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Automatic Selection of an Optimal Power Plant Configuration

Abstract

An incease in environmental awareneasd regulations anda desire to maximizerofits, pressure
shipowners to optimize their ships, and more specifically the power plant of those sBip#g the
designand optimization of these powgnlants a large number dafifferent systems is considereiost

of these considerations are found in an early design stage where data is limited and the impact of the
choices made is majoihese choices are mainly influeatcby the mission of the ship and the wishes

(or preferences) of the owner of said ship.

To investigate the influence of these choicdistesearch aims t@nable design space exploration
while taking thosewishesinto account.To do so the preferencesf a ship owner are translat into a

multi criteria weight factorgor different design objectives (arharacteristicy This researcltonsiders

four different characteristicduel consumption, emissionsystemmass angystemvolume.
Thepreferencesandthe (time basedpperational profileof the shiparethen used topopulatea design
spacewith every possiblgower plantconfiguration.

To be able to populate the design space, the most important design choétated to the design of a

ship borne power plant are identified ad implemented intoobjective functions. Thesefunctions
decrease the number of design solutions that have to be considered during the selection of the optimal
power plant configration. The developeabjective functiors present results which are also seen in
practice andheseare therefore considered to be verified on an individual basis.

Following the application of thebjectivefunctions,the performance of evergystemis simulatedver

the entire operational profié.

The results of this simulation are then, together with the results ofdhgctive functionsusedin a

multi criteria analysis which selects twer plant configurations KA OK  OO0O2 NRAyYy 3 (2
preferences is the optimal.

The entire power plant selection process is executed for three different (generalized) cases;
a (Handymax size) general cargo vessel, a harbor tugboat and a trailing hopper suction dredger.
Foreach of thethree casesan optimal power plant configurations foundand the selection ofthese
configurations can be explaineéidditionally the selected power plantonfigurationscan(to a certain

extent) be found in practiceBoth of these reasons give some initial confidence in the working
principles of thetool.

Because the client preferences have a subjective natusensitivity analysis executed This analysis
shows that the majority of the configurations are influenced by the client preference, with maximum
deviations around 10 %, although themee some extreme deviationg’hese extreme deviations are
caused by the stacking of design choices and an increase in electrical power demand.
Themagnitude of thedeviatiorschanges not only under the influence of a changing weight factor, but
also when thepower demandchanges. This indicatebd influence of the design choices is not only
dependent on the weight factors but also on the operational profile.

The observed sensitivity is mainly present when the numerical results are compared. Duringlthe fina
concept selection the influence is reduced and two different power plant configurations are
dominantly selected, for varying preferences.

It is recommended to investigate the influence of the operational profile during this design process as
well. Additionally the expansion of the considered systems andnitlasionof more design criteria is
advised
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1. Introduction

This chapteserves as an introduction to thissearch For a proper introductiothe first paragraptpresents
the background of theproblem. The second paragraph then statbe problem. The main objectie and
research questions at&en presented in the third paragph.The final paragraph of this chapteummarizes
the global report structure.

1.1. Background
An increase irnvironmentd awareness and regulationfof example the report published by the ITH or
the recent IMO agreemenvn greenhouse gas reductid8]) and a desire to maximize profits pressuship
owners to optimize theiships This optimization mainly influences the on board power plant, since tlais is
largecontributor to the operational costs of a ship and the biggasiducer of emissions on board

In the process of designing and optimizing these power plants a lot of possible components are considered,
and the number of possibilities is increasing raypidl

During these considerationdesign choices are magdeo that the power plant configuration doesdeed
become the optimal one. The majority thiese design choices are made in the initial stages of the design of
power phnt. At this stagdhe influence of these choicesis oten major, while data about theinfluenceis

scares.

For ships which are built in series (bulk cargo carriers for example) this lack of data is often compensated by
the fact that similaships exist, and data from these vessels can be used to obtain insight into the influence of
the encountered design choices.

However, br ships whickare not build in eries this approachis not applicable (since reference data is not
available)and andher approach to investigate the influence of thesign choices is required.

An example of another approadhthe creatiorof a setof power plantconfigurations which are prselected
by an engineerFromthis set of designs one $&lected whichs consideredo be optimal, given the wishes of
the owner ofthe vessel.

This approach is very feasible, but reqsiadonger design phase théime methodbased on reference vessels
Sincea designer has to determine which power plant configurationsiaeresting andthen design those
concepts. From which one is then selected (and the remainder discarded).

The wish exists to apptiie latter approachto more commoty buildvesselsso that theirpower plant designs
becomes less dependent on previouslyild versions. Which in turn could opehet door towads more
innovative (and possibliynproved) power plant designs fénesecommonly build vessels.

However, these vesselsave a relatively short design phase and an elongation of this phas# iganted,
since thisincreases the investments gaired to build a new vesselo preventan elongation of the design
phaseit isimportantto quickly select th@ptimal power dant configuration
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1.2. Problem Statement
The main problenthat this researchaims to solves the selectionof the optimal power plant concept, by
taking into accounthe preferencef a clientwithout increasinghe duraton the design phase.
To do so @&oncept exploration togwhich is able to estimate the performance adithensions of numerous
power plant configurationshas to be developed.
The different power plant configurationgre then compared to eacbther so that the one that isptimal,
according to thepreferences of the clientan beselected.

There are alrady tools whichcan be used to optimize a set pfedeterminedpower plantsgiven the
operational profile For example théools which aredeveloped atNevesbufor the design ofdiesetelectric
submarined3] & [4]. However the number of concepts that can be companmetnainslimited.

Research ideingdone to increasethe number of concepts that can havestigated( [5] and [6]). These
researches show that theumber of considered conceptsin rapidly escalate into millions (or more) different
concepts A high number of conceptikely requires moreomputational timewhich is unwantedince svift
results are required.Aerefore a median betweem few and far too many has to be found.

1.3. Objective
Themain objective of this research is the selectionthé optimal power plant configuration based on the
operational profile of a vessahd thepreferences of the ownewithout extending the design phase.
Toachieve the objectiva concept exploratiortool is developedwhichis able to\#esigitnumerous power
plant configurations, and obtaining data about system sa®d volume in the process. The designed
configurations areghen subjectedto a performance simulation in order to obtaiestimatesof the fuel
consumption ancemissionsof CQ, NQ and SQ During the course of thisesearchthese four parameters
(fuel consumption, emissions, mass awilvne) arereferred to as? O K I NI OThé pidkegeicasOfa Sient
are to be expressed as Multi Criteria Analysis (MCA) weight factors for eachsefftlue characteristics.

An overview of envisioned concept exploration ta®lpresented irFigurel. In which the input required by
the tool, the desig and simulation stagand the final multi criteria analysis can texognized

This figurealso shows th library of feasible conceptdslhis library defines the difrent power plant
configurationsthat are © be considereds concepts The content othis library is not relatedd any of the
user defined input.

> Multi-criteria Analysis

Library of Operational Legend:
feasible concepts ] Profile
User Input
e S 2 e T ;
| : .t Tool :
! R Design R Performance s — |
! " concepts g Simulation i Fixed dataset
Client : | i
Preferences ] Final Result
\ 4 \ 4 !

Suggested Optimal power plant

Figurel: Global Procedslow Diagram of theoncept exploratiomool
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The required input is determined for three different (example) cases, in order for the tool to be developed
and tested During the course of this research thesmsidered cases are defined using a ship e three
consideredcases area general cargo carrier, a harbor tug and a trailing hopper suction dredger

The problenand objective can be translated into tfalowing main question and the stiesearch questions
that come along with it. The main question of this reseasch

G2 KIG Aa pbwebplagtdalifigudatiof of a surface vessglenits operational profile and the
preference®f its owner when a comparison is made based on the fuel consumption,ienssadspatial
NEIj dzA NSYSy G aKe

Sub questions
What is the most suitable method to create the configuration concept library
What is the operational profile and whate possiblelient preference$*
Which design choices are influencegthe preferences of a client ?

For each of the different characteristicensidered, which configuration would be the ideal choice ?*

*, For each of theship types considered

1.4. Report Structure
This report consists of ninghapters andhine appendices. The ninth appendiwhich is appendiX does not
containinformation that isrelevantto thisreseard. Insteadt presents a concept paper abotitis research.

The first chapter presented éintroduction to the researcifChapte two discisses the scope of the research,
whichconsistof alist ofthe considered systemand the method used toal/elop the library of concept3he
creation of this library is thediscussed inl@apterthree.

Chapter four, then presentshe input required for the tool, by defininghe required parametersor each of

the three case studies.

The different design choices, which are encountered when designing the systems that can be found in a power
plant are discussed in chapter five.

Chapter six then discusses the performance models that are used during the simulation of the designed
systems

The results of the concept exploration tooltisen presented in chapter seven, for each of the considered
cases

Chapter eight then present the concloss of this research and refleoh them. The ninth, and finathapter

will present the recommendations for future research.
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2. Scopeof the Research

This chaptepresensthe scope of this research. This is done by #élistussing the method used createthe

Yborary of feasibleconceptf2 After this method has been determined, the next paragraph wiicuss the
boundaries of this researcfihe final paragraphvill then combine thegoresentedboundaries into aroverall

Energy Flow Diagram (EFD)

2.1. Concept Generation Methodology
Before the library of feasible concepts can be created, the method to do so has to be deterMméd.so
the first step isestablishinga definition of a power plant configuratioconcept.For this researcla power
plant configuratioris considered to ba network of nodes (or systems).

Any network can be defined usimgdescription of the nodeand edges in that network. The description of
the edgessreferred to as topology.

Bydefininga power planttonfigurationas a network, it is possible to defitleree different methodghat can
be used to€reatelroncept power plantonfigurations These methods adefined as follows:

A new concept configuration is created

1. By varying the topology, while keeping the nodigsd.
2. By keeping the topology fixed, while changing the nodes.
3. By varying both the topology and the nodes.

These three methods will be discussaparatelyand following this discussion the method used to create the
library of feasible concepts is seledt All of the considerednethods are graphically presented kiigure2,
which shows a benchmark concept (concept A) and a new concept (concept Bjothldtbe created using
the considered method.

Note that the concepts presented Figure2 are purely there to illustrate the working principles of the three
concept generation methodshey do not represent actual power plant configtions.

Method Concept ‘A’ Concept ‘B’

e—>0—0 o—0 o
. (]

e—>0—>0 oO—>0—>0
2. ot Nt
. [
O—>0—>0 (0o—o0

3. 4 ¢/'.
[ \0

Figure2: Concept Generation Principles
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The first method allows for the examination of the influence of the topologheretermined characteristics,

but is likely to requirecomplex algorithms. These complex algorithms are due to the fact that the nature of
the influence thatsystemshave on each other can changkhis method allow$or the comparison of a huge
numberof different possible configuratiois | & & K 2 ¢ {5]o0{8A {WRIZ]. P&dRodhefcamplexity

of the algorithmat is difficult, but certainly possibldép develop a performancsimulation

The second method is able to analyze the effect of having different optioeadbnode. While not requiring
O2YLX AOIFGSR Ff3A2NARAGKYa (2 WRSaA3aIyQ SOSNER LlRaaArof
components have on each athdoes not change. Additionally the number of possiblefigurations remains
limited. Both of theaforementioned arguments make this method suitable fopeaxformance simulation.

The third concept creation method is a combination of the aforementiomethods.This method allows for

an analysis on both influences and will examine every possible concept that can be dreamt of. However, this
comes at the price of incredibly complex algorithms and an (near) infinite number of concepts. These factors
make it(almost) impossible, to develop a performamsimulation, especially when the wish to obtain quick
results is kept in mind.

The presented reasoning, is summarized using keywords/symboébiel.

Tablel: Summarized comparison of different methods to generate a new concept

Method
1 2 3
#_Concepts . Large Medium (_Alr_npst)
(Design space size) infinite
S Complexny_ of required High Low High
= algorithms
5 Computationallime Medium Low High

Requirement
Suitability for
Performance Simulatior

+/- ++ -

The wish to simulate the performance of a power plant configuration over the entire mission of the ship and
the fact that quick results areequired force the selection of a method which has a limitegign spacand
does not require complex algorithm#herefore the second method is selected for this research.

However, even with the selected concept creation method the number of possible powercplafigurations
can still become quite large when a detailed definitioneaich systemis used which isnecessary for a
performance simulation to be possible.

To prevent the number of concepts from escalating to an amount which is infeasible given the wish the quickly
obtain results, apower plant configuratiorwill not be defined using a detailed descign of the g/stems.
Instead eaclsystem is déned using a broad description ardedicated Intermediate Design Algorithm (IDeA)

is then used to compare differefgasibleoptions, and select the one which, according the client preferences,

is optimal andas such determinghe required level of detail.

Pagel20f118



Automatic Selection of an Optimal Power Plant Configuration

Both methods are graphically presentedFigure3, which demonstrates both methods for a fictiomadde
62NJ adaidsSyovoe aSiK2R WI Q Aa O KpBwelpuit®2yRO SLKE NSy RS I YOXK(
is the method where an intermediate dgsi choice is made, which is method used duthig research

Option 1

g Concept 1l

Option 2

g Concept2

amae CoOncept3

Option 1

Option 2

g Concept 4

Defined by library

Concept 1

Concept 2

Defined by library e e D P L L L e L P

Figure3: Different concept definitions given the chosen concept generation principle

2.2. System Boundaries and Components
Now that the methodlogy to createthe library of feasible (power plant) conceptsas beenselected the
boundariesof the researcltan be determinedThe selecteanethodologyrequires a fixed topology and the
possible values for each of the nodes
Thenodesare considered to be the maimachinery insidea power plant and thesariable used to defineach
nodeis thetype ofsystem that is installed.
Thetopology caronly be definedoncethe possible systems have been determined, since these systems also
define the required connections between nodes.
Therefore the boundaries of theower plantare first establishedthen each of the nodes and theystems
that can be presenare discussed. The result this discussions summarized inrable 2which is located at
the end of this paragraph.

2.2.1. Input and Power plant boundaries
Thepower plant of a shifhas multiple functionsincluding (but not limited toprovidingpropulsive power
fuel treatment, generating electrical power and the supply (bkated) water anchydraulic power. For this
research the latter functions are considered to be combined into onecii@t) auxiliarypower demand.
The operational systemssuch as dredging/ballastingumps or winchesare accounted foras a separate
(electrical) powedemand. Née that thisdoes assumethat pumps (and winchesye always driveby electric
motors.
These assumptions allv the functions of a power plant to be simplifiéd the supply of propulsiveand
electrical power These power demandsan be defined as an operational profile, which for this research is
defined as a gaststatictime trace of the propulsive, auxiliaend operational power.
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For dimensioning purposes, a propeller spegd a voltage of the etdrical systemsare required.For the
determination of the propeller speed a relationship is established based oprtpeller law[8, p. 422] For
this relationship gdshipdependent) constant &aé/[8, p. 422] is required, which is added the input.
Theelectrical gridvoltage cannot be related to a ship typesuch a way. Instead a dedied algorithm will
be used to determine thiduring the design of the power plant configuration.

The operational profile doa®ot include any geographical data. However, there are design requirements which
depend on the operating area of the vessEterefore some sort of geographical data is reqdir€his datas
added the inpubf the tool, in the form of the most stringent Emission Control Area (ECA) in which the vessel
has to (be able to) operatd-or this research four different emission controéas aredefined a Nitrogen
Emission Control Area (NECA), A Sulmission ControArea (SECA), both sulphur arittagen Emission
Control Area (ECA) or no emission control afid#e latter of whicimeans the vessel only has to comply with
globallMO limits.

The final components of theput arethe multi criteria analysisveight factors These factorendicate how
important a certain characteristic is deemed to be. These weights will have a value between 0 and 10, with a
value of 0 indicatinghat a characteristic is not important at all and a value of 10 implying a valoas&lered

to be very important.It is allowed to assign the same value multiple times, to different weight factors. It is
also allowed to usaon-integervalues Negative alues and values higher than 10 should not be used.

2.2.2. Propeller
A wellknown system insidergy power plantis the propulsor, of whichrdy one typeis considerediuring this
research the screw type fixed pitch, propellerWhich is selected because thepeopulsors are the most
conventional type at the time of this researchne type of propeller is not varieduring this research so that
the initial complexity of the tool remains limited.
The propulsive power will be defined as thelidered power (R), which is shown irquation(2.1) [8]. Inthis
S|j dzI &Arépsésentsthe number of propellers and,Rthe power of each propelletJsing this definition
removesthe number of propellers agdesign choice

P, =k, *P 2.1)

2.2.3. Drive Shaft Configuration
Following the propeller shaft into the ship, thesfir(considered)node is encounteredthe driveshaft
configuration, whichdividesthe propulsive power ovepropulsivepower generationsystem(s).
Both a single shaft configuration and a power take in (PTI) configuration are considered during this research,
since they are both very conventionalpractice[8].
For PTI configurations a first desicghoice is foundhe power division ratio (PDRJhe PDR isdimensionles
value,whichdefinesthe portion of the total power each generation system haglde able to) deliver. During
this research it is defineds shown byquation(1.2). The value for the PDR is variable, but fixed fepecific
operational profile

" (1.2)

P =P * PDR
PPTI = Pmax*(l 'PDR

Although Power take off (PTO) systems are conventional systems, they anelnded in this research. This
is due to thecomplexpower management strateginat would be requiredwhich would cause a complexity
that is infeasible given the time constrains posed to this research.
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2.2.4. Propulsive Power GeneratiorSystems
Following thedrivingshaftfurther into the shipthe next(two) nodes are encounteredithe Ropulsive power
Generation System@GS). There are tweeparatePGS nodes; the Mairrdpulsive Engine (MPE) and the
Power Taken (PTI) engine. The variabl®r both these nodes ithe engine ype and whether a gearbox is
present or not.
The values associated with this variable areni@stcommon engines in industrywo and four $roke diesel
engings), four stroke dual fuel engin@)and electric motors.
Two - stroke dwal fuel engines existhbut these are relatively new, and not as efficient as thestibke
counterparts ye{9]. Engines which run on pure ga®(without a pilot fuel) are notncluded.

The only type of electric motor that considered duringsthesearch aréermanent Magnet Synchronous
Machines (PMSM)This type is selected because synchronous motors are very well applicable for ship
propulsion[10]. Of his type of motors those withermanent magnetare in generalmore efficient (especially

in part load conditions), have a lower mass, and require less mainteidhéd! of these advantages together
make these machinesewy viable for ship propulsion.

Gas turbines arenot included in this research due to their relatively low efficiency and the fact that
maintenance on these machinessismewhat complex and therefoexpensiveg8, p. 137+138]

Additionally, gas turbines are not &dly suited for maneuvering, becausan only rotate in one directiof8,

p. 314] Thisin combination with the fact thagas turbines are only practical in applications where very high
power densities are necessaguthas frigates)lead to theexclusion ofjas turbines.

All the selected engine types acan be useds direct driveor with reductiongearbox.The reduction gearbox
is considered to always ke Single Iput-Single Ouytut (SiSo) type gearbox, and maremplex reduction
gearboxes are not includethsteadconceptswhich require two (or more) input shafte be reducedto a
singleoutput shaft will have a separate gearbox solelytfios purpose Thistype of gearboxvould normally
be combinedwith the reduction gearboxinto one (more complex)gearbox. Howeverseparating these
different functionalitiesallows for a less complicated algorithm

2.2.5. Exhaust Gas TreatmenBystems and Emissions
The conversion of chemical energy to either mechanmaglectrica powercomes at the price of emissions,
some of whichare harmful to the environment. These emissions are subjected to international regulations,
such as those posed by International Maritime Organization (I]1Q)
In orderfor a vesseto meetthoseregulations exhaust gas treatmesystems (EGTS) can be applied, and these
systems will also be included in the power plant configuration.
During thisresearch2 y f28LJSY  f 2 2 LJGnd 55€8édim Galytc IReductio (SCR) systems are
considered.Open loop scrubbers are included because they are in general the smallest and least complex
scrubbing systemd 2, pp. 11,13,15]while still beig very effective at removing $Pom the exhaust gasses.
SCR systems are included because they are the only after treatment method to effectively reduce the amount
of NQ in the exhaust gal 3].
Other methodsto reducethe emissions of N{&xist However,these allrely on changing theombustion
processwhich will not be modeled during thisgearch due to time constrainf43].

There areno (economically¥easiblemethods to remove C{rom the exhaust gas, and the ontyethod to

reduce C@ emissionss theselection ofthe used fueland/or improving the overall system efficiend4, p.
725].
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Waste Heat recovery systems aretrtonsidered by thisesearch, although thegre feasiblefor maritime
applicatins. This is done because waste heat systems are often used for HVAC puspdisesheating of
water, both of theseare not included in this research, sintgese consumers of power amonsideredo be
(part of the)auxiliarypower demand

2.2.6. Electric Power Storage and Generation
Apart from the propulsive powatemand, there is also adeztrical power demand Thisdemand can be met
usingthree different supply methodsthe storage of (electrical) energthe generation of electricanergy or
a combination othese twa
All of these arapplied in industry to some extend and will therefdre included in this researcWhich leads
to the specification of two additionalades the electrical poweistoragesystem (ES@nhdthe electical power
generation system.

Electrical PowerStorage

The storage of electricity can hesed to reducduel consumption angmissions or tesmoothenthe power
demand(which is highly erratic in practice) so that the overall engine loading impf{agés

The latter methodis very feasible in practice, but napplicable for this research,ud to the quaststatic
definition of theoperational profile(as discussed in.2.1).

Therefore the storage of electrical powisrused to reduce theonsumption of fuel and to reduamissions
This applicatiomequires largestorage capacity at relativelyopeak powersTo determine which systenzse
included,different energy storage methodare comparedusing alRagone pld® 6 & Sy¥pendiXxAZ18]).

If the includedfuels andfuel conversion systemseen in this plot are ignored (since they do not store electrical
power),batteries, flywheels and supegipacitorsemain as storage methods

From that sameRagone plot it can beee that both flywheels and supercapacit@se not suitable for
applications which requirtarge storage capacitiest a lower peak power, leaving only batteries as feasible
storage system®During this researchoth lead-acid and lion batteriesare included

Electrical PowerGeneration

The most conventional method of generating electrical power at the time of #sisarch are engine driven
generators. Both dual fuel and diesel engiriven generators are considered anengrators driven by a gas
engine areexcluded.

Another feasible, less mature, generation system arel fcellstacks Whid are included becausef their
efficiency and because they can generate electricity without any harmful emis€étise different fuel cell
types the'Proton Exchange Membrane Fuel QBIEMFC) is the most mature technology. It is also considered
to be the safer option (in coparison to other fuel cell types), due to the relatively low operating temperature
[17].

t 9aC/ Q4 R2 K2 ¢ Sashiply MBuljednididden & A fluek Bfdkining installatione Tatter of
which isnot included, sinceeformers are only (trulypracticalwhen waste heat can be utilizdd8]. Since
these were excluded from this research, fuel reformers are also excluded.

There are autaeforming fuel cell concepts, however these are notraven technology yet, especially for
mobile (maritime) applicationgl8] and therefore these areot included in this research.

Finally a combination of engine driven and a PE&S2d generation systems also consideredBath dual

fuel and diesel engine driven generators are allowed in combination with a fuel cell.

Otherelectricitygeneration sgtems, such as nuclear powertarbines are not included dut their relative
inefficiency, size or (general) public opinidie latter being the most important reason for the exclusain
nuclear power.

Pagel6of118



Automatic Selection of an Optimal Power Plant Configuration

2.2.7. Fuel Types
The operation ofnternal Combustion Engines (I@BY fuel cells requires fuelhe type of fuel influences the
(fuel tank) dimensionsind the performance ofhe system supplied with that fuelherefore different fuel
types will also be includeid the scope of this research.
The considered fuel options grilarine Diesel Oil (MDO), Heavy Fuel Oil (HFO), Liquefied Natural Gas (LNG),
Compressed Natural GaSNG), pressurizedyHrogen(Hz:) and Ammonia (NBL
Thespatial requirements of the systems required for the applicatiothoke fuels fuel treatment systems
supply pumps etc.are not included. Additionally, thelectrical power demandf those systerais assumed
to be included in the auxiliary load.

MDO and HFO are selected because theyhbarth very conventionalmaritime, fuels andboth are quite
versatile fuels. Since thesan be useds fuel for diesel engines, but alsom@®t fuel for dual fel engines.

Liguefied and Compressed Natural Gas (LNG and CNG) are intledadsdhey are the main fuels on which
dual fuel engines operate. Both fuels are also considered a transition fuel towards lower emiBsiots.
their lower carbon contentthe absence of fuel borne sulphur

Both compression and liquefaction are considered as storage methods becauser¢hbygth feasible and
mature storage methodsConventional natural gas (without liquefaction or compression) is not considered
due to theimmense volume it would take to store a significant amount of gas.

Pressurized Hydrogen is included to allow for the applicationREifuel cell It is possible to use hydrogen
as fuel in arlCE, however this application of hydrogen is rmisideredduring this researchhecause of the
low efficiency of alCE engine running on hydrogen whmymparedto fuel cell application§l9].

There are other ways of storing the hydrogen than just pressurized, however these offtenat the price of
high cooling demands or a rather low storage efficiency, as presented by ten Hd¢k&he storage of
hydrogen is done at 700 bar, which is the state of thg 4t

Ammoniais included because it has two, completely differaplications It can be used in a dual fuel engine
(just like LNG and CNG) and it can be used as a reagent in an SCR installation. For this research the SC

installation will always use ammonia

Otherfuel types are not included in this research, due to their limited technological maturity or because they
were excluded due to the elimination of the systems that use them ds fue
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All nodes and theipossiblecomponents have now been determined,chare summarized iffable 2For the

sake of legibilitythe two Propulsivepower Generation Systems (PGBl tanksand exhaust gas treatment
systemdhawve each been combined into a single colurvhjle intruth they are divided over multiple, separate,
nodes.

Each node will be assigned one value from its specific column, and combinations within that column are not
allowed.(E.g Aconcept which contains bothilbn batteries and leacid batteries does not exi3Theactual
separation of the presented optionssesented(in a more detailed mannersing an Energy Flow Diagram
(EFD)which is discussed the next paragraph.

Table2: Cansidered Nodes and their Options

Shaft

2
Configuration PGS EES Fuel Type$ EGS EGTS
. Diesel engineéDE) LHon Fuel Cells
SingleShatt 2-stroke Batteries MDO (PEMFC) SCR
Diesel engines LeadAcid Open Loop
Power Take In (4-stroke) Batteries HFO DEGenset Scrubber
Dual fuel engines
(DF) None LNG DF Genset Not Preserft
(4-stroke)
DE Genset
PMSM CNG + PEMEC
. DF Genset
Noné Ammonia + PEMFC
Hydrogen
(Pressurized) None
None
1. This list is applicable to both propulsive power generation systems that can exist.
2. All engines can bpresent either as geared or as direct drive
3. CKAA 2LIiA2Yy Aa GKSNB aiAyOS GKS t26SNIGF1S Ly
a single propulsion generation system is applied.
4. The fuel types are in practice dividedeay a series of fuel tanks, however for the sake of legibility all fue
types are listed in one column.
5. These systems are also divided over two separate nodes and only listed in one column for the sake
legibility
6. ¢KS Wb2id tn\sRkoBed forbotli? dxliadsPgas treatment system nodes.
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2.3. Energy Flow Diagram
Now that all the corislered nodes (or systems) and their options have been deterniirieghossible to define
the invariabletopology. An Enegy Flow Diagram (EFD) is usegtesent the topologyandis presentedoy
Figureb at the end of this paragraph. The definition of the presented EFD required cehtaiices to be mde
andthese are discussed in the following paragrapftse EFD shows all pdssi connections that can occur.
However certainenergy flowsare not always presensirce they are not always required.

2.3.1. Fuel Supply Lines
The first choiceghat have to bemade, concern thefuel supply towards thegeneration systems. Each
combustion enginevill have one tank containing the main fuel (or the pilot fuel) and one tank that contains
the secandary fuel for dual fuel casesThe fuel cell will have a separdigdrogen storage tank.
This results in a total glevendifferent fuel tanksThis definition allows for the definition of a relatively simple
topology, which in turn is beneficial for both the speed and complexity of the complete tool.

2.3.2. MechanicalConnections
The (significant) mechanical corations are found ithe propulsive powegeneration system3Nhich for ths
research is divided into thresodes;the shaft configuration gearband thetwo propulsive power gneration
systens.

Theinstalledgearboxes are vergften combined into one gearbowhich both reduces the rotational speed
andallows for the(dis) connectingof engines.

This is not done in this research, becauseping these functionalities separatallows fora simpler
algorithms (possibly) at the cost of a small overestimation of the gearbox lossmsevér, because the
calculations still result in relatively broad estimates and becdliseesults are compared to each other the
influence of this eor is only minor.

The enginesinside one PG&re alwaysidentical, both in terms of Maximum Continuous Rating (MCR),
rotational speedandin their dimensions (§. there can be two-8ylinder engines, but not one-&nd one 8
cyllinder engine).

The combiation of different emine typeswithin one propulsive power generation systemwas already
removed from the considered options in the previous paragraph.

Both of these assumptions diiscard somgpossible power plantonfigurations However, this isomewhat
negated by the fet that it is still possible to have two propulsipewer generations systes) which do not
necessarily have the same engine tfpeengine sizepstalled.

Theoverall EFD shosthe two mechanical connectionghich do not dependent othe internaldesign of the
propulsive power generation systamThe first connectiorns the gearbox encountered when following the
propeller shaft inward; the shaft configuration gearbox. This gearbox is only used p qaiisect the
propulsive power generation syans and it does not alter the rotational speed of the shaft.

The secon@onnection isthe reduction gearbox, which is present only when the engine type demands it, this
gearbox does alter the rotation speed of the shaft.
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As stated earlier in this pagaaph it is possible for a PGS to contain more than one enlirtbe case that
there are more engineghe power provided by each engine is combined into one shaft Bombinatory
gearboX2The overall EFD of the power plant does not sh@wch acombiratory gearlox, for the sake of
legibility. InsteadFigure4 presents(an example of) the internal configuratiaf a multiengire driven PGS.

For electrical engines, only one engine is applied per propulsive power generation system, so that the
complexity of the PGS is as low as possible.

Propulsive Generation System Boundary

4-stroke
— Diesel Engine
(c/m)

Shaft

Reduction Configuration o

Gearbox

Fuel Supply M/M

Engines

4-stroke
| Diesel Engine
(C/M)

Combinatory
Gearbox

Figure4: EFD of possible PopulsionpowerGeneration System

2.3.3. Electrical Grid
Thesecond important set of decisions concern the-éay of the electrical gridThe grid is assumed to be an
Alternating Current (AC) grid at all timeicethis is the most conventional type of grid used on board. There
are also vessels which use a direatrent (DC) grid, however this is mainly done in cases where ithery
high orvery low voltages are present. These somewhat speeidlizases are not implemented during this
research.
Thechoice to use an AC grid limits the amount of AT converiens (which would be required, since most
systems operate on AQ)imiting these conversions meatiat the losses that are associated with them are
limited as well.

Inside the electrical grid ansformers can be present, so that two electrical grids wifferent voltages can
be connected. The overdlFD shows allansformersthat canexist. Theactualamount oftransformers(and
their location)is determined, for each configuratioby the algorithm which determines the electriggiid
voltages
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2.3.4. Remark on the predefined topology
A final remark on the predefined topology concerns theadt gas treatment systems. Thesgstems are
only present in the EFDseelectrical power consumers.

Theflow of theexhaust gasseis not shown in theoverallEFDsincethese gases are not considered to be an
energy flow (since wastkeat systems are excluded fratms research).

However, therds a fixed topology for th exhaust gas treatment syster(as can be seen from schematics
presented by Wartsil§l2, p. 2).

This topology is aused by the fact thaSCR system tia an operating temperaturerange of 200 to
approximately 430degree Celsiuf20], which is well above the operational temature of a wet scrubber
(since the wateusedby ascrubbesalso lowers the exhaust gas temperature).

Therefore the exhaust gas will, starting at the engine, first encoth®8CR system (when applied) and then
the scrubling system (if this is apptig, this topology is shown belown the figure shown below, the storage
of the sludge produced by the scrubber and the reagent storage are seen.

s B
Exhaust Gas Sludge Storage
Main Propulsive Reagent Storage L
Engine(s) . ; \\
N o N\ / N /
L N 7
/ N \
7 .// > \ A 4 _—
Exhaust Gas | v > 7 ™
Power Take In 7Y » > //
Enginels) ‘ N [
e 2 Selective Catalytic Reduction Wet Sorubbey L 3|  Ambientair
{SCR) (open loop)
- ] \\\__//

( Exhaust Gas )
ICE driven
Gensets

\ —

Electrical Power Electrical Power
for SCR for Serubber
‘\\ / 2 \ 7 4
N d

Page210of118



Automatic Selection of a@ptimal Power Plant Configuration

Main or Pilot Fuel

Tank
MPE Shaft
Energy Supply 3
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»
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Figure5: Energy Flow Diagram with all possible connections
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3. Creation of the Concept Library

In this chapter he creation of the library of feasible concepsdiscussedThecreation of this library is an
automated process in order to ensure that every possible concepfigurationis considered. The firstep

is the enumeration of every possible combination of theptions discussed in the scopthis processis
discussed in paragraghl. Following the complete enumeratianset ofconstraintsis usedo reduce thesize

of the design spacend to ensure that only feasibleoncepts remain. These constraints and their effects are
discussed in paragragh2

3.1. Generation of all Concepts
The first ste in the processs the ‘®€reatiorn(df every possible power placbnfiguration conceptAs discussed
in chapter2, such aconcept configuratiorconsst of a predetermined topologymhich was presentedsing
anEFDRanNd a set of nodes
It was also discussed that the systems present in each node areedeging only the type ofystem present
in that node. Thaletailed information required for a performance simulationlisn determined by separate
algorithms(see also paragrap®.1). During the discussion of the scope and &€l a total of 14 individual
nodes were (implicitlydefined, hesenodesare also presented ifrigure6. The numbers in this figure
correspond withthe first column ofTable3, which also summarized the fileed nodes.
Thesystens summarizedh Table2 (foundat the end of paragrapB.2) can then be combined with the defined
topology todetermine thenumber of possible systenpger node which is included ithe third column of
Table3.
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Figure6: Defined Nodes and their numbering
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Table3: Summary of every node and the number of options per node

Node number Node Name Numper of
Options

1 Shaft Configuration 2

2 Main Propulsive Engine(8YIPE) 8
(Engine + Reduction Gearbox)

3 Power Take ifEngine(s)) (PTI) 9
(Engine + Reduction Gearbox)

4 Electrical Energy Storage System 3

5 Main (or Pilot) Fuel TankVIPE 3

6 Dual Fuel TankMPE 4

7 Main (or Pilot) Fuel TankPTI 3

8 Dual Fuel TankPTI 4

9 Main (or Pilot) Fuel Tankensets 3

10 Dual Fuel Tanensets 4

11 Hydrogen Storage 2

12 Electricity Generation System 6

13 Exhaust gas Treatment Systef0OKx) 2

14 Exhaust ga$reatment SysteniNOX) 2

Becaise the topology is not varied power plant configuratiortan ke completelydescribed bydefiningthe
systens inside that configuration During this research thislescription (see also equatior(3.1) for a
generalizecexample) is from now on referred to a®a0 2 y GI8dplintd W

Blueprint=[N, N, Ny N, N N N N N N, N, N Ny N 31

Giventhis descriptionof apower plantconfigurationthe maximumnumber of possibleconceptsis equal to
the maximum amount ofombinationghat can be made with theonsideredsystems. The maximum number
of combination can bdeterminedusing equatior(3.2).

1
#concepts: O # options node N 035’ 8*106 (3-2)
N=1

With the previously discussed systems a total of 35.831.808 (35,8 min) passitidénations can be created.
Which is significantly less than the number of possibilities that could be created using other methods (as
discussed byb] or [6]), but also significantly larger than tiember of considered power plants discussed by

[3] or [4]. Therefore the goal of finding a median between a few and far too many (as discussed in paragraph
1.2) seems to have been achieved.

However, he design and simulation of eadi these power plant conceptsould stillrequire a large amount
of time. Spending this large amount of time is neasible for this researcisjncequick results argreferred
(as discussed iparagraphl.3). Therefore thetotal number ofpower plantconceptshas tobe reduced.
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3.2. Reducing the number of Concepts
This paragraph discusst® required reduction of the number gfossiblepower plantconfigurations.This
reduction is achieved using several constraints. These constraints and their effect are described in this
paragraph

The first constraint that is applied to the library is the fact that the vessel has to (eeéglzomply with the
emissions regulationthat are applicable in the selected emission control ar@ais constraints causes the
application of tle exhaust gas treatment systems to become detegdiby theselected emission control
FNBIFE AyadSIR 2F 60SAy3 aLISOATASR o0& (GKS 02y O0SLIGi w
This constraint eliminates power plambnfigurations whichare not ableto meet the emission regulation.
Additionally configurations which includé¢hese treatment systemsvhile they are not requiredare also
removed. The latter ofthese configurationsare feasible,but will never beusedin practice due toan
unnecessaryincrease in initial investmentgand system dimensions)and therefore their elimination is
accepted

The complete set of power plambnfigurationalsoincludesconfigurationswhich are infeasible and these
should also be eliminated prior to the design and simulation stage.

This researcleonsiders a configuration to be feasible when it can execute the required mission (generating
electrical and propulsive powésee paragrapR.2.1)), without excessystems.

This definitiorof feasibilitycan be translated into several constraints and these are disclissbd remainder

of this paragraph.

When starting at the first node, the shaft configuration, the first constsamte also encountered, andear
defined as follows:

1 A form of propulsive power generation has to be presented in all con¢efttough this was already
SY¥F2NOSR o6& (GKS ¥ Oadnsidér&d-agn oftignifai thd MNRE)A Sy 1 Q Aa y2i

1 Asingle shaft configuratioahouldnot havea PTI engine (type).

1 A PTI shaft adfiguration should have both a MaindpulsiveEnginetype and a PTI engingpe.

The next nodes encountered are those which define the engine types inside eachmbthdsive power
generationsystems. These nodes come with a set of constraints, all of whiclekated to the fuel supply
lines. Since for a combustion engine to operate it has to be supplitid the appropriate fuel type.
Additionally concepts which have unnecessary fuel taficildalsobe discarded. These constraints can be
summarized as follows:

1 Diesel enginesequire eitherHFO or MD@o be present
i For diesel engesthe secondary fuel tanksave to be empty.

9 Dual fuel engines require either HFO or MDO as a pilot fuel
9 Dual fuel engines require a main fuel (LIKEG or Ammonia)

9 Electrical Machines require no fuel, and thus bhtal tanks should be empty

I For cases where no enginepiesent there should also not banyfuel.
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The next set of nodes encounters are thestemsused to supply electripower to the different usersthe

electricity generationand storage systems. These systems also come setleral constraints, which are
summarized below.

1 Aform of electrical power supplyas to be presented in all concepithis means that there has to be
either a generation system or a storage system or a combination of both

1 When a fuel cell is present, there should also be a supply of pure hydrogen
9 Ifafuel celis not present, there should also not be any hydrogen starage

1 For the engine driven generation systems the fuel type constraints posed to the diesel and dual fuel

enginesare applicable as well

The presentecconstraints are implemented in the concept generation process and caa$83 % of the
possible configurationso be eliminated, leaving dotal of 26.818 power plant configurations. These are
deemed €asible andare thereforeincluded in the library ofdfasible concepts.
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4. Input for the Tool

In this chapter thdour parameters of the input ardetermined All of these prameters have beediscussed
(but not determined)n the previous chapterand are summarizetdelow.

U The mission of the vessel
I The operational profile, defined as a quatatic time trace othe required power(s).
f ¢KS LINRLIStf SN LRB6MXkwt a O2yadlyd o6w/

U The preferences of thelient
9 The Multi Criteria Analysig/eight factors
I TheEmission Control Area which the vessel has to operate

For this research three ships types are selected, for wihiehnput is determined. These three ship types are
(ocean going) bulk cargo vessels, harbor tugboats and Trailing Suction Hopggers(TSHD)

It is however important to be aware of the fattat the input of the tool is not determined when selecting a
certain ship type. For this research these ship types are used as a superordinate parsanesémate the
required input.

Ocean going bulk cargo vessels are selected because both the saludidineir operational profile arknown
with high degree of certainty, and as such this ship type can be used to veriiyotikéng principles of the
tool. The other two vessdypesareincludedbecause there is more variationtimeir power plant designand
becauseheir operational profileandclient preferences arguite different from eaclother.

Paragrapht.1lpresents the operatioal profile for each ship typé&ollowing this paragrapth.2will discusshe
determination of the delivered powdRPM constantand present the obtained values for the different ship
types.Finally the MCA weight factors and the emission control area are determined in paragBaph

4.1. Operational Profiles
The operatimal profileis defined usinghree, quasistatic, time traces. The first one specifies thequired
propulsive power. The second tradectatesthe auxiliary(electrical)load, which includesbut is not limited
to, lighting, control systems and HVAC
The only systems excluded from tlaiaxiliarypowerare the mission specific equipmeat the vesel such as
(dredging pumps winchesor cargo handling system3hethird time trace specifies thelectrical power
required by thosesystems.

4.1.1. Oceangoing (bulk) Cargo Vessels
Ocean going bulk cargo vessels are built inxaaresive range of vessel sizes and a more detailed definition is
required to have some accuracy in the deteradrinput.During this researchd KA LJ a8 SNA S& #dz0 6 SF
is used Thisclass of blk cargo vessels a fair average between the different sizes aplénty of data is
availablefor these vesseld-or these vessels the operational stages presentdabie4 can be recognized.
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¢tKS ALISSR LINPFAES RddZNAY3I RSLI NIdzNB FyR 6KAES &l Af
[21] I YR Gt NB LJdzf aA 2y @RSIyiRassuey thathdztiufation anbibkkeSdided are
identical forarrival and departure and the two coastaater transits

The duration of the transit phase was determingingthe average distance of a trip froRotterdamto North

America, while sailing dhe specifiedtransit speed.

The determined ship speeds are then converted to a required propulsive power by estaphistelationship
0SG6SSy (KS LINRLIzZ &aA @S, usiga@aNdoroy R2 LKA ad 8§ a SINSY Ra LIS
[22].

The loading andlischargingogether have a duration of 120 houf23]. This same source indicates that on
aveaageunloadingtakes approximatelywice aslongas loading doed/Vhich means thaboth the loading and
unloading durationsre known

The auxiliaryand operational power are derived from reference matefl p. 90] All this data can be
combined to from the plot shown byigure?.

Table4: Operational Modes Cargo Vessel

Stage Speed Duration Ppropulsive Pauxilliary Poperational
[kts] [hours] [kW] [kW] [KW]
Loading 0 40 0 100 500
Departure 3 1 85 375 0
Coastal Waters 6 1 680 375 0
Transit 14.5 248 9597 375 0
Coastal Waters 6 1 680 375 0
Arrival 3 1 85 375 0
Unloading 0 80 0 100 500
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Figure7: Operational Profile Cargo Vessel
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4.1.2. Harbor Tugs
For harbor tugs th@perationalstages presented byable5 are recognizedThe vessel speedsund forthe
different operationalstages are commonly seefalues[24] & [25]. Because the harbor tug haperating
conditions which are very different from each oth#ére use of a poweship speed curvevould not result in
accurate propulsivg@ower estimatesinstead thesepowers are estimated based sasearch which focused
on the operational profileof a harbor tug26].

Especially fothe W 2 A G SNA Y 3IQ | YR WY KpavwkidspegdTeladoyishigicesF ot séfficdsidcd a = |
there is a power requirement,|though the ship speed is zerdhis power requirement is due to the fact that

the captain has to keep the tug in position and maneuver the tug in such a way that the hook on/off procedure
can be executed as safe and quickdypossible.

The assumption is made that during hook on/off this power is slightly increased with respect to the loitering,
due to the proximity to another ship and the forces caused by the towing lines. The duration of each stage is
derived fromprevious analysis of the operational cycle of a harbor[&ig.

The auxiliary power requirements are based on data obthiffem ¢Offshore Ship Designérf24]. All the
discussed operational stages results in the operational prsfibevnin Figure8.

Table5: Operational Modes Harbdrug

Stage Speed Duration Poropulsive Pauxitiiary Poperational
[kts] [minutes] [kwW] [kwW] [kW]
Transit 12 5 1000 50 0
Loitering 0 5 450 50 0
Hook on 0 10 500 50 250
Vessel Assistance 2 15 2000 50 50
Hook Off 0 10 500 50 150
Transit back 12 1 800 50 0
StandBy 0 20 0 50 0
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Figure8: Partial (perational Profile Harbor Tug
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The presented operation profile &typical mission a harbor tug would execute. However, it is not feasible for
a harbor tug to refuel/recharge aftexrsinglemission. It is assumed that the tug is operational for 8 hours per
shift and continuously completing the mission as it is defipexviously As a result a harbor tug would have
to be able to execut& missions per shifflhe assumption is made thahere is enough time beteen shifts

to refuel the tug. Therefore theug hasto be able to executd consecutive missions, without interruptions.
Which results in the complete operational profile shownHigure9.
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Figure9: Complete operational ProfiléarborTug

4.1.3. Trailing Suction Hopper Dredgers
For trailing suction hopper dredgers the stages presented@diyle6 are recognized. The operatiomalodes
are derived from a video developed by Boski@&] Y R LISNE 2y | f 02 Y'Y dagi29].ITleA 2 y a
shipa LISSRa T2NJ SIFOK 2F GKS adlr3sa KrFra o0SSy SBUAYIGS

The speed during transit is assumed to be slightly Idveeausdahe vessel is fully loaded@he duration of the
loading has been estimated based on an analysis of the dredging8¥tle

The transit durations are somewhat arbitrary, since they are dependent on the initial location eéskel
and its destinationlt is assumed there will always be a suleaport within 24 hous, since these vessels
mainlyoperate in coastal water3 he propulsive poweat each stagésdetermined based on reference vessels
and the personal communication withy Sy 3 Avgh®8rtI NR yB / 220]0 NI Ol 2 NA Q
Duringthe dischargingstagethe vessel is kept stationary using its Dynafositioning (DP) syste TheDP
system is considered to be consisting of two congras, the trusigenerators (propellers and a bow thruster)
and the DP control system.

Thetrust generators are all assumed to be powered bynign enginesThis does imply thahe bow thruste

is powered by the same engine as the main propellbrgeality this isnot the case, since bow thrusters
normally have heir own engines.This is however not included as option amehlecting the poweof a bow
thruster wouldbe more significant errathen altering thesource of that required power.
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The power demand from a DP systenhighly variablg32]. Due tothe quasistatic nature used to elscribe
the operational profile, this cannot be accounted for and insteadaverage (cortant) value is assumed.
The DP control system is assumedbéopart of the auxiliary load and therefotiee auxiliary loads increased
slightlyduring DP mode

The other auxiliary loads are again based on reference Eijps 90] For this research it is assumed that the
dredging pumps are electrically driven, which is sometimes dalttigugh pumps driven by the main engines
(PTO driven pump®r by separate diesel enginegeaalso encountered inractice[29]. The latter concepts

are however not included in this research. All these considerations combined result in the operational profile
shown by Figurel0.

Table6: Operational Modes TSH Dredgers

Stage Speed Duration Poropuisive Pauxiltiary Poperational
[kts] [hours] [kW] [kW] [kwW]
Transit 14 24 9000 1000 0
Dredging 2 3 6000 1500 10000
Loaded Transit 12 3 7200 1000 0
Discharging (Rainbow) 0 5 900 1650 9000
Transit back 14 25 9000 1000 0
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FigurelQ: Operational Profile TSH Dredgers
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4.2. Propulsive power - RPM Relationship
Another component of the input is the relationship between the delivered propulsive powsgrdid the
propeller RPM. This relationship is presented by equd#dt). This equation shows a third power relationship
0SG6SSYy (GKS RSEAGBSNBR LRGSNIFYR GKS NRUGI GA2Pf &L

Poop =C* N 4.1)

CKAA NBfIFIUGA2YAKALI A& O f XOR ARG I FidzyIDANIKRY > 2FS @lIKded B Al
the propeller and the ship itself. However, this functiomiste complex, and mordifficult, if not impossible,

to accurately determine in an early design stage.

| 26 SOSNE AF (GKS LINPLIQf bSOR&ISa k a OR ¥ & dzv Hdd Bndhle kKhgnd > Wi
and propeller desigifB, pp. 422423]. This makes it possible to use reference vessels to estimate a value for

Y, QWhen this approach is usedjstparamount that the vessels used to determihe value of @ are similar

in their main dimensions and propelldesign as the vessel for which the power plant is being designed.

CKAA | LIINRIFOK Aad d@SRI RYERSNREBYy ORy@G& I FAYRAYy3a GKS
relationship (shown bgquation(4.1)) best matches the data obtained from the reference vessels. The values

found using this approach are presentedTiable7. The data obtained from the reference vessels and the
resulting power to RPM relationships are included in AppeBdix

Table7Y t NR LISt f SNDt FHNORY &GOV ES W/

) Value of @
Ship Type
[KW/RPM]
Cargo Vessels 0,0041
Harbor Tugs 2.81*10*
TSH Dredgers 0,0006

Once agailit has to be stressed that this approach is only feasible when similar reference ships are used. This
can be observed bgxaminingthe used reference data. Fone bulk cargo vessels, whicNd | £ £ WI | YR
Cargo Vessela,good fit could be found. Thame holds for the harbor tugs, although there is some deviation
present. Which is most likely due to the fact that there is some variation in the power plant configurations and
propeller designs.

However, for trailing suction hopper dredgers the usedrapgh is definitely lacking. This can be deduced

from the large spread in the obtained data, and the fact the plotted curve has a relatively large error with the
provided data points (see Appendsx

This spread is likely caused by the fact that obtaining accurate data for these vessels has proven to be a
challenge, and the data which was available shows a larger spread in vessel sizes tharrésl prefe

Additionally there areseveral differentpower plant confjurations currently applied inessels, and often

these configurations contain a Controllable Pitch Propeller (¢Z#R) which renders the propeller law
inapplicable.

.80l dzasS /tt Q&omtliN&ealh (et aEe ShapteleMilbecause some sort of power/RPM
NEflGA2YyAaKALI A&4 YySSRSR y2ySiGKStfSaasx GKS F2dzyR @I ¢
during the design process and tfiral results.Given the observable deviations from the third power curve,

Al Aa K2gSOSNI NBO2YYSYRSR G2 FTRR /ttQa (2 (GKS Oz2y.
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4.3. Multi Criteria Analysis Weight factors and Emission Control Area
In this paragraph the mtilcriteriaanalysisveights and the emission control area are specified for each of the
three considered ship typed.he valuesfor each of the client preferenceasre determined by examining
possible priorities that the owner of a ship type could havéas to be said that theskICAweight factors
are very subjective and will therefore be suttied to a sensitivity analysis.
The emission control area is also considetedbe aclient preference and itherefore also determined in this
paragraphpasedon indications given by DNGL[33].

4.3.1. Oceangoing (bulk) Cargo Vessels
The owner of a bulk cargo vessel will have a preference for ayetemvolume and a low fuel consumption.
Since these two greatly influence the profitability of a vessel. Weight is of a slightly lower importance, though
still not entrely unimportant. Emissions are, as long as regulations are met, not important at all.
These vessels travel between ports, some of wisicheare total emission control areaand as suchn ocean
going cargo vesel will have to comply with thosemission regulations. The estimated weights and area
indication are summarized ihable8.

4.3.2. Harbor Tugs
The operator of a &rbor tug often this is a port authoritywill consider emissions to be of great importance
due to the city surrounding the pb Additionally they will not want to operate their tugs at too high costs,
since this would decrease the competitivenessl profitability of the port.This is why fuel consumption is
also deemed to be importantVeight is not dighpriority although not neglectable.dfumeis moreimportant
since large tugs will have issues wittaneuverability.
For this researcthe harbor tug is assumed to operatetire port of Rotterdamwhichcurrently isa SECA, but
will become aotal emission contol areaafter 2021[34], the latter condition is used.he estimated weights
and area indication are summarizedTiable8.

4.3.3. Trailing Suction Hopper Dredgers
These vessels are commercially operated and therefore fuel consumption is deemed to be of high importance.
However, since these vessels often load/unload close to shore both their emisgibssill be somewhat
important, snce it might increas¢he chanceof the owner being granted a job, if he can executasing a
cleaner ship than his competitors.
Theweight and volume of the power plant areof a lower inportancesince maneuverability or size is not
really limited. However, it does influence the cargo capacity ofdrexiger, and therefore is not completely
negligible.
These dedgers operate all around the world, and a lot of areas are not yet subjected to emission control.
Therefore these ships are assed to be subjected to the global limit¥he estimated weights and area
indication are summarized ifiable8.

Table8: MCA veight factorsfor all cases

Characteristic: Cargo Vessels Harbor Tugs TSH Dredgers
Fuel Consumption 10 6 8
Emissions 0 8 6
Weight 5 3 5
Volume 7 5 5
Operating in: ECA ECA Not in any kind of EC#
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5. Design Algorithms

This chapter will discuss thenost important design choicesnade during the design of power plant
configuration. These design choices incltlikedesign algorithmsised to limit thesize of the design spagcas
was discussed in paragra@tiL

To do saragraphs.1will explain thegeneralmethod usedo decide upon aesgn choice and give a global
overview of thecomplete design process of a power plant configuration.

Following this overview the Power Management &gy (PMS)s described in paragragh2 Thenthe design
of the shaft configuration is describé&d paragraptb.3. This is followed by thdesign of thepropulsive power
generation system(s), whichis described in paragraph.4. The design of the electrical systerissthen
presented in paragrapb.5anda summary of the different fuel propees is presented in paragragh6.
Fnally the method used to determine the emissions and the design methoddleggiopedfor the exhaust
gas treatment systems are presented in paragréphi

5.1. System Design Selection and overall Design Process
In this paragraph the general method used to select the best possible system design is presented. Followed by
a global overvier of the complete design (and simulation) process.

5.1.1. Design Selection
There areseveral caseis the design processhere an optimal design has to be selected from a spbskible
designsolutions The selected design should the best possible tradeff between theO f A Prgféredées
Themethod used for this selection is the same for every algorithna is presentedin this paragraphn a
generalizedorm.

The start of each intermediate design algorithm is the creatiba set of feasible designBa each of these
designs arestimate of the performance and system dimensions is made.

Based on these estimates thegigns are tha assigned a scoffer each ofthe four characteristicsThis score
follows the logc that thelower the value of that charaeristic, the higher the scorélhe maximum score is
equal to the total number oflesign solutionsind decreases wittncrements of 1.

ThetotaNJ Ay 3 6 WwQO 27F | usRfeauatdns )ON vy oHCATRIfeaaBusgs keigiit R
factort 4 82 OA L G SR ¢ A ( thes&afe thalinuDidrigmiaiwaightifadtors’det@rmined in paragraph
430 ¢KS LIWNINEREQ) Wfa (GKS a02NB FT2NJ OKI NI OGSNRadGAO

I:\)Design = a VVFN* S\l (5.2

The algorithms then selects the deasigthich has the highest rating, whighexpected to be the best tradé
betweentheOf A Sy i Qa LINBFSNByOSao
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5.1.2. Overall DesignProcess
Aglobal process flow diagram of theol has been presented in paragrapt8and this paragraph will present
a more detailed overviewf the design and siulation procesas This will be presentely discussing the
general flow through the process and by presenting a single power plant configufatiarich the entire
design process executedthis exampleis included in Appendi&

Thiscase includesafd/or repeats) somelesign algorithms thaare dscused further along this chapter. The
presented casecan therefore best be used as aguide to better understand whee the different design
algorithmsare located in thecompleteprocess.

The first step in the design process is the design and simulation of the different main propulsive engines and
power takein enginesThe performance simulatioresults in a fuel casumption, emissions and auditional
electrical power demand (due tdi¢ exhaust gas treatment systems and/or PMSMjeseadditionalpower
demandsare added to the electrical power demands defined by the operational profits total electrical

power demandis then used in the next step in the design process;désign of theelectricity generation
system.

The first step in the design process of the electrical systems is the division of the electrical power demand
betweenthe batteries and the geneten system. This is doraecording to thgpower management strategy,
whichwill bediscussd in paragraptb.2.

The power required from the electricity generatisystem is then used to desigire engine driven generators,
the PEM fuel cells or@mbinationof these two.The performance of the generation system is then simulated
as well.

The final step in theower plant configuratiomesignprocesds the desig and application of the exhaust gas
treatment systems.

After this stage the performance data (emissions and fuel consumption) is combined widltdebtained
from the different design processes to fotime input for thefinal multicriteria analysis.

Themulti criteria analysishen ranks the different results, using the same methodology described eatidr,
combines their rankings using the client preferences, which resudtsingle total score for each power plant
configurdion. The concept with the highest total score is then selected as the optimal concept.

5.2. Power Management Strategy
An important design choice, which is not leftan algorithm, is thePower Management Strategy (PMS). This
strategy isnot implemented intoits own algorithm, but is implicitly present inother algorithmsused
throughout the design proces$herefore it isnecessary to define thBMS before thentermediate design
algorithmsare discussed

The main philosophy behind the power managemsinategy is that the consumiain of fossil fuel iso be
minimizd. Thisis done becausdossil fuels are both finite and significant factor in th emission of
greenhouse gases. Which means thriimizing their casumption is beneficial for thenironment and also
FARA AY ONBFOGAY3 I Y 20B fordwnesihdzidnot lcivePaBotf@el cansuimpiionR S & A 3

The following sufparagraphs will describe the PMS for batle propulsive and the electical powersupply
systemdthe latter of which canconsistsof storage andbr generation systems)
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5.2.1. Propulsive power Generaton Systems
For thepropulsivepower generationsystem(PGS)here are two main decisions thatve to be made based
on the power managementtrategy. The firsdecisionis the division of thepower demand overthe main
propulsive engine (MPE)and the power take in (PTI),and how to determine whichsystemsdelivers the
required power at a certain moment in time
Theseconddecision is the number of engines which are operati@ta gven point in time, and how thimad
is divided over the running engines.

Load sharing between the propulsive engines

For this research &TI| systemBinctionsasa boosterof the deliveredoower provided by theMPE.To achieve
this functionalitythe MPEs designedssuch that it cardeliverthe second lghest powedemand.Thepower
take insystemwill then be dimensionedso that it can deliver a power equal to the difference between the
highest and second highest power demarnithis means thathe highest power demand can only be met by
both PGS$ystems togetherThedivisionof propulsivepoweris described using thBowerDivision Rtio (PDR)
(see also paragraph.2.3andequation (5.2)).

P P
PDR =2 4 PPTl (5.2)

shaft shaft

ThePDRs not only usedduring to define the power required from each of theopulsivepower generation
systens, but also to divide the power demand over thewb propulsion generation systems.

To minimize the consumption of fuel, the engine loading has to be as close to the maximum continuous rating
(MCR) as possib[8]. To achieve this, the loading of each PGS also has to be makasizel|

During the design of the PGS engine margin will béncludedand inaddition to this engine margin, an
operational margirof 10 %is alscapplied This nargin ensures that a PGS (when applied in practice3tras
excess power available tmpe withdynamicallyichanging loads. To inquorate this operational margia PGS

is deemed capable of delivierg power when the ratio ##t)/Pn is smaller tharor equal to 0.9. These design
choices can be combined into a power management strategy. Which is presented in the form of a flow chart
and presented in b¥igurell.

Required Power Po (1)
I | I
Is the MPE capable of Yes No
delivering this power on it Py (1) /Pype P, (t) /Pype
own ? <=09 >09
| I
I | I I
Is the PTI capable of Yes No Yes No
delivering this power on it Py () /Per Po (1) /Pery Py (1) /Por, Po(t) / Pop,
own ? <=0:9 >09 <=09 >09
PGSwith: highest MPE PI Both arerrequired,
Result P, (t) /Py delivers delivers delivers and lloadl is;shared
power power power according to’PBDR

Figurell: Propulsive power Generationaagement flowchart
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Engine Management

As stated in the previous paragraph, tlead of each individual engine hsbe maximized. This can be done
by usinghe minimum amount oenginesnecessaryo deliver the demanded power

Thedemanded power is theevenly dividedover the number of engines that are required to operaiéis
should result in the lowest possible specific fuel consumptitueg, to the nonlinearity between the engine
loading and he specific fuel consumptid35].

This strategy is once again shoasa flowchart, presented yigurel2, which showshe PMSas it would be
applied to aPGS containing threengines, as an example. @y other number of engines is also possiltiat
this exampleclearly illustrates the effect of PMS. For the electrical machihissstrategy is not really
applicable sincasingle engine is installed at all timéss discussed in paragrapts).

Power Demanded from

PGS PPGS(t)
I
I I
Can Engine 1 deliver? Yes No
| I
I |
Can Engine 1+2 deliver: Not Needed Yes No
Enginell Enginel12& 2 All engines
Results operational-at operational,ceachiat operational,ceach
(1/2) of B, (1) (1/2) of B, (1) at (1/3) of R (t)

Figurel2: Engine Management flowchart (example for a RG8aining 3 engines)

5.2.2. Electrical Energy Supply
The supply of electric power can be done using thtiierent systems, as summarized below.

1 Only agenerationsystemgdeliverselectric power
1 Only astorage systendeliverselectric powe
1 Acombination ofboth storage and generation systerttsdeliver therequired dectric power

Forastorage systenma very broad PMS is suitnt, since the demand of electrical povsmply has to be met
at all times

However, thegeneration systems deequire an additional PM%:orenginedriven generators thisstrategy
follows the same logic as applitaithe PGSngines.

As such the minimal amount of generation systeraguired to meet the electric power demandra
operational at ay given time. Ad the power demand is agaievenly distributed over thegensets. fie
flowchart for this part of thd®MSis identical to the one defined for the engisand is therefore not repeated.
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However, for fuel cell based generation ®ysss this strategy is differs, becausethe efficiency of fuel cells
improves at part load conditiong]. Although, fuels cells do not use fossil fuels it is beneficial to keep fuel
consumption to a rimimum. This can be achievebdy maximizing the amont of fuel cells operdgonal,
thereforethe demanded electrical power will always be shared over all installed fuel cells.

There is howevealsothe possibility that both a fuel cell and an engine driven generatiotesyare installed
together. This combiation of generatiorsystems comgwith two additionaldesignchoices made by the PMS
The first choice ishe fraction of power each system delivdtiis isdefined as het Degree of Hydrogenization
or PoH). This design choice is not specified by /S, and instead a dedicated design algorithm will
determine its value.

The second choice is the method used to determine whieheration systems is deliveripgwer at a given
moment in time.

The developd power management strategy once again aimthatminimization of theconsumptionamount

of (fossi) fuels. Which can be done by using the fuel cell whenever it can meet the power demand.
Should the power demand exceed that of the fuel cell thanghgine drivergenerator will deliver, without

the fuel cell, so that the engine loadingigximized, once again improving the efficiency of the driving engine.

For cases where neither of the two systems can ntlee power demand on their owrjoth systems will be
operational. In those cases the genenatet will be loaded until its MCR, so that once again the SFC of the
genset minimized and the fuel cell willlder the remaindeof the power this alsocapitalizes on the fact that

fuel cells have an increased efficiency in part load conditibhis. trategy is also presented as a decision tree
in Figurel3.

Electrical Power Demand
P(t)

Can the Fuel Cell alone meet the powe
requirement ?

Yes No

Can the Genset alone meet the power Not Needed Yes No

requirement ?
Both systems-operational,
Results PEMEC Delivers Genset Delivers with the gensetsdoaded:at
MCR

Figurel3: PMS of Hybrid Generation Systems
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The final design choice concerning the management of the electrical power diviisen of the electrical
power demand between the storage and generation systems

As discusseith paragrapt®.2.6 storage systemare used as an emission reduction measure. Such a reduction

is always beneficial, but increasingly so near coastal regions, which are often busy places in terms of both ship
traffic and number of people arking and/or living in these area$herefore the energy storage system will

be usedto deliverthe required electrical power during the operational stages at which the vessel is near a
coastal region, so that thgeneration systems can belofé (and tlus notconsume fuel or produce exhaust

gas).

However,asno geographical data is included in the operational profile it is not possikitedtcate when a
vessel is near a coastal regidiis can be examined by examining the three operational profilesepted in
chapter4. From these profiles it can be observbdt the propulsive power is lowest in coastal areas
Thereforethe energy storage systems will bead to deliveall required electrical power in theoperational
stages at which the propulsive power demandisimal.
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5.3. Shaft Configuration Gearbox Design
The shaft configuratiomearboxdivides the propulsive powelemandbetweenthe two propul$ve power
generation systemslhe requiredpoweris sharedrougha gearboyat the cost ofaloss intransmitted power,
whichcan be accounted farsingequation(5.3) [8, p. 64] This equation results in thetal shaftpower that
has to be delivered tthe shaft configuration gearbox.his shaft poweris then sharedbetween the two
propulsive power generation systemaccording tothe PMS which has been discussed in tpeevious
paragraph.

I:)D
h shaft

Poratt =

(5.3)

The main unknown in equatiof®.3) is the shaft efficiency, which is assumed to be (%9[8] for concepts
with asingle propulsive power generation systesince the shaftonfiguration gearbox is neexistent, and
therefore onlyshaftbearing losses have to be accounted for.

For the concepts which include a Power & &k, a more complex twimput / single output TISO)gearbox is
required, these ee relatively complex gearboxes, with relatively lapgsver bsses, with a valuebetween 3
and>5 [% of the power delivered to if8, p. 167]

Theefficiencyobtained from the source does however inclualeeduction gearbox (which has between 1 and
2[99 power loss, according to the same sourdderefore a loss factoof 3 [%] is assumed for the shaft
configuration gearbox.

The dimensions of this gearboreadetermined usinda slightly adapted version af)e dimension prediction
algorithm developed by Stapersma & de Y88], which is included in appendix

5.4. Propulsive power Generation System Design
This paragraplpresentsthe algorithnms used todesign the different components found in the propulsive
power generation systemd hese components are shownRigureld, which showshe propulsive egines,
the combinatory andeduction gearbox and the shaft configuration gearbox. The figure also shows the system
boundaries of a mpulsive power generation system.

During the design of a propulsive power generation system two components have to be designed. These are
the driving engines together with the combinatory gearbox and the reduction gearfuedesignof both of

these conponents isdiscussed in the following stgmragraphs. This is done by first discussing the engine
design procedureWhichis then usedto design the reduction gearboand with thatthe complete PGS.

Propulsive Generation System Boundary

| |
| |
: 4d-stroke :
I — Diesel Engine > . : Shaft
: (C/M) Reduction | Configuration .
| Gearbox i Ve .
| | N
| [ If“ \
| - |
Fuel Supply Engines » M/M i \ Pd .'I
| | \ /
NS : : ~
: 4-stroke :
| —> Diesel Engine > |
| /M |
: (C/M) Combinatory :
| |

Gearbox
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Figurel4: Component®ropulsive power Generation System

5.4.1. EngineDesign
In this paragraph the design processieveloped fordifferent engines inside a propulsive power generation
system are discussed. Two maypes of propulsive engines can be recognized; electrical machinds a
internal combustion engines (ICE). Both these systems require a different design approach and are discussed
separately.

Electric Machines

For thepropulsivepower generation systesdesigned withelectric motors adedicateddesign algorithm is
not required Mainly becausehe total dimensions otwo electric motors which both deliver half of the
required power are identical in to those of a single electric mathich delivers all theequired power.
Additionally e (nominal)efficiency of thesenadines is nodependent on size.

For the determination of the dimensions of the electric machines the methodology presented by Stapersma
& de Vog436]is usedThismethod has already been implemented in an algorithm byJeld[3] and has been
adjusted for the use on Permanent Magnet Synchronous Machines (PMSM) by ten HdcKiris algorithm

will not be discussed any further, and interested readers are refewdtidse reports instead.

A reference nominal efficiency for the PMSM is assumed to be 95%, based on the efficiency curve presented
by ten Hacker].

Internal Combustion Engines

The installation of a singlengineis not always possible for internal combustions engin€herefore a
dedicatedalgorithmis requiredto design the engines insidgpropulsive power generation systeifihe entire
design process is illustrated Figurel5, which s located on thedllowing page and theemainder of this
paragraph discusses thieveloped method

The engine desigalgorithmcreatesan engine desigmy first selecting a numbelrytinders per enginérom a

range of commonly found value$he algorithm then desigressconcept PG8singengines with theselected
number of cylindersThe detailed design process is presented in appeldiin combination with all
technological parameters required for this design process. The (optional) combinatory gearbox is discussed in
appendixD (together with other gearbox designs).

This design process is repeatkmt everynumber of cylindersper engine included in the range.

The result othe design algorithnis an estimated fel consumption, a total system mass and volume for each
of the different engine designs.

From this set otoncept PG8esigns the optimal number of cylinders per engine is then selected using the
method presented in paragraghl.1

During this selection proceskesigrs which have more tha# separate engineare given such a ranking that
these will only be selected if there is no other option availasile;eoptionswith more than 4 engines are not
used in practice.

Duringthe execution of this algorithm the fuel type, engine speed angine type areot varied andherefore
the emissions arenly related to efficiency of the engirig). Therefore thefuel cansumptionis used to
determine the ranking in terms of emissioas well
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Engine Type _| Set of common number Operational Profile
(from Blueprint) "| of cyllinders per engine (Propulsive Power)
v Required power [«
Design an engine system
for each of number of cyllinders per engine
Required Engine|
Speed

Y

Legend:
Rough estimate of the performance s
of the each of the designs W User Defined
Input
Input
= determined by
N Multi-Criteria Analysis 5 Client the algorithm
4 Select the most suitable concept ) Prefferences

Design

| Algorithm

y

Selected number of cyllinder per engine
(and other engine design data) Output

Figurel5: Process Flow Diagram Engine Design

Verification

Because the final dataset will logiite large, it idifficult to check whether théndividualresults are accurate
enough. Therefore th untested design methodologiegll eachhave tobe verifiedindividually

The engine design sich anuntestedmethod, and therefore the working pringies will have to be verified.

This verification is done by applying thedevelopedalgorithm to a case study and thesomparingthe
generated resultso reference engines found in different databag¢387], [38], [39], [40])

For theverification of theengine design algorithra PGSs designedusing 2stroke engines which directly
drive the propeller shaftother input parameters are obtained from thmarg vessel case (prested in
chapter4), and these result in the design requirements presentedahle9.

Table9: Design requirements Case study Engine Design

Parameter Value Unit
Total Required Power 11.919 [kw]
Engine Speed 130 [RPM]
Preferences [10 0 5 7] [-]
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The results of the design process amesented byFigurel6, Figurel7 andFigurel8 andthe numerical results
arepresentedin Tablel0. In which the selected concept is made hoidhile in the figures thentersecion of
the two linesmark the selected design.

Comparing the results to thenginedatabasesmnentioned earliershow thatsimilar engines can be found in
reference dataand that the order of magnitude of the results is correks. such the results of this algorithm
are deemed accuta enough.

Tablel10: Numerical Results dfie MPEdesign for the example case

Number of Number of  Average Total Total
Cylinders Engines Fuel Cons.  Volume Mass
[ [[] [Ton/hour] [m3] [Tonnes]
4 2 119 398.2 469.8
5 2 1.19 497.7 587.3
6 1 1.16 298.6 352.4
8 1 1.19 398.2 469.8
10 1 1.26 497.7 587.3
12 1 1.32 597.2 704.7
14 1 1.37 696.8 822.2
900 -
L
800
o)
D 700 .
=
S
E
@ 6007 o o
4y}
=
500
] ]
400 F
+
3DD l_ - L L - - l - - | - - il - - 'l - - J
0 2 4 G 8 10 12 14 16

Number of Cyllinders

Figurel6: Total Systemmassper possible engine design
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5.4.2. Propulsive power Gereration Systems Design
The other component inside a PGS that has to be designed is the reduction gearbox. The algorithm to
determine the dimensions angerformance of these gearboxes, given a required reduction retidiscussed
in appendixD.
The gearbox desigagorithm can then be combined with the engine design algorithm to form the PGS design
algorithm, aschematic representation of whigs presented byrigurel9and the remainder of this paragraph
discusses the algorithm in more detail.

Engine Type ) Range of feasible engine Operation Profile
(from blueprint) speeds (Propulsive Power)

v Required Power
Gearbox Design
Algorithm
Shaft Speed <

A

A 4
Required Engine
Power and Speed
Client _| Engine Design
Preferences Algorithm
| Set of created designs Legend:
(gearbox and engine) UserDefined
Input
- d ined
Client . i Data determine
Proforetces Multi Criteria Analysis by algorithm
Design Algorithm
A4
Selected Gearbox and
Engine Design Selected Design

Figurel9: Process Flow Diagrafropulsive power Generation System Design

The first step in thelesignalgorithm is the determination of the rge of allowable engine speeds. This range
isengine typedependentandobtained from the databasgwesented by Stapersnjd7] and verified/updated

using the data provided by ReRoyceg38], MAN[39] and Wartsil§40].

Thedetermined engine speedhnges are presented ifablell. It is also possible for a concept to be created
without a reduction gearbox (direct drive) in those cases this range iexistent and the only allowable RPM

is that of the propeller shaft.

For the permanent Magnet Synchronous Machine (PMSM) the range not based on a dataset because these
machines can be constructed for almost any rotational speed. However, verphigiv speed engines are
somewhat unconventiorigand therefore likely to be expensive). Instead the extreme limits oftinebustion

engines are used as range for the PMSM.

Tablell: Engine spee®&anges per engine type

Engine Type Lower Limit Upper Limit  Unit

2-stroke Diesel 60 250 [RPM]
4-stroke Diesel 400 2000 [RPM]
4-stroke Dual Fuel 400 1200 [RPM]
PMSM 60 2000 [RPM]
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The PGSdesignalgorithm selectsan engine speed and desigm@sgearboxso that difference baveen the
selected engine speaahd the required shaft spedadbridged.

The resuls of the gearbox design atée dimensions and efficiency oéductiongeabox. With the efficiency
of this gearbox known, theequired power can be adjusted to determitiege requirements for the engine.
This adjustment includes an eng margin (EM), as seen indguation(5.4).

This margin isppliedto ensure that the enginedo not run on theimaximum possible logdvhichreduces

the wear of the engine and improves the efficiency of the engBep. 417]

P -5 *(1 +EM) (5.4)

required

gearbox

A conventional value for thengine margin is 15% of threquired engine powej8, p. 417] However because

the possibility exists that multiple engines are connected uaiogmbinatory gearbox this margin is increased
with another 3%, to account for thpossiblelosses okuch agearbox, resulting in a total engine margin of
18%.Although the possibility still exists that only one engine is installed this engine willfoherkave a
slightly larger engine margin. However, an engine margin of 18% is not unhefBdmf417]and this is
therefore accepted.

This method of accounting for the possible losses of the combinatory gearloax ideal, but is the only
practical way of doing so. Since the number of engines, which is a parameters of the engingisiésigaly
dependent on the required power, which is then again dependent on the efficiency of the combinatory
gearbox, of whichhe application is detenined by the number of engines and so on.

After the enginemarginis applied, the equired engine design algorithm (as discussef.4nl) is executed
using the selected engine speed amm trequired total engine poweihen theresultsof the engine design
processare saved, together with the results from the gearbox design.

ThePGS desigalgorithm then selects a new engine speed, anel phocessepeats untilthe entire range of
engine speed$as been processed he results for each engine speed are then once again supplied to an
intermediate MCA to determine the engine speed whicbggmal, giveni KS Of ASy 14 Q LINB F S NJ

For the verification of the PGS design algorittima cargo vessel case is again udeat. this verification the
algorithm is tasked with designingsfroke diesel engine, with a reduction gearbdhis case study has the
design requirements summarizedTiablel2.

Tablel12: Design Requirements Case Study Gearbox Design

Parameter Value Unit
Total Required Powedbearbox 11.919 [kW]
ShaftSpeed 130 [RPM]
Engine Speed Range 400¢ 2000 [RPM]
Preferences [10 0 5 7] []
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The results generated by the PGS design algorithm are presenteigiimge20, Figure21 and Figure22. The
intersection of the black lines once again marks the selectedjdesi

The algorithm selects a design which hasdimallest spatial requirements, while assuring the highest possible
efficiency.This is expectable, given the high weight factor assigned {iacresumption (or efficiencyl.ower

total mass/volume solutios are present, however these have an efficiency which is lower than the selected
concept

Theresultsof the algorithmseemto behavesomewhaterratic, which is caused biye enginedesign algorithm
selecting another engine desigonceptand the fact that the algorithms for the engine ane thearbox design
both containstep functiors.

The results seenof a correct order of magnitudagiven gearbox and engine databases. Additionallyfabe
that the engines reduces in size whehe reduction ratio (and thereforethe engine speedjncreasesis
recognizable.

While for the gearbox the opposite is truéhe higher the engine spee@nd reduction ratio}he larger he
gearbox becomes. Which also is reasonallace a largereduction ratio, requires a larger gearwheel.

It is also clear thaan increase in engine speed reduces both the gearbox efficiency and the engine efficiency.
Although the gearbox efficiency shown as separate dat#és effects are visible in the difference between
engine and total efficiency.

A final, somewhat more fundament indication of the fact that the algorifonctions properlyis the fact that

the gearbox ratio has alightdiscrete behavio(the step size between data points is not equal, while the

engine speedange has fixed step sizewhichis expectablesince the number of teeth on both gearwheels
has to be integer.
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Figure20: EngineGearbox and Total Masg&rsus Gearbox Ratio
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Figure21: Engine Gearbox and Total Volume versus Gearbox Ratio
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5.5. Electrical Energy Storage and Generation Systems Design
Another important set of systems found in a shipborne power pimtthe systemsvhich supply electrical
power. The required systems that have to be desigaeelthe electrical grid itslf and the systems which
provideelectrical power to that gridind these are all discussed separately.

5.5.1. Electrical Grid
Theelectricalgridis an alternating arrent (AC) electrical grighs discussed in paragraft8.3), thevoltageof
which was left undetermined. This voltage is required bethieelectriaal supply systems can be designed
To properly design the electrical grid it is first divided into two parts; the main grid to which thdesspgi
electrical powetare connected and the supply grids, which connect the consumers of electrical power to the
aforementionedmain grid. The created division is presentedhia EFD found ifrigure23.

The voltage of the different supply grids can b&30,440, 690, 3300, 6600 or 11000 Volt, which are the most
conventional voltages found on board of shjgs],. The voltages of these grids atetermined first.

The exhaust gas treatment are assumed to be fed from a 690 [V] grid at all (tid&s& [42]). The other

systems which consumelectricd power will not have a predetermined supply voltage, instead the supply
voltage is relad to the power transferred bgach supply grid.

AC/AC Transformer

AC Bus
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Figure23: Detaled Energy Flow Diagram of the ElectricatlG
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To deermine the supply grid voltages, a step functlmsed on the maximum electrical powisrused This
step function is defined as shown Bywble13 and is derived usingnaximum continuous currenfimits,
obtained from &circuit breaker manufacturg#3].

The data from this manufacturésdivided into two groupsiow wltage ( < 1 [kY]and high voltages (> 1 [kV]),
and based on this division there are two differemaximumcontinuous currents.

For low voltageircuit breakerghe maximumcontinuous current is 2000 [And for the high voltageircuit
breakersthis is 3000 [A]43].

The limis presented byrablel3 can also be found iRigure24, which shows the grid voltage amdirrentas
function of electrical power. In this same figure the aforementioned current limits are also plotted.

Using these limits, the voltages of the different supply grids can be determined, leaving @mhaih grid
voltage as an unknown.

Tablel3: Supply Grid Voltage as function of electrical power

Maximum Electrical Power Supply grid voltage

[MW] [Voli]
0 0
0.46 230
0.88 440
1.38 690
9.90 3300
19.80 6600
>19.80 11000

-~ 12000
<000 10000
2500
8000
=3 >
f%'zuuu >
3] 6000 o
5 1500 5
o =
4000
1000
500 2000
D C | | | 1 | 1 D
0 0.5 1 1.5 2 25 3
Power [KW] %10
Grid Current — — — Grid Voltage ——-— Current Limit

Figure24: Grid Voltage, Current and Current Limits as function of the electrical Power
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The main grid voltage is selected to be eit@80,440, 690, 3300, 6600 or 110p@] and where the main grid
voltage is not equal to the spiy grid valage a transformer is installedlIdossible transformersan be seen
inthe EFD presented Wyigure23, it is however likely that a power plant configtion will include less.

This research will natesignthe transformers separately, instead a standardized mass, volume and efficiency
is assumed which will be applied for every case where a transformer is required. A standard transformer is
estimated tohave a volume of 4 [fhand a mass of 4 tonng44] and a constant efficiency 8B [%4 [8].

The voltage of the main grid is selected, from the aforementioned range of voltages, so that the mewss/vol
of the transformers is minimal or so that the power losses due to the transformers are minimized.

Which criterion is used to select the grid voltagepdeds on the client preferenceshould the client favor
low spatial requirements, thathe total 9ze ofthe transformers is minimized: he/she favos efficiency then
the voltageis selected so that thivsses dudo the transformers are minimal.

The entire desigprocess of the electrical grid also schematically shownkigure25. With the determination
of the electrical grids completed it is now possible to design the different electrical power suppliers.

Figure25: Proces&low Diagram, Electrical Grid Design
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Automatic Selection of an Optimal Power Plant Configuration

5.5.2. Energy Storage Design
As discussed in chapterthis researchincludedbatteries for the storage of electrical energ@n electrical
power gorage system based on batteries has the global configuration as shofigime26, which shows the
battery management system and the considered configuration of the batteries.
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Figure26: Battery Based EES L@yt

FromFigure26it can be derived that the mass and volume of the batteries are related to the amount of cells
in series and the amount of battery banks in parallel and the mass/volume of each individu@heahass
and volume of the complete ESS can then be determirsitigequation(5.5).

M EES = #bank: (# cellt M cgl -lM BM (5 5)
VEES = #bank: (# ceII:V cgl -P\/ BMS

Battery Management Systenbimensions

The Battery Management Systdaiconsidered t@onsist of an inverter and a rectifier. The inverter is used in
case the batteries supply power, while the rectifier is used when the batteries are being charged.

It is assumed that both the inverter arkle rectifier areidentical in terms efficiencyahich is assumed to be
99%][4]) and their dimensions.

This means that the mass and volume of the BMS is exactly two times the mass (and vélimaegquired
inverter alone.

The mass and volume of the inverter are all scaled using the power that passes through the inverter. A set of
inverters developed by ABB5]is used as reference.

Based on theseeferenceinverters several relationships fare estimation of the principal dimensions can be
established. fiese relationships are shown Bygure27 and Figure28, located on the next page.
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Figure27: Main dimensionsf an inverteras function of power
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Figure28: Inverter mass as function of inverter power

Battery Design
As stated earliem this paragraphthe main variables which determine the dimensions of the batteries are
amount of cells in series, the amount of battery banks in parallel and the mass/voluarerafividual cell.

Because the batteries are coected to the electrical grid, the voltage of the EES has to be similar to that of
the electrical grid. Which means that the number of cells in series can be determined as soon as the voltage
of a single cell is known.

The voltage of single cell is a depent on the state of dischargéoD)and the discharge current of the
battery [46]. Because losing power at a given time is not an opfitwra ship ownerthe batteries will be
despned for a worst case scenario. Thiglédined as a highly dischargeohttery required to deliver the
maximum electrical power demand found during the operation of those batteries.

Based on the modeled discharge behavior of the batfé6] (see also AppendR) it is assumed that batteries

are not to be dischargeeyond aSoD of 80%, since a very steep voltage drop occurs after this point.
Therefore this SoD is assuth® representa highly discharged battery.
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Figure29 and Figure30 show the voltages at 80% SoD, as function of the discharge current for both battery
types. The discharge current is limited to 6000 [A] for {aeidl batteries and 400 [A] foribn batteries[3].
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Figure29: LeadAcid BatteriesCell voltageas function of discharge curren
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Figure30: Lilon BatteriesCell voltages function of discharge current

The required number of cells can then be determinging equation(5.6), the result of which has to be
rounded up towards the nearest integer.

#  =—9 (5.6)

If the required number of cells and the discharge current limit causeattadlablepower of a single baéry
bank to bdowerthan the requiredoower than additional batterpanks are installed in parallel until the power
demand can be met. Once the power demand can be met the number of battery banks in parallel is known.

With the number of banks and the number of series known, the only unknown parameter required to
determine before the dimension of the complete systésee equation(5.5)) are the dimensions of a single
cell.
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Thesedimensionsare directly related to the capacity in ampehneur [Ah] of that same cell, which can be
determined using equatio(b.7).

C | :Cb ) _Crequired (5.7)
ce an #

banks

Which is dependent on the tal required capacity of the batteries (in Ah) which can be determined using
equation(5.8).

C _ Crequired_ kwh _ﬁ:ialectrical_ ESS deliverin&jt

required U U (5.8

main_ grid main_ grid

The mass and volume a single cell can then be determined using equa®nwhich apart from the
previously discussed parameters includes a correction factor. Which is there to include the battery
conditioning monitoring systems that are requirédr Lilon batteries, the values for these factors are
obtained from Rietvel@3] and summarizedn Tablel4.

Mcell = fmass* Ccell
SBC
(5.9)
Vo= xS Moaery
cell volume SBC

The Specific Battery Capacity (SBC) is however also a function of the discharge current, as expressed by
equation(5.10) [3]. Which uses the characteristic discharge currestl ' YR G KS &KIF LIS FI Ol
parameters arebattery type dependent and have been obtained from Rietf@fand are summarized in
Tablel4.

_ Idis

SBC= SB(, *(a +& &) (5.10)

Tablel4: Battery parametersor the considered battery typ€8]

LeadAcid Lithium-lon Unit
Maximum Discharge Current 6000 400 [A]
Cell Density 2650 1981 [kg/m?]
Maximum Specific Battei@apacity 28.6 51 [Ah/kg]
h 0.518 0.882 []
|char 4.098 11.384 [A]
Volume Correction Factor 1 1.6 []
Mass Correction Factor 1 1.3 []

Other methods to design a battery based energy storage system exist, such as the optimization algorithm
developed by RietvelfB]. Who uses a timdbased simulation to optimize the battery capacity. This method
produces more acaate results, but does require a lot of time for even one design to be created, which
renders this approach impractical for this research.
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5.5.3. Electricity Generation System layout Design
Severalsystemsto generate electrical power are considered during this research. ThesePaigmer
ElectrolyteMembrane Fuel Cells (PEMFC), a generator drivesithgr a dieselengineor a duel fuel engie
anda combinatim of an engine driven generator (both types)d a PEMFC.

PEMFCbhased generation systetesign

The dimensions of a fuel cell based generation system are determined using the methodology presented by
ten Hacken[4]. This algorithmwas specifically developedor the use on board submarines are
methodology is therefore adjusted for the fact that this research considered surface va&dsslgsdone by

adding the dimensions an inverter, which is required to obtainA& voltage and a compressor which is
needed to deliverair (which contains the required oxygen)the PEMFCIhecomplete methodology used to
determine the dimensionef aPEMFGystem idncludedin appendixG.

The main variables in this methodology are tiedl area of a singléuel celland thenominalcurrent density

used to design the fuel cells. These two parameters are determined usimgédete design algoriths This
algorithm usesa range of feasible cell areas and current densities to design a series of fuel cell based
generation systems, from which the optimal concept is selectedrocess flow diagram of the design
algorithm is foud in Figure31.

Thecellarea of a&uel cell is limited, due to the fact that the hydrogen still has to be dispe over the entire

cell areaTen Hackeifé] presented0.025up to 0.12 [nT] as range of feasible cell areas and this rangdsis
usedfor this researchThe current densitfA/m? is variecbetween 0 and 160Q0vhich arethe feasible limits

for PEMFQ[].

Range of feasible current Operational Profile| [ 0. e e rical
densities (P snd power demand
Operational Power)
i (PMSM, EGTS)
Repeat Select one value from the
range
o v
v Vfl:lage Required Electrical
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l Maximum electrical |
power I
Subject designed systems to
the power requirement I
Multi-Criteria Analysis < Client Preferences
l Legend:
Most suitable design for the User defined
selected current density Input
Data
& i determined
Hasultsfor svary > Multi-Criteria Analysis il
current density ¥
Algorithm
A4
Most suitable PEMFC Design Selected
Design

Figure31: Process Flow Diagram of the PEMFC design Algorithm
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Combustion Engine drive@enerators

For the concepts which require an engine driven generator, the methodology predeniRigtveld3] is used

This algorithm uses the dimension prediction method described by Stapersma & {{&6}y/os combination

with the rescaling o&reference generatar

However, Rietveld used data of diaégienerators which were specifically designed for submaripiicgiions.

Since this research doe®t considersubmarines, it wow be unfair to use the same valuéherefore the
average cylinder values used by Rietveld apslated using genset data obtainedrom Wartsila [47].
Additionally,values for the design of dual fuel driven generation sets are added, these values are also obtain
from Wartsila[47]. Both sets oflesign paametersare alsoverifiedusing the engine databases mentioned in
appendixE

Tablel5: AverageCylindeData Generator driving Diesel Engines

Diesel Dual Fuel Unit
lengine [4681216] [6810 1214 16] -

k 2 2 -
Pre 25 22 Bar
Cm 8.4 9.3 m/s

Nengine 900 1200 RPM
Ls/Dy 1.4 1.4 -

Ls 0.28 0.28 m

Do 0.2 0.2 m

The developed algorithrfirst determines required mechanical power, using a reference efficiency of the
generator. Using the design parameters an average power per cylinder is determined and using this average
power the number of cylinders required to deliver the required mecbalnpower is calculated.

The algorithm then determinethe number of enipnes needed to supply #t minimum amount of cylinders.

It does so by comparing the required number of cylinders to the most conventional engines used to drive
generators.

For deselenginedriven generators these are 4, 6,8,12 dlifilcylinders[3] & [38], while for dual fuel driven
generators 6, 8, 10, 12, 14 and 16 cylinders are more confdin

For which itis assumed that tle6 and 8 cylinder engines are line engines, tiiedl2 and 16 cylinder engines

are V type engines, which is again based on the engine manufacturer data.

Themanufacturerdata is also used to estimate an averapecific fuel consumption (SFC) Isoaestimated

to be 197 [g/kWh], which is once again adjusted for the engine load using the method described by Jalkanen
et al[35].

This process createsset ofdifferent genset designsvhich can all deliver the required electric pow&hese
designs a& then ranked according to thdientsprefererces and the onavhichbest suitshose preferences

is selected

Thevoltagedelivered bya diesé generator is not importantor its desigrsinceavoltage regulatorsnormally
included n a genset(an example from Caterpillar can be found in their cataloq48]). Therefore a
transformeris not required. Thimeansthe total mass and volumean be determined usingguation(5.11).

— *

M system ™ genset # gens: (5 11)
— * ’

Vsystem_ \ genset # gensets
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5.5.4. Hybrid Generation Systems
The last option for the supply of electricity generation is the application of both a fuel cell and an engine driven
generator. These systems have oméditional degree of freedom, which ibe Degree oHydrogenization
(DoB, see also equatiofb.12)). To determine the value for the Doldn additional algothm is developed.

P
DoH, g = TDE—MFC (5.12)

max
Thealgorithmselects @&oH from a range of 1@ 90 % with increments of 20%. Tirexjuired electrical power
is dividedover the fiel cells and the gensets based on the selected DoH and the PMS discussed in paragraph
5.2 The algorithms themalls the design algohins for both generation systems and saves the results.
This process is executed for thatire range of DoR& ' YR 2y OS I f f Ré&natheBMCRAtoK I S
select the DoHvhich bests meets the specified preferencésthis comparison the fuel consumption is the
summation of both the fuel required by the combustion engine and ydrdgen required by the system. This
design process is also showyFigure32.
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Figure32: Hybrid Generation System Design Flow
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5.6. Fuels: Chemical properties and Storage
In this paragraph theropertiesof the different fuelsare presented.This paragraph also presents the method

used to account for the application of dual fuel engines and the method used to accouthiefetorage
requirements

5.6.1. Fuel characteristics
Themostimportant characteristics foall includedfuels aresummarized inrable16, which also includes the
sources used to obtain the data.
Note that the mass percentages do not alwadd up to a 100%, this is caused by the fact that there are trace

elements fitrogen, oxygen, vanadium, and Rspresent in the fuel and these amot included in this
summary.

Tablel6: Fuel Characteristigger fuel

LowerHeating . Carbon Hydrogen Sulphur Specific
Value Density Content Content Content Tank Mass Sources
3 0 o 0 [Kg tank ]
[MJ/kg] [kg/m°]  [Mass %] [Mass %] [Mass %] / kg fuel] [-]
[14, p.705],
Marine Diesel 5 [49, p. 558]
0il MDO) 42 880 87 12 0.2 0 [50], [51]
[14, p. 705]
Heavy Fuel Oil ) [49, p. 558]
(HFQ 40.5 1010 85 10 3.5 0 [50], [51]
LNG (CH4) 48.6 470 75 25! 0 0.48 [52]153], [54]
CNG (CH4) 46.9 180 75 25! 0 1.18 [55], [52], [56]
Hydrogen (k) 120 42 0 100 0 17.5 [52] 1571, [4]
Ammonia (NH4) 18.65 683 0 18t 0 191 [58] [52], [59]
1. Calculated from the chemical composition of the gas, assumimgrecomposition
2. MDO and HFO are stored in the double hull of a ship, therefore no additional tank mass is required.
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5.6.2. Dual Fuel Application
For cases wherdifferent fuelsare used (.e. dual fuel engines) theropertiesof each fuel are combined in

order to obtain a(fictional)fuel blend In practice dual engines inject both fuels separately, howageurately
modeling this isdue to the time constraints posed to this reseancbt possible.

The properties of the fuel blend can be determingsing guation(5.13)X A Y  ¢pfede@skthedibpeity
being calculated andR<ls theratio total fuel to pilot fuel. These ratios are presented Trablel7, along with

the sources used to obtain them.
Note that this approach cannot be used to determine the specific tank mass or the tank vsilureeboth

fuels are stored separately.

Xpong = X * R, +X (1 R) (5.13)

pilot_ fuel dual_ fuel

Tablel7: Dual FueblendingRatios for all considered dual fuel types

Duel Fuel Type |  Re[%] Source
Liquefied Natural Gas 1 [60]
Compressed Natural G 1 [60]
Ammonia 40 [61]

* A value of 5% is also mentioned by the same source, but it also indicates this was an idealistic case and a |
40 [%] resulted in better combustion propertiécherefore this value is used.

5.6.3. Fuel StorageRequirements
The volume required for the storage of the diffetsfuelshas to be taken into account. Tledore the required

tank volume and tank mass added tathe (invariable) system vame/mass.These are accounted for using
the fueldensityand the specific tank ma$sank) [kg tank/kg fuel] both of which are included ihablel6. The
equations to determine the tank volume and tank mass presented by equatio(b.14).

\/tank — M fuel
r fuel
(5.14)
M, =M *m

fuel tank
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5.7. Engine Emissions & Exhaust Gas Treatment System Design
As discusseith chapter3 a constraint was added, which allowed for the removal of the exhaust gas treatment
systems from the concept definition. Instedfte exhaust gas treatment systemnauld be installed when
required by the emission regulations. Therefahe emissions and their regulatory limits are discussed in the
first subparagraphThenthe design of theexhaust gas treanent systemss discusseih the second and third
sub-paragraph

5.7.1. Engine Emissions
In this paragraph the methods to estimate tligferent emissionsare discussedThe first of which is the
exhaust gas mass flggvoduced by all combustion engines togeth8econdly the methogused to determine
the emissions of CONQG, and SQare discussedndividually

Exhaust gasMassFow
The total mass flow of the exhaust gas is the result of the summation of the exhaust gas produaed by
internal combusion enginesThe mass flow a single combustion engine can be determined by establishing a
mass balance over a cylinder.
This mass balancstates that the massxiting theenginehas to be equal to the amoumtf mass going into
the engine The latter of which consistsf the mass othe fueland airrequired forcombustion this is also
shown byequation(5.15).

M M M (5.15)

exhaust n™— fuel n air r

Themass flow of the fuels determined during th@erformance simulationsso when a formulation can be
established, the exhaust gas mass flow can also be determined during this same simulstioass flowof
air can be determined using the air to fuel ra{i@FR [8, p. 207] This ratioconsistof the stoichiometric ratio

™~ N o oA oA

6°0 | yBE®DKSAI NNIA2 0<0(16F & aK26Yy o6& 9ljdzd GA2Y

M, =M, * AFR

fuel

(5.16)
AFR=s* /

These relationshipgan then be combined to determine the total mass of the exhaust gas, as shown by
equation(5.17).

3 3
Mexhaust:é. M *(1 -IAFR) :a.M *(1 S-P:] /)n (5-17)
n

fuel n fuel n
n=1

The air excess ratio accounts for the amount ofequired for the scavenging process in the cylinder, and is
only engine type dependent. The air excess ratio is assumed2ddider 2stroke engines and 1.8 forstroke
engineg8, p. 207]

The stoichiometric ratio dfines the exact amount of air required for the (eplete) combustion of the fuel.
This ratio is completely dependent on tlehemical composition of the fuelyhich has been presented in
paragraphb.6, andcanbe determined using equatio(b.18) [8, p. 206]

%C*i’§+%H*126*%Sk ;;
S = 5.18
" 0.23 519

Page620f118



Automatic Selection of an Optimal Power Plant Configuration

Carbon Dioxide Emissions

Theamount of @arbondioxide (C®) emitted by the combustion eriges can be related to the consumed fuel,
using a pollutant emission ratio (per), which is expressed in grams per kilogram fuel.

ThegerCor CQ is completely dependent on the amount of carbon inside the faietl can be determined
using equatior(5.19) [14, p. 704]

%C
PER,, = 3150*% (5.19)

Sulphur Oxide Emissions

The sulphur inside the fuel is converted to several different sulphur oxides by the combustion process. These
different oxides are oftesummarized under the term SO'he amountof S YA i i SR 6 SELINBaa$s
only dependent orthe sulphur content in the fuel and can be determined using equgbdtO) [8, p. 478]

PER,,=20*% S (5.20)

The IMO also poses a limit to the amount of sulphur that is allowed to be emitted. This limit is defined as a
maximum allowed sulphur content of the fuel. These limits and tN8 & dzf (0 Are/sEmmBitid&dNTable

18[11].

ld GKS GAYS 2F GKA A NBASH ND Y. HewBveraimheyd@adznhe @dar 2028 dzi & |
this cap will be reduced to 0.B6] [33]. This limit is implemented so that the selected power plant
configurations are moréuture proofthan they would be under the current sulphur limits.

Tablel8: Sulphur Emission Limits per ECA

Emission Control Area Sulphur Content Limit ~ Sulphur emission limit
[%0] [gram / kg fuel]
Global <0.5 10
Sulphur Emission Control Are <0.1 2
NGO Emission Control Area <05 10
Total Emission Control Area <0.1 2

Nitrogen Oxide Emissions

Forconventional diesel engines the total N@&missions, again expressed‘fisrQcan be determined using
Figure33, which is obtained from Klein Wou Stapersmd8]. Which curve is usedepends orthe engine
designation these indications have been includedTiable 19 and are also presented by Klein Woud &
Stapersmd8].

Tablel9: Engine Designations based on engine spéed

Engine Indication | Engine Rated Speed [RPM]

SIOW Speed Nengine< 130
Medium Speed 130 < Nngine< 1200
ngh Speed Nengine> 1200

Dual fuel engines have a N@mission, which i80 %lower than diesel enginedue to the decrease in
combustion temperaturg62]. This results in thBIQ, emissionsas showrFigure34, in which the same engine
designations are used.
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This effect also exists fdualfuel engines running on ammonia, atigh notto the same extendThis is due
to the fact that tiere is more fuel borne nitrogerwhichresults in high N@emissions at low engindads
The behavior of the N@missions for dual fuel engines running on ammonia is estimated dsita obtained
from the lowaState University63] and the results are presented Figure35, which again uses the sam
three engine designations
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Figure33: NOx emissions as function of engine loading for Diesel Engines
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Figure34: NOx emissions as function of engine loading for Dual fuel Engines
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NOx Emissions Dual Fuel Engines (NH4)
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Figure35: NOx emissions as function of engine loadindf®rengines supplied with ammonia

The emissionof NOL & f AYAGSR o0&  KSJ[11]and thdsgimitslare sttimarized imghjeS E  + L
20. These limitations were posed in 2005 and since then several adjustments have been made, which also
have to beaccounted for

Table20: IMO NQ limits per engine designatidil]

Engine Indication Engine Rated Speed [RPM] NOXx limit [g/kwh]

SIOW Speed Nengine< 130 170
Medium Speed 130 < Nigine< 2000 45 * (N/60)°2
H|gh Speed Nengine> 2000 98

The adjusted emission limits are determined using an adjustment factor, which is also prescribed by MarPol
Annex IV, see also equatigh2l)® ¢ KS @@Of dkS TRONISYW RSy G 2y (GKS SYAaas
vessel operates and a summary of these values is fouldbie21[14, p. 759]

Nox— adjusted — Nox—2005* (1 - F) (521)

Table21: NQ Limit Reduction factors or for each ECA (valid from 2016 onwards)

Type of Emission Control Area \ F
Global (No Emission Control Area) 0.2
Total Emission Control Area 0.8

NOx Emission Control Area (NECA) 0.8
SOx Emission Control Area (SECA) 0.2

Now that all engine emission, and their limits, can be determined, it is possible to determine whether a certain
exhaust gas aftetreatment system is required and to design that treatment system as such the emitted
exhaust gas exactly complies with thepagpriate regulations
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5.7.2. Scrubber System
This research only considers open lampubbersystemgas discussed in paragragt?). The components of
such a scrubbeare shown byFigure36. Which is based on a schemataistained fom Wartsila [12] and
information provided by the United States Ef8¥]. The pumpsecessary for the transportation dhe
scrubbing wateare not included irthis diagram andre notincluded inthe dimension estimated-or each of
the components shown the dimensions will be determined.

<«_FreshSeaWater

4—
Scrubbed
Exhaust Ga:

Scrubbing

Contaminated Water
Tower

Residence Centrifuge Cleaned seawater
Tank (Expelledoverboard)

Figure36: Scrubber System Components

ScrubbingTower Dimensions
The first component for which the dimensions have to be determined is the scrubbing tower. The volume of

this tower can be defined using equati(h22).
VOIIOWef = AOWGI‘* H towel (522)

This equatiomrequiresanoverall height and overall floor ared the scrubbing towerThe overall floor area is
mainly determined by the circular area of tepray towervessel, as shown ligure37 (based or{12]).

4 Floor area tower

Tower Lenath

Exhaust
gas!inlet

Spray:tower

Tower Width

Figure37: Scrubbingrower foor areaand principaldimensions

The circular area of théower is not the only thing influencing thetal floor area of the scrubbing tower. This
floor area is also influenceuly structural elemerd andthe inlet of the exhaust gases.

Toestimatethe overall floor area of the scrubbirigwer these influences have to be accounted.fohis is
done by defining the tower width and length as showrHigure37. Thefloor area of the scrubbintpwer can
then be determined using equatidp.23).

Aower = Vvtower* L[OWeI (523)
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The principal dimensions of the scrubbing tovean all be related to the diameter of thspray tower. The
required relationships are obtained usingdataset provided by WartsiliL2] and these relationships are
presented inFigure38 and mathematically presented by equati{®?24).

L[ower = 1'84*D

spray_ tower
— *
Vvtower =1.09 Dspray_ tower (524)
— * C
Htower - 1'59 Dspray_ tower +2'39"
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Figure38: Regression @pray Tower ithensiong12]

The diameter of the scrubbing tower is directly related its surface area, which can be determined using
equation(5.25). This equation uses the fatttat the exhaust gas has a maximum allowable veldoignsure

that the scrubbing water does not get carried upwards by the exhaust gas. This maximwabédloelocity

is assumed to b8 [m/s][12].

_ Qs
’Agpray- tower — v SR (5.25)

gas max

Because the mass flow of the exhaust gas has been determined earlier in this paragraph it is possible to
determine the circular floor area of the spray tower using equa{mf6). For this equation the exhaust gas
density is assumed to be 1.2 [kgfinwhich is the density of (ambient) air. This value is used because the
exhaust gas is scrubbéand cooled in the procesaking ambient temperature seawater.

— 1 * M exhaus
A%.pray_ tower — 3600*; : (526)

gas max exhaust

Therefore all principal dimensions of the scrubbing towerlmadetermined. However, the regression analysis
executed to obtain thenumerical values presented in equati¢®.24) was done using scrubbing systems
designed sahe scrubber could cope with a sulphur content (of the combusted fuel)5o#a3
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Therefore ascrubbing system designed for a systeammningon a fuel with a lower sulphur content will be
oversized since the mininam cleaningefficiency is lowerTo compensate for this phenomenon an adjustment
factor is introduced, related to the required cleaning efficiency.

An important term in the determination of the removal efficiency is the residence time of the exhaust gas
inside the spray towef65]. The residence time of the exhaust gadiiectly related tathe height of the spray
tower. Therefore the height of the spray tower is adjusted for cases where a lower removal efficiency is
required, this is done using equatidqb.27).

%S %S

* * fuel_actual * fuel_ actual
f eta overall 0 overall (527)
/OSuel_maximum 35

H H

corrected overall

Now that the overall volume of the scrubbing tower is known it is possible to determine its wE&lghtdata
obtained from Wartsilg12] is used once again in order to determine this densifhich is found to be 0.15
[ton/m?].

Residence Tankimensions

Because the pH value of the expelled water is limited to a value ¢4 3he wash water cannot bexpelled

to sea directly. However, seater is a natural alkaline, which causes the scrubbing water to undergo the
reaction shown in equatio(b.28). To allowtime for thisreaction and the separation of the gas and the liquid
which ae the product of this reactiorgaresidence tanks included in the scrubbing system

HCO, +H - H,0, GCAQ,, (5.28)

The dimensions of the residence tank are directly related to the wash water flow through the scrubber. The
water has to reside in the residence tank for approximately 2 min[it2sp. 59]to allow the pH balancing
reaction to take place This leads to the residence tank volume being defined as shown by eq(@#én

Vol_, =120*Q, (5.29)

tank ashwater

The wash water flow is related to the total exhaust gas production using the Liquid/Gas ratio (R), which is
assumed to be 0.006][using the data provided by Warts[l&2, p. 59Jandthis value is verified usingrange

of commonly found values {0¥10%) [66]. The volume of the residence tank can then be determined using
equation(5.30).

VOltank = 120*Qexhaust* I:zL/ G (530)
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CentrifugeDimensions
The next componentr which the dimensions have tme determined is the centrifuge. Kith removes the
contaminants from thescrubbingwater before it is expelled overboard

The dimensions of the centrifuge are dependent on the amount of water that has to be procesged. Th

processing capacity [fs] has to beequalto the flowtowards the residence tank, since the residence tank
not allowedto overflow or become drained.

¢KS RIGIaSsSh

TNRY

relationship between the volume of theentrifuge and the processing capacity. This can also be s&gguire
39, and equation (5.31) presents the algebraic relationship.

C2NJ GKS RSUOSNXYAYLIGAZ2Y 27F

Vol :11'17*Qexhaust* RA_(

centrifuge

G§KS Yl aa 27

iKS

(5.31)

aeadasSy

is used. This averagg/stems density is assumed to be 0.85 [tofj/mWhich includes the water inside the

centrifuge.
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Sludge Storage TanRimensions

The last component of the scrubber system is the sludge storage tank, which will be designed using the results
of the simulation. The minimum required volume of the sludge storage tank can be found using time
integration of the sludge volume flux. Thisdloan be determined using equatiqs.33).

SPF

Qsludge(t) = * P&D (533)

sludge

The density of the sludge assumed to be 970 [Ky[6i7]. Which only leaves thel®lge Production Factor to

be determined. The amourdf sludge produced is dependent on the composition of the scrubbing water
(silt/sand content, calcium content, and more), which can vary greatly depending on the area of operation, of
which no datas included in this research.

Instead an estimate provati by Wartsila is useld 2, p. 60] this estimate is 35 [kg/MWh]. The upper limit

of this range is assumexb thata conservativeestimaie of the required tak volume is made.

The tanks used for sludge are standardizentainers of 0.69m?]. [12, p. 61]These tanks are used because
they caneasilybe exchanged for empty oneghen the vessel is in port. Each of these tahéis an empty
weight of 60 [kg[12, p. 61]

The number of required tanks can be determined using equation, the result of which has to be rounded up
towards the nearest integer.

# Fpsludge(t) dt %udgg t) dt

sludge_tanks: V = 0 6 9 (5.34)

tank

The volume and mass of the sludge storagethen be determined using equatio(b.35).

=M, *H#

M storage tank tanks

\Y/ =V, H

storage tank tanks

(5.35)

Verifying the developed dimensiqurediction malel is omitted since thelevelopeddimension prediction
method isrelies heavilyreference scrubbing systems,. Therefore it is only expectable thatttw can
estimate these reference vessels.

Power Consumption
Lastly a nominal power req@ment of the total system also has to be determined. This power requirement is
indicated by Wartsila to be approximately 2% of the nominal engine power being scrlitihqgd 78]
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5.7.3. Selective Catalytic Reduction System
An SCR system is assumedadnsist of two componentghe SCReacta and the reagent storage tank and
both will have to bedimensioned.
The dimensionsf the reactor have to be as such that the system can deal with the highest possible engine
load. Tke dimensions of the reagent storage tank can only be determined after a time based simulation and
this will therefore be discussed a@hapter®6.

SCRReactor

The dimensions of the reactor vessel can be determined using equ&ti®®). This equation uses the cross
sectional area and height of the reactor. The square area of the reactor consis{eneta) shell and the
catalyst &lso shown irFigure40).

Vreactor = Aeactor* H reactol (536)

Side view

fop v T eonaustgas o

Reactorcrosssection area Y

A Y

reactor
Hreactor

AV

v

reactor

reactor

T Tenaustasr

Figure40: Schematic representation 8CR dimensions

Thefirst step indetermining the dimensions of the SCR reactor isdégermination of the floor area of the
reactor, which can be determined as shown by equa(®&?).

Aeactor = Wreactor* Lreactor (537)
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The reactor width andength aredefinedas shown byquation(5.38), which contain a core dimension (width
or length) and a correction factor to account fibre auxiliary systemse(g. thesooth dowing system) and
structural elements.

= Womyer®

reactor catalyst

=L * f

catalyst

widtt

. (5.38)

reactor length

By fitting the core dimensions to the smallest SCR system included in a dataset provided by Cédemllar
value of 1.1s foundfor both correctionfactors.

Thiseffectively results in amcreaseof the square area dt1 %, which isslightly larger, but in the same order
of magnitude as correction factor suggested by the US EE8However, he correction factordefined by
the US EP# specifically determined fatationarySCRapplications These SOfequire less structural rigidity
since they encounter far lower (if any at all) loads caused by acceleralioa®fore the increase in corréch
factor is deemed acceptable.

The two principle dimensions of the catalyst can beed®ined using equatior5.39). In which the wall
0 KA O w)®kihe caalyst is found. This thickness is assumed ©.bgmm][69].

L =W

catalyst ~

:# *(D channelt+ v)all ﬂa_ll\/\

catalyst channels side

_ (5.39)
Atatalys - Lcatalyst* Wcatalyst

The diameter of each channel can be determinisihg the Reynolds numbewhich is defined as presented

by equation (5.40). A maximum value of 1000 is assumed for the Reynolds numBe@ b dza Shave b w Q &
operate inthe laminar flow regime[70]

Apart from this Reynolds number, the exhaust gas has a maximum allowable vettmitgver, different
sources present lagvariations (0.7 up to 5 [m/s]Jn this maximum velocity [66], [68], [70]). An averag

value of 2.5 [m/s] is assumed, whiahould be sufficiently high to prevent excessive sedimentation of
particulates and not too high to oae corrosion [68] & [56]).

*
D _ Remax Vgas
channel — Vv
gas_max

(5.40)

This leaves the number of channels per side to be determifieddo so quation (5.41) has to be usedo
determine theminimum flowareanecessary t@nsure hat the maximum allowable velocity is not exceeded.

Q M

— exhaust — exhaust

Ay = v ny (5.41)
gas_max r exhaust gas max
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Theexhaust gas mass flow was determined previously and the exhaust gas density is assumed to be 1.96
[kg/m?3], which is the density of air subjected to exhaust gas conditions caused by an engine running at its
nominal rating, these conditions are a temperaturieapproximately 350 °Celsius and a pressure of 3.5 [Bar]
[71].

Assuming the SGRtalyst is square shaped aodnstructedwith square channeli6] results in the minimum
amount of channels ia single direction to bdetermined usingequation(5.42).

DArow - (5. 4 2)

channel

#

channels_ required ™

However, each catalyst layer is also divided into square blocks with a cross section of 150x1p®]mrhjs
means the number ofhannels per block is also limitethe number of channels per block can be determined
using equation(5.43). The result ofthis equationhas to be rounded down towards the nearest integer, since
only whole channels can fit inside the block.

valock — 0 15
+t D +t

wall

#

channels blockside: D
channel

(5.43)

wall channel

The amount of blocks per side, can be determined using equéiidd), the result of which has to be rounded
up towards the nearest integer, since partial blocks or not possible.

#

__ '"channels required

locks_ required — # (5.44)
channels_ blockside

With the number of blocks known, it is now possible to determine the actually installed amount of channels,
as shown by equatio(b.45).

#

channels_ actual™

i “H

blocks required channels Bkide (5-45)

This number of channels can now be used to determine the actual catalyst width and length using equation
(5.39). Which then results in the surface areftloe catalyst and the reactor.

Because the surface area of the catalyst and the reactor have now been determined, the only unknown
dimension of the reactor is the height of the reactor.
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The height of the reactor imainly dependent on the height of the cagat and is expressed as shown by
equation(5.46). This equation includes a correction factagigfy), to account for structural elements, a flow
straightene and other empty spaces requirgdR]. Based on schematics obtained from Caterpj#ldi a value

of 1.9 is assumed fomdmght

H = freigne H

(5.46)

reactor catalys

However, the height of catalyst still has to be determined. To do so a schematic coiostiafcin SCR reactor
shown by Figure41 (based or{42)) is used.

layer

I

Hreactor

|

reactor v

Figure41l: Reactor Construction (derived fr¢20] & [42])

From the presented figure an expression for teight of the catalyst iderived, which depends ahe height
of asinglelayer (assuming that all layers are equal in height) andhtimberof layersEach layer comes with
a small margin to include the air dis required for sooth blowing, vith is required to prevent @essie
buildup of particulate$72]. This margin is assumed to be 30 [cm] per laged(is obtained by scalingath
presented by the US EH®8]). The height of the catalyst can now be determined ussggation (5.47).

H # £(0.3 H 0 (5.47)

catalyst — 77 catalyst layers

Both parameters found in equatiqb.47) still have to be deternmed. Thiscan be don@nce the total reactive
height (indicated by the green areasHigure41l) is known.

The total reactive height of the catalyst can be determined using equ@idB). Which requires four new
parameters. Which argéhe mass flow inside a simgthannel, aequired NQremoval efficiency, the perimeter
of each channel and the overall mass transport coefficient.

The overall mass transport coefficteis assumed to be 0.0140 [kg?s] [69], which is the appropriate e
for the exhaust gas conditions mentioned earliethis paragraph

M *Int- 4 ,)

gas_ channel

- pe(:hannel* K overall

(5.48)

reactive —
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To determine the perimeter of singlechannel and the mass flow of exhaust gas per channdirstisequired
to determinethe hydraulic diameter of each channel,cathe total mass of exhaust gdsoth of which are
shownby equation(5.49).

M — Mexhaust

gas_ channel ™ # 2
channels_ actual

(5.49)
pel;hannel = 4* D

channel

So the only unknown variable that still has to be determined in order to deB®BER system is the required

NO, removal efficiency. This efficiency is definesl shown by equatiof6.50X Ay ¢ K A(X¥6 thé KS W
amount of NQ produced by the enginedThe value oMNQ .. Qs assumed to be the maximum allowabl
emission of NOx. Both the emission of NfDd the regulatory limitgelated to NQ emissions have been
discussed in paragragh?.1

The required removadfficiency has to be determined for each of the exhaust gas producing machines and the
SCR unit will then be designed to meet ttighest(required)efficiency.

Nox- in ~ NQ( -out
o = 5.50
§ Nox in ( )

Now that all unknown parameters have been determingds possible t@stimatethe reactive height of the
catalyst. However, as was already visible in the schematic overview of the catalyst constricjiior41),

the catalyst is not just one larddock of catalyst materialt is instead divided into layersif ease of both
transportation and maintenancdzach layer has a standardized height of 60 [cm] (excluding the empty space
mentioned earlier][69] & [70].

The number of layers can then be determined using equdbdil). The result of which has to be rounded up
towards the nearest integer.

H._.
#| —_ active (5 5 1)

ayers
layer

The mass of the SCR system consists of the mass of the flow straightingr is estimated to be 408g]

(based on reference SCR ditad]) and anaverage system dertgi which includes the catalyst, étstructural
elementsbut also the empty spaces. An average system density of 0.25 [ton/m3] is found, again based on
reference SCR dajd?]. Bothtermsare shown by equatio(b.52).

M M L *Vol

static system react

(5.52)

SCR —
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PowerRequirement
The nominal power requirement of the SCR system is estimated to be 0.5 % of the power of the engines which
deliver exhaust gas to the SCR is connef@8ti

Verification

The only thing left to dpduring the development of this algorithnis determining whether this design
algorithm correctly estimates the dimensions o&tBCR reactor.

For the purpose of validation the algorithm is tested. This is done using the data provided by Cafégjillar

which consists of both engine and SCR dimensions for several cases. The algorithm is provided with the engine
data and the target efficiency of 90 %, which is an often claimed maximum efficiency for SCR sj@l¢éns (

[69]). The predicted dimensions are theompared to those presented by the data obtained fr@aterpillar

[42].

The results of this comparison are showrFigure42 and Figure43. The designs are decent matches for the
presented main dimensions. Although the total &fal requirements do show some largieviations of
approximately 30 %These are mainly significant law engine powers and some improvement is necessary
here.

However, findingadditionaldata to improve the design algorithm has proven difficBicausehe algorithm

does correctly predicts when to atla block of channelsAnd because the algorithm prexds the other
principle dimensions with a decent accuracy, the large deviations (which are mainly present in the system
mass) are accepted. Though an effort should be madéuture research to improve the weighktstimate
especially in the low engine poweange
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6. Performance Models

In this chapter theused performance modelare discussedA summary of theavailableand un-available
models is given in pagaaph6.1. Following this summary eadti the available models shortly discussed
Theworking principles behind the availabheodels are not discussed in depth and interesteaders are
instead reérredto their developers instead-or thesystem for which a performance model is not available,
a simplistic performance estimation is established

6.1. Existing models
An overview of theequired performance models gesented inTable22. In this table the models which are
available to this research have been markedr the other componenishe exhaust gas treatment systems,
there is no model availab to this research and a performance estimation will be established.

For dual fuel engineso models exist, however these engines are basediarlarcombustionprinciples as
conventimal diesel enginesTherefore it is decided to mark the model egistingand use themodel
developedfor the diesel engines instea@he dual fuel nature of these engines is accounted for in the fuel
properties, as discussed in paragrapb.

Gearboxes (both reduction and the shaft configuration gearbox) aréistetl here and these are assumed to
be constant efficiencydhachindl.(The same is applicable for the fuel types, which do not hawariable
performance.

Table22: Availability of performance models ftive considered systems

Electric
Propqlswe Electric Power EGTS 1 EGTS 2
Engines Energy  Generation
Storage (EPG)
System
Selective
Diesel engines Lilon Fuel Cells  Catalytic S((:gjbebr(]ars
(2- stroke) Batteries  (PEMFC) Reduction Lor()) )
(SCR) P
Diesel engines LeadAcid Erygme
. driven
(4- stroke) Batteries
Generatos

Dual fuel engines
(4-stroke)

Electric motor
(PMSM)
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6.1.1. Propulsive Engines
Internal CombustiorEngines
C2NJ GKS aAyYydzZ GA2y 2F GKS RASaSt | {7Ris tsdd: This a8t Sy
uses a set of performance curves to appnaaie the behavior of an engine.
Originally thismodel included a method to estimate enginemissiors. Fbwever, these methods where
algebraic functions, fitted to real engine data. Although this approach is accurate enough, it did not allow for
a simulation of different engine types. Therefore the methodologies discussparagraplb.7 are used as
emission estimate instead.

The performance curves implemented result in a produced torque and engine speed as function of the fuel
injection. This injection is then controlled trough a Pl controller so that the engine model reaches the delivered
power required. This then results iffael consumptiorand emissionsThetransientbehavior of the load and
engine are accounted for ugirequation(6.1).

M
W=

M

engine load

| (6.1)

total

In which the load torque is the torque demand from that engine by the propellerrépresents the total
Y2YSyid 2F AYSNIAIF 2F 02GK (GKS f2FRZ GKS Sy3aixysS Iy
includesan estimation of both the engine and gearbox moment of inertia which is dependent on the size and
type of those systams. For the moment of inertia of the load (the propeller) a constant value was assumed.

As stated earlier, this engine model also used for simulation of dual fuel engines. However, the fuel
dependent @mrameters are now those of the fuel blend (as de&sad in paragraph.6).

More mmplexengine model is also availablEhis modehctually usethe (ideal)combustion processes that
occur irside the cylinder andhus finds itsfoundations in the basic principles of thermaddmics. These
models are arguably more accurate than tHossel mode@ However, this model requires a lot more
computational powerwhichis likely to decrease the speed of the entire simolati

This,combined with the fact that the thermodynamic model requires more parametersghwat this point
are not knownand thus introduce a lot more uncertainty, make this research use a simplified model.

Pemanent Magnet Synchronous Motor

For the simulation of the performance of the PMSM the model developed by ten Hgékén used to
determinea normalized @egine speedéfficiency and speed/torque curveBoth of which are also presented

by ten Hacken4]. These curves are then used to determine the available engine t@adeequired electrical
power. This simplification is madéiecause the developefirst principle modelis rather sensitive to the
parameters containedvithin the model and these parameters cannot be accurately determined at this design
stage.

The fit model does includsome transient behavigmhich ismodeled using the same principle as discussed
for the combustion enginesdowever, for PMSM no estimation of tmeoment of inertia was available. The
moment of inertia is estimated using the estimateding equation(6.2), in which the density of steel is
assumed to b&860 [kg/n].

1
— * * 2
I engine — E m rotor Rrotor
6.2)
- * 2% *
rT]'otor - (,0 |:{otor I'rotor éteel

PageB0of118



Automatic Selection of an Optimal Power Plant Configuration

6.1.2. Electrical Systems
Proton Exchange Membrane Fuel Cell
For the peformance estimation of the PEM fuel cell a model has been develtpedEFINproject [74]. This
model is used for this research as well. With the only alteration that is implezderg the possibility install
multiple fuel cells in parallel.
The usedmodel is based on the polarization curve (see also Appe@lixand already includes theair
compressorrequired for the necessary air supply.

Engine Driven Generators

An engine driven generation system (or gensmihsists of two separatsystems, thegenerator and the
driving engine. The generator itself is assumed to be a constant efficiency maeitiman efficiency of 95%
[3], which is not entirely accuratéoweverthe change in efficiency at part load atitions ofthe generator

are negligiblavhencompared to the change infefiency of the driving engine.

The drivingenginsY2 RSt SR dzaAy3a (KS Waz2aSftf Y2RStQ RAaOdzaaSF
load is of course different from that of the propulsive power generationiregsy A approximation of this is
fa2 AyOf dZRSRREYQIKPRWVAREABd MLINREAYI GAZ2Y A

Batteries

For the performance models of the batteries the models developed by Stapéd€iia used. This model has
already been verified and validated by Rietvi|d The parameters usedif the simulation of both ion and
lead-acid batteries arall obtained from Rietveld3].

The simulation of these systems does not havery larganfluence orthe performance of the other systems,
due to the used design ethodologes. This influence is reduced further due to the fact that batteries do not
consume fuel or emit any of the considered exhaust gases. Although they do influence thenid§lons
(which are expressed in gram/kwh), since they do deliver powet\{).

6.2. Exhaust Gas Treatment Systems
For the exhaust gas treatment systems no suitable models were available for this re3émrnbminalpower
consumption of thesevas previously etermined for the maximum load.
This power demand igariable, sincéhe system will not be loaded at the minal conditions at all timedS.he
assumption is made that there is a direct correlation between the required power of the treatment s/stem
and the loading of the engis®f which the exhaust gas is treatechis rdationship is also shown by equation
(6.3).

P(t) - F:angine(t) * P

egts_nomr

(6.3)

engine_ nom

6.2.1. Scrubbing Systems
The initial assumptions made during the design of the scrubbing system were made in order to guarantee a
SQ removal efficiency of 98%. Howevehe dimensions were also adjusted for to account for a lower
allowable efficiency. This correction is also accounted for during the simul&apmation(6.4) shows the
method used to calculate the emitted g&fter the scrubber.

SQ(_out(D = SQ_in( ):*(l _hremoval_ SO)( (64)
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The scrubbing efficiency isainlydependent on the Liquid/Gas ratio and other design parameters. Téuese
assumed to be constamind therefore the scrubbing effemcy is assumed to be constarieeping tk liquid

to gas ratio constant does mean that less scrubbing liquid is required at lower loads. This is translated to the
changing power requirementsentionedin the first section of this paragraph

The production of scrubbing sludge, and the dimens@&ated tothe storage of this sludgleas been related

to the total engine power (in kWh) being scrubbed (see also paragBapld). Therefore this sludge
production is not included in the performance simulation of the scrubbing systematselfiot repeatechere.

6.2.2. Selective Catalytic Reduction System
The equation usefbr the determination of the height of the SCR system can simply be rewritten to express
the efficiency as function of the exhaust gas mass flow (as shown by eq(@&%pnvhich in practice is variable
overtime.

* *
- kmass Pereh H active

h 1 el Mexhaust (6 5)

removal —

However, in practice the masstisfer coefficients (highly) dependent on the operating temperat(ié8] &
[69], this effect was omitted in the design process by designing the SCR system wath\afue for the mass
transfer coefficient (kas9. However, the exhaugias temperature can change dramaticallyring off design
conditions as demonstrated by Skogtjdii]. Therefore the temperature dependence of tlefficiency can
no longer be omittedduring the performance simulation of the SCR systérhs. change in efficiency due to
the operating temperature is accounted for using a correction facta) (Es shown by equatio(®.6).

h =1L F)*h

removal corrected

(6.6)

removi

The correction factor isletermined usingeference SCR dafé8] & [75], whichis presented byFigure44.
During the simulation linear interpolation will be used to determine values which do riotide with the
available data.
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Figure44: SCHEfficiency Correction factor as function of Temperature
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The operating temperaturef the SCRs equal the temperature of the exhaust gasgjich can besstimated
usingequation (6.7) [71] The exhaust gas mass flow has been determined earlier and trefispeeat at
constantpressureof the exhaustgas is813 [J/kgK] The inlet temperature of air is assumed to be 328 [K],
which isthe minimum air inlet temperature for normal engine opdamat according to MAN Diesgi6].

3
a QS— 1n
Texhaust: Tinle[ K] + 3 - (67)
a. M exhaust n* c p exhaus

n=1

With .1 being thetotal heataddedto the exhaust gas, by the combustion engifewever, this a value for

this added heat isot determined by the used engine models andagproximation is required.

The total heat transferred to the exhaust gas candstimatedusing the overall engine efficiency, which is
known, since all exhaust gas producing machinery has been designed prior to this design step, and the part
load efficienciesre determined by the performance models.

Itis assumed that approxinely 73% (ki) of theprovided heat endsip in the exhaust gashis ratio is higher

than is normally the case (where approximately 50% of the heat losses are found in the exhaust gas.) However,
to account for both theheat losses and the fact that thengine outlet temperature is higher than the inlet
temperaturethe value for Eiis assumed higheThe heat providetb the exhaust gas can then be determined
usingequation(6.8).

QSl_estimate= Pbreal(t)*(l -h engir(et))* F sp (68)

The total NQemissions can now be determined by a time integration of the emitted Which is determined
using equatior(6.9).

NO, (1) = NO_,(§*( 4

X

(6.9)

_out remova) correcte)i

Reagent Consumption

And lastly an estimate of the required reagent storage capacity hasetonade. This capacity can be
determined by integrating the usage rate of the reagent over time. This usage rate can be determined using
equation(6.10). Thisequation is related to the chemical reaction(s) taking place in the SCR system, which are
shown by equatior6.11).

NO, . (V)*h
Munmone() = e O Moot comociete 52 vy, 6.10

MW,

2NO, + 4NH, 0, - 3N, +6H,C
(6.11)
ANO + 4NH, +Q - 4N, +46H,0
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In equation(6.10) three previously unmentioned parameteare found. The first of these is the Stoichiometric

Ratio (SR). This ratio prescribes the number of moles of (pure) ammonia that is required for the removal of 1
mole of NOx. Based on tldemicalreactiors presentedby equation(6.11), thisNI G A 2 A& RSGSNIX Ay
Which is the ratio required for the removal of NQand this is the highest stoichiometric requirement and

thus ensures enough ammonia will beepent for the SCR to operate.

The Molecular Weight (MW) of both the N@nd the reagent are also required, the MW of NiS 46.01
[g/mole]. This value is usesince NQis largest fraction of the emitted NO

The MW of the reagent is equal to the molar weight of ammonia, which is 17.03 [g/molelthEhusage rate

of pure ammonian [g/s] is now known.

This can then be used to determine th®al amount ofammonia that has to be stored and from that the
spatial requirements caused the storage of ammonia.

Once determined,he volume and mss of the reagent storage aeglded to the systemmass and volume of
the SCR systenihe reagent consumption is addémlthe fuel consumption, since the SCR reagent is also a
consumable (and possibly a fuel).
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7. Results

In this chapter theesults of theconcept exploratioprocessare presented for each of the three casgefined

in chapter4. To do so, he first paragraph wikummarizeéhe method used for theifal multicriteria analysis
Following the final MCA, theesults br each of the three ship typemre presented inthe second, third and
fourth paragraph respectivelfeach of these paragrapltonsists otwo subparagraphs The first of which
presentsthe power plant configurations that are selected based on each of the characteristics individually (i.e.
before the finaIMCA).The second suparagraph presentshe optimal power plant configuration concept
selected by the final MCAhe final paragraph of this chapter presents the sérigtanalysis and its results.

The presented results will not includihe detailed design data determined by the intermediate algorithms.
Because the tool ideveloped to bex concept exploration tool. To ensure the results of this tool do not create
(subconscious) constraints for future designs phabesselected power jant configuration is described using
the definitions found inchapter2 and 3.

7.1. Final Multi Criteria Analysis
The first step in the multriteria analysis is the verification whether a desigaed simulated configurations
meets the emission limitéas they are discussed in paragrapf.l). Doing so seems redundant since the
installation of exhaust gas treatment systems and/or primary emission reduction methodklgiumrantee
that this happens. bwever, die to partload conditionsthe performance of theEGTSlesigrs could be
reduced causing the emissions to exceed the regulatory limits.
Therefore thisconstraintremains important in order to guarantee the rdgtory compliance of thereated
power plantdesigns.
The fnal multi criteria analysis is executafter the configurations whicklo not meet theemissionlimits have
been removed. Ais analysis follows the same procedure ascdissedn paragraphb.1l However, thee are
three types of emissions (NGBQand CGQ) on which a concept can be judged and only one MCA wéghtar
related to emissiondJsing the specified weight factor for eaemissionwould cause the importancef the
weight factor to become too large. To prevent this from happeningyvibaht factoris evenly divided over
the three emissions. This leads to the client preferebemg defined as shown by equati¢nl) for the final
MCA.The remaindeof the MCAthen follows the same logic as the intermediate design choiedsch has
beendiscussed in paragraghl

WFfueI = WFfueI
_1,

WI:NOX _é WFemissions

WR,, = =*WF,

SOX 3 emissions (71)

_1,

WFCOZ - § WFemissions

WFmass = WFmass

WE,,..= WF

volume volume
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7.2. General Cargo Vessels
This paragraph presents the results for the general cargo vessel case, for which the input values were defined
in chapter4. The first suparagraph will present the configurations, which are optimal for each of the separate
characteristics. The second sphragraphwill then present the selectegower plant confjuration.

7.2.1. Optimal Configuration per characteristic
Thepower plant configurations, which are selected when a selection is rhasledon a singlecharacteristic,
are presented imable23, which also includes the numerical results for each of those configurations.
Whenexamininghese resultsand the one$ound for other ship types, it is important to be aware of the fact
that there are concepts whichave identical numerical results for one characteristice 1ol still selects a
specific concepfrom those concepts with identical resultdn example of this phenomenon is sefen the
configuratiors selected for fuel consumption and emissioas show by Table 23. Both concepts have
identical results for the emissiorfa value of zerqQ)yet a different pwer plant concept iselected for both.
This iscausedby the fact that the algorithmanks concepts with equal resuliscording to theorderthey are
found in the library of feasible concepighis means thahe first concept with zero emissions encountered in
the library is assigned the high rank, with following concepts (with zero emissiomseiving a (slightly)
lower rankng for emissions
This effectis also expectablefor the other ship types, sincéhe numerical resultor emissions and fuel
consumption arenot dependenton the ugr defined input, due to the systems in these configurations.

Table23: Optimal Concepts, per characterist@argo Vessel

PageB60f118

Optimal Concept per Characteristic
Fuel Cons. Emissions Mass Volume
Shaft Configuration SingleShaft Single Shaft PTI Single Shaft
MPE- Engine Tvpe PMSM, PMSM, 4-stroke DE, 2-stroke,
9 yp Direct Direct Geared Geared
MPE- Main Tank - - MDO MDO
MPE- Sec. Tank - - - -
. 4-stroke DE,
PT} Engine Type - - Geared -
PTI- Main Tank - - MDO -
o PTI- Sec. Tank - - - -
C
e . PEM Fuel Diesel Diesel
o -
g Generation System Cell Genset Genset
O Gensefg Main Tank - - MDO MDO
Gensetg Sec. Tank - - - -
Pressurized
Hydrogen Storage - Hydrogen - -
Electrical Energy Lion Lilon i i
Storage Batteries Batteries
NOX Reduction - - SCR SCR
. i i Open Loop, Open Loop,
SOX Reduction Scrubber Scrubber
_ Fuel Cons. [Tonnes] 0 205.4 520 434
T P :
o8 Emissions : NOSQ/CQ
E > [o/kwh]/ [g/kg fuell[tonnes] 0/0/0 0/0/0 11.3/2/1656  4.4/2/1503
(O]
e o System Masfonnes] 238277 4474 159 258
System Volumém?] 14926 5530 800 785
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For the cases where a concept would be selected purely on fuel consumption or emibksioaspgower plant

with electric propulsion without engine driven generation is selectedlhis is unexpected, since an
optimization towards these characteristics, impltbat the highest possible efficiency is preferred. Which is
exactly where electric propulsioloses to ICE based propulsiadye to addiional conversionlosses|[8].
However, once the other systenrsthe configuratiorare examinedthe reason for electric propulsion can be
found. The selected power plant configurations capitalize on the fact that electricity can be generated (or
stored) without emissions(or fuel consumptioh Given the spatial requirements of these configurations
(which were included ifTable23) it is not likelythat these configurations i be selectedasoptimal power

plant configuration even though fuel consumption is rated to be very important

The optimal concepts for volume or mass alone are both pure diesel engine driven concepts, equipped with
both exhaust gas treatment systenighe inclusion of a PTI system is remarkable for a cargo veisss,its
operational profile is not really suited for oné@]

The selection of diesel engine driven concepts is expectable, since diesel fuels have the highest energy density
[MJ/m?] of all considered fue)salthough the disregard of HFO as fualngxpected, specially for a concept
which is selected based on volemalone This could be due to the fact that MDO requires a smaller scrubber
(as discussed in paragraptv) and thus become more intergésg.

Another remarkabili is tie application of both treatment system§hisstheoreticallypossible, but not seen

in practice(yet) due to the large initial investments. It is however not unthinkable that this combination of
treatment systems becomes a feasilietrofit) option for ship owners once thanplemented emisson
regulations come into force.

7.2.2. Optimal Configuration
Theselected, optimal, configurationontains the components listed ifable24. In this tablethe installed
power of the different systemis also included. To enable alationship between the components and the
operational profileto be estabished.The numericatesuts for the different characteristics arghownin Table
25. Thesenumericalresults aremainlyinteresting for validation purposes, arsthould na be used as design
requirements, since thaccuracy of the results has not beealidated

Table24: Components, optimalo@figuration, Table25: Numerical Results Select€dnfiguration,
Cargo Vessel Cargo Vessel
Node Name System Characteristic ~ Value Unit
Shaft Configuration Single Shaft Fuel
2- stroke DE, Consumption a4t [ton]
MPE- Engine Type Direct NO, emissions 7.24 [gram/kwH]
(11.9 MW) SQemissions 2 [gram/Kkg fuel]
MPE- Main Tank MDO CQ emissions 1370 [ton]
MPE- Sec. Tank - System Mass 614 [ton]
= PT} Engine Type - System Volume 1153 [m3]
S PTI- Main Tank -
§ | PTKSec. Tank -
§ Generation System (6plESMkTNC)
Gensetg Main Tank -
Gensetg Sec. Tank -
Hydrogen Storage Pressurized Hydroge
Electrical Energy
Storage
NOX Reduction SCR
SOX Reduction Scrubber
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The séection of a single shaft configuration driven by an internal combustion engapectable Since this

type of propulsion chain ithe most commorone found in cargo vesselnce these are highly fuel efficient

[8, p. 106] The fact that the concept exploration tool selects this type of propulsion chain (given the specified
operational profile anccharacteristicsjgives somenitial confidence in the working principles of developed
tool.

What is unexpected is the fact that 2stroke diesel engine combined with botbxhaust gas treatment
systems is favored over the dimation of a dual fuel engind likely explanation for thithe fact that the
storagerequirementsof the gaseous fuel (whids required fordual fuel engine) are more severe than the
spatial requirements of botexhaust gas treatment systems

Another explanation could be the fact that the large cosecessary to install both exhaust gas treatment
systems are not included as a tradeoff.

Although, the inclusion of costs coudtboincreaseghe likelihood of HFO being selected as fig#tce HFO is

a relatively cheap fug8]), which inturn would require a scrubbeBecause of the tradeoff between fuel price
and system costs (such as the one mentioned eatrlier), it is especially interesting to keep both investments
(purchase) gparate from operational costs.

The application of a fuel cedls generation system is not expected since these are not yet found in practice.
Instead it was expected that a diesel driven genset would be installed, since these gensets areeognfastth
commonly applied method to supply electric pow8r p. 115] However, he fact that a fuel cell was not
expected because in practice other generation systems are useshmewhat skewed. Sinfigel cells aranot

as mature as other generation systems drave therefordess time to béncluded in ship dsign.

The favoring of a fuel cell over an engine driven genset is likely due to the fadudtatlnsumption is
measured in tonnes. Whidh where hydrogeibeatsall the other fuels, since it is (by itself) very light (see also
paragraphb.6) and the high preference towards fuel consumption causes the tool to miniimgzieiel mass.

In general he selected power plartonfigurationmatches theexpectations And possible unexpected results
can beexplained. Both these considerations graame initial onfidence in the working principles of the
newly developedconcept eploration tool Although other ship types will have to be intigated as well
before a final verdict on the working principles of the tool can be given

Additionallythe numerical values seem to be of the right order of magnitude for an ietahate As can be

seen from the fact that according to the operational profiléotal 0f2.548.086 [kWh] of power is required

which can be delivered with 44@nnes of fuel.

This translates to aaverage fuel consumption of 1{§ram/kWh],which is adecent value foa completely

engine driven systenis, p. 136]

In this case averaging the fuel consumption and comparing that average to another reference, is a slightly
skewed comparison, since a fuel cell is nogiee driven and hydrogen is a lot lighter than the consumed
diesel fuel. However, given the large difference between the propulsive power (11 MW) and the electric power
(618 kW) (see alsbable24) the error made by averaging the results of the considered configuration, to an
existing engine based one is relatively small.

The emissionf NQ are low, when compared tocommonly foundvalues, which are betweef and 22

[o/kwh] [8, p. 212](and the NQ emissions of &troke diesel engines normally in the upper regions of this
range). These low emissions are however expectable since the power plant configurations are force to comply
with the moststringent emission regulationsuch as the Tier Il N@missiongsee also paragraph 7).
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7.3. Harbor Tug
This paragraph presents the results for the harbor tug case, for which the input values were defined in chapter
4. The first sukparagraph will preent the configurations, which are optimal for each of the separate
characteristics. The second sphragraphwill then present the selectegower plant configuration.

7.3.1. Optimal Configuration per characteristic
The power plant configurations, which areeseted when a selection is made on one characteristic alone, are
presented inTable26. The numerical results are harderverify for these vessels, sinceimericalvalues from
reference vessels is very scar€hisverification is complicated further by the fact that there is moegiation
in both the operational profile anthe appliedpower plant configurationsTherefore it is likely thate results
cannot be vefied usingreference power plant configuratioresdlone Thereforemore fundamental (marine
engineering baseddnowledge idikely necessaryo verify whetherthese resultsare indeed feasible

Table26: Optimal Concepts, per chatadstic,Harbor Tug

Optimal Concept per Characteristic

Fuel cons. Emissions Mass Volume
Shaft Configuration Single Shaft Single Shaft  Single Shaft  Single Shaft
MPE- Engine Type PMSM, PMSM, 4-stroke DE,  4-stroke DE,
Direct Direct Geared Geared
MPE- Main Tank - - MDO MDO
MPE- Sec. Tank - - - -
PT} Engine Type - - - -
PTI- Main Tank - - - -
PTI- Sec. Tank - - - -
Generation System - PEM Fuel Cell PEM Fuel Cell PEM Fuel Cell

Gensetg Main Tank - - - N
Gensetg Sec. Tank - - - R
Pressurized Pressurized Pressurized

Component

Hydrogen Storage -

Hydrogen Hydrogen Hydrogen
Electrical Energy Lilon Batteries LiHon i i
Storage Batteries
NOX Reduction - - SCR SCR
. i i Open Loop, Open Loop,
SOX Reduction Scrubber Scrubber
= Fuel Cons. [Tonnes] 0 0.5 1.2 1.2
o 2 Emissions : NCBQ/CO,
g § [gr/kwh]/[g/kg fuell/ftonnes] 0/0/0 0/0/0 4.6/2/3.4 4.6/2/3.4
e o System Mass [tonnes] 110 55 33 33
System Volume [/ 92 60 43 43

The first interesting results observable Tiable26 are the selectedconfigurationswhen judging on either
emissions ofuel consumption alone. These are the same as the configurations selected for the esasgb v
case. Thigs expectable, sincineir selection icaused by the ranking methodology as discussezamgraph
7.2.1 Although relatively high, the spatial requirements are more feasible than those oétige carrier case.
This is an indication thator vessels witha short mission(or low power requirerents) battery powered
configurations might be interestinglternatives, which has also besnggestd by the ITH1].
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For a selection based onassor volumealonethe concepts which are selected aigenticalto each other,

and different from those selected for the cargo vesskhe fact that both are identicak somewhat
unexpected, mce this was nothe case for the cargo vessélgain HFO is not selected as fuel type, which
could be due to the same reasoas discgsed for the cargo carrier, but, given the preferences of this case,
also due to the fact that HFO isone polluting than other fuels.

7.3.2. Optimal Configuration
The selected, optimal concept, contains the components listethlsie27, which also presents the installed
power of the different systems, so that a relationship between the components and the operational profile
can be established. The numerical riésdor the different characteristics are shownTiable28.

Table27. Components, optimal Configuration,

Table28: Numerical Results Selected Configuration,

Harbor Tug Harbor Tug
Node Name System Characteristic ~ Value Unit
Shaft Configuration PTI Fuel 055 [ton]
PVSM Consumption '
MPE- Engine Type Direct NO, emissions 0.35 [gram/l</\{<vH]
(1.2 MW) SQemissions  0.02 [g:caml g
MPE- Main Tank - - uel]
MPE- Sec. Tank . CQ emissions 0.68 [ton]
Dual Fuel Engine System Mass 48 [ton]
3
PT} Engine Type Geared System Volume 56 [m”]
= (1.2 MW)
0 PTI- Main Tank MDO
S PTI- Sec. Tank LNG
S . PEM Fuel Cell
@]
8 Generation System (1.2 MW)

Gensetc Main Tank

Gensetg Sec. Tank

Hydrogen Storage

Pressurized
Hydrogen

Electrical Energy
Storage

NOX Reduction

SOX Reduction

Given the defined operational profileig expecablethat a PTI is selectd®, p. 111] The installation of an
electrical MPE and a dual fuel engine PTI (instead of the other way around is given the high preference towards
emissions also expectable, because the running (and thus emitting) hours of the combustion engine are

minimized.

The fct that a 4stroke engine is selected for the powke in is also expectable, given the higher power
density of these engine@] (but also (implicitly) seen in Appendgx and the weight factors related to the

spatial requirements.

The selection of a fuel cell based generation systesomsewhatexpectable since both emissions and fuel
consumption were assigua relatively high weight factors and both of which are important pros of fuel cells.
Because very little reference data is availalthkee numerical results are not very useable. Althouggh
comparison between the smallest configuration (the one selectedrfass/volume alone) to the selected
configuration shows thaa low emission tug can be designedthout severe increases in dimensions.
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7.4. Trailing Suction Hopper Dredgers
This paragraph presents the results for the trailing suction hopper dredger case, for which the input values
were defined in chapte4. The first sb-paragraph will present the configurations, which are optimal for each
of the separate characteristics. The second -patagraphwill then present the selecteghower plant
configuration.

7.4.1. Optimal Configuration per characteristic
Again the concepts for both fuel consumption and emissions are identical to those selected focagher
Which isstill expectable since theseonfigurations will always haweeroemissions / zero fuel consumptipn
due to the components in those system
Comparing the configuration that is selected for mass and volume to those selected for the other ship types
show that again different configurations are selected. Especiatiyrasting is the switch from fuel cell to
engine driven genset, when a comisn is made with theesults of the harbor tug case.
Apparently fuel cells are more interestifay lower power demands, whilr higher powers gensets become
more interesting. This ieasonable since for higher powers the fuel tank mass becomesdbminant part
of the system mass (which is in favor of didaels), while forlower powers this is the generation system mass
(which favors the lighter fuel cellThis is another indication of the influence of the operational profile.

The fact that tle exhaust gas treatment systems are not installed in these concepts expectable since the most
lenient emission regulations are applied to this this case.

Table29: Optimal Concepts, per characterisiiGHD

Optimal Concept peCharacteristic

Fuel cons. Emissions Mass Volume
Shaft Configuration Single Shaft Single Shaft Single Shaft Single Shaft
MPE- Engine Type PMSM, PMSM, 4-stroke DE, 4-stroke DE,
Direct Direct geared geared
MPE- Main Tank - - MDO MDO
MPE- Sec. Tank - - - -
PTt Engine Type - - - -
e PTI- Main Tank - - - -
2 PTI- Sec. Tank - - - -
2 Generation System - PEM Fuel Cell DE Genset DE Genset
g Gensetg Main Tank - - MDO MDO
© Gensetg Sec. Tank - - - -
Pressurized
Hydrogen Storage - Hydrogen - -

Electrical Energy
Storage

NOX Reduction - - - -

SOX Reduction - - - -

Lilon Batteries Lion Batteries - -

= Fuel Cons. [Tonnes] 0 46 127 127

o2 Emissions : NCBO/CO,

g § [gr/kwh]/[g/kg fuel]/[tonnes] 0/0/0 0/0/0 11.7/4/403 11.7/4 /403

2 o System Mass [tonnes] 6202 1854 221 221
System Volume [ 4051 1981 407 407
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7.4.2. Optimal Configuration
The selected, optimatonfiguration contains thecomponents listed infable30, which also presents the
installed power of the different systems, so that a relationship between the components and the operational
profile can be established. The numerical results ferdifferent characteristics can be four Table31.

Table30: Componentspptimal @nfiguration, Table31: Numerical Results Select€dnfiguration
TSHD TSHD
Node Name System Characteristic ~ Value Unit
Shaft Configuration PTI Fuel 59 fton]
. PMSM, Direct Consumption
MPE- Engine Type (8.8 MW) NQ.emissions  0.17 [gram/kwH]
MPE- Main Tank - SQemissions 0.01  [gram/Kkg fuel]
MPE- Sec. Tank - CQ emissions 44 [ton]
Dual fuel, System Mass 1053 [ton]
PT} Engine Type Geared System Volume 1380 [m?]
(2.2 MW)
| PTI- Main Tank MDO
S PTI- Sec. Tank LNG
o
§ Generation System PE(;/I?,I?\;IJ\%)CeII

Gensetc Main Tank -

Genseftg Sec. Tank -

Pressurized
Hydrogen

Hydrogen Storage

Electrical Energy

Storage
NOX Reduction -
SOX Reduction -

The selection of a power take in based propulsion system is somewhat unexp@otatihe overall efficiency

of PTI based configurations is lower than the efficiency of a single shaft configuration and a relatively high
weight factor was assigned to fuel consumption (and therefore implicitly to efficiency).

Although unexpected, the selection of a PTI is not unreasonable, since a single shaft configuration would cause
either a large propulsion generation systémcombination witha large electricity generation syste(since

both power demands are quite highy aneven largerlectricity generation systerthan is requiredor the

selected configuration

The selected PTI configuration (a PMSM as main propulsive engine and a dual fuel engine as PTI, as seen ir
Table30) combines the application of electric propulsiarile still keeping the electricity generation systems

from becomingexcessively large in terms of installed power.

Additionally, the most lad variationsare present for the PMSM, which suffers I&ésn part load conditions

than the dual fuel engine. Whiaould be an important reason for the selection of a PMSM as Main engine,
and a combustion engine as power take in, instead of the otlar around.

Theapplication of a dual fuel engingnstead of any other engine type)s power take iengineisexpectable

given the relatively high weight factor for emissions

The selected generation system (a PEM fuel cell) is, given the refatiigh preferences towards fuel
consumption and emissions, also expectable, since hydrogen is a light fuel and fuel cells do not emit any of
the considered exhaust gasses, resulting inra eeissiorelectricity generation systemAlthough itshould

be naed that the application of fuel cells (especially of this size) is not (yet) seen in pfadtjice
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Instead the most commonly applied generation systemboard these vessels are sthle (diesel) engine
driven genses. However, the increase in environmental awareness (as discussed in chagtemake a shift
towards fuel cells likely.

Interesting to note, is that th emissim regulationsapplied tocase arghe most lenientof all casesand the
tool still selected a power plant configuian, whichalso has the potential to meet more stringergrdands
without any retrofitting.

As a final noteo the selectedconfiguration sthat it is certainly not the only option fafredgers The selection

of this configuration is strongly related to tlessumption that the dredging pumps are driven using electric
motors. Whichincrease the electrical power demanduite dramatically which in turn creates a stronger
tradeoff between propulsion and electrical power demand.

In practice electrically driven pumps can be found,d&BTO + CR#®nfiguration or diesel engine driven pumps
arefar more commonEspecially the PT®CPP cofiguration is very common in industr common in fact
that a designer will have to make a very strongecheforea dredging company will turn away from CPP based
configurationg29].

The fact that theselected configuratin isnot likely to be accepted for 8SHL29] is an ndicator of the fact
that it should bebeneficial for the tool to be expandedo that a CPP and/or PTO system is considered as well.

7.5. Remarks
From the obtained results, a tendency towards the application offuel cellscan be recognized, sincl
configurationsselected after the final MCAontainone. Thisis likelydue to the excellencén term of fuel
consumption(whenmeasured in tonnesas it is during this researcand emissions
Another @use could be the fact that an important downside of a PEMFC (the storage requirements of pure
hydrogen)is never assiged a weight factor that is higher than others.
Thistendencytowards fuel cells also gives rise $ome inital (preliminary) recommendationswvhich are
presented below.

The first and foremostecommendation is to replace, or supplemetite indication of fuel consumptiowith

a dimensionless parameter, such as an overall system effici@msywould reduce th impact of the fact that
hydrogen is a very light fueTherefore changing the indication of fuel consumption would I¢ivelplaying

field for other generation systems and allow for a fairer tradeoff in the PEMFC/ genset electricity generation
system.

Another remark is thathe tool not been constrained in terms state of the art limits An example of which

is the fact that thelargest(immobile) PEMF®ased power planever created is approximately[RIW] [77].
Thislimit has not been implemented, since there is no fundamental reason as to why this limit could not be
extended. However, extending this limit is likely going to be a very costly process and it is not unthinkable that
a ship owner might not want tbe the (frst) one to investin such aprocess.

Another preliminary recommendatiorthat could level the playing field for other (nefuel cell based)
generation systems is the fact thhtel cells arenot as mature as otherechnologyand assuch the costs of
designing and installing them could be rattiegh. This major downside of fuel cellsnst accounted for
during thedesign andelectionprocesssince costgboth purchase and operational costs (or CAPEX and)OPEX
are not included as eriterion.

Includingthese termsas characteristicaallows for more tradeoffs to be considered, and should therefore
result in more reliable results.

An added benefit of the inclusion of costs, is thatllows for a better tradeoff betweerthe different fuel
types,4 dzOK | & a5h3 gKAOK Y2NB SELSyarodsS o[@k Of SIySNI |
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Sensitivity Analysis
The sensitivity analysis focussgsy’

GKS AyTFtdsSyOS 27
operational profile. Therefore thanalysisan bedone for one ship type, by executitfte concept exploration
methodology, while keeping all input values, except the clienfggences constant.

For thisanalysis thecargo carrielcaseis used, lhe input parameter®f which weredetermined in chapted.
The MCA weight factofor each taracteristics is varieddtween 1 and 10 with increments of &d
preferences close to the original valies are omitted. fiis leads to three additional variations per
characteristic This creates four different dataseteach of contains three different variation to the original
benchmark caselhe client preferencefor the newly created casese presented inTable32, along with the

Table32: UsedCases 6or the Sensitivity Aalysis

Case

Weight Fuel
Consumption Emissions

Weight

Weight
Mass

Weight
Volume

Original:

10
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1
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10
10
10
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10
10
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For each of the defined variations, the numerical results will be compared to the original case. This is done for

eachcharacteristic individuallgndthese comparisons are presentadthe form of a scatter diagram

This results in a total of 6 scatter diagrams per varied weight fagtdra total of 24 scatter diagrams. An
example of such a scatter diagram is presentedigure45 and discussed in thremainder of this paragraph.
After the discussion of the example results, all cases are discuskedcofrespondingcatter diagramsre
howevernot presented in the main body of this report and interested read®es referredto AppendixH
instead The general laput of the scatter plots $ presented using the example results found-igure45.

The xaxis ofeachscatter diagramepresentshe concept number, which is a referemto the concept librar.
Thisnumber alone givesery little information about the power plantconfiguration makinga somewhat
obsolete parameter to plotagainst However,it does enable a(graphical)comparison of eaclindividual

conceptunder the influence of the changing client preferences.

The yaxis of the scatter diagrams shethe change (delta)n the considered characteristic, expressesh
percentage with respect to the original benchmark case. The value of which can be ideigtming equation

(72 Ay 6KAOK W.-Q Aa
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Theexamplepresented inFigure45 showsa magnified version of the scatter diagram found in appeihtlix
Figure45 shows the change in fuel consumption, under the influence of a changing weight factor for fuel
consumption (Case A, B and CTable32). In the title of each figure it is mentionedhich weight factor is
changed, and which characteristicsisown.

The presentedmagnificationdoes showsome interesting patterns but does omit some extremspikes.
However, because this figure is mainly included to present the way the created diagrams can be read this is
not a problem. Insteadhe omitted spikes and theatterns which are shownare discussed in the sub
paragraph dedicated to a changing M@gightfactor for fuel consumption.

MCA weight factors [ 1 0 5 7 ] select concept # 88
T - MCA ht fact [4 05 7]select it # 960
10 Variation of MCA Weight for Fuel Cons. - Fuel Cons. Mo x:gm fzﬁg::'[ 708 7]3251 xi‘:&#m
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6 o
'Bﬁ By @
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e
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-10 | 1 1 1 1
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Concept number [-] w104

[0 [1057] o [4057] [705 7]

Figure45: Example of Sensitivity Analysis Results

The legend presents the client prefereng¢es MCA weight factors) used during the creatioreathdataset.

As can be seen (from the legend)Figure45, each figure contains three different datasets, each with their
own color. Every dataset contains every power plant gamfition found in the design space, for the given set
of MCA weight factors.

To each figure an annotation is added, which presents the selected power plant configuration for each set of
client preferences, once again using the concept number.

In the example shown iRigure45a black line (at # 1166) marks the split between single shaft and power take
in power plant configurations. This line not seen in the appendices and its location does not change
depending on the preferences, but it remamsefulto (at least) be awaref its location.

The most remarkable phenomenon seerfFigure45 are the intermitted(orange)clusters These are caused

by the fact that electrical propulsion engines are found here. These machines cause an increase in the electrical
power demand and th&fore magnify the effect of the design choices related to ¢fhectricity generation
systems, which in turn causes an increase in sensitivity to the weight factors.

Interedingly thereoccurring patterrseen in these spikeshanges around # 10000. The maieason for the
change in pattern is the fact that here the dual fuel engine based propulsion systems are found.
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There are more feasible dual fuel concepts, since thereoiemariation in the fuel typ¢hat can be applied.
Which in turn causes an incrg&in the period of theeoccurring pattern discussed earlier.

The largest deviation from thaforementionedpattern is found around # 24000 which is where full electric,
PTI configurations can be found. Here the design choices concerning the dlegeperation systems
become (even more) dominarthis can be seen from the fact that the change in fuel consumptioréset
cases has more deviations and the observed deviations are relatively high

The fact that these orange spikesgistindicatesthat the more design choices that are stacked on top of each
other, the more sensitive theesults become to those choices. This is expectable, since more choices means
an increase in influence and thus an increase in sensitivity as &mlin this reasoing it is expectable that

the electricity generation systers, and theirdesign choiceshave a larger influence on the results than the
propulsive power generation systems. Sincessystems are more likely to stack onto each other (given the
developed &yorithms discussed in paragraptb).

However, he previouslydiscussed patterns where &kplained by the propulsion engines changing. Which is
contradictingthe expected sensitivity ohe generation systes

That all the observed deviation can be explained with changes in the propulsive engiegsdainable by
considering thecaseused during the analysis. This was the cargo carrier, which has a propuisies
demand,which is higher than the electrical power demandt{0 MW vs + 600 kVds seen in chaptes).

It is only expectable that a design choice influen@nmachine of several megawatts will have a greater
influence on the total results than the design choice which influences a system of only a couple hundred
kilowatts.

This dependencghowsthat not only does theoperational profileinfluence thedesign of thepower plant
configurationitself, it also changs the sensitivity of the tool. Since the operation profile can causgecific
set of design choices to beme more or less dominant over other desidroices.

7.6.1. Varying the preference for Fuéconsumption - Numerical data
The cases A,B and&3 defined irmmable32) are used to investigate the influence of the MCA wefghtor for
fuel consumptionThecreated scatter diagramshowsthat, as expected, increasing the importanceadbw
fuel consumption, redues the amount of consumed fueWhich can be seen from the fact that the majority
of the numerical data has a positiveviation (and thus consumeamore fuel)from the bentimark caséwhich
had the highest weight factar)

There are somextreme spikes, which were excluded from the magnified example, ¢theg are however
visible in appendikl. These spikdsave two causes, which are closely related to each ofhehbetter illustrate
both causes the detailed design data of a single configuratrdmich has such aextreme spike hsbeen

included inTable33.

¢KS FTANRG OFdzaS 2F GKS 20a4SNBSR aLA1S Aa 554f@KIy3S
its definition). This change in DoHas a quite significant impacin the resultsbecause a large electrical
machine (11 MW, as seen iMable33) is present.This causes the change in DoH to significantly rethee

amount of hydrogen consumedvhile at the same time increasing the amount of consumed di&inte

diesel isheavier tharhydrogen it causes an increasg@mnsumedfuel mass.

The other cause for the increases in fuel consumption is found, wherethdis for the NQ emissions are
examinedas well
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At exactly the same locations as the spikes in fuel consumption theM@sbns increase quite dramatlly,
again due to the changing DoH, which increases the size of the genset (which eghitehNOthe delivered
power (kWh) remains approximately the same (since the operational profile does not change).

The change in N@s significant enough foan SCR systento be required,while it was not required for the
original casdas can be seen ifiable33). This again further increases tineass of theconsumed fue(since
the SCR reagerig also addedo the consumed fuel masss dscussed in paragraph2.2).

Table33: Design Datdor a single configuration located at &xtreme spikes in fuel consumption

System OriginalCase Case B
Shaft Configuration Power Take In PowerTake In
. Dual Fuel Engine Dual Fuel Engine
MPE- Engine Type (844 kW)g (844 kW)g
MPE- Main Tank MDO MDO
MPE- Sec. Tank LNG LNG
PTHEngine Type PMSM, Geared PMSM, Geared
(11.4 MW) (11.4 MW)
PTI- Main Tank - -
PTI- Sec. Tank - -
Generation System PEMF@. DE Genset PEMFC &E Genset
(9795 kW& 1347 kW) (1108kW & 12354 kW)
Genset;, Main Tank HFO HFO
Genset; Sec. Tank - -
Hydrogen Storage Pressurized Hydrogen Pressurized Hydrogen
Electrical Energy Lilon Batteries Lilon Batteries
Storage
NOXReduction N/A SCR
SOX Reduction Wet Scrubber Wet Scrubber

The emissions of GBhowonly smalbleviations, with the oyl significant changes found at the same locations
as aforementioned changes in Dolhis issxpectable, since the only way to alte© emissionss to alterthe
amount of carbon containinfuel that is consumear to change the amount carbon in that fuel. The latter of
which happens when the DoH is changed.

The other patternseen for this emission follolsehaviorof the fuel mwnsunption which is expectable since it
for those concepts the only influence on the L&issions comes from the amount of consumed fuel.

The emissions of S6&how both a rather large deviations aredlarge spread in the value of those deviations.
This ignteresting, since the only way to alter the emission of @®termined in gram S@er kg fuel) is to
alter thefuel compositont KS 2y f & RSaA3dy OK2A0OS gperkd kel i©RabioR O N
since for other concepts the average feelmposition doesiot change.

Thehighest spikesare, as expectedpnce again found at the locations where electric machines are applied as
propulsive engines.

The behavior otthe deviations foundor the mass and volumare very similar.The majorty of the results
show limited ebviation w.r.t. to the original configuratiotdowever, here arelarge spikesn both the mass

and volune of the completesystem.These spikesoincide with the locations where theiél consumption
showedthe largestdeviatiors.

Here theincrease in systemassis likely caused by the installation of an SCR as discussed previdindly,

the decreases in masse likely caused bythe decreasein DoH, which increases the amount of diesel fuel
required. Which in turn reducdsink mass (as discussed in paragra).
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7.6.2. Varyingthe preference for Emissions Numerical data
The cases D,E andfBund in Table32) demonstrate the effect of a changing weight factor related to the
emissions.The change in weight factor has a limited influence on the results. This can be seen from the fact
that it is raher difficult to separate the three different cases. Which implies, that although there are some
significant deviations, they are not (or hardly) influenced by the change in weight factor.

This is likely caused by the fact thihe weight factorrelatedto emissionss dominated by the high weight

factor for fuel consumption. These two weight factors are closely related to each other, because emissions
6SNB SELINBaaSR a t2ftftdzilyid 9YAaawaissiospérLilhgeadfued Wt 9 w
FYR GKS AyTFfdsSyO0S 2F GKS Of ASyild LINBT@dePeyiddr§anthey G K
type of system present inside a concept)

The other cause for the observed insensitivity is the fact that emissions are also undefiikede of the
(objective)IMO regulations, whickvere assumed to baon-negotiable design criterialhese design criteria

canonly be influencd by the choice of emission control area, which has not been varied during this sensitivity
analysis.

7.6.3. Varyingthe preference for Mass Numerical data
The cases G,H anddund inTable32 demonstratethe influence of a changing value for the weight factor
related b mass. Iterestingly the fuel consumption shows the same behavior for a change in weight factor for
mass as it did for a changing watidgactor for fuel consumption.
This is somewhatemarkable, since in general the more efficient (slow running) 2 stroke engames,
significantly larger (and thus heaviefhis makes tinexpected that the tool still finds solutions which have
lower fuel consumptiorthan the benchmarkThe mostikely explanation for the seen reduction is the fact
that the weight factor for fuetonsumption is stilery high.
For cases, wherthe weight factor for mass is the lowest (the blue scaftediuctions in the NQemissions
are seen. This is somewhat expectable, since a smaller engine (for the same power requirements) can be
achieved byusingengines with a higher nominal engine spe@d show byFigure20, found in paragraph
5.4.2. The selection of a higher engine speed haslitional benefit of emitting éss NQ (as discussed in
paragraphb.7.7).

However, when the weight factor for mass is increased further this effect is lost, and even reanlisdrease

in the emissions of NQwith some extreme spikegppearingas well The largest spikes are again found at
electrical propulsion systems, which as discusseFifgure45 remains somewhat expectable.

Other, less extreme, but still significant increaseséiflssions, are likely due to the relatively high weight for
fuel consumptionwhich might result in theelection ofa larger, slow speed engine

The emissions of S@o not show a clear pattern and for each variation of the weight factor both large positive
and large negative deviations can be seen. This is likely due to the fact that the emissigarefd®y affected

by fuel composition, something which is only influenced by the application of combined electricity generation
systems.

This suspicion is confirmed by the fact thtte most extreme deviations are again found at the electric
propulsive egines, which as stated several times before, magnify the impattteoflesign choices involved
with the electricity generation system.

The emissions of G@how very little deviations, with the exception of the spikes found at the electric
propulsion systems, which were enagered numerous times before.
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The numerical results for mass show that, as expected, the system mass decreases w.r.t. the becabenark
when a higher weight factor is assigned. The opposite, an increase in system mass for a decrease in weight
factor is also seen

There are some deviations from the expected behavior, whamhd be causetly the DoH of the combined
generation systemtanging. These changes dileely causedy the high weight factor for fuel consumption,

which causes an increase in hydrogen consumption w.r.t. to diesel fuel (and thus a decreaseonttaled

fuel mas$. This increase in hydrogen consumption cometha price of an increase iffuel) tank mass and
volume.

The volume shows roughly the same behavior as was discussed for theamaiés therefore not discussed in
greater detail.

7.6.4. Varying the preference for Volume Numerical data
The same trends as datbed for the variation of mass can be seen, when altering the preference for volume
(case J,K and,lwyhich isexpectable since these are strongly correlated.
What is interesting is that agatombinedelectricity generatiorsystemshave the largest variation in their
numerical values.
Once again affirming that the ratio between spatial requirements and fuel consumptions has a large impact
on the numerical results of the tool.
These (and the previous) variations also demonstréitat tespecially mass and/or volume criticality are
dominant terms in the design @f power plant configuration.

7.6.5. Changes in Optimal Concepts under varying preferences
For this part of the sensitivity analysis the optirpaler plant configuratioris seleted for every case. The
selected conceptaumbersare summarized ifable34. These numbers remain rather vague, since they are
only areferences to he library of feasible conceptdt is used nonetheless, since it doeswhwhether the
selected power plant configuration hakanged.

Table34: Selected optimal concepts per sensitivity analysis case

Case Changed Numerical Concept
Name | Preference Change Number
Original - - 89
A Fuel Cons. 10>1 88
B Fuel Cons. 10 > 4 960
C Fuel Cons. 10 >7 960
D Emissions 0> 4 975
E Emissions 0->7 975
F Emissions 0 ->10 975
G Mass 5> 1 1026
H Mass 5 > 7 960
| Mass 5 >10 960
J Volume 7> 1 975
K Volume 7 >4 975
L Volume 7 >10 960
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Because the selected concept numbers presentediable34 give very little information about the actual
power plantconfiguration,the systems present in those power placanfigurationsare presented infable
35. In this tableonly concept number 96 and 975 are presented, since these aselected by the final multi
criteria analysigjuite dominantly.

Table35: System typepresent in theanost dominanly selectecconcepts

Concept NumberNinumber of occurrences)

960 (5) 975 (5)
Shaft Configuration Single Shaft Single Shaft
. Dual Fuel Engine, Dual Fuel Engine,
MPE-Engine Type Geared Geared
MPE- Main Tank MDO MDO
MPE- Sec. Tank LNG LNG
- PTi Engine Type - -
S PTI- Main Tank - -
é PTI- Sec. Tank - -
€ | Generation System Dual Fuel Genset PEM Fuel Cell
8 Gensetg Main Tank MDO -
Gensetg Sec. Tank LNG -

Hydrogen Storage -
Electrical Energy
Storage
NOX Reduction - -
SOX Reduction - -

Pressurized Hydroger

Theconfigurationspresented inTable35 show a number of trends in the design of the cargo carrier vessel
Among these trends are some indicators for possible improves to the tool and therefore also some preliminary
recommendations are discussed alongside these trends.

The firsttrend is that for the considered casehé tool favors sngle shaftconfiguratios. This behaviors
expectable (as discussed in paragrdph) andgives some confidence in tvalidity of the tool

A very interestingrend is theselectionof dual fuel engineas the propulsive engines. These engines are quite
dominantly selectedas can be seen from the fact that a configuration which contain one is selected (at least)
10 out of 13times. Given the increased emission regulations this iseetgble, since their application
eliminatesthe need for exhaust gas treatment systems.

Another trend that can be seen is also related to dpplication ofdual fuelengines These enginegrealways
supplied with LNGas seenn Table35and the selected power plant configurations presentedthe different
ship types)Ammonia and CN@&pparentlynever result in gower plant configurationvhichismorefavorable.
This is somewhat expectable, given the properties presented in paragréphihis could however change if
fuel treatment systemsare accouated for as wellDoing so adds ancentive towards the minimization dfie
amount of dfferent fuels used. Thisight make ammonianore interesting as fuel, since (for this research)
SCR systemrequire anmonia as well.

Another remarkability is found, when considering the selected fuel types. There seems tadmpiete

disregard forHFOas fuel. This is unexpected, since HFO haditdfieest energy densityandis currently the
most commonly useduel in the maritime sedr [8]. Although the latter could very wetlhange, given the
upcoming sulphur cap.
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The disregardof HFOQis likely caused by the fact that MDO and HFO do not differ very much in terms of
chemical properties and of these two MDsimply requires a smaller scrubber and/or less compensation from
other fuels tocomply with the implementedulphur emission limits.

Additionally, the biggest downside of MDO wheoamparing it to HFO is thkigher price which is not
accounted for. Therefore it is again (it was already doire paragraph7.5 as possible solution to another
remarkability recommendedo addboth Capex and Opex to the tool as design criteria

Another trend that can be recognized is the fact that the selection algorithm falverapplicationof primary
emissionreductionmeasuresinstead of secondary oneshis tendencynakes it interestingo investigate the
influenceof the fuel properties on theanfigurations

Especially investigating a case whéhe sulphur content ®MDO is reduced below 0.1 [%] is interesting,
because this would cause MDO to meet the emission regulaior@sy emssioncontrol areaywithout EGTS.

Theweight factor relating temissiors has little influenceon the selection of another configuration. This can
be deduced fromthe fact that changing theveight factor from O to any other valueauses another
configuraion to be selectedyut further increasing the weigliaictor does notcause a change in configuration
Thisagainindicates thatthe tool issomewhatinsensitive tothe weightfactor relating to emission This is
somewhat expectable. Mainly becaufes influence of emissions on the designmore objective in nature
than characteristicgjue to the emissiomegulations

The exact influence of these regulations on the design cbaldhvestigatedn the future, by varying the
emission control areavhile keepingall other input parametersonstant.

Another remarkabilitys that fact that the selected configurations either includes a fuel cell or an engine driven
genset, but nger a combination of these two, \ile these two systems togetheshould have promising
features[18].

A first suggestion to improve the attractiveness of these combined systems was meniioipagagraphr.5

(in another context) In that paragraphte suggestion was made to include state of the art feasibility limits.
Such a limit could, for higher power demands, cagtsdalonefuel cells to become infeasible and a
combination of fuel cellwith an engine driven generation system to become more interesting.

Another possible cause for thidisregard of combined generation systeomuld be the fact that gensets and
fuel cells are very different systems and that their interaction wich other is not modeledorrectly due to
the relatively simplistic performance modelsis could also be due tbe power management strategwhich
might notsuited for these combined generation systems.

And finally, the combination of difficult tstore hydrogen and easy to store diesel could also be an unintended
cause for the disregard of combined generation systems. This issue could be resolved by included other
methods to supply PEMFC with hydrogen (such as fuel reformers). Sinestldsthen greatly reduce the
storage requirements posed by the hydrogen, which is the largest downside of the PEMFC that is encountered
by the tool.
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8. Conclusions and Discussion

In this chapter theconclusions of this research are presented and discuddeslfirst paragraplpresentsthe
conclusionsof this researchThe second paragraph then discus#es limitation of this researcltand their
influence on thepresentedconclusions.

8.1. Conclusions
To select an optimal power plant configurations as functiothefoperation profile and the preferences of a
client, a design space explhation tool has been developedhistool allows for a comparison of numaus
power plant configurations. Such a large scale comparispadsssarpecausethe number of possibléuel
types, generation systems and exhaust gas treatment syshasiacreasedapidly in the last couple of years
(andis still increasing)Whichhas made it dficult for any engineer to keep upwith, andinclude all these
developments during the&lesign and selectioaf a power plant configuration.
Eachpower plantconfigurations i€ompared to othelones based orfuel consumpion, emissions, mass and
volume. An indication of the mass and volume of the system is obtained using first prinaipéasioning
approaches. The fuel consumption and emissionseatinatedusing a performance simulation dfd entire
mission of the vessel. This approach is used so that the performance of the power plant can be estimated for
the different conditionsthe 6 SNJ LJX I yi WSy O2dzy G SNEQ. RdzZNAYy 3 (GKS YA:

To develophe design exploration tool, with the aforementioned functionalitissyeral sulgquestions had to

be answeed. The answer to thessub-questions wilpresentedbefore the main researchuestion.

The first step in thereationof any automatic concept exploraticiool is the definition of which concepts

have to be considered and how those concepts can be created and/or specified. This lead to the first sub
guestion;

1 What is the most suitble method to create the configuration concept library ?

The most suitable method to create the required concept library (for this research) is to vary the systems
present in each configuration, while keag the connections between these systems fix@us method was

made even more suitable for this researblg,onlyspecifying the type of systems. The toolthgilizes several
functions todeterminethe parameters required for a (decently accurgteyformance simulationAn in depth
discussion of thismethod, and possible alternativesan be found in chapte.

Using the selected methothe configuration concept library is populated, whicliscussed in dpter3. The
populationprocessconsist of a complete enumeratiasf all possible combinations and tlagplicationof a

series of technologicalnd regulatorycongraints. These constraintansure thathe consideredonfigurations

are ableto provide both propulsive and electricgdower without excess systemand they also ensure that
emission limits posed by the IM&e not exceeded

For the purpose of developirand testing the concept exploration tool, three example cgsegeneral cargo
carrier, a harbor tug, and a trailing hopper suction dredgezje used. These cases had to be defined, which
led to the following subquestions:

9 For each of the three case slies considered by this research:
What is the operational profile ?

What are possible client preferences ?
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The operational profile for each of the three considered cases have been determined using reference vessels
to specify several stages in the misswinthese vessel. For each of these stageduration and a power
requirement for the propulsive, auxiliary and operational systems has been determined.

The client preferences where determined by considering the prefereapessible owner of edctshiptype

might have. This did introduca large degree of subjectivitince the selected valugsflectii K S | dzii K2 N
opinion on the operatioaof these vesseldn practice these preferences could be determined using a (to be
developed) gquestionnaire or byistussing them with a clienBoth the determined operational profiles and

client preferences are presented in detail in chapter

Because of the subjective nature of the client preferences the tool has been subjected to a sensitivity analysis,
the results of which are discussedparagraph’.6and the most important conclusions of this analysis will be
presented after the remainingesearch questions have been answered

Not every design choidavolved in the design of a power plant configuratisdependent on the preferences
of a client. Therefore it is necessary tisakrn which design choices aend which are not related to the
preferences of a client. This leads to the definition of the third-guéstion of this research;

1 Which design choés are influenced by the preferences of a client ?

The design choices thaticcording to this researclare influenced by the preferences of a client are the
following:

0 The number ofpropulsiveengines present (and with thathe installed power per enge)

0 The size of the reduction gearbox (and related to that again the dimensions of the engines (in
combination with the previous design choice)

0 The voltage of the electrical grid, and with that the location of the electrical transformers.
0 The size andumber of engine driven gensets (similar to the propulsive engines)
0 The size and design point of the installed fuel cells.

o The division of power between fuel cblsedand engine driven generation systems

For each of these design choices a dediddtinction has been developed, and these are all discussed in
greater detail in chapteb.

To investigate the influence of thinal selectionprocedure, the resi$ of the design process have to be
examined prior to the final selection as wehiggaverise the last sulguestion of this research;

9 For each of the three case studies considered by this research:
For each of the different characteristics considengtlijch configuration would be the ideal
choice ?
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For both fuel consumption and emissions the same power plant is selémtexdch of the three cases. This
was found to be caused by tlselection process.

For mass and volume different concepts arkested per case study. It was also observed hatncept which

is optimal for mass is alsgiten optimal for volumeWhich is not unexpected, since a smaller system is often
lighter as well All selected power plant configuratiorsnd the systems withithose configurationsare
presentedin chapter?.

Now that every sulgjuestion has been answered (either here or elsewhere in this reportynihiaresearch
guestion (repeated below) can also be answered.

G2 KIFG Aa GKS 2LIAYEFE LIR26SNI LIX Yyl O2yFAIdzNI GAz2zy 2
preferences of its owner, when a comparison is made based on the fuel consumption, emissions and spatial
relf dzZA NBYSy GaKé

The optimal power plant configuration has been determined for each of the three considered ship types and
each of these can reasonably be agreed with, although there are some unexpected results. The actually
selected power plant configurationand their components are presented in chapiemd not repeated here.

In addition to the selected power plant configurations, the numerical results for each of the considered
characteristicavere also presented. These results are interesting for the verification of the newlyajmab|
concept exploration tool.

Especiallyhe results of the general cargo carrigere found to beinteresting, since both the input and the
(expected) output are knowwith a high level of accuracy. Additionally, ipisssibleto explain with some
bast marine engineering knowledge, why a cémteonfiguration had beeselected.

That this is pasibleis especially valuable for cases where the resatisld not be easilgompared to real
designs, such as the harbor tug and trmjlsuction hopper dredger. Theesre harder to compare to real
dedgns, since several different power plant configurations banfound for these vessels. Tlspread in
applied power plant designs is causedtbg operational profile of these vesselBor these vessels there is
more variation in the operational profileyhich has made it difficult for industry to pitkA Rc®rfigution
The comparisorwith existing power plant configurationsias complicated further by the faatot all
components found in the power plants on board these vessels where included regberch An example of
such a componerdre controllable pitch propellers, which are commonly found on dred{29$

With the main research question answered for eatththe three included cases. All that is left for this
conclusion is thesensitivity analysis to which the tobhs beensubmitted. This analysis focused only on the
client preferences, since these anghlysubjective and could therefore be a major point of discussion

The sensitivity analysis shows that tmajority of the configurations are influenced by the client mesfnce,

and these mostly show betweenahd 10%change in their numerical resultSane extreme deviationsere

also observed. Aeseextremeswere caused by the application of electrical prdsion in combination with a
change irthe division of power between the engine driven genset and the fuel cell (which is described using
I NI GA2T2FKS & REB IARBK S lInthbde agethedetticll achir® aabsexh increasen
required electricapower, which in turn magnifiethe influence of a change the degree of Hydrogenization
DoH.

From this observed refmnship it can be deduced thdhe sensitivity to the client preference ot only
influenced by the value of the weigfdctor, but alsdy the operationaprofile.

Theobservedsensitivity isnainlypresent when the numergal results are compared and not as much as during
the final concept seletion.
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This is caused by the fact that themerial results are compared teach other whichcauses theselection
procedure to bdess sensitive to ahange in numerical result3his can also be seen from the fact thab
different power plantconfigurationsare dominantly selected, for varying preferences.

Thecreation of the concept libraryshowed that even with the limited nodes and systems included in this
research still a lot of possible configuratiorem be created26.818 to be precise, as discussed in chapyer
What makes this number remarkable is tfaet that current marine engineering trendpatrtially) converge

on the same results as the ones selected by the tBbis subtly implies that a marine enginégralready a
very strang optimizeron higher own. Since,even without considering eversingle one of the possibilities
(which the tool doey current marine engineers have converged on the most ideal power plant configuration
out of more than 26 thousahoptions !

8.2. Discussion

The most significant point of discussiofithis research is thaeven though a lot of design choices &&é to
0§KS Of A Sy (i soine hadlid BeSradk: \pedfehand duat the envisioned tool could be developed.
Although 1 was attempted to keep thesehoices to a minimum,hiey could not be completly avoided.
These choicedo however influencehe resultsof the developed toolanddisagreement witltthem could be
an important reason talisregardthe (suggestedl optimalpower plant configuration

The most significanpredetermineddesign choice ishe power management strategy, which had be
determined beforethe tool could be developedihe influence of thistrategyis quite significant sincethis
strategy is embeded in every single one of tlieveloped desigalgorithms. During this research aattempt
was made tkeep the goal of this strategy as objective as possible, by congjdeeinds observed in practice.

Thedesign choices which were not predetermingédring the development fothe tool couldalsobe argued
with. Mainly because e considered preferencae and thus design choiceare limited.As a resulsystems
which excel at the considered characteristics, while having their downsidases which areot, are often
selected as strong concepts.

The selected preferences do however giwesy graspabléndication about the performance and dimensions
of each configuration and they enveloprse of the most important tradeffs found dumg the design of a
power plant. Nonetheless it remains pos$#) and necessanytp include more preferences, so thatore
tradeoffscanbe considered.

Apart from thelimitation of thenumber of preferencethat can be specifigdanothersimplificationhas been
made Whichis the sepaation of the three power demandspecified by the operational profilén practice
these three power demands are related to each other (and to the systems in a configudiend (for
example)engine supporaindfuel treatment systemsThese relationships are not accounted for and this could
result in inconsignt power demands being defined by a usbnplementing these relationships would
arguably result in better results, blikely cause aevereincrease othe required computational time.

For the three considered casgsvas attempted to avoid the possible inconsistency in the power dembnds
defining the different operation stages (as seen in chag)eThese stages wetben used to estimatehe
behavior of the different power demandadditionally it was attempted the use several different sources to
further reduce the risk of inconsistency.

Another point of interestoncerning the dsign choices is the methodologged to determine the values for
the different technological parameter$hesevalues araletermined using reference databtained fromthe
manufacturersof those systems
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This approaclmas beerused, becaseit increasedhe likelihood that the selected power plant configuration
is feasible in practice. Since the components used inside that configuration exist in practice.

The downside of this approach is that, becatisedesign processes rely on refereratata,the tool is limited
Ay Ada&a I o Anhovalivie sytém designside th&tool cannot go beyond the implemented state of
the art. This limitation was attempted to be reduced by using numerous different sources, st thast the
state of the artof each system ias upto-date as posble.

Apart from the methods used to determine the detailed information, tbeel of detail tself should be
reflected upon The mainissue one could haveith the determinedinformation is the fact tha it is still
superficia] andtherefore does not allow for very accuraggerformancesimulations However, he used level

of detail issufficient br the used performance modelshich are simplified@ve-F Amibdels

These modeldo notusefundamental principles (such as thermodynamics) to estinsgttem performance.
Using thesdundamental perbrmance simulatiorcould indeedresults in more accurate resultslowever,

such a simulation requirdst of (detailed) parameters, most of whichre unknown at an early stage in the
designof a power plantfwhichis where the developedoncept explorationool is expected to be most useful).
Therefore the only way to obtain these parametermsuld be to estimate them. Doing so is possible, twaiuld

likely decrease e accuracyf the performance modefo the point wherethe simplified curve fit model
become more accurate.

Additionally, the numerical results of the different configurations are ranked and those ranks are used to
determine which conept is optimal. Tis makes itless essential to have numerical results which are as
accurate as possiblinstead this approach requires tlaecuracy of the results to be the same for eveoyer

plant configuration Thiscan be achieved by estimatitige numerical values for each characteristic using the
same methodor eachconfiguration as has been done during this research.

However, here are two performance models, which could definitely be improved to increase the applicability
of the concepeexploration tool. These are the performance models of both exhaust gas treatment systems

Nonethelessthe more complexperformance models could be interestingrehg the following steps in the
optimization of the selected power plardince more and mordetailed information becomes available during
the following iterations in the design process.

Another important simplification is (again) foundtive input required by the toolThese simplification should

also be discussed, since they do influencerdg®ults of the toolOne of thosesimplification is the use of a
single emission control area. In practice a ship will travel through several different emission control areas.
Although it does have to be able to comply with the most stringent area & isgiit is not unheard of control

the power plant in such a way that it only complies with the emission regulatibtie area it is currently in,

for example by switching between fuels to limit the sulphur emissions.

In the previous paragraplit has keen noted that the influence of the different design choices is not only
dependent on thevalue of thedifferent weight factors. Instead the operational profile also influenced which
set of design choices (propulsive or electricity generation) had thedaigfluence. This seems expectable,

since the largest influence on the design often comes from the most powerful system.

This sensitivity was not investigated further, due to timestaaints posed to this research. Nonetheless it is
important that this sensitivity is investigating so that the tool can be verified.
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Additionally, the considered casesed & benchmarlfor the sensitivity analysibad a high weight factor
assigned tduel consumption. This could have influenced the results, asmegioned for the cases where

the weight factor for emissions was varigzhragraptv.6.2. Therefore it is useful to investigate the sensitivity

to the client prderences further. Both by considering more combinations of client preferences and by varying
the emission control area.

Another major point of discussiois the fact that certain,donventiona) systems, such gsower take off
systems, waste heat recoveand controllable pitch propellers were excluded in advance. As a consequence
power plant configurations, which are feasilfbnd appliedjn practice, were eliminated beforehand. This is
reduces the applicability of the developed tool, and therefore itdwisable to expand the considered
components.

There is another issue with scope of this research, whichmegtionedearlier in this discussion. This is the
fact that fuel treatment systems weneot included in this researcihis negligence allows thtol to freely
implementa lot of different fuel types insida singlepower plant

This igtheoretically)possible, but not seen in practicgince each fuel requires its owandling and treatment
systemswhich in turnincrease spatial requirementsn realitythe number of different fuels is often limited.
Therefore it is likely that including fuel treatment systems in estimates could improve the results

A finalpoint of discussion related tthis research would be the final remark found in the conclusiénsm

this remark one could argue that the developed tool is not very useful, since it only selects configurations
which areexpectable given some vefyndamentalmarine engineeringknowledge. It is however important

to be aware of the fact that the used cases where seledmtexactly that reason. 8ieboth input and output

were known, with some certaintyit was possible to verify the working principles of thel.

Additionally, thegoal of the development of this tool has never bdée replacement ofthe marine engineer.
Instead the tool is meant tengage designers to consider systems or even entire power plant configurations,
which they woull not have considered otherwise.

Apart from promoting the consideration (and possible applicatioriee$ mature technologieshe tool could

also servas a jumpstart to a discussidgince the developed tool allows a designer toaskip owner

a1 1 @S @& 2 dzarotReypavieRpEntdmiguratonr F2 NJ SEF YIKES 2y S gAd

He/she could then support this questionith some estimates on the performance and dimensions of the
suggested power planSuch a tcussiondecomes verynterestingwhen conventionally applied systesn
become lesdnteresting (or even infeasiblg due to environmental considerations or regulatory pressure.

Additionally the tool is newly developed, and the research has been subjected to time constraints. It is not
unthinkable (and highly recommended) that the tosldaxpanded in the futurelncreasing the amount of
systems and tradeoffs that are considered at a very early design stage could also result in less conventional
power plant configurationbeing selected more oftefPossibly resulting in new solutions teigting problems.
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9. Recommendations

In this chapter the recommendationerffuture researclare discussedSomerecommendations are derived
from the results andhe discussion of those resul®thers areestablished based on the conclusions ahe
discussion of this research. The recommendations are separated into threeqainag

The first paragraph presents KS NB O2 YYSy Rl GA2ya O2yOSNYyAy3a GKS Wt
paragraph then gives recommendations related to the user defined input. The third, and final paragraph then
discusses the recommendations bdson the results of the concept exploration process.

9.1. Recommendations concerning the Concept library
Themost importantrecommendation concerning the conceltrary is somewhat of an open doothis is
expansion of the list of componenitgcluded in the dol. Somenoteworthy components that could be included
in the futureare summarized below.

The first system that could be added iPawer Take Off (PT@gneration systen@ A y OS t l¢ehd@a@n | NB
often implementedfeature in combination with a CPP.

The addition of a CPP is alsoiaterestingaddition tothe tool, gven the fact that this type of propeller is

often applied in (for example) dredgd9]. This does come with some issuestfar input (since the propeller

law is no longer applicable in those casésit,these will be described in the following paragraph.

Given the fact thah combination ofan engine driven gensets and a fuel cell is never selected as an optimal
configuration by the tool it could be intesting to include other fuel cells and/ or other methods to supply the
fuel cell with lydrogen, such a fuel reformers. These measw@dd allow forthe applications of fuela/hich

are less demanding in terms of storage requirements.

This would be in@asingly beneficial when fuel handling/treatment systems are accounted for aswinith

is another recommendatian

Doing sowould cause configurations with several fuel types (and thus diffareatment systems) to become
less interesting than poweaslant configurations with a singl@r only a fewYuel type(s).

The addition of more emission reduction systems, both prinfaster injection, or exhaust gas recirculation
[14, pp. 706707]) or seconday (cleaning the exhaust gagjuld also be interestind\lthough the formetikely
required amore detailed performance modeidf the combustionengines.

A more detailed performance modelling of the exhaust gas treatment systems is another recommendation,
since rather simplistic methods were used during this resedbdehing this research several other researches
have been complet@ which developederformance models suitable fonarine SCRystems. It should be
investigated whether these models could deded to thisool, and if possible, do so.

Additionally, some ports (plan to) limit the (quality of) overboard discharge of scrubbing water beyond the
IMO regulations. These limits reduce the feasibility of the open loop scrubber, but increase titdifead
closed loop scrubbing systenmimplementing those discharge limits would require a more detailed set of
constraints such as overboard discharge limits) related to the area the vessel has to operate in.

The final recommendation related to theape of this research the limited application of batteriesSince

they were only used as an emission reduction measure. Howevey, tould also be used for other
applications, such as peak shaving/dip fillilgcluding other applicationsf storage systemsould make
batteries more useful and open the door for the application of other electricity storage systems, such as
flywheels.
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This would however requira more detaileddynamic)description of the operational profileSuch aetailed
operational profilewould likelycause an increase in threquired computational time However, it is not
known how much the computational time would increafieis possibleahat this increaseis not very severe
and therefore acceptable, given the fabiat a very feasible (and often seen) application of energy storage
could thenbe incorporated.lt should most definitely be investigated whether tilgach a more detailed
description (and more dynamic simulationpisssible.

9.2. Recommendation concerning t he Input
During this research the operational profile was defined as a delivered power, and as such eliminating the
propeller and ship design from the tool. However, adding the possibiliipdide calculation prior to the
delivered powercould enablehe tool to be used even earlier in the design procéBsssibly even extending
G2 | adr3asS 6KSNB | dzaSNJ 2yfeée KlFha (2 WRN}IXg¢Q |y Ayl

Doing so would also enable for the list of considered propulsors to expéthdVoith-Schneideror a CP
propulsorsfor example This would however force the propeller/RPM constan) (& becane variable over
time as well (this is also necessary for the application of PTO/CPP combinations).

Additionally he geographical data has been simplified to a siegiession control aredt would however be
interesting touse more detailediescription such a complete router time based area definitiorf.his could

be especially interestingfifiel switching or deactivation of scrubbers/SCR systems when they areceateal

is added to the simulation.

Additionally thiggeographicatiata could also be expanded to include, for example, overboard discharge limits,
which is required when a more complex (closed loop) scrubbing system is included (as was recommended in
the previous paragraph).

Additional design criteria should also be added, to allow the tradeoffs between the different designs to
become more accurate. Important criteria that could be added are capex and opex, although care should be
take, since ay owner Wifind costs (of any kind) very important.

On a differentnote, the electrical power demandsere kept separate from each other. While in truth
connections between these power demands exist, for example causétkbireament systemand engine
support systemsTheserelationshipshave not beeraccounted for, since these systems where assumed to be
part of the auxiliary, electrical, load.

Accounting for these effects would improve the resulf the tool, at the cost of a (possildgvere)increase

in computational time however it should certainly be investigated whethegisamplified)relationship could

be developed between the operational profile and the systems present in a configuration, since inepractic
these do exist.
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9.3. Recommendations based on the Generated R esults
The final set of recommendations is based on the results obtained from the sensitivity analysis and the three
considered case studies. Several of these were already mentioned during the discussion of those result
Nonetheless they will be repeated in this paragraph.

The tool did not show a large sensitivity to a varying preference for emissions. This is likely due to the fact that
the fuel consumption weight factor was quite high. Therefore it is recommeint/astigate the sensitivity to
the client preferences further

Additionally the characteristic of fuel consumption should be charigedr complementedvith, total system
efficiency, in order to prevent the fact that hydrogen is a light fuel beoh@minant in casesfuel
consumption isassigned a high weight factor.

Theinfluence of the operational profilépr a fixed set opreferences has not been investigated, since the
operational prdile could be determined withmore certaity than the clientpreferences. However, as
discussed in paragrapgh?2, the operational profile influences the sensitivity of the tool, by making some design
choicesmore significanthan others.

Additionally, even without the design choices the operational profile influences the design of a power plant,
as any marine engineer will confirmTherefore it is recommend to investigate the sensitivity of the tool
towards a changing opetianal profile, under constant client preferences as well.

Apart from the sensitivity to the input values a lotpEframeters where introducednd their influence on the
entire process should be investigated.

An example of such a set of parameters tire fuel properties. Which armteresting, since it isxpectable,
given the more severe sulphur cap, that the sulphur contenhefdiesel oil will be reduced.sgeciallya case
wherethe sulphur contat of MDO is lowered below 0.1% is interestingc8ithis wouldcausediesel engines
toAyadlydfte O2YLX & 6AGK (KS yS¢ -traatafentystends.OF LI S@OSy
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A. Ragone Plot for the Comparison of Different Energy Storage Methods
Source:Kheng Tan & Kumar Panda#]
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B. PropellerPowerRPM curvesand Reference vessel Data
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n/a = Data not available

Tablel:Vessel Data Bulk Cargo Vessels (2 data points per vessel) [22]

(Ship Broker)

Name/ :
DeS|gna'[|0n Vship Slze L0a B T D Pprop Nprop
[] [kts] [dwt] [m] [m] [m] [m] [kw]  [RPM]
1 14.5 n/a 200 23.7 10 11 6550 117
2 14.5 35000 178 28.0 9.5 10.5 7050 120
3 14.5 45000 185 30.4 10.3 11.6 8060 119
4 14.5 55000 190  32.26 11.2 12.7 8750 105
1 13.5 n/a 200 23.7 10 11 5110 108
2 13.5 35000 178 28.0 9.5 10.5 5400 109
3 13.5 45000 185 30.4 10.3 116 6180 109
4 13.5 55000 190  32.26 11.2 127 6720 95
Table2: Vessel Data Harbor Tugs [25]
Name/
Designation Vstip Loa B T D Porop Norop
[] [kts] [m] [m] [m] [m] kW]  [RPM]
YTB Design 12.75 32.9 8.5 3.5 4.7 700 137
143 ft Sea Rescue  14.3 43.6 10 4.3 5.2 1120 160
Ed. J. Moran 14 37 9 4 4.9 1120 165
Lack RR 13 32.1 7.9 3.4 4.4 1007 144
Grace Moran 13.5 32 7.9 3.5 4.5 1120 160
Table3: Vessel Data TSH Dredgt8], [79], [80]
Name/ _ Porop
Designation Vstip Loa B D T total oo Norop
[ [kts] [m] [m] [m] [GT] [kwW] [kW] [RPM]
Scelveringhe . 1168 186 64 5116 4320 4320 178
(Den Herder)
Swalinge n/a 822 146 63 2071 2720 2720 178
(Den Herder)
Spauwer nla 1428 21.6 85 9781 8076 4038 157
(Den Herder)
Wartsila
Encyclopedia: n/a n/a n/a n/a n/a 4000 2000 230
Dredging
5500 TSHD 11.5 105 19 8 7260 5000 2500 174
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C. Overview of the Design Processes
The design process is executed for a concept containing the components listatle®. Which does not
include the exhaust gas treatment systems, since these are only present when required to meet IMO emission
regulations. The detailed design processes (grey in the diagraamshecfound in chapter 5 in the report.
Parameters which are determined by the type of system, and thus specific for this case|watedrimetween
0Nl O1Sia Gaoordee d

Table4: Components Case Study

Node : System Type :
ShaftConfiguration Single Shaft
Main Propulsive engine 2-stroke Diesel Engine + Gearbc
Power Take in N/A
Electrical Energy Storage Lilon Batteries
Main Fuel Main propulsive engint Marine Diesel Oil (MDO)
Dual Fuel Main propulsive engint N/A
Main Fuel PTI N/A
Dual Fuel PTI N/A
Generation System Hybrid of Diesel Genset + PEMF
Main Fuel Genset Marine Diesel Oil (MDO)
Dual Fuel Genset N/A
Hydrogen Storage Pressurized Hydrogen

Propulsive power generation System Desiffastroke, Diesel Engine &DO + Gearbox]

Dimensions & Efficiency

Prequired

(incl. EM)

Range of Engine
speeds
[60 — 250 RPM]

Pick one|:

v

Nengine

Fuel Data
[MDO]

Additional
Electrical power
demand

Figure4: PGS Design, Green = User defined Input ; Blue = Algorithm ; Orange = Input obtain from other design algorithm / output
towards other design algorithms. Red = Simulation results, output towards d¢sans & final MCA.
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Electrical Grid DesigPower demands which are zero have been omitted from the figure)

I
e

Gen*: EStimated EGTS power demand due to P;)encet = (Pnllx—l—Pnnemﬁnnal\ /0-95

Figureb: Grid Design, (legend same as previous figure

Electricity Supply DesigiiiHion batteries + PEMFC + Bie&enset running on MDO]

Pstorage

Fuel Data
IMDOI

—

Select one from

range of DoH’s:
0.1-02-...-09

Figure6: Generation System Design (legend same as other figures)
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Exhaust Gas Treatmei8ystemsDesign& Application

Figure7: Exhaust Gas Treatment Design (legsache as other figures)

Final Multi Criteria Analysis

Selected
Power Plant
Configuration

SCR Reagent
Consumption

Scrubber|Sludge

Figure8: Final MCA; (legend same as other figures)



GAutomatic Selectiorof an Optimal Power Plant Configuratioh

D. Gearbox Design Methodology
The gearbox dimensions are determined usingftst principle methodologyleveloped by Stapersma & de
Vos[36]. This methodology requireseveral desigparameterswhichare obtained from the paper presenting
the method andverified/updated using data from gearbox manufactureueh as RolRoyceg81] and RENK
[82]. The selected values are summarizedale5.
For the special cases (the combinatgwarbox and the shaft combination gearbox) a separate dimension
estimation methoalogy is developed, which will be discussdtér the reduction gearboxes, nonetheless it
is worth mentioning thathe same desigrparameterss N3 dza SR o0& (S WaLIlS oAl Q 13

Table5: Gearbox Design parameters and their values

Symbol Value Unit
Tooth Shear Stress _tooth 75 [GP4&
Maximum Tangential Speed Vi 10 [m/s]
Lpinion/Dpinion <pinion 0.9 [-]
Number of teeth Zp 25 []
Position piniorwheel t.0.v. main wheel h 90 [degree]
Al1/B1/C1 - 711.75/2 []

The principle dimensions of a gearbox are the dimensions of the pinion wheel and the main gear wheel, which
can be determined using equatigh0.1) [36].

Z
Dpinion: g*+* P
2 SN

L =/ *D

pinion pinion pinion

=D ion ¥

wheel — pinion ' gb

(10.1)

The only unknown parameter in the equations presented earlier is the gearbox ratio, which is defined as shown
by equation(10.2).

— Neﬂgine _theel
lgp = N o
shaft Zpinion
or If Nengine<N shaft (102)
i — Nshaft
gb N

engine

However,the number of teeth on the maiwheel (znee) has to be integer. This causes the gearbox ratio to

not be completely free to select.o determine the gearbox ratio several steps are necessary.

CKS FANEG &08L) A4 G(KS RSOSNNAYIGA2Y 2F Wsn§ the?NB|j d:
(selected)engine speed anthe shaft speed.
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This requested gearbox ratio is used to determine the required amount of teeth andiregeamwheel, which
is then roundup towards the nearest integefhis obtained, integer, number of teeththen reverted back to
an actually achievable gearbox rafend achieved engine speedyhich is the ratio used during the design,
this processes is also illustrated using equathm3).

N

_ ' ‘engine requried

i =
b- requried
g q N

shaft
ZWheel = Zpinion* igb requrie-d Wlth z wheel 4’ 2’ 3|nf

(10.3)
H — Zwheel

| . =
b_ achieved
- y

pinion

—_ * 1
Nengine_ achieved N shaft I gb achieved

With the actual gearbox ratio known, the core dimensions of the gearbox can be determined, using equation
(10.4) and theseare also illustrated ifrigure9.

Lcore = I-pinion
D,..+D D_ .1
_ pinion wheel pinion wheel . \
chore - max( + COS@ )ltheeI )
2 2
D.._+D D_. 1D
— pinion wheel pinion wheel _: "
Hcore - maX( + Sln@ )’theel)
2 2
(10.4)
- *
Lgearbox - Aﬁ Lcore
- *
Wgearbox - Bl Wcore
- *
H gearbox Cl H core
— * *
VOlgearbox - L gearbox W geadx H gearbox
Dy
ST T T T T 'Y
TN f
L e =
I = \"' —— *_
- '-,I
| . ’ﬂ:! o
T - :
|'|I\ I,I‘I
A
AN /i
| R ]
| — v
- Dy - -l

Figure9: Reduction gearbox Dimensiof32]
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The mass of a gearbox is assumed be directly proportional to its volume using an average system density. This
density is determined using data obtained from REB and is found to be 1.5 [ton/fh

Mas%earbox = VOlgearbo; r (105)

gearbc

The efficiency of the gearbox still has to be determined. This efficiency is assorbe®9%8, p. 167]for a

single step reduction gearbox. However, a single step gearboxes has a maximum ratio[8L &8, p.

156].

The losses indé a gearbox are mainly caused by friction losses caused by the bearings and suspensions
needed for a shaft to be able to rotate. When a single step, and thus a single shatft, is no longer sufficient, an
additional shatft is required. This adds another detearings and thus also introduces another 99% loss term.
Therefore the efficiency of the gearbox is related to the number of reduction steps required to achieve the
required gearbox ratio, as shown by equatid9.6).

Hoeps= 2 log(i ), with # =0,1,2..,

steps — full steps

| (10.6)
hgb = Olgg’ #fullisteps

Special Cases
However, there are cases where a gearbox is used in a different way. For this research these cases are the

combinatory gearbox and the shaft configuration gearbox. Both of which do not change the rotational speed
of the shafts (so the redtion ratio is equal to 1). However, their mass and volume still has to be determined.
Since the gearbox has a reduction ratio of 1, the pinion wheel and main wheel have an equal diameter.
However, the number of pinion wheels is variable. The influenchisiviariable number of gears can be seen

in FigurelO.

Therefore the original dimensioning equations for gearboxes are adapted to suit these special cases. The
equations which are changed are shown by equaii®@7) and equations otparameterswhich remain
unchanged are not repeated.

theel = D pinion
a =0 degrees (10.7)
chore = #gears* D whee

* core width Core width

Input Shaft

Input Shaft
Core Height

L v

Core Iength‘:’-

Figurel0: multipleinput, single output gearbox core dimensions
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E. CombustiorEngineDesignMethodology
For the combustion engine design both the dimensions and the efficiency of the system have to be
determined. The dimensions are estimated using the dimension prediction methodology developed for
combustion engines presented [Stapersma & de Vo86]. This methodologyises several, engine type
dependent, design parameterdhese parameters are estimated using engine datalsmspresented by
Stapersmd37, pp. 7987], RollsRoyce[38] and MAN[39] and Stapersma & de Vd86]. Allof the selected
parameters are summarized rable6

One constant oimportancein the determination of the dimensions of the engine is the cylinder configuration.
For the (slow running)-8troke engines, this is a line build. However, the different sources show #tabke
engines are constructed in both line and V construction. It can be discerned from these same sources that
until 10 cylinders these engines are in general constructechashginesFor a higher number of cylinders

this changes to a V construction. Thasne trend is implemented in the dimension prediction algorithm. Note
that certan parameters such as the andletween the cylinders is also dependent on the construction type.

For dual fuel engines less extensive databases are available. Thereforstthkeddiesel engine parameters
are used, and adapted where necessary. The main adaptations concenetheeffective pressure and the
stroke to bore ratio. Which ardifferent from those determined for the-dtroke engingto prevent engine
knocking[60].

Additionally the fit parameters are alsdifferent, since dual fuel engines have some additional auxiliary
systems.The values for these fit parameters are determined using the data provided by Wildhe
selected parameters for dual fuel engines atsosummarized ifTable6.

Table6: Engine Design parameters and thefues

Svmbol 2 ¢ Stroke 4 - Stroke Dual Fuel Unit
y Engines Engines Engines (4troke)
Engine Type Kengine 1 2 2 [-]
Conventional
number iengine [4;5;6;8;10;12;14] [6;8;9;12;16;18;20] [6;8;9;12;16;18] []
of cylinders
Mean Effective
Pressure Pme 21 25 22 [Bar]
Mean Piston
Speed Gn 9 11 11 [m/s]
Lstroke/Dbore <engine 3.7 1.1 1.4 [-]
Reference , 0.49 0.45(< 1000 RPM) 0.45(< 1000 RPM) [
Efficiency ref ' 0.38( >1000 RPM 0.38( >1000 RPM
Line : 2.1/2.2/1.5 Line: 2.5/4.2/5 Line: 2.7/6/4.6
AL/B1/C1 i V: nla V: 2.5/3/5 V: 3.5/3.5/4.6 [
Average Enging .
Density engine 1.18 0.79 0.79 [Tonnes/n]
Construction ot Crosshead Piston Trunk Piston Trunk Piston [
Type ct=1 ct=0 ct=0
Cylinder ] [AYSY N[AYS Yegk20) [ AY'S  Yeng2OJ [degree]
Configuration V: n/a V:0h T'C Neine10) £ Y 60 T egyd>00) 9

10
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With all design parameters known, the dimension and performance estimation can be discUdsedirst
step in the determination of the dimension of the engirieghe estimation of the fundamental dimensions.
Which for internal combustion engines are the dimensions of a cylinder, describesdrakalength and bore
diameter. These dimensions ateen used to determine arfinverse)power per cylindeo W /al@fowhich are
shown by equation(10.8) and (10.9) (with n.om the engine speed in Hz). All these equations have been
presentedby Stapersma & de V§36].

Cm
Lstroke = 05* nnom
(10.8)
Ls roke
Dbore = / tok
engine
/ . 2
C= (e () (109)

Using the inverse power per cylinder, the minimum number of required number of cylinders necessary to
meet the power demanded from thpropulsive powergeneration system can be determined, as shown by
equation(10.10), the result of this equation has to be rounded up towards the nearest integer, since a partial
cylinder is not possible.

#,

cyllinders

—crP,.. (10.10)

Then the number of engines required to meet the demanded amaofimylinders can be detaerined, since
the number of cylinders per engine is predetermirtadthe algorithm.The number of engines can then be
found using equatior{10.11). The resulof which has to be rounded up towardlse nearest integer once
again.

_ Feyiingers (10.11)

Engines — |

engine

Should this number of engines be larger than one, then the combinatory gearbox is required. The mass and
volume of this gearbox is estimated using the methodology discliasgppendixD.

The volume of a single engine (and from that the mass) are determined using the methodology developed by
Stapersma & de Vog6], this method is also summarized, using the most important equationsthe
following pageNote that the alfa used in these equations is the same alfa as mention&dtig6 but now

in radians

The engine mass and volume can then be combined with the installed number of engines to obtain the total
mass and volume of the propulsive power Generation system.

11
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Leore = lengine” D vore(fOr Line build engines)
or

o
Leore = %‘”e* D, (FOr V-build engines)

W :2*max((—L5t2r°"e H1 et)* L. *sin(0.5*a) ALD2°recos(0.5*a)—;LS£°"e)

core

L L D , L
Heore = —St2f°"e 4max((—S;°"e f ct* L, *Ccos(0.5*%a) +—;“e sin(0.5* a);—Stz“’ke)

— A *
Lengine_ Aﬁ. Lcore

— *
Wengine - a Wcore
- *
H engine — C1 H core
— * *
VOIengine — engine W engine H engine

Masg, e = VOLngine* I engine

Now that all the dimensions of the engines have been determinethdioation of the performance of a given
propulsion plantas to beestimated.This indication is determined based aneferenceefficiency Which is
determined fa an engine running at itdMaximum Continuous Rating (MCR). The references values are
includedTable6, for each engine type.

Thegivenreference efficiency is first transformed to a reference Specific Fuel Consumption (SFC), which is
defined in [gam fuel/kWh]. The conversion of efficiency to SFC is shown by equétidh?) [37, p. 31] The

lower heating value is dependent on the fuel type and can be determined for each concept

_360000(

SFGy = T (10.12)

However, this reference fuel consumption is that of an engine running avittBpower that can be obtained

from a certain cylinder geometry. Since it is possible for an engine to be designed for an MCR which is lower
than this maximumthe nominal fuel consumption will alse@hange. This change is accounted for using
equation(10.13), which has been derived by Jalkanen €B88] based on Wartsila data he result of which is

the SFC at th&## NBS |j d28CGRi1 SR Q

SFG,s = SFC;J(OASS*(Q)2 O.?l*ﬁ +.28) (10.13)

rated rated

Equation(10.13) is also used to obtain a rough estimate of the foehsumption at different part®f the

2LISNF GA2YyFE LINRPFAE SO | 26S3SNES oy thdMCR fud codsbnipSEhis G KS 1
results in a very broad estimate, and as such a performance estimate remains necessary to obtain more
accurate estimates, after the selection of an engine design.

The emissions are mainly related to the fuel type and to the engine speed, edhitdt vary per engine design,

and as such the fuel consumption can also be used as an indication for the emissions.

12
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F. Battery Discharge Behavior
Voltage as a function of discharges state, for different discharge currents.

LeadAcid: Voltage Vs Pseudo discharge state

2,1
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0,0 kA

Discharge Curren
1,2 kA
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\,
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P Lon
(o] (o] N
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=
[
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0 0,2 0,4 0,6 0,8
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=

Lilon : Voltage Vs Pseudo discharge state
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0 0,2 0,4 0,6 0,8

Discharge State

[Eny
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G. PEMF®esignMethodology
An electric energy generation system designed with Suslls consists of an inverter, a number of fuel cell
stacks in parallehnd a compressoas shown byFigurell [74]. Each of the fuel cell stacks then consists of
individual fuel cells connected in series as showrigyre12. The inverteris assmed to have a constant
efficiencyof 99%][45] and its dimension are estimated using the methodology presented for the energy
storage system (paragraph5.2of the main report).

Air supply

PEMFC Based EGS boundz

Figurell: PEMFC based generation systemdal/

Bi-Polar Plate
Catalyst
Electrolite
Catalyst
Bi-Polar Plate

Individual Fuel Cell

Fuel Cell Stack

Figurel2: Fuel Cell Constructi¢d3]

Therefore the main parameters in the construction of a fuel cell based system are the number of cells, the
number of stacks and the size of a single cell. All theseme way related to the power required of thaal
system. These relationships will be discussed to obtain an indication of the system dimensions.

14
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A fuel cell stack delivers a current which is equal to that of a single cell, which in turn is related to the surface
cell area, as shown by equati¢t0.14) [4]. The cell area and nominal current density are varied by the design
algorithm from a feasible range (see paragr&pb.3).

stack — ' cell

A (10.14)

*i
cell cell

From the selected current density theltage of a single cell cdre determined usingth&? L2 € | NAT | G A2y
which is represented by equatiqf0.15).

U, =E, {i H*r A'—”*In(% B*m('ﬁ* (1015)
0 |

E_ = Open Cell Voltage

R = Gas Constant, 8.3145 [J-mol*-K ]

T = Temperature [K]

F = Faraday's Constant, 96485.3 [C -mol™]

P, = Partial Pressuree or x [bar]

i = Actual Current Density [A-m™]

i, = Exchange Current Density [A-m~]

1, = Internal Equivalent Current Density [A - m~]
1, = Limiting Current Density [A-m™]

r = Area Specific Resistance [Q-m”]

A= Tafel Voltage loss coefficient on a ln base [V]

B"™= Coefficient for mass transport voltage loss [V]

The polarization curveequiresseveral technological parameters, for which numerous values can be found.
Ten Hackei] presents values which are assumed to be the stdtihe art for these fuel cells, thesalues
are usedor this researctas wel|] and simmarized inTable?.

The open cell voltage, &S a function of the operating conditions of the fuel cell. These conditions obtained
from ten Hacker{4] and the EFIN projed74]. However, ten Hacken adjusted for the application of pure
oxygen, which is ridhe case for surface vessels. For surface veFselzsSt OSft f a | NB  ardzLJLX A
through a compressoSomeadjustment for the increased operating pressure as made by ten Hddkean

be maintained, since the compras pressurizes the fuel cellhis leads to the operatg conditions as
summarized byrable8.

Table7: Technological Parameters PEMFC Table8: Operating Conditions PEMFC
Parameter Value Unit > Parameter Value Unit
In 100 A Operating Temperature | 80 °C
Alcathode 0.044 v Operating Pressure 5 bar
lo-cathode 1.0 A*m? Open circuit voltage 1.1922 V
Aanode 0.018 \ Fuel Utilization factor 1 -
io-anode 1000 A*m?2 I AN 9EOSHAE N2 -
r 1.0*710M6 mf ¥ Fuel cell current rate limit| 0.08 Arcm2*st
B 0.010 Vv
I 16000 A*m=

15
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The presented design parameters and operating conditiesalt in the polarization curve as shownfigure

13, which shows thénfluence of thedifferent losses and the resulting polarization curve for a single fuel cell
as function of the current density.

1.2

Voltage [V]
o =
© - N
I

o
0

0.7
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| 1 |
0 5000 10000 15000

Current Density [A/m 2]

0.5

\ —— Open Cell Voltage Ohmic Loss —— Activation Loss Cathode —— Activation Loss Anode Concentration Loss ——Cell Voltage|

Figurel3: Polarization Curve of a PEM Single Fuel Cell

With the cell voltage and cell current knowmetpower of a single fuel cell can be determined, as shown by
equation(10.16).
Pa =Ug * |

cell cell

cell :t"(l ceID*( Acell* I ce)l (1016)

Thefuel cellsystem is assumed to be designeddeliver a voltage greater than or equal to the grid voltage,
therefore the number of cells in series (inside a single steak)then be determined using equati¢t0.17).

U ri
el = —Ug s (10.17)

cell

In practice the amount cells that can bepkd in series in a stack is limited. However, it is possible to connect
multiple stacks can be connected in series. Theratuigelimit is not includedThe power delivered by single
stack can be determined using equati@i®.18).

Pslack = (#cells*U cel)* I stacl (1018)
As mentioned earlier a compressor is required for the cooling of the fuel cells and the supply of oxygen to the
fuel cell. Both the power demand and the dimensions of the compressor have to be includeddiesign as
well. The power demand of a compressor, per fuel cell stack, can be approximated using the adiabatic
compression power formula, also shown by equaiib®.19)
g1
g

* g* I:i*(

compressor: Q air stack
g-1

1) (10.19)

20 |go

With P the ambient pressure (1 [bar]), Ehe required pressure (5 [Bar]) and the value of kappa is 1.4, which
is the standard value for air.

16
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The only unknown in this equation is the required air flow (Q), which has tielbeered to the fuel cellsThe
required airflow of a single stack can teetermined using equatioiL0.20) [74]. With the stoichiometric ratio
YWaQ a nX gKAOK Aad RSNAGSR FTNRY (GKS FrOG GKFG 2y
chemical reaction taking place inside a fuel cell, shown by for exapple
| o ¥# 1., M

) =/ * stack cellsx * ainy 10.20
Qalr,stack air ( n*E 021 1006 ( )

The complete required power that has to be delivered by the fuelb@aked system can then be defined as
shown by equatior{10.21)

_ Poecti
Fzequired - (#stack: Pcompress))r _|hee_ctnc (10-21)

inverter

The number of fuel cell stacks in parallel can now be determined using eqafi@a), the result of which
has to be rounded up towards the nearest integer once again.

P_.
# _ ' required (1022)

stacks
stack

The two equations presented above can then be combined and rewritten to determine the required number
of stacks in parallel, as shown by equat{©6.23).

P 1
#stacks = e _* (1023)
h inverter Pstack - Pcompresso

The dimensions of a single fuel cell stack can then be determined using eq{idtdf) [4]. Which included

the surface area of a single fuel cell, the thickness of one fuel cell, which is assumed to be 1.34 [mm], which is
the thickness of the fuel cells installed in the Toyota MB4i.

Thevolumefat 2 NJ WFQ A& | &aadzySR 2 6S wodém YR GKS RSyaaAi
state of the art values for fuel cell technology, based on the Toyota [8ii

Vcore = A:ell* t cell* Ncell

Vstack = fvolume* Vcore (10-24)
M \Y *r

module

stack — modul

The dimensions of the total system can then be determined using equgtib?5). The inverter dimensions
were discussed at the beginning of this paragraph. However, the compressor dimensions have been left
underdetermined. These will be determined the following page.

V.

system ™

# oV

stacks

4/

stack compressorv inverter

(10.25)
M.,...=#

system ™

*M

stacks

M M

stack compressor inve

17
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Compressor Dimensions

The dimensions of the compressor are estimated by scaling a reference air compressor. Because the airflow
required by the fuel cells can quickly become quite large, while remaining at a relatively low pressure this
reference compressor is selected to beaial compressor with a maximum pressure rating of 7[8afthe

values of which are summarized Trable9.

Table9: Reference Compressor Data]82

Parameter Value Unit
Max. outlet Pressure 7 [Bar]
Q 535200 [m%hour]
Length 8.255 [m]
Width 4.623 [m]
Height 4.630 [m]
Mass 122.47 [Tonnes]

The compredsn ratio of the selected reference compressor exceeds the required compression ratio.
However, obtaining datdor compressors which better match the requiremertigs not been possible
Therefore the selected referena®mpressor is first adfiled to bettea suit the requirements

For an axial compressor the length is mainly a function of the number of steps required to obtain the required
pressure difference. Therefore the length of the reference compressor is adjusted according to equation
(10.26). Other reference values are kept the same.

o1

L

compressor 5 bar™

L x 2 (10.26)

compressor7  bar 7

The rescalingf the corrected compressas done using the methodology presented by equatibh27).

f _ Qrequired
Qreference
— % §13
Lcompressor compressor 5 bar f
— % £1/3
‘compressor Wreference f (1027)
—_ % §£1/3
Hcompressor_ reference f
—_ * *
Vcompressor_ L compressor W compressor H compre
— *
M compressor reference f

18
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H. Sensitivity Analysis Results

(250 2] [£50%] © [2501] o |

[-] saquuinu 1dasuon
gl l

G0 0

U
el

096 # 1deouoo 1Paias [ L § 0 2] sioloel Wbem wom
096 # 1d=ouco Pejes [ L G 0 + ] s1ooe biem wom
88 #1dsouco pejes [ £ 6 0 | ] s1o|y ybiem v

-
@

"SU0Y) |2N4 - "SU0J [aN4 10} JYBIapA YOI JO uoljeLiep

® ®

—1001

—-0cl

[%)] reuibuo 1arm o4

19



Automatic Selection of a@ptimal Power Plant Configuration

[2zs02] © [2s0%] © [2501] o |

[-] Jaquinu 1dasuon
Gl l

G0

D

096 # Wdeouoo 1oees [ £ g 0 £ ] siowel wbiem o
096 # 1dsouco spes [ £ § 0 v | siopey yBiam wou
88 # 1doouoo ores[ 2 g 0 L | sio0e) wbiem wom

B

8
“ON - "suo9 [an 10 JyBIoM YOI 3O uoneLEn

001

00¢

0o€

00%¥

00S

b4

[%] reuibuo yum ON

20



Automatic Selection of an OptimBbwer Plant Configuration

[250¢] [£50%] © [2G601] o |

yOb% [-] saquinu ydasuo)
'z z Gl g &0
I I [ I [
g O o 0 o 0
\u..;\.,_...o \\@E}k)% _— g ,.,JEVI E - e, N v o — [&Ta . Trn) |
] SRAD o o v B W+ .+ Rl .- s I -+ I - L~ il ® e B~ Al & R ~ b & b~ g o na
o® o® e “ 5 % ? o
o
&RGD NI
IS Lo s
B
2] 5B
o> 8y
-]
]
O
OO
L(D]
]
an

096 # 1eouco pajas[ 2 g 0 2 | s1o0108) Wbiam wop
096 # 1dsouco poies [ 2 5 0 + | siowes ybiem wom
88 # Weouoo paies [ £ g 0 | ] sioioe) biem wo

*0s - "suog [on4 1o} JyBiam YOI JO UoneLIEA

001-

0G-

0s

001

0S1

00¢

0S¢

00€

X

[%] reuibuo yurm 0s

21



Automatic Selection of a@ptimal Power Plant Configuration

[2502] [£so0v] © [2z501] o |

[-] Jaquinu 1dasuon
gl L

G0

o
C

096 #1deouco pejas [ 2 g 0 2 ] sioloe) WBiem woW
096 #1deouca pejas [ 2 G 0 + ] sioel Whem wow
88 #1deouco paies [ £ ¢ 0 | | sJope whem wom

E =3
o

09 - *suo) jond 1o} JuBom YOI JO UORLIEA

00lL-

001

00¢

00€

00v¥

00s

009

004

0D

a3

[%] [eubuo yam

22



MCA weight factors [ 7 0 5§ 7] select concept # 960

MCA weight factors [1 0 5 7 ] select concept # 88
MCA weight factors [4 0 5 7 ] select concept # 960

Variation of MCA Weight for Fuel Cons. - Mass

Automatic Selection of an OptimBbwer Plant Configuration

150 —

@ “o
—
0 OOgD P PO x
[+
L
O @ @ @oo sy
PES N
o
lﬂ_
—
- ©
0
=
3
o
—
o
@
[&]
c
O
O
—
oo
| w
(e
s =]
| ao o
o o
(] (o]
- o

[o4] [puiBuo 11m ssey
23

[705 7]

o [4057]

[1057]

o]




Automatic Selection of a®ptimal Power Plant Configuration

25021 @ [25so0¥%] o [2S501] o |

[-] seqwinu 1daouo)
Gl l

S0

096 # 1dsouco pejes [ £ § 0 2 | siope) ybem wom
096 # 1dsouco pejes [ L g 0 v | siopey yblem womW
8 # 1dsouco paias [ 4 g 0 | ] siopey ybiem wou

@ ofo

SWN|OA - "SU0D [aNnd Joj JYBIaM VIIN JO uoneLeA

G offe

® ofo

or

09

08

[o4] lpUIBLIO "1 4'M BWINOA

24



Automatic Selection of an OptimBbwer Plant Configuration

LObX

S'¢ 4

(2500l o [252o0L] © [2G ¥ 0L] o |

[-] seqwinu 1daouo)
Gl I

S0

Si6 #1dsouooioses [L 6 0L 0L ] siopepybiem wom
SJG#1deoucojoses (L § L 0L ] suopElybiem wom
SJ6 #1deoucojoses (L § ¢ 0L ] suolpel Wblem wom

'Suo) |any - suoissiwg Joj Jybiapm YOI Jo uonenep

09-
05-
0p-
.
O
=
0g- S
9
Q
0z 3
=

25



Automatic Selection of a®ptimal Power Plant Configuration

N4 4

[z sorot]l ~ [2520] © [2g v o] o

[-] s-eqwinu 1daouo)
gl b

S0

Gug #daouonioaEs (L G 0L 0F ] siooe yblam wou
S/6 #1deouco papes (L g L 0OF ] siope) Wbiem wOW
5/6 #1dsouoo papes [L 6 v 0L | siooe) yBlem wow

*ON - suoissiw3 1oy JyBIapm WO JO UoleLIEA

o]

al o

0c

0¥

09

08

ON

X

(%] leuibuo 1am

26



Automatic Selection of an OptimBbwer Plant Configuration

[z sorol]l ~ [2520] © [25 ¥ o0L] o |

[-] s-aguinu 1dasuo)

8o

B8
o]

g/6 #1dsouooioses [ G QL 0L ] siojpe ybiam you
g6 #1deouoo pepes [ G ¢ OL ] sioppE) Wbism yow
S/6#1deouoo pees (L S ¥ 0L ] siope biem vom

o
= = ) [»]
= |
9]
~ o
s} o4
J -
)
A
a0 o
¥ o
o

o

@ .
@ o)

“0s - suoissiwz 1o} JyBiam YOI JO UoHELIEA

ao
[50]

(o]

o Q

001L-

0G-

0S

001

051

00¢

0S¢

00€

0S¢

%] feuibuo 1um*0s

[

27



Automatic Selection of a®ptimal Power Plant Configuration

4 4

[z sorot] ~ (25 2ol o[£ 5wy oLl o

[-] sagwinu 1daouon
Gl l G0

6.6 #1deouooioeEs [L § 0L 0L | si00E) Wbiem woW
5.6 #1deouco eEs L § £ 01 ] siowelybiem vomn
5.6 #1deouco paEs (L § v 0L | siowe) ybiem voW

4 j S— . =

e e® 28 gp N gp Py g

09 - suoissiwz 1oy JyBiapm YOW Jo uoneLen

%@0

001L-

08-

ov-

0c

[%] reuBlio yrm 400

28



Automatic Selection of an OptimBbwer Plant Configuration

(2 5 0L o0L] [ 6 201] © [26 % 01] o |

[-] Jeqwinu ydasuon
Gl L

S0

G/6 #1dsouooosEs [ G 0L 0L | siope yBiam wop
c/g#idecoucooses(y 6 4 0L ] sioi0e WBiem wow
cig#ideoucoses( s S + 0L ] siom0ey wbiem wow

ssely - suoissiwg Joj JYBIap YOIN 1O uoneLiep

00L-

001

00¢

00¢

00v

00§

009

[o4] leuiBuo 11 m ssen

29



Automatic Selection of a®@ptimal Power Plant Configuration

,0L %

G'¢ c

l[2 5 oL o] [ 6 20] © [26G6 v oLl o |

[-] Jequinu 1daouo)
Gl L

G0

56 #1dsouoojoses [ G 0L O ] slopey wbewm wop
Sl #ideoucopees [ g 2 0L ] siopE wbem van
cie#1deoucope@s [ ¢ v 01 ] si0E whem wan

awnjop - suoissiwg 10} JyBiapy YO Jo uonelep

o
w

00l

-]
[Tp]
%] [eulbuo 1M swnjop

00¢ —

0G¢

00€

30



Automatic Selection of an OptimBbwer Plant Configuration

,0L%

G¢ [

(2 oL 0 0L] [ 200] © [2100L] o]

[-] Jaquinu jdasuon
Gl l

G0

006 #1deouonoeEs (L 0L 0 0L ] s1o010e wham vo
096 #1dsouco paes (2 £ 0 01 ] siopel yhem wom
9zol #1dsouoo paEs[ L | 0 01 ] sio0e whem von

(%) o ]

"SUOD [and - SSEIN 10} JYBIap YOIN JO UORELIBA

o€

[%] reuibuio 1am o4

31



Automatic Selection of a@ptimal Power Plant Configuration

,01 %
6'Z

™

(2 oL 0 0] [z 200 © [Z1o0o0L] © |

[-] Jaquinu jdaouo)
Gl |

G0

B

096 #1dsouoojoses [ 0L 0 0L | siooe) WyBiem wow
096 #1deouco pajEs ([ 2 0 0L ] siope wbiem wow

azol #ideouco peEs (L L 0 0 | sio00e) ybiem wom

P

“ON - sse 104 JuB1ap YOI JO UoIeLIEA

oo

001~

0S

001

0SL

00¢

b4

[%] reuibuo yam "ON

32



Automatic Selection of an OptimBbwer Plant Configuration

I[Z 0L 0 OL] [z 200l © [2 1 0oL] o |

[-] sagqwinu 1dasuo)

8 &
of B
Bio

Boo

@ o}
@

096 #1deouooosies [2 0L 0 01 ] 1008y uBiem wow
096 #1deouco pe@s [ L £ 0 01 ] siope bem voW
9zoL #1dsouco pees (L L 0 0L ] siooE yblem o

20

.OO

@
a@

*0s - sse 10} JyBIapm YO 0 uoeLeA

OO

0s

00l

oSl

00¢

0S¢

00¢

0s€

b4

] leuibuo yam "0s

%

[

33



Automatic Selection of a@ptimal Power Plant Configuration

(2 oL 0 OL] [ 200] © [210o0L] o |

501 % [-] Jeqwinu jdaouo)

G'¢ [ Gl I S0 0

;.r A A e ccee. cun D IIIII'.'IEE'IE

L) [ ] - e e aorD . — - -
PR an [ I ] — Bl oo a gﬁ?ﬁi&?c(ﬁ.?ff(ﬂf!ﬂ(ﬁ_
- 8

L) &

= _
096 #1dsouco1ospes [£ 0L 0 0L ] siope) ybem wop z
096 #1deouco pa@s [ £ L 0 0L | sioE wbem v 09 - sse\ 10} JybBiapn VOIN 1O uolelIeA
gz0lL #1dsouco pejes (2 | 0 0L ] siope) ybem wo

001-

0G-

0

0S

001

0S1

[%] reuiblio y.rm °0D

34



Automatic Selection of an OptimBbwer Plant Configuration

[[2 oL 0 01] [ 200] © [210o0L] o |

50

yOb % [-] Jeqwinu ydaouon
6z z Gl g 50
I I I [ [
@ e e o
. @ . ! L ant 8 i %2
€ o _oanetlll - o S o - & _ocm . dh @ T
8 o% wm m 8 8
@ © ®
0 —
2]
o o o —
=) o] o
5] e =]
8 8 8
096 #1d=ouooiasEs [ 0L 0 01 | slope whem wo -

096 #1deouoo PeEs[ 2 2 0 0L ] siope) Whem wow

ozol #ideouco peEs[2 | 0 01 | siope whem wop

ssely - SSey 10} JyBIapm WO JO UoRELIEA

00L-

0ol

00¢

0og

00

00s

[%] [euibuo “11'm ssE

35



Automatic Selection of a@ptimal Power Plant Configuration

I[2 0L 0 0] [ 20o0t] © [2100L] o |

[-] Jaquinu 1daouon
4 Gl I

8
8

OGo 0O

o]
o]

ando

O%o 00

o}
o]

096 #1deouoaia8es (4 0L 0 0O ] s10108) biam wom
096 #1dsouco eEs 2 4 0 01 ] sio10E) bem o
9z0lL #1deouco peiEs [ 2 | 0 0O ] 10108 wbem wom

awinjoA - sSep 4o} JyB1apm YOI JO uoneLeA

oD

OC@o 00

[elye]

0S

001

[euiBLIO ")'"M SWINJOA

o
0
%]

[

00¢

0G¢

36



Automatic Selection of an OptimBbwer Plant Configuration

0L

G¢ 4

TEEE [v¥ s 00] © [L 500L] o |

[-] saqwinu 1dasuon
gl L

G0

&

096 #1deouooiosEs [0L § 0 0L ] siopoey yBiam wou
cl6 #1deoucopaps [y & 0 0L |siopel Wwbism wow
ci6#1dsoucopeps (L § 0 01 ] siope wbiem vow

w ° ®

"SUO0Y [8N4 - aWN|OA J0} YBIap YOI JO uoneliep

09-

0¢

4

09

[%] [euibuo yam o4

37



Automatic Selection of a@ptimal Power Plant Configuration

[oL G 0 o] [v s0o0L] © [L G0 oO0L] o |

[-] sJeqwinu 1daouon
Gl l

G0

096 #1dsoucoloses (0L § 0 0L | 10008y Wbiem wom
ci6 #1dsouco pees [+ § 0 0l ] s101e Wbem v
GG #1dsoucopees (L § 0 0L ] siope biem WD

“ON - swnjop 10} JyBlapm VO JO uoneLIEA

00L-

0s

001

0sl

00¢

0G¢

00€

0S¢

X

(%] feuiBuo 11m "ON

38



Automatic Selection of an OptimBbwer Plant Configuration

loos ool ~ [¥soot]l © [LsooL]l o

[-] sJeqwinu 1daouon

S’ 2 S0 0

“Bo8o

@
a@

096 #1deouooioeEs (0L § 0 0L | sioe yBiem vom
g6 #1deouco pees [y 5 0 0L ] sioPe bem yom
g6 #1desuoo paps[ L g 0 0L ] siopel bem yow

o

58 o

- 8]
a —
@

*0s - awnjop 40} Jybropm VO JO uoeLIEA

00L-

0S-

0S

0oL

0sl

00¢

0S¢

00€

0se

X

] reuibuo yarm Qs

[%

39



Automatic Selection of a@ptimal Power Plant Configuration

[[oL 5 0 0L] [¥ s00] © [L G00L] o |

HOb % [-] Jaquinu 3dasuon
Gc c Gl l G0 0
o o | _ _ _ _ - 001~
o o [+ ]
— Dml
— 08
—00L
8
- s ¢ e °
@ —0S1
— 002
8
- 8 8 8 -105¢
) ®
cmmu_%sou_ue_mm_cm 0 0L ]siope wbEm vor z — 00¢
526 #1daouco paEs [y § 0 0 ] siope) whiam won 0D - a2wn|oA 10} JYyBIapn WOIN 1O uoljelIBA
S/ #1deouco eEs L § 0 01 ] siopel biem wom

40

%] feutbuo 1rm °0o

[



Automatic Selection of an OptimBbwer Plant Configuration

lors ool ~ [vsoot]l © [1LgooL]l of

[-] saquinu 1daguon
Gl 2

oo
o

8

096 #1dsouoojosss [0L § 0 0L | 1058y wbiem wo
646 #1dsouoo pees [y g 0 0L ] siooe bem yoN
Gi6 #1deouoo s [ | § 0 0L ] siope) wbiem wom

SSB|\ - aWN|oA 10} JYBIapy YOI JO uonelep

0o

001

00¢

00¢

00¥

00S

%] |euIbLIO )M SSeN

[

41



Automatic Selection of a@ptimal Power Plant Configuration

lorsool]l - [vsoo] o [Lsool]l of

[-] Jaquwinu 1daouon
Gl L

o
o@D

O@&o 00 Wp @D
Oo oo O @O

0 o]
0 O

096 #1deouooosies [0L 5 0 0L ] sioley wbiam you
Su6 #1deouco waRs (v g 0 01 ] siole) wbiem you
GG #1dsouco paps [ L g 0 0L | siopey Biam vow

aWN[OA - SWNOA 1o} JyBIap YOI JO UoeLIeA

o0}

C@o g Cp @D

oo

05

00l

0G1

00¢

05¢

[eUIBLIO "1'J°M 8WINJOA

]

[%

42



Automatic Selection of an OptimBbwer Plant Configuration

[. Concept Paper

In this appendix a conceptper is presented
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Abstracti Vessels ardecoming more and moreoptimized
towards their mission aad an increasing amount of
systems are considered during this optimizationMost of
these considerations occur at an earlglesign stage, where
data is scarce and their impact is large

This research aims to aid designers in considering this
growing forest of possible system using concept
exploration. During this exploration both the mission of
the vessel andhe wishes of the owner of said vessgir
client) are considered

To do so a nethodology is developed, which compares a
large set of possible power plant configurations based on
fuel consumption, emissionssystem mass andvolume.
To obtain data for these four characteristics the design of
each power plant is required. To obtain ths the systems
inside a power plant have to be designed individually.
During the design of these systenseveral design choices
are encountered

These choices @ solved using the preferences of the
client, which are defined asmulti criteria weight factors
related to the gorementioned characteristicsAnd as such
create individual systems and from that a power plant
configuration, which is optimal according to the client.
The entire selection process idemonstrated usingthree
separate cases; &ulk cargo carrier, a harbor tug and a
Trailing Hopper Suction Dredger.

Index Terms i optimization, concept ploration, design
choices, Multi Criteria Analysis.

. Introduction

Upcoming environmentawareness/regulatiorf$], [2] and

the wish to maximizerofits pressure shipwners to optimize
their ships.This optimization mainly influences the power
plant, since this is a large contributor to the operational costs
of a ship and the biggesgtroducer of emissions on board.
During the design and optimization of these power plants a

lot of possible components are considered, and the number of

concepts is increasing rapidly.

The most commonly used approach to compareersl
plausible power plantss to create a set of preliminary
designs, which are deemed promising in advabesgd on
the intended mission).

Peter de Vos
Delft University of Technology
Marine Engineering Research Group
Delft, The Netherlands
Not included for privacy purposes

Rolf Boogaart
Nevesbu
Department of Marine Engineering
Alblasserdam, The Netherlands
Not included for privacy purposes

From this set of designsneis selectedwhich best suits the
owner. The selected design is then optimizédtherin the
following design stages.

The wish exists t@apply thismethodduring the design of
morecommonly build vesselsvithout lengthening #hdesign
phase of these vesselSo that their design becomes less
dependent on existing designs.

Therefore a concept exploratiotool is developed. This tool

0 c r e adeteobpéadeterminedpower plantconfigurations
and estimates their performarmeer the entire mission of the
vesselusing gperformancesimulation. Following these steps
a configuration is selected, whicdc c or di ng t o
preferences is optimal.

This entire procesg alsoshown byfigure 1, which shows a
process flow diagram of the developed tool.

Library of
feasible concepts

Operational

Performance

Optimal power plant configuration

Fig 1. Schematic Process overview

In figure 1 a previously undiscussed component is shown; the
6l i brary of
configurationshave to be designed and tested.

The creation of this library is discussed in chapter Il. The third
chapter thempresents the requiredput (green in figure 1) for
three considered cases. Chaptéithen discusses the design
methodologies used to design thgstems inside @ower
plant. Chapter Vthen presents the results for the three cases,
and also discusses thensitivity of the tool to the considered
preferencesAnd finally chapter VI and VIl present the
conclusions and recommendations of the research.
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Il. The Library of Feasible Concepts

The library of concepts is created by defining a fixed
topology,which isshown by figure 2and by varying the type

of system present in each noid&nd in that topology.This
definition of a power plant configuration is used, to limit the
amount of considered concepts and to allow for a performance
simulation to be possible.
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Fig 2: Considered(Overall) Power plant @nfiguration

For sucha performance simulation to be possible a detailed
description of the systesithat are present is required. Using
such adetailed descriptioio define the different systems
causes the amount pbssible configuration® escalateThis

is, due to the time constraints posed to this research and the
wish to quickly generate results unwanted.

To circumventsuch a large databaaged still obtainte level

of detail required for the performance simulatiosgveral
objective functions are implementetihesefunctions will,
given a roughdescription ofa system(e.g. 2stroke, diesel
engine)createa set offeasiblesystemdesignsand select one
which according tothe preferences of a client is optimal.

The discussed component definitiand the presented
topology are used to determiménich systemsare included
during this research. A summary of the included systems
presented irtablel. Note that on ainglenode a combination

of two systems is not allowed

Tablel. Considered nodes and systems

Node (Name):
Shaft Configuration

System / Type:

Single Shaft

Power Take In (PI)

2/4 stroke Diesel Ehgines (DE)
4 strokeDual Fuel engines (DF)
Permanent Magn&ynchronous
MachinegPMSM)

(all with and without gearbox)
MDO /HFO / LNG / CNG /
NHs; / Pressurized Hydrogen
DE/DF Genset$Proton
Exchange Membrane Fuel Cell
(PEMFC)

Hybrid DE Genset PEMFC
Hybrid DF Genset + PEMFC
Electricity Storage Li-lon / LeadAcid Batteries
Exhaust Gas Open Loop, Wet Scrubber.
Treatment Systems Selective Catalytic Reduction
(SCR)

Propuls$ve Engine
Types

Fuel Type(s)

Electricity
Generation System

Giventhese boundariesapproximately35.8 * 10° possible
power plant configurations can be creatédthough the
amount of conceptis already dot less tharpther concept
creation methods (for example the one developed by de Vos
[3]), itis still too large to rapidly generate results.

This reduction is achieved by applying constraints to the
power plant configurations. The first constrain is the
requirement that exhaust gas treatment systems are only
present when they are required to meetll® emissions
regulations which are summazed/presented if4] & [5].
Theseregulationssome ofwhich enter intdorce in 2020are
implementedo ensure thetooli8f ut ur e proof 6.

More constraints are added to ensure the feasibility of the
different power plant configurations.

For this research a configuratimdeemednfeasible when
there are; fuel tanksr systemswhich are not needeeyhen

the required fuel is not presemr whenthe concept design
cannot perform the tasks required qfaaver plantgroviding
propulsive and electrical power).

These constraintemove a total 099.93[%] of the possible
configurations, leaving a total of 26.818 configurations
These configurations are all deemed feasible #merefore
included in the library of feasible concepts.



1. Considered Cases

The required inputapart from the operational profilend
client preferenceicludes two additional parameters. The

Table2.Cl i ent

first of which isarelationship betweethe propulsive power
and thepropeller RPM, in accordance with the propeller law
[5]. The second addition ian indication of the emission
control area in which the vessel has to (be able to) operate
which is necessary for the constraint related to the exhaust gas
treatment systemall required inputis determned forthree

casesabulk cargo carrieraharbor tugandaTrailing Suction
Hopper Dedger(TSHD). Therequired inpuparameters are
determined using reference vessels anesentedn figure
3,4 &5 and Table 2.
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(AVA Intermediate DesigAlgorithms

The first step in the d®n process, is the divisioof the
propulsive powerover the Main Propulsive Engine (MPE)
and Power take In (PT()f both are present)his is done by
designing the MPE so that it can deliver the second highest
propulsive power demand, and the power tiakéelivers the
different between the second highest amaximum power
demand. The dimensions of the shaft configuration gearbox
are etimated using a dimelas estimation metho{b], and

the efficiency of this shaft configuration gearbox is assumed
to be 99[%)] for single shaftconfigurations an®7 [%] for

PTI configurations

The division and efficiencies are also found in dlogatiors
below. These show the PowBivision Ratio (PDR), which
defines thdraction of the total power, that @livered by the
MPE and it can have a value between 0 arith&.value itself
depends on the operational profile, but is not varied during
the design process.
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With the division of powercompleted, the design of the
engire based systems can be executed for both the main
propulsive engine and the power take in engliés process
consists of the selection of the gearbox ratio andhtimber

of cylinders per engindBoth of which are deterimed using
design algorithms.

For the design of the PMSM an existing algorithvas used.

[7] For the combustion engines a method is developed. This
design procesis presented in figure 6.

The dimensions of the engine(s) are determined using a
dimension estimation methdf].



The nominal engine efficiency isstimated using reference
engines ana relationshipbetween the demanded power and
the maximumpossibleenginepower[8]. The latter of which

is dependent on theylinder geometry anthe type of engine.

The samerelationship is also used tbtain a very rough
estimateof the partload fuel consumption. So that a design
choice can be mad&he performance simulation itself uses a
more accurate engine mod that a more accurate estimate
can be obtained for the final comparison

Concept s't":fmber om:" Operational Profile
Blueprint Cyllinders (Propulsive Power)
Required power
Design a power generation system le
based on each of the number of cyllind
Required Engine| |
J Speed
Legend:
Rough estimate of the performance le
of the each of the designs User Defined
Input
Multi-Criteria Analysis Client
Select the most suitable concept
Design
i Algorithm
Power System ’ Output ‘

Fig 6: Engine Design Algorithm

The algorithm to determine the gearbox ratio, selects and
engine speed from a feasible rangkis range is determined
using reference data and summarized in table 3.

Table 3: Engine speed ranges as function of engine type

Engine Type LO\Evaer'I\_/:]rnit Up[p:;hLAi]mit
2-stroke Diesel 60 250
4-stroke Diesel 400 2000

4-strokeDual Fuel 400 1200
PMSM 60 2000

The algorithm then uses the previously discussed method to
design the engines and another algorithm to determine the
size and efficiency of the gearbox. These steps are then
repeated for the entire range of engine speeds. From the set of
designs created kifis process one is then selected based on
the clientd preferences. The

diagram of thisalgorithm which is shown idigure 7.
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After the completion of the desigorocesses for both the
MPE and the PTI, these systems are submitted to a
performance simulation, which results {among others)
additional electrick power requirements, caused llge
electrical power demand tife exhaust gas treatmentteyss

and (ifpresentthe PMSM.

These additional demands are accounted fondine design
of the electricalgrid, -storage andgeneration system3he
first step in the design of these systems is the determination

of the electricagrid voltage.

This is done byirst dividing the electrical grid in a main grid,

to which the storage and generation system are connected,
and a set of supply grids, which supply the different power
consumers and obtaitheir power from the main grid.

The supply grid voltage is seted based otable 3,which is
includes the most commanaritime voltages ani$ created

using €ircuit breaker) current limits.

Table4. Supply grid voltage as function of power

Maximum Electrical Power | Supply grid voltage
[MW] V]
0.46 230
0.88 440
1.38 690
entireglgoprocess issggolso
19.80 6600
>19.80 11000

seen



Based on the different supply grid voltages, the main grid

voltage isthen selected toeither minimize the amount of
transformers or to minimize the electrical power losdes,
to those transformers, which are assumedhtve an
efficiency of 99 [%].

Which method is used depds on the client preferences.

For the design of engine driven gensets the design algorithm
deweloped by an earlier reseal® is adjusted to include the
fuel consumption, using the same methodology as discussed
for the engine design

The algorithms used to design a fuel cell determines the cell
area of a single fuel cell and a nominal current density. It does
so by creating a set of designs that fall within feasible ranges
of these parameters. From these designs the one which bests
suits the client preferences is selected. The entire process is
also shown byigure 8.

The dimensionsand fuel consumptionf each desigrare
determined usingreviously devaiped methodologi€§] &

[10].
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Fig 8: Fuel Cell Design Algorithm

As shown by table 1 the optidor a hybrid geneation system
is also includedThesesystemshave an additional design
choice, which is the degree of Hydrogenization (Do&d (
shownbelow).

0¢ 05—
V)

This is determined by designirsgset of designdor a value

of DoH between 0.1 and (with increments of 0.2and
designing an engine driven genset and a PEMFC using the
previously discussed algorithmsT h e n t he c |
preferences are used to select the optimal DoH, an overview
of this process is shawin figure 9.
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Fig 9: Hybrid Generation System Design

For case where both generation and storage of electrical
power is present, the storage system is used as power supply
during those stages in the operational profile, where the
propulsive power is minimal (since this is often near shore)
and thus reducinghe engine emissions in those areas.

The batteries arethen dimensioned using previsly
developed methodologig8] and are designed to still meet
the maximum powedemand at 80% Depth of Discharge to
assure that power demands can be met at all times.

After the design of the electrical generation and storage
system(s) theiperformance is also simulatédsing models
developed by previous researches.

After whichall engine emissions and fuel consumptions have
been determined.

The engine emissions of the propulsive engines and the
generation systems are then combined and compared to the
IMO emission regulations, which depend on the selected
emission control age

If needed to meet the regulatiorghaust gas treatment
systems are installed and their dimensions are estimated.
Their efficiency is then simulated, which results in a reagent
consumption for the SCR system, a scrubbing sludge
production and thposttreatmenemissions.

All created designs and simulation results are then combined

into a final multicriteria analysis in order to select the optimal
power plant configuration.

i ent 6s



V. Results The analysis is performed, by varying the preferences one at
the time, with increments of 3, cases very similar to the

The results foreach of thethree casegor ship typesjare original case, which is used as benchmark are omitted. Doing

presented in table dndtable 5.With table 4 presenting the

numerical values for the diffent characteristics and table 5

presenting componentof the selected power

plant

configuratiors, including an indication of the installed power

Table5. Numerical Results, Adlhip types

so creates total of 12additional, newcases
Both the final concept selection aride influence on the
numerical resultareinvestgated. With the influence in

numerical results being expressed as a change w.r.t. to the

benchmark case.

Thecomplete set ofiumerical results are not included in this
Cargo Harbor TSHD Unit
Carrier Tug paper Due to the large amount of data, however an example
ni D he | fd h I
Fuel Cons. 447 0.55 59 [Ton] is included in figure @ ard figure11. These figures show the
NOy 7.24 0.35 0.17 [gram/kwH] same scatter diagranBut figure 11 shows a magnified
SO, 2 002 001 GfﬁTe/l kg version by omittinghe largest spikeseen in figure 10.
COo. 1370 0.68 44 Ton The presented example shows the change in fuel consumption
Mass 614 48 1053 Ton under influence of a changing weight factor tetato duel
Volume 1153 56 1380 m?

Table6. Optimal power plant configuration peship type

consumption, for each individual power plant configuration.
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Cargo Carrier Harbor Tug TSHD
Single Shaft PTI PTI £
2- stroke DE, PMSM, PMSM, Direct 5
Direct Direct (8.8 MW)
(11.9 MW) (1.2 MW) ' 2
MDO - - X — i
Dual Fuel Dual fuel ;
- Engine, Geared Enging Geared G —
(1.2 MW) (2.2 MW) '
- MDO MDO Fig 10: Example Results of the Sensitivity Analysis
- LNG LNG
PEMFC PEM Fuel Cell PEM Fuel Cell
(618 kW) (1.2 MW) (23 MW)
Pressurized Pressurized Pressurized ﬁ
Hydrogen Hydrogen Hydrogen . Ype”
- - - SRR RS RS RS - Wy
SCR - - E”U_ e = LIy
Scrubber - - 5 e
Most of the selected components can be explained given *r

some basic marine engineering knowledge (most othvhi
can be found works such Hg) .

There are however, some unexpected components. For
example the fact that HFO, which is a very conventional fuel,

is not used as selected for any of the three chstsad MDO
is alwaysfound in the selected concepts.

Another remarkable trend is the fact that fuel cells are

selected in each of the three cases.

a 05 1 15 2 25
Concepl number [-] x10%

S 1057 [4057) [7057]

Fig 11: Magnified Example results

The numerical resultpresented in figure 1%how limited
deviations although there areome extremeleviations, as
seen in figure 1Both of these are discussed separately.

From the magnified changes in the numénieaults (seen in

Because of the subjective nature of the client preference a
sensitivity analysis is also exeedt This is donéy varying
theclient preferences for the cargo carrier case, while keeping
all other input values the same.

figure 1J) it can be seen that (as expected) the consumed fuel
mass does indeed decrease when the weight factor is
decreased



The observed extreme deviations (visible in figure 10) are
found in locations where electrical propulsion is applied in

combination with a change in the DoH, this is also seen in the
detaileddesign information of one such an extreme case,
which is included in table 6.

In this table the large electric propulsive engine is found and
the change in DoH can be observed from the fact that the
power obtained from each generation system changes.
From the detailed information two likely causes of the
extreme increase in fuel consumption can be found.

The first is the fact that more diesel will be consumed, which

is heavier than the hydrogen and thus the consumed fuel mass

increases.
The other case for the increase is the fact that because the
DoH changed an SCR was required. The addition of an SCR

increases the total system mass, but also requires reagent:

This reagent is added to the consumed fuel, resulting in an
enlarged increase in fuel camsption.

Table7: Detailed design data, extreme deviation

Original Case Case B
Shaft . Power Take In  Power Take In
Configuration
MPE - Engine Dual Fuel Dual _Fuel
Type Engine Engine
(844 kW) (844 kW)
MPE - Main Tank MDO MDO
MPE - Sec. Tank LNG LNG
PTI- Engine Type PMSM, Geared PMSM, Geared
(11.4 MW) (11.4 MW)
PTI - Main Tank - -
PTI - Sec. Tank - -
PEMFC & DE PEMFC & DE
Generation Genset Genset
System (9795 kW & (1108 kW &
1347 kW) 12354 kW)
Genset Main HEO HEO
Tank
Genseti Sec.
Tank ) i
Hydrogen Storage Pressurized Pressurized
Hydrogen Hydrogen
Electrical Energy Li-lon Batteries Li-lon Batteries
Storage
NOX Reduction N/A SCR

SOX Reduction Wet Scrubber Wet Scrubber

The fact thatthe propulsive engines have such a large
influence on the entire design, is due to the fact that for this
case, the power required from these systems is significantly
higher tharthe electrical power demand.

Which implies that the influence of the weidhttors is not
only dependent on the value of those weight factors, but also
on the operational profile.

In addition to thenumerical results, thehange inselected
power plant configuratiois alsomonitored Two power plant
configurations are selected multiple times, for different
preferences, and thesge presented in tahlavithout the
power indications

Table8. Most dominant concepts, sensitivity analysis

Selected 5 Selected 5
times times
ShaftConfiguration Single Shaft Single Shaft
MPE - Dual Fuel Dual Fuel
Engine Type Engine, Geared Engine, Geared
MPE -
Main fuel tank MDO MDO
MPE -
Secondary fuel tank LNG LNG
PTI- ] ]
Engine Type
PTI - i i
Main fuel tank
PTI - i i
Secondary fuel tank
Electricity _ PEM
Generation System Dual Fuel Gense Fuel Cell
Genset
Main fuel tank MDO i
Genset
Secondary fuel tank LNG i
Pressurized
Hydrogen Storage - Hydrogen
Electrical Energy i i
Storage
NOx Reduction - -
SO Reduction - -
VI. Conclusions

The cargo carrier results, show that deeelopedool selects

an expectable power plant concdpf, given the more
stringent emission regulations. This gigesne confidence in
the working principles behind the tool.

The other two cases also result in configurations which are
explainable given the operational prigé and currently seen
trends[5].

Although both the original cases and the sensitivity analysis
show a high preference towards fuel cells and hydrogen
storageThis is caused by the fact that fuel consumption was
judged on a mass basis, which is hugely anof of the
application of hydrogen.

Additionally an importantdownsides of fuel cellghe fact
that they areexpensiveis not included in the tradeoff, since
costs are not inadedas acriterion.



The sensitivity analysis shad that the tool is inded
sensitive to the preference. Wihierage deviations of around

5 [%], although some extremes were observed as well.
These extremes where caused by a combination eltatric
propulsion system and a generation system which cantain
both a genset and a fuel cell.

From the combination of the different sensitivity analysis
results and their causé could also be deduced that the value
of the weight factors is not the only thing which influences
the sensitivity of the tool to thesweights. Instead, the
operational profilelsohas annfluence of on the sensitivity
by influencing which set of design choices has a larger
influence.

VII. Recommendations

The firstrecommendation of this reseaiistthe expansion of
thelist of considered componentsspecially the inclusion of

a power take offand other methods to store hydrogen (such
as reformers oother fuel cell systemshould give somén
interesting results

In addition to the list of components, theonsidere
characteristics, and thus considered design chogtes)ld
alsobe expanded

Especially the inclusion ofife cycle costingcould be
interesting Since this could change the tendency towards fuel
cells Additionally it the inclusion of costs as a criterion could
also reduce the application of MDCsince MDO is a
relatively expensive fuel (when compared to other
conventional fuel types, such as HFO).

Another recommendation coseming the characteristics is to
replace or complement the characteristic of fuel consumption
with a total system efficiencyDoing reduces the effect the
specific mass of a fuel. And could therefore also reduce the
tendency towards fuel cells, and allowy & fairer comparison
between the different systems.

The influence of the operational profile, showdso be
investigated, since it is expected that the operational profile
greatly influences the results.

Another effect that should be included is the switching of
fuels, during different stages found in the operational profile.
This is often seen in practice, since this allows ships to
operate for the lowest possible costs, while still complying
with the regilatory limits posed to the area the vessel is in at
that moment in time.

To do so, the emission control area would also have to
become a time based prefereasewell

And finally the influence of the defined technological
parameters should be invegited since these are likely to
have an influence on the results.

An example of such aparameter which is sure to be
interestingto investigateis the sulphu content of the applied
fuels. Since, this parameter is expected to change in the near
in thenear futuredue to the upcoming sulphur cgg.
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