupancy of its storage yards.

The article aims at the construction of a model concerning the functioning of a supply
chain in a sea container terminal, in the following relations: export-import, import-export. The
assumed level of transshipment transportation must be also taken into consideration with the
abovementioned hourly-based form of container handling records. The model could also
pertain to a situation in which the dynamics of material fluidity must be considered when the
delays of the means of road transport supporting the container supply chain appear, and there
might be some cargo pile-up. In such cases, it is necessary to provide tools which will allow
us to monitor the processes and to manage them in a better way by making decisions which
involve less risk. The authors decided to solve the following research problem: how to
formulate a task which refers to process modelling in such a way that could satisfactorily
adjust the model to the real processes. Considering its simplicity, the multi-equation model
method has been applied. The working hypothesis to be proved was stated as follows: the
application of the multi-equation model method to the analysis of the operational fluidity of
sea container terminals allows us to provide satisfying forecasts of the occupancy levels of
storage yards, depending on the occupancy levels of the quays where vessel handling
operations take place. To solve this research problem and to prove the working hypothesis,
the following research tasks were carried out:

- The multi-equation model of dynamic processes was identified;

- The model of storage yard occupancy of a sea container terminal was constructed;

— The operational fluidity of a terminal in the sea-land supply chain was analyzed with
the use of the multi-equation methods.

2. The identification of the multi-equation model of dynamic processes

A sea-land supply chain at a container terminal — as a whole and as its particular partial
processes, that is namely: vessel loading-unloading, cargo feeder transport realized by the
road and railway means of transport from the terminal — is realized in time, and it has a
dynamic character. Applying the multi-equation model allows us to describe it with a system
of linear difference equations [1]. Since the measurement of the supply chain and its processes
is of discrete character (daily or hourly flows are measured), a discrete signal in time (a time
series) is a function, the domain of which is a set of integers. So, a discrete signal in time is a
sequence of numbers. The sequences of this type will be presented further in the function
notation x[K].

The x[k]signal which is discrete in time is often determined by sampling of the x(t) signal
which is continuous in time. If sampling is of the even periodic character, then x[k]= x(kT).

The T constant is referred to as the sampling interval. The course of a dynamic process in
time depends not only on the value of perturbations at the present moment but also on the
value of such perturbations in the past. Therefore, a dynamic process/system has memory in
which the results of past impacts are collected.

2



The relations between the input signals x,[k],x,[Kk],---,x,[k]and the output signals
y.[k1, y,[k],--- y,,[K], k=0.2,... can be described with the use of a system of the linear

difference equations.
yilk +1]=a,,y; (K] +ay, Y, [K] + -+ ay, YolK] + by X [K]+B,X, [K] + -+ by X, [k]+ &

Yo[K + 1] = a5, Y1 [K1+ 8, Y, [K]+ -+ 8y Yiu[KT + 0o X [K]+ 0,00 [K] + -+ + by X [K] + &, 0

ym[k + 1] = amlyl[k] +a,, yz[k] +eeetan, ym[k] + bmlxl[k] + meXZ[k] +--t bman [k] + gm
where:

yi[k],i=12,...,m - the values of the output signals at the k moment,
x;[K], j =12,...,n- the values of the input signals at the k moment,
a, — is the coefficient which appears in the i equation at the j* output signal, i, j =1,2,---,m

. . . . - -th « -th - .
b;- is the coefficient which appears in the i" equation at the j~ input signal,
i:l,z,"',m, jzoal“"n

g, - is the non-observable random factor in the i equation;

The system of equations (1) can be formulated as a matrix.

y[k +1] = Ay[k] +BX[K] + & @)
where:
b11 b12 T blm a; 3, - q,
B| 2t "2 b, A= a;  ay a,,
bml bm2 bmm aml aml amn
y,lk] yi[k +1] X [K] &
k k+1 X, [k
YalK] Yalk +1] X, [K] Sm
with further denotation:
Ci Cu " CnCpu Cimo = G m
C— Coi Gy v ConComur Comiz 0 Comin n= 7,
le le Cmn Cmm Cmm+1 7Z-mm+n nm

¢, [kl=b [k],dlav=12,...,m, ¢ [kl=4q,[k], dlav=m+1lm+2,...m+n, 3



- [k ]

= >

Zm+1[k]

_Zm+n[k]_
z [K]=vy,[k],dlav=12,...,m, z [kl=x, ,[k], dlav=m+1lm+2...,m+n,

The equation system (1) and the functionals (3) can be presented in their reduced form as

ylk +1]=Cz[k]+n . 4)

The identification of the equation system (1) will be understood as a question concerning
the selection of coefficients, with the consideration of the values determined by the
measurements performed on a real object. These are the values of:

X [K], X,[K],--- X, [K], k=012,---,N input signals x,, X,,..., X,
and the values of
V.[k1, V,[k],--+ ¥,.[k]l, k=012,---,N +1output signals y,, ¥,, -, ¥, »
at the moments t, =kT .
The measurement values can be presented as the following matrix (5)

yl0l  %[01 - ¥,00 %[0 - X[0]
v o v v Xfo- XM

xz[ellezl"'lemlemlle €

m+2 || m+n]

ViINT %INT -+ VoINT  X[INT - X [IN]

The coefficients b,,...,b,,,a Ay 1 =12,...,mof the equation system presented above

will be selected so that the functionals (6)

N
Ji(byse By @i Bigeny) = \/Z(ailyl[k] +.a, Yo K]+ b X K]+ bi(m+n)in[k] - yi[k +1])°,
k=1

im+1°

can reach the minimum for i =12,...m

Considering the denotations (2) assumed above, the functionals (5) can be stated in the
following form (6):

N
‘]i (Cil’ CiZ [ARRS] Ci(m+n)) = \/Z (Cilzl[k] +...+ Cim yfm [k] + Cim+1pzvm+l[k] et Ci(m+n)pzvm+n [k] - yi [k +1])2 )
k=0

i=12,...m,
Z, [kKl=V,[K], forv=12,...,m, Z [kl1=X, ,[k], forv=m+1m+2,...m+n.

Actually, the matrix (4) comes as a system of vectors which are linearly independent in the
Hilbert space



7.[0] 7,001 5,[0] %,[0] X,[0]
I U e S < N P L Y S o -

Yi[N] Y2[N] Yn[N] X [N] X,[N]

The question of selecting the best model from the group of equations (7), in terms of the
minimization of the quality identifying indicators, was solved with the use of the orthogonal
projection theorem [6]. Considering the extensive character of the question, the
transformations leading to the equation in its matrix form were omitted.

G(C)' =W, )
where: ]
Z ANNALY ZVm[klyl[k] Z_‘,Y[k]%[k] ZY k]yl[k]
D Vulk1¥,[k] D VulKIVL KT D KKV, K] D XKIVL KT
G= kT\lo kT\lo kT\IO k:NO = XX
Zz[k]‘xz[k] 2 IR DRKITK] - D RIKIKK]
Z Yi[k1x, [K] ZVm[k]Yn[k] Z%[k]iﬂ[k] Z_‘,Yl[k]?n[k]
PR LSS
B Ciol 7 k=0
:0 , y.[k +1]y [k
(C? T — C(;im ' Wi _ %(;yi + ]yn[ ] =>—Z y [k+1]
PIWALERALS
_Ci0m+n N
2 Filk-+11%, [K]

So, the matrix equation (8) can be presented in the following form:

(XTX)(C)) =X, [k +1] ©)
Hence:
(C) =(X" X)Xy, [k+1], i=12,---m . (10)
Therefore, the optimal coefficients
¢, i=12,...m, j=1...,mm+1...,m+n.

ij?
of the reduced form of the model (6) can be determined with the use of the equation:

(C)" =(X"X) XYk +1] (11)

X ns1yx(miny - the matrix of the measurement values of the signals yy, Y,,..., Y, X, %o, Xy
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Sq-m+n)><(N+l)- the matrix transposed to the matrix of the measurement values of the input
signals,

(X" X) (a1 - the matrix invertible to the Gram’s Gy 1.y MAtrix,

Y ns1ymlK +1] -the matrix of the measurement values of the output signals y,, Y,,..., ¥,

?;X(Nﬂ) - the matrix transposed to the matrix of the measurement values of the output signals,

N — the number of measurements, n — the number of the input signals, m — the number of the
output signals.

3. The model of the storage yard occupancy at a sea container terminal

The research was carried out at the DCT Gdansk during the subsequent 16 days. The
experimental material was collected in the result of direct observations, and a model of the
cargo turnover at the terminal was constructed. Then the model was applied to the simulation
of the vessel traffic with the use of the Monte Carlo method [4]. The assumed methodology
allowed the authors to obtain significant convergence of the simulation results and the
empirical material. The length of vessels was assumed as an independent variable of the
model. It was also an argument which decided about the number of the incoming vessels and
the time in which they were handled: loaded and unloaded. The reason for that was the fact
that the analyzed cargo handling capacity of the container terminal mainly depends on the
exploitation intensity of the cargo handling infrastructure. The capacity of this infrastructure
results from the length of the quays and the number of cargo handling berths. Accepting the
length of a vessel as an independent variable leads to analyzing the occupancy level of the
storage yards of the terminal, depending on the size of daily container cargo turnovers, in
terms of the import-export relation, during the forecast time. They determine the demand for
the road means of transport [5].

Despite this, seeing the daily records of the container turnover, the sudden increase in their
number will still take place; only the intensity of this operation will decrease. In fact, this
increase in the volume of containers doesn’t take place, as the loading and unloading is
carried out fluidly. As such, it seems that the best solution in terms of modelling the dynamics
of changes in storage yard occupancy will be an hourly-based operation record. In this way
the use of the term “a stream of containers” will be well-grounded. The container streams will
determine the intensity of the container turnover at the storage yard. It is therefore necessary
to consider the fact that there are three streams of containers in the daily turnover, namely:

- the stream of containers which participate only in sea cargo handling (they do not
leave the storage yard) — that is: they participate in transshipment — it was assumed
that they come as 60% of the total number of containers;

- The stream of containers which are handled by the means of road transport — they
come as 65% of the turnover of containers which are transported to and from the
terminal by road transport;

- The stream of containers which are handled by the means of railway transport — they
come as 35% of the turnover of containers which are transported to and from the
terminal by railway transport.

Additionally, it is possible to consider some delays in the land turnover. They can result in
some pile-up in the flow of the container streams at the storage yard. It is particularly
significant when a big percentage of the storage yard occupancy or optimization of storage
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areas is concerned. For the modelling the maximal values of the pile-up coefficients were
assumed: for the road transport the pile-up coefficient was — 1.5 and for the railway transport
it was — 1.3. In the case of the stream of the containers x2 outgoing the storage yard, a minus
sign (-) was applied to provide clear understanding.

Having all the above factors specified, a new model was presented (Fig. 1).

Y1
X1 >
> Y2 R
Y3 R
X2 »
_ > _ Ya R
Fig. 1. The model of the storage inat >

Source: the authors’ own studies

In the above model, the following streams of containers have been identified:

- X3~ the number of containers incoming the storage yard [pcs];

- Xo- the number of containers outgoing the storage yard [pcs];

- y1 - the occupancy of the storage yard at the initial occupancy at the level of 50%
[pcs].

- Yy, - the container turnover in the maritime transit [pcs];

- y3- the container turnover in the road transport [pcs];

— Y4~ the container turnover in the railway transport [pcs].

4. The analysis of the operational fluidity of a cargo handling terminal.

The model presented in the previous section of the article was described by the system of
equations which is analogical to (1):

y.[k +1] =b, + b, % [K]+ b, X, [K]+a,;y,[K]+a,,y,[K]+&
Y,[K+1] =b, +b,, X [K]+b,,X,[K]+ @Y, [K] +a,,y,[K]+ & (14)
Valk +1] = by + by X, [K]+ b, X, [K] + a,, Y, [K]+ a5, Y, [K]+ &
Vulk +1] =b, + b, X, [K]+ b, X%, [K]+a,, Y, [K] + a,;Ys[K]+ &
Also, as in the previously presented model, the estimation of the equation coefficients of

the particular output variables was provided with the use of the least squares method. The
parameters of the estimation are presented in Table 1, 2, 3, and 4.

Tab. 1. The estimation of the dependent y, variable with the use of the least squares method

Coefficient Standard error t-Student p significance
const  |by 9654,38 4,25005 2271,5900 <0,00001
x1 1 |by 0,570112 0,0210971 27,0232 <0,00001
x2_1 |by, 0,329675 0,0235174 14,0183 <0,00001
y3 1 Jas 0,879112 0,0767075 11,4606 <0,00001
yd 1 lay 0,971462 0,155255 6,2572 <0,00001




Tab. 2. The estimation of the dependent y, variable with the use of the least squares method

Coefficient Standard error t-Student p significance
const bo 9653,64 3,94462 2447,2936 <0,00001
x1 1 b2y 0,555468 0,0195809 28,3678 <0,00001
x2 1 b2, 0,351168 0,0218273 16,0884 <0,00001
y3 1 a3 0,0867545 0,0711947 1,2186 0,22376
yd 1 a4 -0,264657 0,144097 -1,8367 0,06703

Tab. 3. The estimation of the dependent y; variable with the use of the least squares method
Coefficient Standard error t-Student p significance
const b -7811,23 211,746 -36,8896 <0,00001
x1 1 b3y -0,492549 0,0152679 -32,2605 <0,00001
x2 1 b3, -0,326617 0,00973906 -33,5368 <0,00001
yl 1 as; 0,809479 0,0219116 36,9429 <0,00001
y4 1 gy -0,447171 0,0589745 -7,5824 <0,00001
Tab. 4. The estimation of the dependent y, variable with the use of the least squares method
Coefficient Standard error t-Student p significance
const by -8431,78 240,015 -35,1303 <0,00001
x11 b4 -0,502781 0,0165117 -30,4499 <0,00001
x2 1 b4, -0,368192 0,00917027 -40,1506 <0,00001
yl 1 asn 0,873811 0,0248615 35,1472 <0,00001
y3 1 as -0,890932 0,0330604 -26,9486 <0,00001

The final system of equation (14) is the following:

y,[k +1] = 9654,38 + 0,570112x, +0,329675x, +0,879112y, +0,971462y,
y,[K +1] = 9653,64 + 0,555468x, +0,351168x, +0,0867545y, —0,264657y,
y,[k +1] = —7811,23 — 0,492549x, —0,326612x, +0,809479y, —0,447171y,
y, [k +1] = —8431,78— 0,502781x, —0,368192X, +0,873811y, —0,890932y,

The convergence of the model and the empirical results is proved by the measure of fitting,
which was assumed in the previous analysis based on the value of the coefficient of the
relative variance (13). Its values, especially for the y; i y, variables are respectively 0.4 and
0.3% which clearly indicates the accurate fitting. The graphic form of the fitting for the y;
variable, that is the occupancy level of the storage yard at the initial 50% of the occupancy
level of the yard, and the y,, that is the turnover of containers in transshipment, is presented in
Fig. 2 and Fig. 3.



Empirical and equalised values of the y; variable

squalised ——
ampirical ——

v1 - the mumber of containers [pieces]

Fig. 2. Graphical presentation of the fitting of the y, variable showing the storage yard occupancy at the initial
50% of the storage yard occupancy

Empirical and equalised values of the vz variable

wyrdwnane ——

=mpinycIne —

vz - the mumber of contamers [pieces)

Fig. 3. Graphical presentation of the fitting of the y, variable showing the turnover of containers in
transshipment



In the case of the y; and y, variables however, the values of the relative variance
coefficient are much higher, at the level of 18%, but the values of the average standard
deviation as well as the value of the standard error of the residuals are low. The average
standard deviation for the y; and y, variables is respectively 40.88 and 22.04; the standard
error of the residuals presents the values of 11,71 and 6,57. The coefficient of the relative
variance presents high values because of the smaller streams (smaller turnover) of containers
in the road and railway transport in comparison to the transshipment. The maximum hourly-
based turnover of containers coming from the road and railway transport is respectively 152
and 82 containers. Therefore, considering the ys and y, variables and the characteristics of the
populations mentioned above, the best measure of the model fitting may be the charts of
regression residuals presented in Fig. 4 and 5.

5]

i
]

The regression residuals — containers [pes)

[F]

Time [h]

Fig. 4. The distribution of the regression residuals in the analyzed time period for the y; variable — the container
turnover in the road transportation

The analysis of Figures 4 and 5 indicates that the highest regression residuals appear in the
time periods when the largest vessel are loaded and unloaded. Despite this fact, the maximal
forecast error in the case of the container turnover in the road transport is 63 containers (Fig.
4), whereas in the case of the container turnover in the railway transport, this number is 38
containers (Fig. 5). The values of the maximal forecast error come as a significant measure of
the model fitting also when cargo handling capacity of the terminal is analyzed. In the
analyzed case, the capacity of the particular loading and unloading facilities was never
exceeded, with the consideration of the overestimation caused by the maximal forecast error.
In this way, the suggested models become useful in any operational conditions of the
container terminal.

As it has been already mentioned, the multi-equation models have another significant
advantage. With the assumed error, they allow us to forecast changes in the value of the
particular variables beyond the observation time period. The ability to predict is particularly
useful in optimization of the operational capacity of the container terminal.
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The regression residuals — containers [pes]

100 150 FLEE 250 o EE 350 40
Time [h]
Fig. 5. The distribution of the regression residuals in the analyzed time period for the y, variable — the container
turnover in the railway transportation

In the analyzed case, the k-period moving forecast, where k=4 (hours) was applied. The
forecast period was assumed with the consideration of a possibility that there might appear
decision-making situations (Fig. 6 and 7).

" | 85% confidencs intareral ‘=
L —

forscast

100 150

Time [h]

Fig. 6. The forecast of the variance pertaining to the value of the y; variable — the storage yard occupancy level
at the initial 50% storage yard occupancy
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For the y; variable, that is namely: the storage yard occupancy at the initial 50% of the
storage yard occupancy, and the y, variable, that is: the container turnover in the maritime
transit, the average forecast error was respectively: -1.62% and -1.48%. The average absolute
error indicated similar low values for the y; variable: 26.277 and for the y, variable: 22,084,
The similar values were also obtained for the y; i y, variables. Here the average forecast error
was respectively - 0.40% and 0.27%, whereas the average absolute error indicated the
following values: 7.505 and 3.920.

Containers [pcs]

Time [h]

Fig. 7. The forecast of the variance pertaining to the value of the y; variable — the container turnover in the road
transport

An example of the forecast provided in accordance with the assumed models is presented
in Fig. 6 and 7 where, apart from the forecast values, the 95% confidence interval is marked
in green.

5. Conclusions

The research indicates that applying the multi-equation models for the analysis of the
operational fluidity of a container terminal is well justified because the model fitting to the
empirical observations presents a satisfying level. It is caused by the results of the previous
research in which the following relations were analyzed: the relation between the length of a
vessel and the unloading time of a vessel; the length of a vessel and the number of the carried
containers; the hourly-based operation record of the terminal in terms of loading and
unloading containers. The hourly-based operation record makes the occupancy level of the
storage yards real. This level indicates the values which are considerably below the maximal
capacity of the storage yards, with the assumed initial occupancy level of 50%.

The hourly-based record of the terminal operation provides a safe reserve of unoccupied
storage space in case of any delays in land transport and any subsequent pile-ups in cargo
handling operations, with a real assumption that there will not be any congestion in maritime
transport.
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The satisfying results of the model fitting to the empirical observations come as a premise
for applying them in planning storage surface for handled cargo streams. This is particularly
important in the urban areas, considering the financial burden of the business entities which
operate in commercial sea ports.
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