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EUUUEEU

As it is widely known, the European Union ai ms
2050. Furthermore, this evolutionary strategy affects one of the biggest, if not the biggest,
powerhouses of transporting methods, the maritime industry. This decarbonizati on tactic

has forced companies to spend millions of dollars to meet the stringent GHG emission

reduction requirements. In particular, a great deal of research has been done into new

fuels to be used by ships, carbon capture technologies and waste heat reco very systems.

The goal of this Diploma Thesis is to evaluate and analyze some of the new and

evolutionary technologies such as dual fuel LNG propulsion, Organic Rankine Cycle usage

in a VLCC, in a thermodynamic spectrum and propose a variety of solutions i n order to
achieve the best possible CO2 reduction in a notr
maximization of economic profits.

EOOOPOI HI Ol OU

First of all, I would like to thank my Supervisor Dimopoulos George for his
support throughout this educational journey and for giving me the chance to
conduct such an interesting diploma thesis. Secondly, | would like to express
special thanks to the whole staff of the School of Naval Architecture and Marine
Engineering, who provided me with special knowledge  during my studies.
Moreover, | owe my gratitude to all my friends and colleagues for their continuous
support during my academic years. Finally, my family deserves my deepest
appreciation for loving me and inspiring me to achieve my goals throughout my
life.

1.Introduction

Decarbonization Challenges

Maritime transportation  represents an enormous 80-90% of global trading . For
this reason, t he role of transportation infrastructure can be vital in the economic growth
and evolution in modern society. (Wang & Wright, 2021) . International shipping is an
ever-growing sector, propelled by the universal trend of expanding global trade and
consequently increasing its environmental impact fi for long years unnoticed. As
international transportation  is becoming more and more necessary, it is growing a t an
average rate of 3% per year since 1970 (Dos Santos et al., 2022). Although this type of
transportation is having a major role in its sector, it reflects a small 3 % of greenhouse
gases emissions (GHGs). Greenhouse gases such ascarbon dioxide (CO2), methane (CH4) ,
nitrous oxide (N20) , and some other synthetic chemicals, are responsible for retaining the
temperature of the earth at a stable point. A function of GHGs is the absorption and re -
emission of some of the outgoing infrared radiation, these gases trap heat, disturbing
Earth's radiative balance fi the balance between incoming energy from the Sun and
outgoing energy to space. This change in the radiative balance has caused a major shift
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among both global and regional climate patterns. In the period from 2007 to 2012 , the
average consumption of fuel in maritime transportation was about 300 million tones and,
considering that the content of mineral pollutants including sulfur and heavy metals such

as vanadium and nickel (Foretich et al., 2021) , a respectable amount of SOx, NOx and
CO2 were found in the atmosphere of the earth in this time . Following all that , an
increment of 2.34% in Total CO2 emissions was recorded between 2013 to 2015. This
change reflects to a rise of 22 million tones ina 2-year span. Besides CO2, more than one
million tones of GHGs were produced from global shipping in 2018 only , representing a
9.6% increase compared to 2012 levels (Ampah et al., 2021). Based on different scenarios
and projections, if nothing were changed by 2050, an increasing rate of maritime CO2
emissions would have been observed in the atmosphere, specifically 50 -250% more
compared to 2012. In order to reduce the GHG emission s from ships, the International
Maritime Organization (IMO) has adopted very strict regulations , with the agreement of
the International Convention for the Prevention of Pollution from Ships (MARPOL) . On
13 April 2018 , a strategy was adopted to reduce the carbon intensity of international
shipping by 70% and lower the GHG emission s by 50% by 2050, compared to 2008 levels
(Annex 15, n.d.), with the aim being to reduce them as close approximate to zero as
possible by the end of the century.

150°00"'W 90°00'W 30°00'W 000" 60°0'0°E

120°00°E 180°0'0"

30°0'0"N

o \ \ “ .- = 3 i / A
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150°00W 20°00W 3000W 000" 8000E 12000 180°00" Global CO2 emissions
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Data Source: exactEarth, IHS and ArcGIS 25,000 - 100,000
© International Council on Clean Transportation, 2017 ==>100,000

Figure 1 : Global distribution of shipping CO2 emissions in 2015  (Olmer et al., 2017)
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Table 1:CO2 reduction strategy

year Strategy
2018 Setachievable GHG reduction goals over the course of 2050
2020 Reduction of sulfur content of fuel oil used in ships to 0.5 % from 3.5 %
2023 Proposition of short term measures to lower CO2 emissions by 2030
Require a 40% reduction in G&daissions per voyage by 2030, in comparison with 200
2030 els
Mandate a 50% reduction in global GHG emissions by 2050, with the main object be
2050 nalize them

Crude oil tankers make up a significant portion of the global merchant fleet.
According to data from UNCTAD (United Nations Conference on Trade and
Development), oil tankers, along with bulk carriers and container ships, account for
approximately 85% of th e total capacity of the world fleet, measured in deadweight tons
(DWT). While this statistic includes various types of tankers, crude oil tankers specifically
represent a substantial segment within this category, underscoring their critical role in
global maritime trade and the transport of energy resources. It would be remiss not to
mention that all these strict regulations that IMO established, prompted the maritime
sector to stop using HFO (Heavy Fuel Qil) as the primary fuel. HFO has been the main
energy source for every transportation by the sea, since 1960. What made this fuel so
appealing was its low cost, well-established infrastructure, and its widespread
availability. Although , the economic advantages of HFO were very beneficial, its high
sulfur content made it increasingly unattractive for use. This made the whole
transportation sector to find alternative solutions, to comply with IMO regulations.

New Fuelsand Technologies

As it is mentioned before, the maritime industry  has to reduce GHG emissions and
improve air quality in accordance with the increasingly strict environmental regulations ,
motivating everyone not to use HFO anymore. Consequently , the adoption of cleaner and
alternative technologies seems to be the main objective that must be reached. Numerous
alternative fuels are being consider ed as potential successors to HFO , each of them
offering a unique set of advantages and disadvantages . This diverse range of options can
be reflected as the i ndavBonmentdl perf@niahce,recosomit o bal ar
viability and maximized performance in the search of sustainable shipping solutions. In
response, alternative fuels such as liquefied natural gas (LNG), methanol , hydrogen and
ammonia are being explored for their potential to mitigate  the environmental impacts of
global transportation while  being effectively operational.

LNG has been the main competitor of HFO in the maritime industry due to its
ability to significantly reduce  SOx emissions by almost 100%, NOx emissions by up to
85%, and particulate matte r. One of the bigger, if not the bigge st, advantage in the
adoption of LNG is that the existing global infrastructure can adjust fa st and support all
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the bunkering and supply methods that this fuel requires , immediately. However, w hen

LNG is mentioned, methane slip isaphenomenon t hat cMethdéneslip,e sKki pr
that is released during fuel use, has to be evaluated as a concern that many times is

greater than CO2.

Apart from LNG, Ammonia and Hydrogen are often considered as key options in
the discussion of next -generation alternative fuels. Hydrogen in maritime, can be used
more efficient ly in applications such as fuel cells , due to the complexity of its production .
Moreover, Ammonia can be stored and transported more easily than Hydrogen and has
higher volumetric energy density.  Although those two fuel s seem to be a good option, they
both face technical and economic difficulties, in order to be applied in the near future, as
they seem to be very flammable and toxic for the human environment.

On the other hand, methanol offers a lo wer carbon footprint compared to
traditional marine fuels and can be produced from renewable sources such as captured
CO2 and biomass. Methanol remains liquid at ambient pressure and temperature, which
makes it easier to handle compared to LNG, Hydrogen and Ammonia. Nevertheless, it
requires double the storage space due to the energy density being half that of the
conventional fuels. Secondly, corrosion can ocaur in the storage due to the incompatibility
of methanol with various materials. It has to be mentioned also that methanol is also a
toxic material as Hydrogen, and every skin contact must be avoided (ALTERNATIVE
FUELS SEA -LNG.ORG, n.d.; Xing et al., 2021). Inthe next Figure, energy density of some
of the alternative fuels is presented.
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Figure 2:Energy Density of marine fuels (Xing et al., 2021)

Dual Fuel LNG Propulsion

Besides the interest that is growing around alternative fuels in marine fuels, LNG
seems to be the most reasonable solution to this environmental problem.  Natural Gas is
transferred at about -163 °Cin liquid state. Although it is transferred into cryogenic cargo
tanks, a small portion of this is being vaporized  during every voyage. This effect happens
due to the constant alliteration with a hotter surrounding environment. Vaporized LNG
is called boil -off gas (BOG) and can be utilized as a fuel too , improving the overall
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efficiency of the system. Dual Fuel LNG propulsion systems offer  a versatile so lution due
to their fle xible choice of fuel. More specifi cally, this type of system can operate both on
LNG and diesel oil, depending on the situation. This gives the shipowner the advantage
of choosing the most beneficial fuel, depending on th e market prices of LNG and the type
and distance of the voyage.

Motivation

As it is mentioned before, IMO decided to adopt an initial strategy aimed at
reducing 50% of total GHG emissions by 2050. In order to achieve that , IMO developed a
toolbox for optimized technical and operational efficiency . Three KPlIs (Key Performance
Indicator s) were established and will be analyzed next. The first of them is EEDI (Energy
Efficiency Design Index), whichwas firstintroduced back in 2013 as a revolutionary move.
EEDI is an indicator that is applied to newbuiling s and sets the minimum energy
efficiency standards, depending on type and size of each ship. More specifically, EEDI
expresses the amount of CO2 produced per ton-miles of carrying capacity. The following
figure shows a diagram il lustrating the maximum Energy Efficiency Design Index (EEDI)
that every newbuild ing vessel must comply with, for each of the years presented.
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g '
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w I
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: >

Cut off limit Capacity [DWT or GT]
Figure 3:EEDI phases throughout each year
Another crucial i ndex t hat i s rel at ethe EEXI ( | ENMeDyy s

Efficiency eXisting ship Index). EEXI is applied on existing vessels and is a measure
related to the technical design of a ship. Required EEXI defines a mandatory upper level
that every vessel should comply with by 2023. This index is very similar to EEDI  with the
only distinction between the two being that the EEXI applies to existing vessels whereas
EEDI to newbuildings .In a scenario when the attained EEXI is not less than  the required
EEXI, follow-up actions will happen, concerning engine limitations and technical
modifications. In simple words, EEXI sets the minimum  energy efficiency standards for
ship designs already in use , contributing to the overall goal of reducing the maritime
sectords carbon footprint.

Last but not least, CIlI (Carbon Intensity Indicator ) is an operational metric that
evaluates s hi pds c¢ ar b o nmeasurihgehe @amount of bGO2 emitted per cargo -
carrying capacity and nautical mile.  This index is implemented in 2024 and it will
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categorize every vessel based on an environmental rating. This rating will become

increasingly stringent towards 20 30. An example of this ranki ng system is shown in

Figure 4. As everyone can assume, vessels with poor CII ratings may face significant

commerci al di sadvant ages, making them wunappr oac
financially unbearable due to possible environmental fees and taxes.
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Figure 4:Example of CIl (Themelis Nikolaos, IMO Framework for the energy efficiency of
ships)

All those operational metrics compel the maritime industry to explore all other
options mentioned above as part of the decarbonization strategy. However, some critical
guestions are raised with all these complex tactics : Will this transition to alternative
fuels such as LNG, Ammonia or Hydrogen be the most economical ly efficient plan for the
ship owners? Seen as an investment, how long will it take to return the  money of all
technical and operational modifications to the initial capital of the owner?

Following th ese regulations , the adoption of alternative fuels such as LNG
becomes the number one priority in this discussion. As mentioned before , the potential
reduction of SOx, NOx and CO2 emissions with the usage of LNG as a fuel, considering
the fact that the existing bunkering infrastructure is suitable , is a game changer in
worldwide maritime. Nevertheless, the capital investment required for dual -fuel LNG
engines or other possible modifications that may occur due to methane slip , calls into
guestion whether LNG is the most effective long -term solution. Hence, this thesis is
motivated by the need to explore effective solutions t o | MOds regul ations and

Targets

The goal of this case study, an existing DF VLCC, is  to analyze and extract various
results. Th is analysis aims to evaluate compliance with IMO r egulations and assess
different energy efficiency improvement options for an existing vessel . Moreover, this
thesis will examine and quantify  the energy improvement impact of some traditional
energy efficiency improvement options, such as PTO ( Power Take Off) technology,
Exhaust Gas Economizers, Dual Fuel Auxiliary Engines , but also some more advanced
ones like Cold Energy Recovery technolo gy via ORC. In order to proceed with the work in
the thesis, the following data was used from the reference vessel :

1 ELA (Electric Load Analysis) of the vessel
1 Steam Balance
1 Heat Balance
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Laden and Ballast propulsion curves from sea trials
Main Engine and Auxiliary Engine  Performance tables
Exhaust Gas Economizer Capacity

Auxiliary Boilers capacity and performance

= =4 =4 =

After gathering and organizing this data, various operating scenarios w ere tested
based on potential voyages. To ensure accurate and reliable results , the application of
Model-Based Systems Engineering (MBSE) was  essential. With performance
improvement becoming increasingly complex , advanced decision-making tools are
mandatory to manage the increasing complexity of the systems and technology. A detailed
explanation of MBSE will be provided in a later chapter . Furthermore, a comparison of
the results will be presented, followed by miscellaneous diagrams, in order to achieve
maximum representativity . Following this, the feasibility of integrating ORC technology
with other technologies will be evaluated. Finally , a thermo -economic assessment will be
conducted to examine all possible scenarios.

1.1.1.1Structure of Thesis

The current study will be structured  as follows. In Chapter 2, the energy systems
of the VLCC are addressed. More explicitly, an introduction to the principal parameters
of a VLCC is mentioned, as well as a small presentation of our study case. Moreover, a
brief introduction to the machinery arrangement of a VLCC will occur, both in
conventional and DF LNG systems. After this introduction, the specifications of our case
study in the machinery will be presented, and the demands of propulsion, steam and
electricity will be analyzed depend ing on each situation. In Chapter 3, it is shown the
methodology of this study which includes the process modeling of the machinery system,
the energy model, and the contribution of ORC technology. After a comprehensive look at
chapter 3, Model-Based Systems Engin eering (MBSE) will be understandable , including
the approaching and application in this study . Chapter 4, is consisted of the simulation
campaign, variety of graphics and brief comments on each result of the simulation.
Furthermore, an ORC simulation analysis will be presented , evolving an optimization
analysis and assessment of whole problem. Last but not least, Chapter 5 concludes a
thermo -economic assessment of the problem, depending on real -time cost of fuel, cost of
CO2/tons of fuel, for an existing voyage.

2.VLCC Energy Systems
Introduction to VLCC

Liquid cargo ships, commonly referred to as tankers, are specialized vessels
designed to transport liquids in sealed tanks.  Historically, the way of converting cargo
holds into liquid -carrying tanks , designed for goods such as wine and oil , originated back
in 19t century. However , as global demand for oil transfer increased rapidly, the necessity
of tankers that carried crude oil was consequential. As shown in Figure 5, tankers
represent a major component of the world fleet, with their design  and functionality
continuously evolving to keep up with the growing needs of the global market.
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World fleet by principal vessel type
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Figure 5: World fleet by principal vessel type (UNCTAD 2023 , n.d.)

There are two basic types of oil tankers, crude oil tankers and product tankers.
The most usual type of tanker s are crude oil tankers, which they transport large
guantities of unproc essed crude oil from the extraction point to refineries. On the other
side, product tankers are designed to ferry cargo like petroleum and other refined
products that are produced from crude oil, from the industrial plants to the final markets.
Product carriers are generally smaller and more compact compared to crude oil tankers.
Due to the necessity of massive capacity in combination with the minim ization of the
number of trips, crude oil tankers are designed bulky and huge. In Figure 6, there are
shown the different type s of tankers based on D WT (Deadweight Tonnage).

Average Freight Rate Assessment (AFRA) Scale - Fixed Ci’E
Cargo type Vessel class, capacity (thousand deadweight metric tons)

GP (GeneralPupcee) 10-25DWT
Refined products

MR (Medium Range)

I

LR1 (Long Range 1) 45-80DWT

Refined products AFRA (AFRAMAX)®

80-120DWT

or crude oil
Crude oil

Figure 6: Tankers Categories
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The limits on this Figure are indicative, as they can differ on a reasonable
scale.

A Very Large Crude Carrier (VLCC) , first developed in the 1960s, is a type
of large tanker specifically designed to transport crude oil. With DWT capacities
ranging between 160000 and 320000, VLCCs are capable of carrying up to 2
million barrels of crude oil.  As it is mentioned before, this massive size is capable
of a cost-efficient transportation method, although  their large dimensions limit
their ability to access certain canals and ports . All liquid cargo ships, regardless of
size, tend to operate at speeds ranging from 12 to 15.5 knots, with the higher
speeds typically achieved by larger vessels. For this reason , these vessels have
extremely bulky hull , and therefore their block coefficient (Cb) is valued around
0.8 0 0.9, with DWT covering an enormous 80% of the total volume of displacement
of the ship. The block coefficient is the ratio of the volume of displacement to the
volume of a rectangular block whose sides are equal to the breadth extreme, the
mean draught , and the length between perpendiculars. Figure 7 shows an
explanatory sketch of this coefficient.

Figure 7: Block Coefficient

Machinery Arrangements

1.1.1.2Conventional Fuel

The engine room or else machinery space of a conventional crude oil vesselis an
area located, most of the time, near the after -peak of the ship. In this sector is located the
machinery and propulsion system of every vessel. Other than housing the propulsion
system, machinery space includes auxiliary systems like electrical power generation,
heating , air conditioning, ventilation , and more. This area can be characterized by anyone
as one of the most complex sectors of a ship due to the wide range of machinery and
equipment it contains. Briefly , a common engine room consists of engines, generators,
various pumps, and different control systems as well as different fuel tanks, cooling , and
lubrication systems that are vital for the smooth operation of the vessel.

It would be an omission not to mention that a system that contains so crucial
compartments must be framed by multiple safety measures. More precisely, fire
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suppression equipment, emergency light ing and advanced communication tools are
mandatory to ensure safety in case of emergencies. A complex place like the machinery
woul dnot be abl e t o theouidancé df specmlizédymarine endineeust
and technicians who are responsible for monitoring, maintaining, and repairing the
machinery equipment, ensuring a smooth operation. All persons working in this
environment must attend specialized and detailed training to meet the requirements
needed to operate safely and efficiently.

Moreover, modern engine rooms are designed with advanced automation systems
that help in monitoring and controlling various aspects o f the shipds perfor
addition to the reduction of the manual workload of the crew. This type of system include s
automated temperature control, numerous sensors that measure the pressure of some
basic components, real -time fuel consumption monitoring etc.  Efficient management of
the engine room is key to the overall performance of the ship , as any failure in this space
coud be cat astrophic for the vessel 0s failarpseandat i on .
mechanical breakdowns, regular maintenance and overalls are vital. (Maritime
Education, n.d.)

The main propulsion engine of a common VLCC is the primary machinery
responsi bl e for dr i vandmpvirngthevessdlthroughshe prateo. p Bldstl e r
vessels usea two-stroke, slow -speeddies el engine, as long as itds th
type for long-haul ocean-going vessels. The power generated by the engine is transmitted
directly to the propeller through a shaft that is precisely aligned with the propeller. In
this engine configuration, an intermediate reduction gear is unnecessary because the
engineds r evol u(®PM aresalrgady matchéedriouthe eptimal RPM required

by the propeller for efficient operation.
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Figure 8: Main Dimensions for a GBOME -C9.2 engine and for other existing VLCC
engines(Propulsion of VLCC Content, n.d.)

The main propulsion engine in a conventional VLCC is designed to convert the
energy stored in fuel (primarily HFO) into mechanical energy. The rotational energy
generated by the engine drives back the propeller, which in turn, creates thrust by
pushing the water backwards. These engines are designed with very high-power output
to match the enormous size and weight of the ship. To showcase a point of reference, a
range between 20000 and 30000 horsepower (about 15000 to 22000 kW) is produced by
these, allowing the vessels to maintain speeds close to 15 knots, even while carrying up
to 320000 DWT of crude oil. Figure 8 shows different measures of some commercial
engines.

As it is mentioned before, diesel auxiliary engines are vital components on large
vessels. These engines are not included in the propulsion process, as they are  distinct from
the main engine and they are responsible for generating electrical power. More
specifically the energy that they generate can be distributed to systems including
navigation equipment, lighting, communication systems , electricity -driven pumps, air
conditioning , and safety systems like emergency lighting and fire suppression systems. It
is worth mentioning that many vessels use electricity -driven pumps . For example, bilge
pumps and ballast pumps are powered by auxiliary engines if the y are not steam -driven.
These two pumps are critical for the overall harmony of the vessel as they remove water
and other liquids that may exist and they are vital for maintaining ship stability in
various operating conditions and port arrival and departure.  Furthermore, diesel
auxiliary engines are well known for their fuel efficiency and reliability , providing safety
and assurance to the shipowner. In addition to providing energy to the system , these
engines can serve as backup power sources in emergency situations. This means that they
ensure the operation of critical systems like  steering, navigation and communication
remain functional during any circumstance.
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One of the greatest benefits of diesel auxiliary engines is their f uel flexibility.
While diesel is t he most used fuel in auxiliary engines, some systems are capable of
burning Low Sulfur Fuel Oil (LSFO) or Marine Diesel Oil (MDO) to meet emissions
requirements in Emission Control Areas (ECAs). This flexibility allows ships to optimize

fuel use and switch b etween different fuels based on operational needs, costs and
regulatory demands.

1.1.1.3Dual Fuel LN G Machinery

AUXENGINE —a—

AUXENGINE H, = electricity demand

AUXENGINE [t

Layout

$School of Naval
" Architecture and Marine
MAINENGINE b torque junction plo propuision demand | Engineering

National Technical
University of Athens

Figure 9:VLCC engine room layout

Figure 9 illustrates a brief engine room layout of our case study VLCC. More explicitly ,
there are easily noticeable three auxiliary engines, each with their own economizer
connected to the electricity switchboard that distributes the v e s s @elcticsy demand.
Apart from the auxiliary engines, the propulsion demand is met by a dual-fuel main
engine. A Power Take -Off (PTO) system is integrated into the shaft alignment of the main
engine, allowing mechanical power from the engine to be used for auxiliary purposes, such

as generating electricity. This is very beneficial for the system as it unloads a reasonable
amount of electricity demand from the auxiliary engines. Systems like this tend to be
more effi cient than running separate diesel generators, as there is a superior reduction in
the specific fuel consumption of the entire operating system. Considering the stringent
regul ations mentioned earlier, this setup
Efficiency Design Index (EEDI). The installation of a shaft generator can reduce Pme
(main engine power) and replace SFCae (specific fuel consumption of auxiliary engines)
with SFCme (specific fuel consumption of the main engine), resulting in a lower overall
index (Shaft Generators for Low Speed Main Engines MAN Energy Solutions Shaft
Generators for Low Speed Main Engines 2 Future in the Making, n.d.)
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MAIN ENGINE AUXILIARY ENGINE SHAFT GENERATOR / MOTOR EFFICIENCY
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Figure 10:EEDI analytic equation (Shaft Generators for Low Speed Main Engines MAN
Energy Solutions Shaft Generators for Low Speed Main Engines 2 Future in the Making,
n.d.)

As it was expected, a Dual Fuel LNG machinery contains  LNG tanks. In general,
LNG must be kept in pressurized cryogenic tanks in order to minimize self -vapor loss and
maintain its low temperature.  This is opposite to conventional diesel tanks that are low -
pressure and uninsulated. More specifically, LNG fuel system consist of crucial
components such as pressure management systems , vaporizers and ventin g mechanisms
to ensure safe fuel circulation in cryogenic temperatures and adequate pressu re. As it is
mentioned before, boil-off gas (BOG) is a primary fuel source in a vessel that has LNG
engine. However, a DF LNG machinery consist s of traditional marine fuel tanks too , such
as Heavy Fuel Oil (HFO) and Marine Gas Oil (MGO).  As of now, BOG is used as the
primary fuel, and if there is a shortage, LNG is evaporated and used as a backup (George
et al., 2020)

In this case study the main engine that is used is 7G80ME -C10.5-GI of MAN . This
engine is a DF LNG engine that can be used on gas mode and on fuel mode too. The next
table indicates some basic information of the main engine in the specific VLCC.

Table 2:Main Engine basic information

SMCR (kW) 22500
rom @ mcr 64
MEP (bar) @ mcr 16.1
NCR (kW) 18000
rom @ ncr 59.4
MEP (bar) @ ncr 13.9

Using MAN CEAS Engine Data report, an engine layout diagram is showcased in Figure
11 with the SMCR speed of the case study.
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Figure 11: Main engine layout diagram (MAN Energy Solutions, n.d.)

Important data from the engine manual is presented to deal with complex
calculations , which will later be applied in the experimental process. All of the information
is derived from the MAN manual for the main engine  (MAN Energy Solutions, n.d.). The
analytic data tables are presented in the Appendix of this diploma thesis . Presentative
graphs that contain some basic information about the engine, such as  fuel consumption,
exhaust gas amount, and temperature are given.
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Figure 12:Main engine basic data, DF mode
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Figure 13:Main engine basic data, LFO mode
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In the graphs above SPOC (Specific Pilot Oil Consumption) and SGC (Specific Gas
Consumption) refer to tier Il gas mode as well as all other required values. As observed,

Figure 12 refers to the liquid fuel mode of the main engine and  Figure 13 to the dual fuel
mode.

Besides the main engine, the studied vessel is equipped with  three auxiliary engines. A
pair of 7H21/32 by Hyundai , which use diesel as burning fuel and one 8H22CDF by
Hyundai that can bu rn LNG and diesel, depending on the situation.  These 4-stroke

auxiliary engines are responsible for various actions in the vessel environment that  are

going to be analyzed further below. In Table 3 and Table 4 are provided the basic
characteristics of each auxiliary engine.

Table 3:7H21/32 basic information

rated outputhigher rating power per cylinder cylinder
P (kW) rpm kw number
1540 900 220 7

Table 4:8H22CDF basic information

rated output-higher rating power per cylinder cylinder
P(kw) rpm kW number
1720 900 215 8

Three graphs that contain the basic data of these auxiliary engines are addressed

below. For illustrative purposes, the analytic tables are given in the Appendix section of
this thesis.
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Figure 14:7H2132 aux engine basic data
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Figure 15:8H22CDF aux engine basic data -DF mode
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Fuel Consumption-Load % , 8H22CDF-Aux Eng, LFO mode
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Figure 16:8H22CDF aux engine basic data -LFO mode

As given previously, the DF auxiliary engine  data are presented depending on the
fuel consumed.

Case studgata (demands etc.)

In this section of my diploma thesis, some important information about the case

study will be provided. Firstly , knowing that the draft at laden condition is 7 ™ 1m .

8 Dand 7 ®i..1,8 O and having the operating rpms=64 (Rounds Per
Minutes) at MCR=22500 kW we can calculate the constantci n t he pr opere|l er ds |
specifically, when a ship is considered to have a fixed -pitch propeller, then the speed at
which the ship will travel , V, would be proportional to the revolution per minute n, 0
oz £ , and it accurately describes the necessary power delivered to the propeller (Basic
Principles of Ship Propulsion, n.d.) . The calculated constant , c=0.085831, is then used to
assume rpms for every possible value of Power. In order to calculate this, a sea trial curve
is given of the case study is given as an input. In Figure 17, is presented the sea trial
curve that is used.
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Figure 17: Given Sea Trial Curve

As it is easily noticeable , the given curve uses a different MCR pointtha n the MCR
our case study. In order to surpass this problem , we use a ratio to extract the corrected

values,i ——— T80 0 @agd then we adjust the corrected values of Power to the

given sea trial curve. Furthermore, the creation of a table that resumes the Power
Demand, rpm, and Vs in each of the two conditions is needed based on the corrected
values, in order to summarize Power Demand at every possible travel speed.

Table 5:Power Demand - Vs - rpm table

Td(m) 9.25 Td(m) 21.62
Pd Pd rpm

No. 1 Vs(kn) | aiastkwy | P™ PIBSY o dengow) iaden
1 8 853 21.50 1800 27.58

2 8.5 1423 25.50 2587 31.12

3 9 1993 28.53 3375 34.00

4 95 2563 31.02 4162 36.47

5 10 3133 33.17 4949 38.63

6 105 3641 34.88 5699 40.49

7 11 4193 36.55 6511 4233

8 115 4788 38.21 7423 44.22

9 12 5462 39.92 8388 46.06

10 125 6164 4157 9456 47.94
11 13 6983 4333 10592 | 49.79
12 135 7827 45.01 11837 | 51.67
13 14 8773 46.76 13137 | 5349
14 145 9815 48.54 14517 | 55.30
15 15 10969 50.37 16087 | 57.23
16 155 12206 52.20 17760 | 59.15
17 16 13612 54.13 10516 | 61.04
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To offer a comprehensive analysis, the electricity demand and the steam  balance
of the case study VLCC will be presented. For completeness purposes, data covering five
different operational conditions during a typical voyage will be provided. The conditions
are the following :

1 Port Condition

1 Loading Condition

1 Unloading Condition
9 Laden Condition

9 Ballast Condition

The following tables provide a detailed breakdown of power consumption for each
consumer group, along with the grand total power demand for each operational condition.
It is assumed that the total power demand in both Laden and Ballast conditions is
identical, matching the value of the Normal Seagoing Operation.

Table 6:Electicity Demand - Normal Seagoing

e —— Normal Seagoing
Continuous Load (kW] Intermittent Load (kW)
Main propultion/aux 424.4 16.4
Engine roonauxiliaries 240.4 244.9
Boiler plant 16.4 12.2
Cargo handling plant 3.5 29
Deck machinery 49.6 0.2
Air con/ref. prov. Plant 133 27.3
Mach. Space & Accom. Fan 124.5 0.3
Galley/Laundry Equip. 0 40.8
Lighting,nav & comm 100.7 4.4
Miscellaneous 16.9 13.7
TOTAL Power (kW) 1109.4 363.1
Power- Max. Manual Int. Load 31.1
Power- Max. Automatic Int. Loag 41.5
S(Pi} (Sum(Pm)+Pa max) 199
Diversity Factor 3
Equivalent Continous 66.3
Pave Ppeak
GrandTotal (kW) 1175.733333 1248.333333

Table 7:Electicity Demand - Cargo Loading
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Cargo loading
Consumer group
Continuous Load (kW] Intermittent Load (kW)
Main propultion/aux 4.2 146
Engine room auxiliaries 2204 135.2
Boiler plant 346.3 0
Cargo handling plant 847.2 29
Deck machinery 6.6 167.2
Air con/ref. prov. Plant 133 27.3
Mach. Space & Accom. Fan 96.5 0.3
Galley/Laundry Equip. 0 40.8
Lighting,nav & comm 125.5 0
Miscellaneous 16.9 13.7
TOTAL Power (kW) 1796.6 533.4
Power- Max. Manual Int. Load 138.9
Power- Max. Automatic Int. Loac 41.5
S(Pi} (Sum(Pm)+Pa max) 98.7
Diversity Factor 3
Equivalent Continous 32.9
Pave Ppeak
Grand Total (kW) 1829.5 2009.9
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Table 8:Electicity Demand - Port Condition

Consumer group

In port

Continuous Load (kW

Intermittent Load (kW)

Main propultion/aux 206.9 195.7
Engine room auxiliaries 223.5 209.8
Boiler plant 16.4 12.2
Cargo handling plant 3.5 2.9
Deck machinery 6.6 155
Air con/ref. prov. Plant 133 27.3
Mach. Space & Accom. Fan 96.5 0.3
Galley/Laundry Equip. 0 40.8
Lighting,nav & comm 125.5 4.4
Miscellaneous 16.9 26.3
TOTAL Power (kW) 828.8 674.7
Power- Max. Manual Int. Load 51.8
Power- Max. Automatic Int. Load 154.8
S(Pi} (Sum(Pm)+Pa max) 260.8
Diversity Factor 3
Equivalent Continous 86.9
Pave Ppeak
Grand Total (kW) 915.7333333 1122.333333
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Table 9:Electricity Demand - Unloading Conditions

Consumer group

Cargo unloading with bwts

Continuous Load (kW] Intermittent Load (kW)
Main propultion/aux 4.2 146
Engine room auxiliaries 2204 135.2
Boiler plant 3466.3 0
Cargohandling plant 1443.4 59.7
Deck machinery 6.6 167.2
Air con/ref. prov. Plant 133 27.3
Mach. Space & Accom. Fan 96.5 0.3
Galley/Laundry Equip. 0 40.8
Lighting,nav & comm 125.5 0
Miscellaneous 16.9 13.7
TOTAL Power (kW) 5512.8 590.2
Power- Max. Manual Int. Load 138.9
Power- Max. Automatic Int. Load 59.7
S(Pi} (Sum(Pm)+Pa max) 137.4
Diversity Factor 3
Equivalent Continous 45.8
Pave Ppeak
Grand Total (kW) 5558.6 5757.2
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Table 10:Steam Balance - Normal Voyage

Load(%) per Set Set(s)_ln Continuous| Intermittent
Operation

1 No.1 HFO Storage Tank(P) 100 1 242.3
2 No.2 HFO Storage Tank(S) 100 1 213.2
3 No.1 HFO Settling Tank 100 1 94.9
4 No.2 HFO Settling Tank 50 1 47.3
5 No.1 HFO Service Tank 100 1 36
6 No.2 HFO Service Tank 50 1 24.4
7 FO Overflow Tank 50 1 6.9
8 FO Drain Tank 50 1 3.3
9 Separated Bilge Oil Tank 50 1 64.4
10 Purifier Sludge Tank 50 1 111
11 Bilge Primary tank 100 1 2.2
12 Incinerator Waste Oil Tank 50 1 25
13 Steam Injection Unit on Cascag 30 1 662.4

Tank
14 Aux. Boiler Heating Coil 100 2 200
15 HFO Purifier Heater 79.1 1 144
16 Main LO Purifier Heater 68.8 1 121.8
17 M/E Jacket Water Preheater
18 Calorifier 40 1 46.6
19 Glycol Heater 49.9 1 859
20 Sub Total 1468.9 1335.9

Total (Continuous Consumptior

21 | + Intermittent Consumption/2) 2136.7

(kg/h)

Grand Total: Total + Heat

22 Loss(about 2%) kg/h 2179.5
23 Aux. Boilers : 40000 kg/h x 2 sets
24 Load(%) and Steam Output  Composite Boiler (Oil Fired Section)

(kg/h) 2000 kg/h

Composite Boiler (Exhaust Gas Se{

25 tion): 2008 kg/h 2008
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Table 11:Steam Balance - Cargo Unloading

Load(%) per Set Set(s)_ n Continuous Intermittent
Operation
1 Slop Tank (S) 10 1 376.8
2 Slop Tank (P) 10 1 376.8
3 No.1 HFO Storage Tank(P) 100 1 242.3
4 No.2 HFO Storage Tank(P) 50 1 385.8
5 No.1 HFO Storage Tank(S) 50 1 155.9
6 No.2 HFO Storage Tank(S) 50 1 106.6
7 No.1 HFO Settling Tank 100 1 94.9
8 No.2 HFO Settling Tank 50 1 47.3
9 No.1 HFO Service Tank 100 1 36
10 No.2 HFO Service Tank 50 1 24.4
11 Main LO settling tank 100 1 106.6
12 FO Overflow Tank 50 1 6.9
13 FO Drain Tank
14 Separated Bilge Oil Tank 50 1 64.4
15 Purifier Sludge Tank 25 1 5.6
16 Bilge Primary tank 50 1 1.1
17 Incinerator Waste Oil Tank
18 Steam Injection Unit on Casca 30 1 662 4
Tank

19 M/E & G/E FO Heater 3.1 1 23.7
20 Aux. Boiler FO Heater 82 1 510.2
21 Aux. BoileiSteam Atomizing 82 2 328
22 Aux. Boiler Heating Coil
23 HFO Purifier Heater 79.1 1 144
24 Main LO Purifier Heater 68.8 1 121.8
25 M/E Jacket Water Preheater 100 1 667.2
26 Calorifier 40 1 46.6
27 Air Ejector fo;(\e/racuum Conde; 100 1 338
28 Cargo Oil Pump Steam Turbin 100 3 57600
29 Cargo Strippin_g Pump Stean 100 1 6550

Turbine
30 Steam Tracing 100 1 50
31 Sub Total 59015.2 3508.1

Total (Continuous Consumptiol

32 | +Intermittent Consumption/2) 60769.2

(kg/h)

Grand Total: Total + Heat
33 Loss(about 2%) kg/h 61984.5
34 Aux. Boilers : 40000 kg/h x 2 sets
Composite Boiler (Oil Fired Section): 200(

35 Load(%) and Steam Output P k(g/h ) 77.50% 2 set

(kg/h) I 2YLI2aAdS . 2At SN O
36 Hnny 13kK
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Table 12:Steam Balance - Port Operation

Load(%) per Set Set(s).m Continuous| Intermittent
Operation
1 No.1 HFO Storage Tank(P 100 1 242.3
2 No.1 HFO Storage Tank(S 50 1 155.9
3 No.2 HFO Storage Tank(S 50 1 106.6
4 No.1 HFO Settling Tank 80 1 75.9
5 No.2 HFO Settling Tank 50 1 47.3
6 No.1 HFCservice Tank 100 1 36
7 No.2 HFO Service Tank 50 1 24.4
8 Main LO settling tank 70 1 74.6
9 FO Overflow Tank 50 1 6.9
10 Separated Bilge Oil Tank 50 1 64.4
11 Purifier Sludge Tank 25 1 5.6
12 Bilge Primary tank 50 1 11
13 Steamlnjection Unit on CasA 30 1 662 4
cade Tank
14 M/E & G/E FO Heater 3.1 1 23.7
15 Aux. Boiler Heating Coil 100 1 100
16 HFO Purifier Heater 79.1 1 144
17 Main LO Purifier Heater 68.8 1 121.8
18 | M/E Jacket Water Preheate 100 1 667.2
19 Calorifier 40 1 46.6
20 Steam Tracing 100 1 50
21 Sub Total 366.8 2289.9
Total (Continuous Con-
22 sumption + Intermittent 1511.7
Consumption/2) (kg/h)
Grand Total: Total + Heat
23 1 L oss(about 2%) kg/h 1541.9
24 Aux. Boilers : 40000 kg/h x 2 sets
o5 Load(%) and Stea@ut- Composite Boiler (Oil Fired Section) 27 10% 1 set
put (kg/h) _ 2000 kg/h C
/| 2YLI2aAuS . 2AfSNI ¢
26 Hnny 13kK
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For simplicity reasons, we assume that the port co ndition uses the same steam
output as the loading condition and the normal voyage refer s to both laden and ballast
conditions. In each of the above tables, the load percentage (%) of each steam consumer is
shown, along with the exact steam amount required for  every specific operational mode.
Besides that, the case study VLCC is equipped with two auxiliary boiler s and one
composite boiler that can operate on both LNG and Fuel Oil mode s, depending on the fuel
used in the main engine. After summing up the total steam needed , a total steam output
is calculated based on the continuous and intermittent consumption.  Intermittent steam
consumption is used for systems or components that do not require constant steam, such
as heating certain tanks, cleaning systems, or specific equipment that only operates for a
limited time. For this reason, Ol VD DNHDIQDEET 6an o0 Q¢
8 &t 0 QBEEG IO an 00B0QL a 520 OQ&& icip.
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Table 13:Profile Demands and Speed Range data of Case study

Mode Descr Mode Num Td(m) Vs(kN) Pel(kW) mst (kg/h)
Init 0 21.62 15 1248 2180
Harbour 1 9.25 0 1122 1542
Loading 2 21.62 0 2010 1542
Unloading 3 9.25 0 5757 61985
Laden 4 21.62 8 1248 2180
Laden 5 21.62 8.5 1248 2180
Laden 6 21.62 9 1248 2180
Laden 7 21.62 9.5 1248 2180
Laden 8 21.62 10 1248 2180
Laden 9 21.62 10.5 1248 2180
Laden 10 21.62 11 1248 2180
Laden 11 21.62 11.5 1248 2180
Laden 12 21.62 12 1248 2180
Laden 13 21.62 12.5 1248 2180
Laden 14 21.62 13 1248 2180
Laden 15 21.62 135 1248 2180
Laden 16 21.62 14 1248 2180
Laden 17 21.62 14.5 1248 2180
Laden 18 21.62 15 1248 2180
Laden 19 21.62 155 1248 2180
Laden 20 21.62 16 1248 2180
Ballast 21 9.25 8 1248 2180
Ballast 22 9.25 8.5 1248 2180
Ballast 23 9.25 9 1248 2180
Ballast 24 9.25 9.5 1248 2180
Ballast 25 9.25 10 1248 2180
Ballast 26 9.25 10.5 1248 2180
Ballast 27 9.25 11 1248 2180
Ballast 28 9.25 115 1248 2180
Ballast 29 9.25 12 1248 2180
Ballast 30 9.25 12.5 1248 2180
Ballast 31 9.25 13 1248 2180
Ballast 32 9.25 13.5 1248 2180
Ballast 33 9.25 14 1248 2180
Ballast 34 9.25 14.5 1248 2180
Ballast 35 9.25 15 1248 2180
Ballast 36 9.25 15.5 1248 2180
Ballast 37 9.25 16 1248 2180

The summary table above presents the speed range data and profile demands for
the case study VLCC. The first column outlines the vessel's operational modes, starting
with an initialization mode, while the second column lists the corresponding mode
numbers. The remaining four columns detail the profile of each operational scenario,
including draft, operating speed, electricity demand, and steam output. A
summary table like this is highly beneficial as it organizes the key data of the study, which
will be utilized in the analysis  and can be imported directly into the modeling software.
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3.Methodology

Processnoddingof ship machinery system

The process modeling of a ship machinery system focuses on the representation of
the design, as it is crucial to understand all implicit and operational constraints (minimal
space, weight, or safety) under which modern vessels are buil t. Adding all various special
technologies into this equation , the description of this system seems to be a high -
complexity task. Model-Based Systems Engineering (MBSE) allows users to study how
different parts of the system work together as a whole, helping to understand how allt  he
separate components affect the overall performance when combined. Furthermore , it uses
modern computer-ai ded modeling tool s t for thereatigetstip 0di gi t
machinery system , which allow a more comprehensive analysis and optimization under
both steady -state and dynamic conditions.

This futuristic approach provides significant advantages in many sectors,
including energy savings, advanced safety, and easy appliance with regulatory
requirements such as MARPOL (International Convention for the Prevention of Pollution
from Ships) and SOLAS (International Convention for the Safety of Life at Sea) . MBSE
also provides assistance with decision -ma ki ng at all stages of a vess
design optimization, benchmarking operational performance and evaluation of new
technologies. By simulating real -world conditions, these digital models assist the
engineers to quantify performance metrics and estimate the impact of design choices on
fuel consumption and emissions . The process of MBSE can be described through a typical
workflow conducted by the following steps:

91 Definition of system applications
1 Assumptions making

1 Mat hematical formulations® devel opment
1 Model implementation

i Validation and Verification

The above steps ensure that the models describe accurately and stably all different
operating conditions . The mathematical fo rmulation framework also allows the modeling
process to be underpinned by key physical principles, in the form of conservation
equations, thermodynamic laws, and connectivity rules.  In the maritime industry, this

level of detail in the framework provide s the engineers with life-saving information |,
helping them to understand clearly all complex interactions between the various ship

systems. Having such a valuable tool like MB SE can be crucial to support decision-making
strategies and optimiz ation challenges for both new build and retrofit projects
(Dimopoulos et al., 2018) (Georgopoulou et al., 2016b, 2016a) . All individual models used

in this study are part of DNV GL COSSMOS modeling framework . COSSMOS library
includes a broad range of component models for ship machinery systems , all of them
defined by the advanced physical equations and laws mentioned previously.  (Dimopoulos

et al., 2014).

VLCC machinery system model

In this section of my diploma thesis, a presentation of the mode Is used in the modeling
process will be introduced and analyzed. Firstly, a presentation of the topology of the
program is inevitable for illustrating purposes.
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Figure 18:gPROMS topology interface

Figure 18 illustrates all models and connections used to achieve the data
processing of this case study. Each of them has a different usage in the whole analysis,
ensuring the harmonical operation of the system. First of all , the main engine will be
presented, as the main machinery of propulsion of the system.
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Figure 19:Main engine model presentation

As previously mentioned, the
operates on both LNG and liquid fuel when required. To customize the engine model and
tailor it to specific operational needs, the engine's unique specifications must be input to
align with the desired operating profile.
More specifically, useful operating information is

the parameters of it.

Fuel Mode , Gas Fuel Composition
air and sea

ambient

temperature

L
ME_7GE8OMEG

7G80OME -C10.5-GlI

, Nominal Power Output,
It would be an omission not to mention that the

/‘\ ——
® o e (o
== ==

engine in this case study

By double -clicking the model, the user can change

inserted, including

as well as reference

alteration between the two fuel mode s of the engine happens manually , depending on the
operating profile the user want s to investigate.

ME_7GBOME_GI (RecipEngine._4)

1]
== B Fuel Mode
Performance

Fuels

LiquidFuel

@ Gas Fuel Composition Input

@ Nominal Power Output 22500 W

] Power Output

] Engine Load

) Engine speed

@ Ambient correction method MNone )

@ Reference Air ambient temperature. 298.15 K

@ Reference Sea ambient temperature 298,15 K

Reset all

0K Cancel

Figure 20:Main Engine Model General data
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The second tab that requires parameterization is the performance of the main
engine. To input the detailed specifications of the specific engine, a specialized

'Performance Table' must be created, as required by the program's structure.  After that,
setting the upper and | ower bounds of the load and measuring the data points is following .
The finalized main engine performance table of the modesis formed like this :
Table 14:Main Engine Model's performance table
Performance Table

No. Load "Speed" "BSFC LFM" "BSFC GFM" "BSFC PLT"
1 1 1.06666667 169.365 136.395 3.339

2 0.95 1.04833333 167.895 135.03 3.4545

3 0.9 1.03 166.74 133.98 3.501

4 0.85 1.01 165.795 133.035 3.7275

5 0.8 0.99 165.69 131.46 3.8745

6 0.75 0.96833333 167.268 131.228 4.081

7 0.7 0.94666667 165.148 131.016 4.2824

8 0.65 0.92333333 163.134 130.91 4.4944

9 0.6 0.9 165.422 132.68 4.7936

10 0.55 0.87333333 166.492 133.215 5.0718

11 0.5 0.84666667 167.669 133.964 5.4142

12 0.45 0.81666667 170.64 136.08 5.8536

13 0.4 0.78666667 172.044 136.944 6.3396

14 0.35 0.75166667 173.664 137.808 6.9228

15 0.3 0.71333333 174.744 138.132 7.668

16 0.25 0.67166667 176.904 139.104 8.6616

17 0.2 0.62333333 180.144 140.724 10.0548
18 0.15 0.56666667 185.544 143.532 12.1824
19 0.1 0.495 194.184 147.636 15.9624
20 0.05 0.42333333 202.824 151.74 19.7424
21 0.001 0.42333333 202.824 151.74 19.7424
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Table 15:Main Engine Model's performance table

Performance Table
No.| MFLair GFM "Texh GFM" "TaC GFM" "Tscav GFM"
1 44.7 488.15 393 310.15
2 43.2 482.15 393 309.15
3 41.6 476.15 393 308.15
4 39.7 472.15 393 307.15
5 37.8 469.15 393 306.15
6 35.5 468.15 393 305.15
7 33.7 468.15 393 304.15
8 31.9 469.15 393 303.15
9 29.9 472.15 393 303.15
10 27.8 476.15 393 302.15
11 25.7 482.15 393 301.15
12 234 489.15 393 300.15
13 21.1 497.15 393 299.15
14 18.5 505.15 393 306.15
15 18.3 469.15 393 305.15
16 16.2 465.15 393 305.15
17 14.1 461.15 393 305.15
18 13 455 393 305.15
19 11 455 393 305.15
20 11 455 393 305.15
21 11 455 393 305.15

Table 16:Main Engine Model's performance table
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Performance Table
No.| "Pscav GFM" "Qcac GFM" "Qjct GFM" "Qlub GFM"
1 395000 7430000 2520000 2080000
2 377000 6880000 2430000 2000000
3 360000 6340000 2340000 1910000
4 339000 5710000 2240000 1830000
5 323000 5180000 2150000 1750000
6 304000 4580000 20660000 1670000
7 285000 4060000 1960000 1600000
8 265000 3540000 1870000 1520000
9 247000 30660000 1770000 1450000
10 228000 2580000 1680000 1380000
11 209000 2120000 1590000 1310000
12 193000 1710000 1490000 1230000
13 177000 1340000 1400000 1160000
14 163000 1010000 1340000 1090000
15 151000 830000 1210000 1010000
16 140000 600000 1120000 930000
17 129000 370000 1030000 850000
18 118000 140000 940000 770000
19 110000 120000 900000 690000
20 110000 110000 850000 670000
21 110000 800000 850000 670000
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Table 17:Main Engine Model's performance table

Performance Table
No. MFLair LFM "Texh LFM" | "TaC LFM"| "Tscav LFM"
1 45.091875 517.15 393 310.15
2 43.65059375 509.15 393 309.15
3 42.10675 503.15 393 308.15
4 41.26115625 489.15 393 307.15
5 40.211 476.15 393 306.15
6 38.4603125 475.15 393 305.15
7 35.918375 474.15 393 304.15
8 33.27478125 475.15 393 303.15
9 31.32025 477.15 393 303.15
10 29.165125 481.15 393 302.15
11 26.9103125 486.15 393 301.15
12 24.555625 494.15 393 300.15
13 22.10175 502.15 393 299.15
14 19.54825 510.15 393 306.15
15 19.196625 474.15 393 305.15
16 17.1440625 470.15 393 305.15
17 14.5915 466.15 393 305.15
18 12.2389375 455 393 305.15
19 9.95 455 393 305.15
20 9.95 455 393 305.15
21 9.95 455 393 305.15
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Table 18:Main Engine Model's performance table

Performance Table
No.| "PscavLFM"| "QcacLFM"| "QjctLFM" "Qlub LFM"
1 395000 7430000 2520000 2080000
2 377000 6880000 2430000 2000000
3 360000 6340000 2340000 1910000
4 339000 5710000 2240000 1830000
5 323000 5180000 2150000 1750000
6 304000 4580000 20660000 1670000
7 285000 4060000 1960000 1600000
8 265000 3540000 1870000 1520000
9 247000 30660000 1770000 1450000
10 228000 2580000 1680000 1380000
11 209000 2120000 1590000 1310000
12 193000 1710000 1490000 1230000
13 177000 1340000 1400000 1160000
14 163000 1010000 1340000 1090000
15 151000 830000 1210000 1010000
16 140000 600000 1120000 930000
17 129000 370000 1030000 850000
18 118000 140000 940000 770000
19 110000 120000 900000 690000
20 110000 110000 850000 670000
21 110000 800000 850000 670000

An informative screenshot of the program is also provided , as well as an explanatory table
of the terms used as headers of the columns :
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- ME_7GBOME_G! (RecipEngine_4)

1 Number of performance Data points | ESENNN

Engi Pefom
LI load |  Speed | BSFCLAM | BSFCGRM |  BSFCPLT | MFLairGFM | TehGFM |  TaCGFM |  TscavGFM Pscav G
11 1.066666667 169.365 136395 3339 a7 8815 393 31015 395000
2 095 1.048333333 167.895 13503 34545 a2 8215 £ 309.15 377000
309 103 16674 13398 3591 416 47615 93 30815 360000
4 085 1.01 165.795 133.035 3nns 397 47215 393 30715 339000
5 08 0% 16569 13146 38745 378 469.15 393 306.15 323000
6 075 0968333333 167.268 131228 4081 35 46815 393 30515 304000
7 07 0.946666667 165.148 131016 4284 17 46815 393 30415 285000
8 065 0923333333 163.134 13091 4404 319 469,15 393 30315 265000
9 06 09 165422 13268 47936 29 47215 393 303.15 247000
10 055 0873333333 166492 13215 50718 28 47615 393 30215 228000
g 103 0846666667 167.669 133964 s 57 48215 393 30115 209000
gl 12 045 0816666667 17064 136.08 5853 24 489,15 E° 30015 193000
5| 13 04 0.786666667 17204 136.944 6339% 211 49715 9 29915 177000
é 14 035 0.751666667 173.664 137.808 6.9228 185 505.15 393 306.15 163000
2l 15 03 0713333333 174744 138132 7.668 183 469.15 393 30515 151000
5l 16 025 0671666667 176904 139.104 86616 162 46515 393 30515 140000
¥ 1702 0623333333 180.144 140.724 10,0548 141 4115 93 305.15 129000
5[ 18 015 0.566666667 185544 143532 121824 13 455 93 305.15 118000
g 19 01 0495 194.184 147.636 15.9624 n 455 393 305.15 110000
20 005 0423333333 202824 15174 19.7424 1" 455 393 305.15 110000
@ Load lower bound | 0.001
@ Load upper bound [ 10
1 Effective zero flow [ 10es
Cancel | Resetall

Figure 21:Main Engine gPROMS performance table
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Table 19:Main Engine model explanatory table

Term Meaning Mode Units
Load engine load -
"Speed" engine speed rps
"BSFC LFM" BSFC FO mode FO mode gr/kwh
"BSFC GFM' BSFC Gas mode Gas mode gr/kWh
"BSFC PLT" BSFC pilot Pilot Fuel gr/kWh
MFLair GFM Mass flow air Gas mode kg/s

"Texh GFM" Temperature exhaust gas Gas mode K
"TaCGEM" Temperature a;roffte T/C compreg Gas mode K
"Tscav GFM' Temperature scavenging Gas mode K
"Pscav GFM'| Pressure scav. Gas mode Pa
"Qcac GFM"| Heat dissipation scav air cooler| Gas mode wW
"Qjct GFM" Heat dissipation Jacket Gas mode wW
"Qlub GFM" Heat dissipation Lub oll Gas mode wW
MFLair LFM Mass flow air FO mode kg/s
"Texh LFM" Temperature exhaust gas FO mode K
"TaC LEM" Temperature a;r()?fte T/C compreg FO mode K
"Tscav LFM" Temperature scavenging FO mode K
"Pscav LFM" Pressure scav. FO mode Pa
"Qcac LFM" Heat dissipation scav air cooler| FO mode W
"Qjct LFM" Heat dissipation Jacket FO mode W
"Qlub LFM" Heat dissipation Lub oll FO mode W

Last but not least, the presentation of the LHV (Lower Heating Value) of the two

fuel s
composition.

i s

given in
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ME_7GBOME_GI (RecipEngine_4)

Genenl @ LHvref lig 42700

B LHVief gas 50000

Performance
Fuels

@ Gas Fuel molar fraction Methane 09
Ethane 0.01
Propane 0.006
Butane 0.004
IsoButane 0
Pentane
Hexane
Heptane
Octane
Carbon Dicxide
Nitrogen 0.01
Water 0
Hydrogen Sulphide
Hydrogen
Methanal
Ammonia

@ Liquid / Pilot fuel elemental compesition  [C 103
H 189
o o
N
s

Figure 22:Main Engine model's fuel analysis

Ki/kg

W/kg

mol/mol

0K

Cancel

Reset all

After illustrating all the information related to the main engine used in the model

processing, details about auxiliary engines will be provided. As mentioned previously, the

case study vessel is equipped with two 7H21/32 diesel auxiliary engines and one
8H22CDF dual -fuel LNG engine. The model specification of these three engines is similar
to the main engineds

AE_TH2132_001 (Recipkngine_4)

General e —
B Fuel Mode LiquidFuel

Performance
@ Gas Fuel Composition Input

Fuels
B Nominal Power Qutput 1540 W
Power Qutput
Engine Load
@ Engine speed 900/60 s
B Ambient comection method None
B Reference Air ambient temperature 2915 K

@ Reference Sea ambient temperature 298.15 K

Figure 23:7H2132 engine model's general tab

The indicative Figure above informs that the only difference in the general tab
between the main engine and the diesel auxiliary engine is that the second one requires

OK

Cancel

due

Reset all

t o

t he

equi valence prov

an input for engine speed at a specific MCR point followed by revolutions per minute. Th

second action that must be taken into account to set up the model is to insert the

performance tabl
as before and is shown as follows:

e

based

48

on

t he

engi neds

e

manu al



Thermo -economic analysis of a VLCC

Table 20:7H2132 engine model's performance table

t SNF2NXYI YOS ¢l o6fS
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Table 21:7H2132 engine model's performance table
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H H®CpH pyT om Py HD®H OMYy OM |
0 H®POHT pycodowm pnmoy OMYy ®M |
n HOMMT pycodwm pMM®n OMYy ®M |
p M®d®n TP CMp ®wMm nny &t OMYy OM |
c noyyrT CHN®wMm Oy H®nN OMYy OM |
T ndpon CH(pDp onmdq OMYy ®M |
y noH P coodm omp ®H oMy OMm |
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Table 22:7H2132 engine model's performance table

t SNF2NXI YOS ¢lotS
b2 btaldOlFI@| bvOlFO | bvaOi | bvf dzo
M Hdpmnn bnHpc| oTCcyyl oynmd
H HCpnAnn TTACM| onpod ONOTH
0 HHpPpAAN PTHpPP| HPNndd HPHMC
n My nn NPNOM| HCPHY| HMHTH
p MOHANN HMHAOP| HMCHM HMOpPpAN
c cccnn CHOTAN MPPNH MTNCO
T HTOCAN Hpnannsg MYy HM®pP, MOHOO
y MHAANAN MHANNJ MTNCOl MAMNHH
Table 23:7H2132 engine model's performance table
t SNF2NXYIyOS ¢lofS
b2 aC[lIANJ b¢SEK | bel/ | b¢aOC &h
M HPY TN p hc dwm cnn oMYy ®PmMmj
H H®dCpH pyT om PYyHDH OMYy OM |
0 HPOHT pycodwm pnmoy OMYy ®M |
m HOMMT pyco®m pMM®Dn oMYy ®mMm
p MdnTPp CMp ®wMm nny &t OMYy OM |
c noyyr CHNn ®mMm OY H®N OMYy ®M |
T noyyr CHQ®p onm®d oMy ®m
y noéyyrT coo®dm omMp ®H OMYy OM |
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Table 24:7H2132 engine model's performance table

t SNF2NXIyOS ¢l ofS
b2 btaol @ bvOlIO | bveadi bvf dzo |
M Hdmnnn PAnHPCQ OTCYY oynmdgq
H Hcpnnna TTnAncMg onpoaw ONOTH.Y
o HHpPpANNA PTHPPO HPNnPD Ho{OHMC Y
mn My 1 nn NPNOMN HCPHY HOQOHTH(
P MOHANNA HMHAPY HMCHM HOpnAani
c cccnnjJ CHOTN MdpnH MT N C O (
T HT OC NJ Hpnnn MY H cbp MOHO (P
y MHANAON MHAN NN MTNCO MAMNHH?T

For illustrative purposes, 'BSFC LFM' is multiplied by a factor of 1.05 to account
for real-time operational conditions. Moreover, the equation for the calculation of
temperature after T/C compressor is presented :

uYu’i’.,Y, ¥ ow Gi (:O(I)l:)
QWY WS
aQa dEdzpnnmm

3.1

AE_7H2132_001 (RecipEngine_4) X

Number o performance Data points SN

@ Engine performance table .
BSFCLFM |  BSFCGFM |  BSFCPLT |  MFLair GFM

19530 2 28704

TehGFM |
596.1500 604.00

194.25
19425
198.22

oK

Figure 24:7H2132 engine model's performance table

Reset all
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The modification of the DF auxiliary engine is similar to the other two engines,
with the only difference being the fuel mode. More specifically, the user of the program
has to choose the operational mode of the engine manually, depending on the occasion.

AE_8H22COF (RecipEngine_4)

General
Performance

Fuels

AE_8H22COF (RecipEngine_4)

General
Performance

Fuels

Figure 26:8H22CDF engine model's general tab gPROMS

The insertion of the performance table is obligated for the specification of the

model.

52

@ Fuel Mode Gas Fuel
@ Gas Fuel Composition Input
@ Nominal Power Output 1720 kW
[0 Power Output
7) Engine Load
@ Engine speed 900/60 s
@ Ambient correction method None
@ Reference Air ambient temperature 298.15 K
@ Reference Sea ambient temperature 298.15 K
[ ox Cancel Reset all
. . : '
Figure 25:8H22CDF engine model's general tab gPROMS
X
Number of performance Data points | ENENENEN
@ Engine performance table £ T
Speed | BSFCLFM BSFCGFM |  BSFCPLT MFLair GFM Texh GFM TaCGFM | TscavGFM Pscav GFM
1110 15 205.80 15757 204 289 640.75 575.02 318.15 252333333
100 15 20496 167.16 252 6756 645.1500 557.9942 318.1500 22900000000
3 085 15 205.70 181.54 324 3587 651.7500 5324572 3181500 1940000.0000
4 075 15 20829 176712 347 1467 678.1500 512.5500 3181500 1710000.0000
5 050 15 22235 20108 504 16320 744.1500 4758184 3181500 1140000.0000
6 025 15 23640 27950 1008 112 810.15 439.09 31815 570000.00
7 010 15 25046 523.80 2195 0.60 876.15 40236 318.15 320000.00
8 000 15 26451 768.10 3381 0.09 942,15 340.00 318.15 70000.00
@ Load lower bound 00
@ Load upper bound 1.1
Effective zero flow 1.06-6
[ ok Cancel Reset all
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Table 25:8H22CDF engine model's performance table

t SNF2NXYI YOS ¢l o6fS
b2l [ 2 b{ L}S b.{Cl | .{Cl DC b.{C/l t
M M @ N Mp Hnp oy MPT®pT H®nn
H M M p Hnnddc MCT®MC H®pH
o | noy MPp HNp ®T My Mm®pn 0 dPHN
m noT MPp HAy ®H g MT C ®PTH odbnT
p noy M p HHH®ODp HAaM®ny p®nn
c noH M p HoC ®n HT p®Pp MO dny
T n on M p Hpndnc pHO®Y HMPDp
y n M p Hcn®dpwm TCy ®m 00 dy ™
Table 26:8H22CDF engine model's performance table
t SNF2NXYIyOS ¢lofS

b2 aC[lANJ b¢SEK | be¢l/ D b¢caldl g

M HPY d cnnor pTp®n oMy ®m

H HPCTPp cnpodm ppT PP oMy ®wm

0 HPopy CpM®T| poH®PN oMy ®m

n H®MnNC CTYy ®mMm pMH®p oMy ®m

p M®PC OH TNnn®mM| nNnTp DY oMy ®m

c M DM H yMadm noagaon oMy ®m

T noc yTcodm nnH®o oMy ®&m

y nondg dnHDM onn oMy ®m
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Table 27:8H22CDF engine model's performance table

t SNF2NXYI YOS ¢l o6fS
b2 btaol @ bv OF O bv 200G [ bvf dzo
M HPHOOO ynpTt g pH@oOC 0O0HMC |
H HHGpnAANJs TnAnpyyy ATCTY OMYyYVYY\
0 Mdpnnns pPPpCcCAHT OdPT Phm HpTTT]
n MTMANnAnJs npdnang¢ oOpHOCD HY HY NI
P MMNnANnNJs Hyonnd¢ Mcnyp Hponao;T
c pTnAanAany MATAN( pcAann HHNOMP
T OHANN] ponnn oHANANnN Mdpnyn
y TAANNN HONNnN ynnnmnq wMcpnp
Table 28:8H22CDF engine model's performance table
t SNF2NXYIyOS ¢lofS

b2 aC[lAN] b¢SEK bel/ [| btall @
M odPoTN pynowm cnmdc oMy ®wm
H 0 PH M pccodm py M®d oMy ®m
0 HPT CPp pcndwm pcn®dm oMy ®m
n H®pTC pcMbdMm popaoT oMy ®m
p M®Py CHp ®wMm nT mdo oMy ®m
c M®PnH cCygpodm nnc oy oMy ®m
T noHp Tpo®dm opy oMy ®m
y no®HH yMT &M OHN oMy ®m
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Table 29:8H22CDF engine model's performance table

t SNF2NXYIyOS ¢FofS

b2 btaol @ bv OF O bvaOoi bv f dzo
M HpMAnsg MApMMMO pncnan ony mn |
H HHMNN dGHYyYNn) nydmc OHY MT
0 Mbpnnannsg Tnyodd naynp Oy OM)
n MTMANINJg cMccdl opTno Hdpnno
P MMNOANJ OMNOHCI HCMHT HCHYH)
c MANANJ HAMHOIL MCPPM HOMHH
T ypnan/, MpMAanj, c@Tpo MdpdC M
y Tcnnn/ MOMHANJ PPOpPH MCY NI

Additionally, after every auxiliary engine,

rpms.

is placed an electric machine that
operates as a generator with a power factor valued at 0.9. Speaking about efficiency, PTO
of this specific case study has an electrical efficiency of 0.9 with a rated speed of 64/60

Figure 27:PTO gPROMS model
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== PTO_ME (Shaft_PTIPTO_v0_2) X
@ Configuration type ‘Generator RV
@ Efficiency, electrical 0.9
@ Rated speed 64/60 rps
@ Speed ratio lower limit for rated output 0.8 =
@ Speed ratio lower limit for operation 0.5 -
@& Rated PTO power -1500E3 w v
@ Limit PTO power -600E3 w v
@ Rated PTl power 900000.0 W v
B Limit PTl power 500000.0 w v
] Power_demand 1000000.0 W
(] Speed 1 rps
8 Powerfactor 0.8

Cancel Reset all

Figure 28:PTO model inputs

One of the most useful models in this program is the electricity switchboard. This
model is supplied with the total electricity demand and distributes it to the auxiliary
engines. The network frequency and voltage serve as inputs for this model.
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Elecuiaty Domand

Swinchboand_2001

Figure 29:Electricity Switchboard gPROMS model

Switchboard_2001 ({Switchboard_simple_v0_2) >

COSSMOS
DHNY:-GL

Power Strategy Curve lockup LookupTableFO:PMS_3xH2132

B Network frequency &0 Hz
B Network voltage A50 W
B Inlet power distribution (index+1) () Uniform for entire array © Per element
g 1 04723 g
20 2 0.000
B Outlet power distribution () Uniform for entire array O Per element
8 %
= 2 |
B Initial value power 1200E3 W
B Power management strateqy Init e

(] INITIALISATION_PROCEDURE DEFAULT

Cancel Reset all

Figure 30:Switchboard Model Gproms
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e — e ——

operating Draft

£
i
#
£
-
#

J

Propulkion_Demand

=igure 31:Propulsion Demand

model gPROMS

The final main model in the program is the
Propulsion Demand model, also known as the propeller
curve. In its general tab, the user specifies the number of
draft points and speed points. Moving to the ranges tab,
the two draft points for the case study, Td 1 =9.25 m and
Td2 = 21.62 m, are entered, followed by speed points
ranging from 8 to 16. Moreover, the data tables within the
Propulsion Demand model contain a propulsion demand
table and a propeller revolution table for each of the
vessel &8s t Wib thed data f réfegring to the
propulsion demand and revolutions per minute is
extracted from Table 5 and Table 13. Lastly, it is
assumed that the electric ity demand in each voyage mode
is constant at 1248 kW, the worst -case scenario.

General
Ranges

Data Tables

[} Speeds

B Drafts

(ST SV ¥
o o o o

§ 10
7 105
g 11
9 115
10 12
1125
12 13
13 135
14 14
15 145
15 15
17 155
2| 13 16

sl 1 e
2l 2 2182 =

kn

points

Cancel Reset all

Figure 32:Propulsion Demand model ranges tab
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EEEE [ ] Propulsicn Demand Table Mumber of Draft points
Ranges 1 2
Data Tables 1 001 0.01
2 833 1800
3 1423 2587
4 1993 3375
5 2363 4162
6 3133 4049
7384 5699
2 4193 6511
9 4738 7423 L -
10 5462 2388
' 11 6164 2156
w| 12 0983 10592
: 13 7827 11837
14 8773 13137
& 15 o813 14517
5| 16 10969 16087
2| 17 12206 17760
2| 18 13812 19516
B Propeller Revolutions Table Mumber of Draft points
1 2
| 11 1
: 2 2150 27.58
3 2550 3112
4 2853 34.00
5 31.02 3647
| 6 3317 38.63
i 7 34.88 40,49
8 3635 42,33
| 9 3821 44,22 RPM
I 10 39.92 46,06
11 4157 4754
al 12 43.33 49.79

Cancel Reset all

Figure 33:Propulsion Demand model data tables

ORC

Although diesel engines are the predominant propulsion system in  maritime
vessels, they convert only about half of their fuel energy into p  ropulsion, with the
remaining concerned as low -grade heat. As if that wasn't enough , Liquified Natural Gas
(LNG) po ssesses substantial cold energy, making the energy balance more negative by not
being utilized during regasification.  An effective method for capturing this cold energy
can be Organic Rankine Cycles (ORCs), capturing t his cold energy and converting it into
usable power. The ORC technology is a thermodynamic process that converts low -grade
waste heat to useful mechanical or electrical energy , established in sectors like
geothermal energy, biomass combustion , and industrial waste heat recovery. The
operating principles of an ORC system are similar to those of the water -steam Rankine
cycle. As the name says, Organic Rankine Cycles technology is based on working fluids
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that contain organic compounds . Some of them are hydrofluorocarbons (HFCS),

hydrocarbons (HCs), hydrochlorofluorocarbons (HCFCs), perfluorocarbons (PFCs), ethers,

hydrofluoroethers (HFEs), hydrofluoroolefins (HFOs) and siloxanes (Tchanche et al.,
2011). The biggest advantage of ORCs against wat er-steam Rankine cycle is their ability
to operate efficiently at various low temperatures and pressures due to the different

boiling points and other critical points of the organic fluids. A brief presentation of water -
steam Rankine cycle will occur to approach the analysis more holistically.  The basic
components of this cycle are shown below (Fragkopoulos & Prousalidis, 2019) :

1. Boiler: transfers heat fr om the energy source to the working fluid with the
assistance of a closed circuit of thermal oil.

2. Turbine: completes the steam expansion, as high -pressure steam from the
boiler enters the turbine, where it expands isentropically (ideally without
entropy change), causing a drop in both temperature and pressure.  Also,
the rotation al motion of the turbine can produce mechanical work too.

3. Condenser: removes residual thermal energy from the steam, changing its
phase from vapor to liquid. The condensation process lowers t he pressure
at the turbine's outlet.

4. Pump: increases the pressure of the condensed liquid before entering the
boiler ideally isentropic ally (without change in entropy).

Boiler @ - Turbine

A

(N |

-

m ' - Condenser
\_/

o

Figure 34:simple Rankine cycle presentation

o
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T
/
cir e
2’ 3
3/1
|
2// |
| 7
1l 4! 4™\
|
L L
a b c s

Figure 35:simple Rankine Cycle T -s diagram

In a thermodynamic spectrum, a Temperature -Entropy diagram (T -s) is a
graphical rep resentation that illustrates the changes in temperature and entropy of a
working fluid throughout the cycle.  The four changes of the working fluid can be described
as follows:

1 p© ¢lsentropic c ompression
1 ¢ © olsobaric heat addition
1 o©© tlsentropic expansion
1 19 plsobaric heat rejection
The following e quations represent the thermodynamic system
Boiler:
0 G Q 3.2
Condenser:
0 aQ Q 3.3
Turbine:
w aQ 1Q 3.4
Pump:
W aQ 1Q 3.5
Effective Technical Work :
0w O W 3.6

Thermal Efficiency:
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_ Nﬂ 3.7
0
And the thermodynamic laws :
N Q Q 3.8
n Q 1Q 3.9
b 1 N 3.10

The fundamental laws of thermodynamic s apply holistically to all thermodynamic
cycles, with variations occurring due to the opera ting conditions and working fluids.
Referring to ORCs, these are specific characteristics that must be taken into  account to
specify the working fluid of the cycle (EXPLOITATION OF LOW TEMPERATURE
WASTE HEAT FROM MARINE DIESEL ENGINES USING THE ORGANIC RANKINE
CYCLE, n.d.):

High heat of evaporation

High density in both liquid and gas phases

Moderate levels of critical parameters(temperature, pressure)
Acceptable condensation (>1 bar) and evaporation pressures (<25 bar)
Good heat transfer properties (low viscosity and high  thermal conductivity)
Good thermal and chemical stability

High thermodynamic efficiency

Overall thermal and chemical stability

Good safety characteristics

Low environmental impact

Low cost and good availability

=8 =4 =4 =4 =8 -8 -8 -8 -8 a8

The first level of categorization of the working fluids is related to the slope of their
saturated vapor curve in the temperature dentropy diagram

1. Dry fluds — 1 : Plot a positive slope in the T -s diagram, the vapor
doesndt condense.during expansi on
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l\\\\

Figure 36:Dry fluid T -s diagram

2. 7A &l OEA Gt : Plot a negative slope in the T -s diagram, with partial
condense during expansion .

Figure 37:Wet fluid T -s diagram

3. lIsentropic Fluids —© H : Plot a vertical slope in the T -s diagram, with
constant entropy during expansion.
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Figure 38:lsentropic Fluid T -s diagram

OREFPROPO6G exports al | The firg stady applieatiod of ©OBGsa ms .
in a thermal diesel engine is dated around 1970 -1980 during the energy crisis , but one of
the most iconic and modern studies occurred in 2008 by two scientists. More specifically
they applied an ORC system to a turbocharged engine . The results of the study were very
promising as there was a 10% reduction in Nox levels. (Srinivasan et al., 2008)

EXHAUSTS

_—TIAIN ENGINE™ 7

TURBINE

CONDESER

ngineering

National Technical
University of Athens

Figure 39:Exhaust gas heat recovery ORC system

As mentioned previously, the two vital parameters  influencing the performance
and efficiency of the Organic Rankine Cycle are the operating pressure and temperature.
In advance, evaporation pressure and temperature define the overall efficiency of the
system, the higher they get, the more efficient the system is. A conclusion that has been
drawn is that the evaporation pressure of the cycle ought not to exceed 40 bar. Besides
that, material limits and economic consideration s must be taken into ac count in order to
be compliant with the physics laws and some legal prescription in some countries.
(Braimakis, n.d.) . On the other hand , condensation pressure and temperature play a vital
role in the overall efficiency of the ORC system. In order to achieve better performance,
the condensation temperature has to be kept as low as possible. The disadvantage of this
droppage is that, as low the target of the condensation temperature is set, as expensive
the cooling equipment it gets. However, the condensation temperature and pressure are
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highly influenced by the ambient conditions and  the cooling medium u sed, asthe cannot
be dropped bellow these values. (Braimakis, n.d.)

4.2 DOUOEUDPOOWEOEwW1IIlI UUOUU
The simulation campaign of this case study start s after setting up all the models
as it is mentioned previously. To achieve a better approach to a real voyage scenario of a

vessel, the simulation campaign is divided into  eight (8) different scenarios. The scenarios
are categorized based on three operating parameters :

1. The usage of the Shaft Generator
2. The Fuel Type of the Main Engine ( Dual Fuel or Liquid Fuel)
3. The Fuel type of the Auxiliary Engines (Dual  Fuel or Liquid Fuel)

Following the evaluation of these scenarios, the installation of an Organic Rankine
Cycle system will be examined to assess the thermo -economic advantages of this
technology in a real vessel environment. Moreover, a brief presentation of the above
scenarios is provided.

Table 30:1st simulation scenario

1
Shaft Generator
Fuel Type ME : LNG
Fuel Type AE :
AE1 AE2 | AE3

Table 31:2nd simulation scenario

2
Shaft Generator
Fuel Type ME : LNG
Fuel Type AE :
AE1l AE2 | AE3
LNG

Table 32:3rd simulation scenario

3
Shaft Generator
Fuel Type ME :
Fuel Type AE :
AE1 AE2 | AE3
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Table 33:4th simulation scenario

4
Shaft Generator
Fuel Type ME :
Fuel Type AE :
AE1l AE2 | AE3
LNG

Table 34:5th simulation scenario

5
Shaft Generator
Fuel Type ME : LNG
FuelType AE :
AE1 AE2 | AE3

Table 35:6th simulation scenario

6
Shaft Generator
Fuel Type ME : LNG
Fuel Type AE :
AE1 AE2 | AE3
LNG

Table 36:7th simulation scenario

7
Shaft Generator
Fuel Type ME :
Fuel Type AE :
AE1 AE2 | AE3

Table 37:8th simulation scenario

8
Shaft Generator
Fuel Type ME :
Fuel Type AE :
AE1l AE2 | AE3
LNG
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After the data analysis and organization, the creation of various diagrams and
tables is essential to visualize the results and obtain a more comprehensive perspective
during the evaluation process. All diagrams created help to compare all various metrics
that can lead to an overall conclusion of each operating profi le. In order to organize all
results, t he model |l i ng pr ogr amaggefaROtsfdhat cantaimsalt e s a
kind of metrics that every model produces. This matrix iscalled 0 Resul t s afdat ri x 6
includes all information shown in  the next table.

Table 38:Results Matrix explanatory table

Explanatory Table
Name Explanation
Mode/Nurm/Time lllustrates the time sequence and the exact results isghdfic time
of each model
Draft the draf in each time
Vspeed the speed in each time
PropD the propulsion demand
Psgm the power that is retrieved form the power shaft generator
Meload the load of the Main Engine
rISGPR Psgm/PpropD
PelD the Electricity Demand
AELoadl the load of the 1st Auxiliary Engine (AE_8H22CDF)
AELoad2 the load of the 2nd Auxiliary Engine (AE_7H2132_002)
AELoad3 the load of th 1st Auxiliary Engine (AE_7H2132_001)
rSGEL Psge/PelD
mstD maximum steam demand
rSTME the percentage of steam produced by the Main Engine's econor
[STAE the percentage of steam produced by the Auxiliary Engines' eco
ers
rSTAB the percentage of steam produced by the Auxiliary Boiler
effME efficiency of the Main Engine
effAE efficiency of all the Auxiliary Emgines
eff _tot efficiency of all engines
TPD_ME_LNG total tons per day of LNG consumed by the Main Engine
TPD_ME_PLT total tons per day of pilot fuel consumed by the Main Enging
TPD_ME_LFO total tons per day of LFO consumed by the Main Engine
TPD_AE_LNG total tons per day of LNG consumed by the Auxiliary Engine
TPD_AE _LFO total tons per day of LFO consumed by the Auxiliary Enging
TPD_AE_PLT total tons per day of pilot fueginsumed by the Auxiliary Engines
TPD_AB_LFO total tons per day of LFO consumed by the Auxiliary Boiler
TPD_L NG total tons per day of LNG consumed
TPD_PLT total tons per day of pilot fuel consumed
TPD_LFO total tons per day of LFO consumed
EPD ME Energy Per Day of Auxiliary Boiler_(Auiniary Boiler Heatriapst
- fuel of Auxiliary Boiler * LHV_AB)
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Energy per day of LNG (mass fuel of LNG * Lower Heating Valu
LNG)

Energy per day of Liquid Fuel Oil (mass fuel of ldv@r Heating
Value of LFO)

EPD_LNG | total energy per day

tons per day of CO2 produced (emission factor of LNG * TPD_L

EPD_AE

EPD_AB

EPD_LFO emission factor of LFO * TPD_LFO)
EPD_TOTAL total energy per day
TPD CO2 tons per day of COZ_ prpduced (emission factor of LNG*
- TPD_LNG+emission factor of LFO*TPD_LFO)

ME_flow_exh exhaust gas mass flow of Main Engine
ME_TaTC_exh exhaust temperature of Main Engine after Turbocharger

ME_Tscav scavengingemperature of Main Engine

Me_Qcac heat dissipation scavenge air cooler of Main Engine
Tpipel_outlet Outlet exhaust temperatuoé Main Engine after economizer
AE_mflow_exh mass flow of the exhaust produced by the Auxiliary Engine
TPD _CH4 _ME tons per day of methane produced by the Main Engine

TPD_CH4_AE1 tons per day of methane produced by the 1st Auxiliary Engir

TPD_CH4_ AEZ tons per day of methane produced by the 2nd Auxiliary Engi

TPD_CH4_ AE:S tons per day of methapeoduced by the 3rd Auxiliary Engine

TPD_CH4 tot total tons per day of methane produced
TPD_CO2_eq| total equal tons per day of CO2 produced after calculating CH4

At this point , the calculation method of CH4 will be quoted based on DNV (DNV
Presentation about CH4 , n.d.). Methane slip is translated in CO2 exhausts by  multiplying
it with the number 28, as suggested by IMO. The following table explains the methane
emissions based on the load of every cate gory of engine used in this case study.

Table 39:CH4 emission calculation formula

CH4 engine emissions ( gr /kWh)
Load (%) MEGI 4S DF
1 0.35 3.6
0.75 0.35 4.5
0.5 0.41 7.1
0.25 0.5 15.1

0 0.59 23.1
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Table 40:CO2 to CH4 convention formula

CH4 convension

CO2

CH4

1

28

Simulation campaign

In this section of the thesis, every model of the simulation is set and aligned with
the demands of th is case study. After checking that everything is working , we proceed to
the simulation campaign. As it is underscored previously, the operating modes of each
engine is changed manually, depending on the simulation scenario.  All the result matrixes
are addressed into the appendix, due to the ir extended size.

Furthermore, the creation of a summary table is mandatory , in order to handle all
the data exported. This table is conducted from some important metrics such as

Speed (kn)
Electricity Demand (kW)

Total Efficiency
Total Energy Per Day

Tones Per Day of CH4
Tones Per Day of CO2

=4 =4 =4 =4 -8 -8 -8 -8 -9

This table has the same formation in each of every

purposes.

Propulsion Demand (kW)

Shaft Generator Power (kW)

Tones Per Day of each Duel
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Table 41: Summary Table of Nol simulating scenario

Scant-
ling

Test No. 1
Speed | PropDemand | Electricity Demand| Shaft Generator ]
(kn) (kW) (kW) (kW) Eff Total EPD Total| TPD_LFO| TPT_LNG| TPD_CH4| TPD_COZ
8 1800 0.48582783| 228.72173| 11.73194 | 6.579152 0.3030 63.1113
8.5 2587 0.4862378 | 267.3738 | 11.897802| 9.273847 0.2962 70.8478
9 3375 0.49086848| 303.37857 | 11.963779| 11.861109| 0.2894 77.9776
9.5 4162 0.4946077 | 339.27185| 12.04516 | 14.426762| 0.2826 85.0962
10 4949 0.526275 | 354.74597 | 10.42598 | 16.974165| 0.2758 86.8690
10.5 5699 0.5307436 | 385.67285| 10.247094 | 19.401772| 0.2694 92.8064
11 6511 0.5345011 | 419.42062| 10.047865| 22.054312| 0.2623 99.2841
115 7423 1248 0 0.5450462 | 451.46045| 9.28702 | 25.070715| 0.2545 | 104.9893
12 8388 0.55093247| 488.6725 | 8.807093 | 28.222288| 0.2461 | 111.9282
12.5 9456 0.5514335 | 534.71063| 8.782145 | 31.625776| 0.2369 | 120.9517
13 10592 0.55349535| 581.97656 | 8.820731 | 35.0641 0.2271 | 130.2524
135 11837 0.5565261 | 632.49744| 8.891341 | 38.713615| 0.2180 | 140.2546
14 13137 0.5569934 | 687.98193| 8.9552555| 42.733566| 0.2105 | 151.2988
14.5 14517 0.56212157| 740.62506| 8.964447 | 46.59248 0.2026 | 161.7169
15 16087 0.56099135| 809.28326| 8.969672 | 51.63125 0.1935 | 175.3366
15.5 17760 0.558479 | 884.81775| 9.009826 | 57.144684| 0.1890 | 190.4965
16 19516 0.55000347| 975.075 9.063262 | 63.728012| 0.1890 | 208.7670

|Athens 2024|




Thermo -economic analysis of a VLCC

Ballast

Speed

PropDemand

Electricity Demand

ShaftGenerator

) (W) W) (kW) Eff Total | EPD Total| TPD_LFO| TPT_LNG| TPD_CH4| TPD_COA
8 853 0.49619088| 178.13991| 11.381217| 3.1692164| 0.3112 | 52.8709
8.5 1423 0.48779017| 209.25264 | 11.617094| 5.2491035| 0.3063 | 59.1872
9 1993 0.48543316| 238.44966| 11.781862| 7.250226 | 0.3014 | 65.0655
9.5 2563 0.4861544 | 266.2349 | 11.894221| 9.193307 | 0.2965 | 70.6210
10 3133 0.48908746| 292.60834 | 11.954172| 11.078346| 0.2915 | 75.8536
10.5 3641 0.49193138| 315.70013| 11.997576| 12.73675 | 0.2871 | 80.4265
11 4193 0.4947893 | 340.65094 | 12.047215| 14.526274| 0.2824 | 85.3687
115 4788 0.525376 | 347.99844| 10.4597 | 16.449144| 0.2772 | 85.5691
12 5462 1248 0 0.5293723 | 375.92743| 10.305689| 18.634867| 0.2714 | 90.9372
125 6164 0.5328389 | 405.10004 | 10.137616| 20.924189| 0.2653 | 96.5397
13 6983 0.5391546 | 436.8097 | 9.732607 | 23.60631 | 0.2583 | 102.4562
135 7827 0.5499795 | 465.0388 | 8.891295 | 26.4129 | 0.2510 | 107.3503
14 8773 0.5512248 | 505.17575| 8.784593 | 29.454145| 0.2428 | 115.1526
145 9815 0.55148 | 550.28804| 8.793494 | 32.7602 | 0.2338 | 124.0198
15 10969 0.555128 | 596.5639 | 8.836726 | 36.12168 | 0.2238 | 133.1194
155 12206 0.55663925| 648.2788 | 8.920964 | 39.847027| 0.2159 | 143.4042
16 13612 0.5576823 | 707.5738 | 8.967031 | 44.162434| 0.2078 | 155.1883
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Thermo -economic analysis of a VLCC

Table 42: Summary Table of No2 simulating scenario

Scant-
ling

Test No. 2
S('[I’(i?d ProF(’EVfITa”d E'ecm‘zm)jema”d Shaﬂ(fv‘f/')‘erator Eff Total | EPD Total| TPD_LFO| TPT_LNG| TPD_CH4 TPD_COZ
8 1800 0.46768695| 237.5935 | 11.897282 | 10.522517| 0.7200 | 86.1448
8.5 2587 0.470622 | 276.24557| 12.063144 | 13.217213| 0.7132 | 93.8813
9 3375 0.47692174| 312.25034| 12.129121 | 15.804474| 0.7064 | 101.0111
9.5 4162 0.48200354| 348.14365| 12.210502 | 18.370127| 0.6996 | 108.1296
10 4949 0.5134346 | 363.61774| 10.591321 | 20.91753 | 0.6928 | 109.9025
105 5699 0.5188092 | 394.54462| 10.412436 | 23.345137| 0.6863 | 115.8399
11 6511 0.5234293 | 428.29242| 10.213206 | 25.997679| 0.6793 | 122.3176
115 7423 0.5345418 | 460.3322 | 9.452361 | 29.01408 | 0.6714 | 128.0228
12 8388 1248 0 0.54110867| 497.54425| 8.972434 | 32.165653| 0.6631 | 134.9616
125 9456 0.54243356| 543.5824 | 8.947485 | 35.56914 | 0.6538 | 143.9852
13 10592 0.54518443| 590.8483 | 8.986073 | 39.00746 | 0.6440 | 153.2859
135 11837 0.54882795| 641.36926| 9.056682 | 42.65698 | 0.6350 | 163.2881
14 13137 0.5499022 | 696.8537 | 9.120596 | 46.67693 | 0.6275 | 174.3323
145 14517 0.5554678 | 749.4968 | 9.129788 | 50.535843| 0.6195 | 184.7504
15 16087 0.55490816| 818.1551 | 9.135014 | 55.574615| 0.6105 | 198.3701
15.5 17760 0.5529349 | 893.6895 | 9.175167 | 61.088047| 0.6059 | 213.5300
16 19516 0.54504436| 983.9468 | 9.228602 | 67.67138| 0.6059 | 231.8005
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Thermo -economic analysis of a VLCC

Ballast

S('[I’(i?d ProF(’EVfITa”d E'ecm‘zm)jema”d Shaﬂ(fv‘f/')‘erator Eff Total | EPD Total| TPD_LFO| TPT_LNG| TPD_CH4 TPD_COZ
8 853 0.47265172| 187.01167| 11.546558 | 7.1125817| 0.7282 | 75.9044
8.5 1423 0.46795028| 218.12442| 11.782435| 9.19247 | 0.7232 | 82.2207
9 1993 0.46802 | 247.32144| 11.947204 | 11.193591| 0.7183 | 88.0990
9.5 2563 0.47047666| 275.10666| 12.059563 | 13.136672| 0.7134 | 93.6545
10 3133 0.47469488| 301.4801 | 12.1195135| 15.021711| 0.7085 | 98.8871
10.5 3641 0.47848502| 324.57193| 12.162917 | 16.680115| 0.7041 | 103.4600
11 4193 0.48223028| 349.52274| 12.212556 | 18.469639| 0.6993 | 108.4022
115 4788 1248 0 0.5123152 | 356.87024| 10.625041 | 20.39251 | 0.6942 | 108.6026
12 5462 0.51716727| 384.79922| 10.47103 | 22.578232| 0.6883 | 113.9707
125 6164 0.52141964| 413.97183| 10.302958 | 24.867556| 0.6823 | 119.5732
13 6983 0.5284222 | 445.68146| 9.897947 | 27.549675| 0.6752 | 125.4897
135 7827 0.5396837 | 473.91055| 9.056636 | 30.356266| 0.6679 | 130.3838
14 8773 0.54171145| 514.04755| 8.949934 | 33.39751 | 0.6597 | 138.1861
145 9815 0.54273003| 559.1607 | 8.958836 | 36.703564| 0.6507 | 147.0534
15 10969 0.5469934 | 605.43567| 9.002068 | 40.06505| 0.6408 | 156.1529
15.5 12206 0.5491244 | 657.1506 | 9.086306 | 43.790394| 0.6328 | 166.4377
16 13612 0.5507765 | 716.44556| 9.132371 | 48.1058 | 0.6247 | 178.2218
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Table 43: Summary Table of No3 simulating scenario

Scant-
ling

Test No. 3
S(i?]‘)ad ProF(’EV‘\a/r)"a”d E'ecm‘zm')jema”d Shaﬂ(fv‘f/')‘erator Eff Total | EPD Totall TPD_LFO| TPT_LN( TPD_CH4 TPD_CO:
8 1800 0.47584534| 233.52039 19.687714| 0 0.0000 | 61.3075
8.5 2587 0.47421598| 274.15237| 23.11333 0 0.0000 | 71.9749
9 3375 0.4772015| 312.0676| 26.309898| 0 0.0000 | 81.9290
95 4162 0.47957093 349.90897| 29.500242| 0 0.0000 | 91.8638
10 4949 0.51198465| 364.64648| 30.742735| 0 0.0000 | 95.7329
105 5699 0.5155782| 397.0159| 33.47175 0 0.0000 | 104.2310
11 6511 0.5181637 | 432.64346| 36.47545 0 0.0000 | 113.5845
115 7423 0.52724403| 466.70248| 39.34691 0 0.0000 | 122.5263
12 8388 1248 0 0.5296409 | 508.3156 | 42.85524 0 0.0000 | 133.4512
125 9456 0.52844584| 557.96924 47.041454| 0 0.0000 | 146.4871
13 10592 0.52964634| 608.18036] 51.27467 0 0.0000 | 159.6693
135 11837 0.53224623 661.349 | 55.75723 0 0.0000 | 173.6280
14 13137 0.53258663 719.5081 | 60.660526| O 0.0000 | 188.8969
145 14517 0.5366547 | 775.76917| 65.4038 0 0.0000 | 203.6675
15 16087 0.5269241| 861.6031| 72.64032 0 0.0000 | 226.2020
15.5 17760 0.5237918| 943.41 | 79.53732 0 0.0000 | 247.6792
16 19516 0.52136457| 1028.6296| 86.722046| 0 0.0000 | 270.0525

|Athens 2024|



Thermo -economic analysis of a VLCC

Ballast

Speed

PropDemand

Electricity Demand

Shaft Generator

(kn) (kW) (kW) (kW) Eff Total | EPD Totall TPD_LFO| TPT_LN( TPD_CH4 TPD_CO4
8 853 0.4898468 | 180.44743| 15.2132225 0 0.0000 | 47.3740
8.5 1423 0.47903526| 213.07741| 17.964201 0 0.0000 | 55.9405
9 1993 0.47489676| 243.74052| 20.549356 0 0.0000 | 63.9907
9.5 2563 0.47418752| 272.95413| 23.012308 0 0.0000 | 71.6603
10 3133 0.47589794 300.7183 | 25.353058 0 0.0000 | 78.9494
10.5 3641 0.47777995 325.0509| 27.4045 0 0.0000 | 85.3376
11 4193 0.4797021 | 351.3642 | 29.622929 0 0.0000 | 92.2458
115 4788 0.5112779 | 357.59323| 30.148088 0 0.0000 | 93.8812
12 5462 0.51449883 386.7938 | 32.60994 0 0.0000 | 101.5474
12.5 6164 1248 0 0.5169842 | 417.5222 | 35.2006 0 0.0000 | 109.6147
13 6983 0.522045 | 451.12448| 38.03355 0 0.0000 | 118.4365
13.5 7827 0.5307069 | 481.92523| 40.630314 0 0.0000 | 126.5228
14 8773 0.5291607 | 526.2384 | 44.36628 0 0.0000 | 138.1566
14.5 9815 0.5281728 | 574.57043| 48.44108 0 0.0000 | 150.8455
15 10969 0.53109586| 623.55695| 52.571045 0 0.0000 | 163.7062
155 12206 0.5323285| 677.8831 | 57.151196 0 0.0000 | 177.9688
16 13612 0.5331641 | 740.11053| 62.397488 0 0.0000 | 194.3058
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Thermo -economic analysis of a VLCC

Table 44: Summary Table of No4 simulating scenario

Scant-
ling

Test No. 4
S(i?]‘)ad Pro'c(’EVflr)“a”d E'ecm‘zm)jema”d Shaﬁ(fv‘?/r)'erator Eff Total | EPD Total| TPD_LFQ TPT_LNG TPD_CH4 TPD_COj
8 1800 0.45842895 242.39217| 19.853056| 3.9433656| 0.4169 | 84.3410
8.5 2587 0.45935103 283.02417| 23.278671| 3.9433656| 0.4169 | 95.0084
9 3375 0.46401012 320.9394 | 26.47524 | 3.9433656| 0.4169 | 104.9625
95 4162 0.4677123 | 358.78076| 29.665583 3.9433656| 0.4169 | 114.8972
10 4949 0.49982402 373.51825| 30.908077| 3.9433656| 0.4169 | 118.7664
105 5699 0.5043089 | 405.88766 33.63700 | 3.9433656| 0.4169 | 127.2645
11 6511 0.50775176 441.51523| 36.64079 | 3.9433656| 0.4169 | 136.6180
115 7423 0.5174084 | 475.57425 39.51225 | 3.9433656| 0.4169 | 145.5598
12 8388 1248 0 0.5205555 | 517.1874 | 43.02058 | 3.9433656| 0.4169 | 156.4847
125 9456 0.52017504 566.841 | 47.206795| 3.9433656| 0.4169 | 169.5206
13 10592 0.52203125 617.0521 | 51.44001 | 3.9433656| 0.4169 | 182.7028
135 11837 0.52520084] 670.22076| 55.922573| 3.9433656| 0.4169 | 196.6615
14 13137 0.5260997 | 728.3799 | 60.82587 | 3.9433656| 0.4169 | 211.9304
145 14517 0.5305869 | 784.6409 | 65.569145| 3.9433656| 0.4169 | 226.7009
15 16087 0.52155375 870.47485| 72.805664| 3.9433656| 0.4169 | 249.2354
155 17760 0.51891196| 952.2818 | 79.70267 | 3.9433656| 0.4169 | 270.7127
16 19516 0.5169063 | 1037.5013| 86.88739 | 3.94E+00| 0.4169 | 293.0860
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Thermo -economic analysis of a VLCC

Ballast

Speed

PropDemand

Electricity Demand

Shaft Generator

) (kW) (W) (W) Eff Total | EPD Total TPD_LFQ TPT_LNG TPD_CH4 TPD_CO{
8 853 0.46689186| 189.31921| 15.378564| 3.9433656 0.4169 | 70.4075
8.5 1423 0.4598872 | 221.94917| 18.129541| 3.9433656| 0.4169 | 78.9740
9 1993 0.45821834 252.61229| 20.714697| 3.9433656| 0.4169 | 87.0242
9.5 2563 0.45926028| 281.82593| 23.17765 | 3.9433656 0.4169 | 94.6938
10 3133 0.46226034 309.5901 | 25.5184 | 3.9433656| 0.4169 | 101.9829
10.5 3641 0.46508613| 333.92267| 27.56984 | 3.9433656] 0.4169 | 108.3711
11 4193 0.46788812| 360.23596| 29.78827 | 3.9433656/ 0.4169 | 115.2793
115 4788 0.49890035 366.46503| 30.31343 | 3.9433656| 0.4169 | 116.9146
12 5462 1248 0 0.5029625 | 395.66556| 32.77528 | 3.9433656] 0.4169 | 124.5808
12.5 6164 0.5062276 | 426.39395| 35.36594 | 3.9433656] 0.4169 | 132.6482
13 6983 0.51197654 459.99625| 38.198895| 3.9433656| 0.4169 | 141.4700
13.5 7827 0.5211137 | 490.79703| 40.795654| 3.9433656] 0.4169 | 149.5563
14 8773 0.52038753| 535.11017| 44.53162 | 3.9433656] 0.4169 | 161.1901
145 9815 0.5201415 | 583.44226| 48.60642 | 3.9433656| 0.4169 | 173.8790
15 10969 0.5236456 | 632.4287 | 52.736385 3.9433656] 0.4169 | 186.7397
15.5 12206 0.5254516 | 686.7549 | 57.316536 3.9433656/ 0.4169 | 201.0023
16 13612 0.5268487 | 748.98236| 62.562828| 3.9433656| 0.4169 | 217.3393
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Thermo -economic analysis of a VLCC

Table 45: Summary Table of No5 simulating scenario

Test No. 5
Electricity

Speed | PropDemand | p g | ShaftGener puro | EpD Total TPD_LFQ TPT LNG TPD_CH4 | TPD_CO2

(kn) (kW) (kW) ator (kW)
8 1800 0 0.48582783| 228.72173| 11.73194 | 6.579152 | 0.303048 | 63.111274
8.5 2587 0 0.4862378 | 267.3738 | 11.897802| 9.273847 | 0.29624832| 70.84778995
9 3375 693.75 | 0.5053219| 294.7002 | 8.347017 | 14.374817| 0.282780008 73.44120021
9.5 4162 809.53125 | 0.5466316 | 306.98163 5.979308 | 17.339872| 0.274868828 74.00054118
10 4949 910.78125 | 0.5550413 | 336.3591 | 5.1037955| 20.260618| 0.267097149 79.08864018
Scantling| 105 5699 997.96875 | 0.56251526] 363.8878 | 4.2546034| 23.022627| 0.259780151 83.83490423
11 6511 1084.2188 | 0.5789683 | 387.2027 | 2.7532513| 26.04332 | 0.251936473 87.24698123
115 7423 1248 1172.8125 | 0.583102 | 421.9938 | 1.9434673 29.304457] 0.243206291 93.44898615
12 8388 1247.9999 | 0.58339167| 461.48294] 1.4524211| 32.632984| 0.234146894 100.819663
125 9456 1247.9999 | 0.5843001 | 504.63333| 1.4913033| 35.768738| 0.224919375 109.3056925
13 10592 1247.9999 | 0.58408046 551.5017 | 1.5626963| 39.149277| 0.217202891] 118.6084209
135 11837 1247.9999 | 0.58219117 604.6148 | 1.6184582 43.002136] 0.210031695 129.1766335
14 13137 1247.9999 | 0.5861059| 653.809 | 1.6248609) 46.61014 | 0.202543686 138.9089232
145 14517 1247.9999 | 0.5831142 | 713.96136| 1.6240317| 51.02938 | 0.19459489 | 150.8366869
15 16087 1247.9999 | 0.5784793| 784.8169 | 1.6653478| 56.198105]  0.189 165.02268
155 17760 1247.9999 | 0.5683312 | 869.4772 | 1.7116431] 62.376534  0.189 182.15752
16 19516 1247.9999 | 0.55942315 958.65375| 1.7617384) 68.88339 |  0.189 200.20737
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Thermo -economic analysis of a VLCC

Ballast

Electricit

et | (PR Demang Shaft Genery o+ 1 | EPD Totall TPD_LFO| TPT LNG TPD_CH4 | TPD_CO2
(kn) (kW) (kW) ator (kW)

8 853 0 0.49619088| 178.13991] 11.381217| 3.1692164 0.31123008| 52.87089825
85 1423 0 0.48779017| 209.25264| 11.617094| 5.2491035| 0.306305279 59.18721781
9 1993 0 0.48543316| 238.44966| 11.781862 7.250226 | 0.30138048 | 65.06549543
95 2563 0 0.4861544 | 266.2349 | 11.894221| 9.193307 | 0.296455679 70.62095702
10 3133 654.84375 | 0.5027328 | 284.66544 8.558854 | 13.453141] 0.285244387 71.63525284
105 3641 735 0.5084334 | 305.45255 8.110069 | 15.371082] 0.280085767 75.36763149
11 4193 813.28125 | 0.5469621| 308.1563 | 5.947323 | 17.45403 | 0.274564986 74.20635962
115 4788 891.09375 | 0.55360955 330.2496 | 5.2764626| 19.661404| 0.268677186 78.0227212
12 5462 1248 971.25 | 0.5596371 | 355.59604| 4.554438 | 22.152317| 0.262084329 82.43975122
125 6164 1048.5938 | 0.57242 | 377.0851 | 3.3749757| 24.758436| 0.255276548 85.74311835
13 6983 1131.0938 | 0.5822643 | 404.46506| 2.2537665| 27.74652 | 0.247408391] 90.24859495
135 7827 1209.8438 | 0.5835978 | 438.24933| 1.6862799] 30.722595| 0.239360233 96.44029652
14 8773 1247.9999 | 0.5825234 | 478.03284] 1.467912 | 33.835167| 0.230820492 104.0807638
145 9815 1247.9999 | 0.5853514 | 518.4464 | 1.5091479| 36.767838| 0.22181761 | 112.0219331
15 10969 1247.9999 | 0.58343685 567.6183 | 1.5944351] 40.30547 | 0.215031365 121.8259932
155 12206 1247.9999 | 0.58221346| 619.80255 1.627561 | 44.10983 | 0.207906246 132.1916299
16 13612 1247.9999 | 0.5857445| 673.6747 | 1.6024394] 48.088917| 0.199807694 142.8291254
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Table 46: Summary Table of No6 simulating scenario

Test No. 6

S(ﬁ’(iid PrOF(’EV?;)"a”d Eﬁgtrr"g'gv'\)/;a' Shf‘of: ﬁ‘(‘\a/\r/‘)era‘ Eff Total | EPD Totall TPD_LFO TPT LNG TPD CH4 | TPD_CO2
8 1800 0 0.46768695 237.5935 | 11.897282| 10.522517| 0.719989606 86.14476296
8.5 2587 0 0.470622 | 276.24557| 12.063144| 13.217213| 0.713189925| 93.88128191
9 3375 693.75 | 0.47319895 314.70584| 9.591504 | 17.367464| 0.995445153 105.5009243
9.5 4162 809.53125 | 0.51178247| 327.88513| 7.3373656| 20.076172| 1.039034531 107.1509969
10 4949 910.78125 | 0.52481914| 355.72864| 6.3912396| 22.599533| 1.076518586] 112.1935504
10.5 5699 997.96875 | 0.53730303| 380.96274| 5.4096155| 24.94853 | 1.107960034 116.4768809
11 6511 1084.2188 | 0.56016296| 400.20154| 3.6441486| 27.430908| 1.13780625| 118.64145
Scantling |11 5 7423 1172.8125 | 0.5739758 | 428.7035 | 2.4076743| 29.991262| 1.166524875 122.6361665
12 8388 1248 1247.9999 | 0.58339167| 461.48297| 1.4524218| 32.632988| 1.187714854 127.5195759
12.5 9456 1247.9999 | 0.5843001 | 504.63333| 1.491304 | 35.768738| 1.178487336 136.0056054
13 10592 1247.9999 | 0.58408046| 551.5017 | 1.562697 | 39.149277| 1.170770852 145.3083339
13.5 11837 1247.9999 | 0.58219117| 604.6148 | 1.6184587| 43.002136| 1.163599656 155.8765404
14 13137 1247.9999 | 0.5861059 | 653.809 | 1.6248615 46.61014 | 1.156111647 165.6088461
14.5 14517 1247.9999 | 0.58311415| 713.96136| 1.6240324| 51.029385| 1.148162851] 177.5366098
15 16087 1247.9999 | 0.5784793| 784.8169 | 1.6653485| 56.19811 | 1.142567961 191.7226029
15.5 17760 1247.9999 | 0.5683312 | 869.47723| 1.7116438| 62.376534| 1.142567961| 208.8574229
16 19516 1247.9999 | 0.55942315| 958.65375| 1.7617391| 68.88339 | 1.142567961 226.9072729
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Thermo -economic analysis of a VLCC

Ballast

S(‘I’(i‘?d PrOF(’EV‘fIr)na”d Eﬁ;tr:g'gx)e' Shfg: g(t\e/\r/l)era- Eff Total | EPD Total| TPD_LFO TPT_LNG TPD CH4 | TPD_CO2
8 853 0 0.47265172| 187.01167| 11.546558| 7.1125817| 0.728171686 75.90439021
8.5 1423 0.46795028| 218.12442| 11.782435| 9.19247 | 0.723246885 82.22070777
9 1993 0 0.46802 | 247.32144| 11.947204| 11.193591| 0.718322085| 88.09898839
9.5 2563 0 0.47047666| 275.10666| 12.059563| 13.136672| 0.713397285 93.65445398
10 3133 654.84375 | 0.4711525 | 303.74594] 9.719563 | 16.484913| 0.980734754] 103.0608031
105 3641 735 0.4762423 | 326.09927| 9.418528 | 18.296568| 1.011040437] 107.9539922
11 4193 813.28125 | 0.51224446| 329.04178| 7.305608 | 20.17849 | 1.04040576 | 107.3718713
115 4788 1248 891.09375 | 0.52223915| 350.08737| 6.5901093| 22.09015 | 1.069303626] 111.2100175
12 5462 971.25 | 0.53283304| 373.48425| 5.7581525| 24.212648| 1.0984338 | 115.2718164
125 6164 1048.5938 | 0.5505999 | 392.0289 | 4.39424 | 26.387035| 1.125690803 117.7673525
13 6983 1131.0938 | 0.56833243| 414.37997| 2.9369657| 28.780111| 1.153294735 120.5832686
135 7827 1209.8438 | 0.57892036| 441.79022| 1.9320142| 31.079895| 1.177785497| 124.4640039
14 8773 1247.9999 | 0.5825234 | 478.03284| 1.4679127| 33.835167| 1.184388453 130.7806767
145 9815 1247.9999 | 0.58535135| 518.4464 | 1.5091486| 36.767838| 1.175385571] 138.721846
15 10969 1247.9999 | 0.58343685 567.6183 | 1.5944357| 40.305473| 1.168599326] 148.5259011
155 12206 1247.9999 | 0.58221346| 619.80255| 1.6275616| 44.10983 | 1.161474207] 158.8915378
16 13612 1247.9999 | 0.5857445| 673.6747 | 1.6024401| 48.088917| 1.153375655 169.5290483
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Table 47: Summary Table of No7 simulating scenario

Test No. 7

Speed (kn) PrOFEEV‘f/r)na”d DE:E;HBCKW) ng‘;((;k‘\e/c;”’ Eff Total | EPD Total] TPD_LFO| TPT_LNG TPD_CH4| TPD_CO2
8 1800 0 0.47584534| 233.52039| 19.687714 0 0 61.30754
85 2587 0 0.47421598| 274.15237| 23.11333 0 0 71.974915

9 3375 693.75 | 0.48778045| 305.29758| 25.73913 0 0 80.15165
95 4162 809.53125 | 0.5291957 | 317.09497| 26.733747 0 0 83.248886
10 4949 910.78125 | 0.5359939 | 348.31097| 29.365517 0 0 91.44422
105 5699 997.96875 | 0.5417998 | 377.79965| 31.851658 0 0 99.186066
Scantling 11 6511 1084.2188 | 0.5562426 | 403.0208 | 33.978012 0 0 105.807526
115 7423 1172.8125 | 0.55558956| 442.88928 37.339256 0 0 116.274445
12 8388 1248 1247.9999 | 0.5543552 | 485.65338| 40.944626 0 0 127.501564
125 9456 1247.9999 | 0.55489665| 531.37195| 44.79908 0 0 139.50433
13 10592 1247.9999 | 0.5547585 | 580.64996| 48.953632 0 0 152.4416
135 11837 1247.9999 | 0.55319244| 636.3073 | 53.646008 0 0 167.05367
14 13137 1247.9999 | 0.5561915 | 688.9717 | 58.086052 0 0 180.87996
145 14517 1247.9999 | 0.5448326 | 764.1238 | 64.422 0 0 200.6101
15 16087 1247.9999 | 0.5375403 | 844.58514| 71.20557 0 0 22173413
155 17760 1247.9999 | 0.5359353 | 922.02893| 77.734726 0 0 242.06593
16 19516 1247.9999 | 0.527695 | 1016.2851| 85.6813 0 0 266.81158
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Thermo -economic analysis of a VLCC

Ballast

Speed (kn) PrOFEEV‘f/r)na”d Diﬁ?rfhc'(tivv) ng‘;((;k‘\e/c;”’ Eff Total | EPD Total]l TPD_LFO| TPT_LNG TPD_CH4| TPD_CO2
8 853 0 0.4898468 | 180.44743| 15.2132225] 0 0 47.373974
85 1423 0 0.47903526| 213.07741| 17.964201 0 0 55.94052
9 1993 0 0.47489676| 243.74052| 20.549356 0 0 63.990696
95 2563 0 0.47418752| 272.95413| 23.012308 0 0 71.66033
10 3133 654.84375 | 0.4858452 | 294.55997| 24.833858 0 0 77.332634
105 3641 735 0.4901988 | 316.81393| 26.710054| 0 0 83.17511
11 4193 813.28125 | 0.52946955| 318.3361 | 26.838385 0 0 83.57473
115 4788 891.00375 | 0.5349361 | 341.77673| 28.814625 0 0 89.728745
12 5462 971.25 | 0.53946984] 368.8883 | 31.100357 0 0 96.84651
125 6164 1248 1048.5938 | 0.55044687| 392.13657| 33.06038 0 0 102.95002
13 6983 1131.0938 | 0.5560478 | 423.53336 35.70739 0 0 111.19281
135 7827 1209.8438 | 0.55522573| 460.64252| 38.836002 0 0 120.93531
14 8773 1247.9999 | 0.5533632 | 503.2219 | 42.4258 0 0 132.11394
145 9815 1247.9999 | 0.5559314 | 545.8813 | 46.022343 0 0 143.31357
15 10969 1247.9999 | 0.55424833| 597.5092 | 50.375004| 0 0 156.86777
155 12206 1247.9999 | 05532217 | 652.2816 | 54.99278 0 0 171.24751
16 13612 1247.9999 | 0.5530322 | 713.5208 | 60.15575 0 0 187.325
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Table 48: Summary Table of No8 simulating scenario

Test No. 8
Speed PropDemand Electricity Sl
Generator Eff Total EPD Total TPD_LFO TPT_LNG TPD_CH4 TPD_CO2

(kn) (kW) Demand (kW) (kW)
8 1800 0 0.45842895 | 242.39217 19.853056 3.9433656 | 0.416941606| 84.34103496
8.5 2587 0 0.45935103 | 283.02417 23.278671 3.9433656 | 0.416941606| 95.00840496
9 3375 693.75 0.4577827 325.30325 26.983616 2.9926462 | 0.712665146| 112.2113841
9.5 4162 809.5313| 0.49646762 | 337.99847 28.091805 2.7362998 | 0.764165704| 116.3993497
10 4949 910.7813| 0.50775754 367.6805 30.652962 2.338915 0.809421437| 124.5491402
10.5 5699 997.9688| 0.5183716 394.8746 33.00667 1.9259045 | 0.848179883| 131.8280467
Scantling 11 6511 1084.219| 0.53886235 | 416.01965 34.868908 1.3875892 | 0.885869778| 137.2020038
11.5 7423 1172.813| 0.54729813 | 449.59897 37.803463 0.6868057 | 0.923318584| 145.4616204
12 8388 1248 1248 0.5543552 485.65338 40.944626 | 9.56755ED7 | 0.953567961| 154.2014729
12.5 9456 1248 0.55489665 | 531.37195 44.79908 9.56755E07 | 0.953567961| 166.2042329
13 10592 1248 0.5547584 580.64996 48.953632 | 9.56755E07 | 0.953567961| 179.1415229
135 11837 1248 0.55319244 636.3073 53.646008 | 9.56755E07 | 0.953567961| 193.7535829
14 13137 1248 0.5561915 688.9717 58.086052 | 9.56755E07 | 0.953567961| 207.5798729
14.5 14517 1248 0.5448326 764.1238 64.422 9.56755E07 | 0.953567961| 227.3100029
15 16087 1248 0.5375403 844.58514 71.20557 9.56755E07 | 0.953567961| 248.4340329
15.5 17760 1248 0.5359353 922.02893 77.734726 | 9.56755E07 | 0.953567961| 268.7658329
16 19516 1248 0.527695 1016.2851 85.681305 | 9.56755E07 | 0.953567961| 293.5114829
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Thermo -economic analysis of a VLCC

Ballast

Speed PropDemand Electricity Sl
Generator Eff Total EPD Total TPD_LFO TPT_LNG TPD_CH4 TPD_CO2
(kn) (kW) Demand (kW) (kW)
8 853 0 0.46689186 | 189.31921 15.378564 3.9433656 | 0.416941606| 70.40746496
8.5 1423 0 0.4598872 221.94917 18.129541 3.9433656 | 0.416941606| 78.97400896
9 1993 0 0.45821834 | 252.61229 20.714697 3.9433656 | 0.416941606| 87.02418496
9.5 2563 0 0.45926028 | 281.82593 23.17765 3.9433656 | 0.416941606| 94.69381996
10 3133 654.8438| 0.45628852 | 313.64047 25.994568 3.0317712 | 0.695490367| 108.7581843
10.5 3641 735 0.46020713 337.4607 28.018513 2.9254856 | 0.730954669| 115.7614707
11 4193 813.2813| 0.49687076 | 339.22156 28.196669 2.7244608 | 0.765840774| 116.7402417
11.5 4788 891.0938| 0.5055901 361.6145 30.128273 2.428748 0.80062644 | 122.9160403
12 5462 1248 971.25 0.51451963 386.7765 32.304073 2.0603325 | 0.836349471| 129.6785812
12.5 6164 1048.594 | 0.5302401 407.08035 34.079643 1.6285987 | 0.870414255| 134.9742591
13 6983 1131.094| 0.5433285 433.44824 36.390587 1.033591 0.905886344 | 141.5274876
13.5 7827 1209.844| 0.55099034 | 464.18338 39.081738 | 0.35730022 | 0.938425264| 148.9590124
14 8773 1248 0.5533632 503.2219 42.4258 9.56755E07 | 0.953567961| 158.8138429
14.5 9815 1248 0.5559314 545.8813 46.022343 | 9.56755ED7 | 0.953567961| 170.0134729
15 10969 1248 0.55424833 597.5092 50.375004 | 9.56755E07 | 0.953567961| 183.5676729
15.5 12206 1248 0.5532217 652.2817 54.99278 9.56755E07 | 0.953567961| 197.9474129
16 13612 1248 0.5530322 713.5208 60.15575 9.56755E07 | 0.953567961| 214.0249129
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Total Efficiency

Total Efficiency

Graphs and Brief Comments

After inserting all key tables, graphs and diagrams will be generated and analyzed.
First, the system's total efficiency will be compared with and without the use of the shaft

generator. It is obvious that the comparison is going to occur between the same

operational modes.
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Figure 40:Efficiency -Vs graphs
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ME: LFO, AE:LFO SCANTLING ME:LFO, AE:LFO BALLAST
0.57 0.57
0.56
0.55
0.55
0.54
0.53

o
tn
@

Total Efficiency
(=]
o
2

Total Efficiency
o
[4,]
=

0.51
0.49
0.5
0.49 —e—NO5G. —e—YESS.G.
’ 0.47 —8—NOS.G. —8—YESS.G.
0.48
0.47 0.45
7 9 1 13 15 17 7 9 11 13 15
Vessel's Speed (kn) Vessel's Speed (kn)
ME: LFO, AE : LNG SCANTLING ME: LFO, AE:LNG BALLAST
0.58 0.57
0.56 0.55
0.54
0.53
g g
§ 052 @
(&) [S)
£ £ 0.51
w w
T 05 I
2 e
0.49
0.48
——NO0 S.G. —8—YES §.G.
0.47 —8—NOS.G. —8—YESS.G.
0.46
0.44 0.45
7 9 11 13 15 17 7 9 11 13 15
Vessel's Speed (kn) Vessel's Speed (kn)

Figure 41:Efficiency -Vs graphs

87



Thermo -economic analysis of a VLCC

EFF -Vs analysis

The first configuration analyzed features the Main Engine operating on LNG as
the primary fuel, while the Auxiliary Engines run on LFO. In the Scantling Condition,
the efficiency gains from the Shaft Generator are clearly evident, particularly in the 10 o}
13 knot speed range. Here, the effi ciency peaks around 0.58 with the Shaft Generator, in
contrast to the system without it, which achieves a maximum efficiency of approximately
0.55 with a more gradual slope. The same efficiency gap is presented in the ballast
condition too, where the effic iency increases steadily with speed, contributing to a peak
around 0.59 compared to around 0.55 without it. The second configuration involves using
LFO as the fuel for both the Main Engine and Auxiliary Engines. As expected, the
efficiency of this operatio nal system is the lowest among all the others, peaking around
0.55 8 0.56 with the usage of a shaft generator in both ballast and scantling conditions.
The third comparison consisted of a main engine driven by LFO as a primary fuel and an
auxiliary engine driven by LNG. The simulation of this comparison reached a peak
efficiency of 0.56 with the shaft generator aligned at the scantling condition and below
0.53 without it. Last but not least, the fourth configuration features both engines
operating on LNG as the main fuel of the simulation. This all -LNG operational system
achieved an efficiency close to 0.59 in both scantling and ballast conditions, with the usage
of the shaft generator.

After a comprehensive analysis of the eight efficiency graphs under different
operational conditions and fuel configurations, several conclusions can be extracted.
Speaking on the impact of the fuel type, using Liquefied Natural Gas for both main and
auxiliary engines consistently accomplishes the highest system efficiency across both
ballast and scantling conditions. Moreover, when the main engine operates on LFO
achieves a lower efficiency compared to running LNG. The difference is more obvious
when both engines use LFO, resulting in the lowest efficiency of all operating systems.
The better overall efficiency of LNG is due to the better thermal efficiency of the fuel and
the lower specific fuel consumption. Furthermore, the usage of a shaft generator in the
operational system significantly enhances the overall efficiency in all configuration. The
efficiency gap is more noticeable at medium to high speeds (10 -15 knots). Besides that,
there is a difference between the two operational conditions of the vesse Is. More
specifically, the scantling condition generally achieves a higher peak efficiency compared
to the ballast condition. This phenomenon is likely due to the higher propulsion power
demand in the scantling condition, allowing the shaft generator to op  erate at lower speed
and the LNG to operate more efficiently.
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Thermo -economic analysis of a VLCC

This optimal configuration not only maximizes fuel efficiency but also contributes
to the reduction of greenhouse gas emissions. To put that in perspective, the presentation
of graphs that showcase the tones per day of CO2 (TPD_CO2) in combination with ves  sel

speed is obligated.
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Figure 42.CO2-Vessel 6s speed graphs

TPD_CO2 6 Vs analysis

A general emission trend that is visibly noticeable is that as speed increases, CO2
emissions rise significantly, ina non-linear connection between speed and emissions. This
is expected as higher speeds demand more energy output from the engine, leading to
higher fuel consumption and greater emissions. Furthermore, across all configurations,
the existence of the power sha ft generator leads to lower CO2 emissions at equivalent
speed. This index indicates the significant value of the shaft generator, as it reduces the
workload on the engines, providing auxiliary power across the system. It would be an
omission not to mention that the configuration that uses LFO in both engines presents
the highest emission among all setups, as LFO has higher carbon intensity than LNG. On
the other side, all LNG operating systems outperform LFO configurations in terms of CO2
emissions, verifyi ng all arguments proposing them for decarbonization efforts. To give you
a comparison number, in scantling conditions, with the usage of a shaft generator, all -
LFO operational system emits 50 more tones per day than the all -LNG operational
system. The shaft generator itself is particularly efficient in reducing emissions at
moderate operating speeds, which are common for long -distance voyages. The gap created
by using the shaft generator might not seem very significant at first glance, but when
considering the broader context of a long voyage, the system contributes to saving millions
of tons of COFemissions over time.

Some other graphs are going to be evaluated, that contain principal indicators such
as EPD (Energy Per Day) and TPD_CO2 (Tones Per Day of CO2).
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Figure 43:LNG -Energy per Day graphs

TPD_LNG -EPD graphs

Some general observations are going to be underscored based on the provided
diagrams. Across most configurations, the inclusion of the shaft  generator in the case
study results in increased LNG consumption compared to when the shaft generator is
not in use. This increase indicates that this equipment, while contributing to the
efficiency of the overall system, also introduces additional load de mands that consume

more LNG. Although the amount of LNG used is higher, CO

Femissions are reduced with

the use of the shaft generator, resulting in a more environmentally efficient system from

a greenhouse gas emissions perspective. A worthy mentioned obse rvation in the above
diagrams is seen in the operational system that uses LFO as a primal fuel of the main
engine and LNG on the auxiliary engines. More precisely, TPD_LNG indicator drops to
zero at around 450 EPD. This event occurs, due to the fact thatt he energy demand is
getting fulfilled by the shaft generator and the auxiliary engines limit their operation

nearly to zero. Another significant addition to this thesis is the non

diagram of all operational systems.
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Energy at Non - Sailing Points ME:LNG, AE:LFO, NO S.G.
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Energy at Non - Sailing Points ME : LNG, AE: LFO, YES S.G.
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Figure 44: Energy per Day at Non -Sailing points graphs
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NON -SAILING POINTS GRAPHS

The first observation from these diagrams is the impact of the shaft generator. As
it is shown, the shaft generator is aligned with the propulsion shaft of the vessel. When
the vessel is at non -sailing points, there is no shaft movement, since the vesseli s in the
port. This renders the shaft generator inactive in these operational modes. The only
noticeable difference is influenced by the type of fuel used by the vessel. At this point, it
has to be mentioned that the enegigbgingdeverambyd of t
the two auxiliary engines, the DF LNG and one LFO engine. Besides that, it is shown that
the unloading condition uses significant energy per day, 1295 kW when the auxiliary
engine is in LNG mode and 1220 kW when the auxiliary enginei s in LFO mode to be
exact. More specifically, when the engine is in LNG mode, the system consumes around
1254 kW EPD of LFO and 41 kW EPD of LNG. Furthermore, when both engines operate
with LFO, it is consumed around 6.74 TPD in harbour mode, 10.82 TPD in Loading mode
and 4.52 TPD in unloading mode. On the other hand, when the first auxiliary engine is
operating with LNG, there are consumed 3.75 TPD_LNG and 6.93 TPD_LFO in harbour
mode, 5.1 TPD_LNG and 10.07 TPD_LFO and lastly, 3.02 TPD_LNG and 5.21 in
unlo ading mode. To draw conclusions from an emissions perspective, graphs illustrating
the TPD_CO Fvalues have been provided.
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Tonnes perday of CO2

1
® Harbour  ® Loading  ® Unloading

® Harbour  ® Loading M Unloading

Figure 45: CO2 at Non -Sailing points graphs

As its obvious again, the shaft generation and the main engine have no impact on
the system for the same reason as previously. Again this time, the unloading condition
has by far the most TPD_CO2, at around 350 tones per day, followed by the other two at
around 55 tones per day. This can be explained by the high usage of the auxiliary engines
during the unloading operation, compared to the other two. An event that occurs at these
non-sailing points is that the LNG configurations produce more tones of CO2 than the
LFO configurations, after calculating the methane slip. This can be explained due to the
incomplete combustion at low loads. More specifically, during non -sailing operations,
engines operating at lower rates experience less efficient combustion, leading to increased
methane slip. Eventually, LNG configurations produce more tons of CO ¢ per day only at
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non-sailing points, ultimately validating the superiority of LNG over liquid fuel oil across
a complete voyage.

ORC simulation and assessment

After the examination of the eight  scenarios and the analysis of the graphs, the
ORC simulation is going to be added to this case study. To understand this better, the
provision of some brief information about the working fluids is going to occur. The process
of condensation, an important p henomenon in the Organic Rankine Cycle, can determine
the selection of the working fluid. It has been suggested that the design condensation
temperature is over 300 K to reject heat to the ambient. Besides the condensation
temperature, another crucial the rmodynamic property that must be taken into account
before choosing the optimal working fluid is the freezing point of the fluid. The freezing
point must be below the lowest point of the operating temperature in the cycle, working
on an acceptable range. O perating on reasonable ranges of temperature and pressure is
very crucial on the optimization of the ORC, as the cost must remain low and the efficiency
high (Christos Frangopoulos et al., 2012) . For this specific study, the working fluid is
selected between three common working fluids, R290 , R236fa and R1270. The critical
points of each fluid are presented in the next table

Table 49:Working fluid critical points

.. N ( ] A a ? ] 5
LYt ROD NG G g Al It t 4 .IJUloRa
blU b bl~ G¢ b bluNoUH
Al Y Gl _ __
ANZ=TM O3 nito= MOP P P = Z D3 (
A=Z03nq O®dY IOM Ol0= P P N FO= ¢
Az gMHY G Oz ®HY MO=PN = = MM

For illustrative purposes, T -s diagram for each of the fluids is going to be plotted.
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B 3: Temperature ve. Entropy plot: Propane [E=mEcn ==
500. T
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Figure 46:Propane T-s diagram
I & Temperature vs. Enropy plot: Propylens oo =
| i N
Entrogy (kifg-K)
Figure 47:Propylene T -s diagram
B 2: Temperature vs. Entropy plot: R236fa [===]
Ef 400

300.

o
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Figure 48:R236fa T-s diagram
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In this case study, an ORC model written in gPROMS language will be used to assist in
extracting the results. This model simulates an Organic Rankine Cycle using the
following points :

Table 50:0RC phases

AVYRK; AGct 1)

N Ecaqel ¢qll Hx Rhuea RT H¢ qH
= 9YGGI Wt t UWT HXx Rhue RT HE q H
) Ecqel ¢qUlT Hx Rhug RT H¢ qH
m E2aGUI 610¢aqldJl HEEcGYeal He q
P EaGUI 61¢cqll HEC GY &I HE §
3 E+Gc Ut RYUHGC qHG Y5 Ho H

Needless to say, this thermodynamic analysis is based on experimental data. In
the first point , the operating working fluid has low saturated temperature and low
pressur e, since it i s saturated liquid with th
enthalpy, entropy, as well as, low and high saturation temperatures of all points are
obtained ROPBEF®.P I n addi t i osacontd pointa |of thetolganic , t he
working fluid has high pressure, asitisinthe  phase of compressed liquid with evaporator
pressure. Additionally, in the third point, the working fluid is saturated liquid, having
evaporator pressure (high pressure) and high saturation temperature. Moreover,
saturated vapor with high/evaporator pressure and high, saturated, temperature is
obtained at the fourth point  of the cycle. Furthermore, at the fifth point  of the cycle,
the organic working fluid is observed as superheated vapor at high/evaporator pressure
and

Yimu YT @ Y 0N 4.1

whereas, G dis the superheating temperature. Adding to all that, in the sixth point  of
the organic rankine cycle, the fluid is shown to be expanding at low/condenser pressure.

At this point, it is mandatory to add that the low pressure is set at 1.5 bar for every
working fluid. On top of that, the pressure of LNG is set to 301 bar at point 01 and 302 at
point 02, as well as, the temperature is at 118.92 Kelvin on the first point. It would be an
omission not to mention the two efficiencies of the system. More specific  ally, the efficiency
of the feed pump is set to 0.75 and the efficiency of the turbine is set to 0.85.

Optimization Function

The objective function to be maximized is the power output of the ORC.
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A £ Qo 4.2
Where :
® w i om0 4.3

The following are considered as independent variables for the system optimization:

9 Prhigh organic fluid max pressure
1 GTrsup superheating temperature inside the evaporator.

In addition to all that, the upcoming constraints are specified for the optimization
campaign :

vu 0O"YQicg mu 4.4
PpTT® YR o3I 4.5
T w One ¢ 4.6
Thoroughgoing,
0"'YQi"'Y@p "Yimtu 4.7

is working as an index ensuring that the maximum temperature of the whole system is

the temperature of the exhaust gases. The second constraint is a logical argument for the
temperature of the exhaust gases in the 02 point and the third one ensures that th e
fraction of the working fluid extracted from the turbine is optimized. In this work, various
assumptions are made during the optimization process and performance analysis. In
order to utilize the data for the previous case scenarios, three different vari ables were
used, the mass flow rate of LNG of the main engine, the exhaust gas temperature

of the main engine, and the mass flow rate of exhaust gasses. Taking all the above
into account, the summary of the following scenarios is being made :
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Table 51:0RC examination scenarios

Consequently, we came up with the upper three scenarios of the previous data
analysis, as the main engine works the most efficiently and similarly to normal voyage
operational conditions. The above data are extracted from the scantling conditions of the
previous tables and used as the input variables in the simulation process. These two
scenarios involve the main engine operating with LNG as the primary fuel, with and

without the existence of the shaft generator.

The initialization of the gPROMS model starts after setting up everything as
mentioned. The results of the comparison is shown :

Table 52:0RC simulation results

~YT | v et “blnt,“r;‘ox* “blnt,“DXoE* Rt %2z qil
N| NP| MIOP®TE OMNIOYP| M=MOMN
SHEIO = |[NPH MIOZ=N( OTHOO®) M=MOY N
O| N2| MIOTOTH MANIONN] M=z OY=
M| NP| MIOEP MM OTIO®( M=Mtox 3
QEEHE[ P |[NPH MIOT=ENG NMIONT| M=z 0= ®
S| NX| MIOT®T3 NOKOMNE MN=®O=

R236fa R290  R1270
Mode
W_ORC (W)
No S.G., Vs=15 ki 86874.5 84872.8 | 81977.3
No S'i'r’] Vs=155 96600.6 943225 | 91090.6
No S.G., Vs=16 ki 108919 106230 | 102551
Yes S.G., Vs=15 K 94904 92676.8 | 89504.3
— [

Yes S'E‘}’ Vs=151 106297 103702 | 100121
Yes S.G.. Vs=16 K 119309 116244 | 112163
Average 102150.6833 | 99674.68| 96234.53
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W_ORC- Vs

125000
120000
115000
110000
105000
100000
95000
90000
85000
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m R236fa_NO S.G.m R236fa_YES S.Ga R290_NO S.G.
mR290_YES S.G. mR1270_NO S.G.m R1270_YES S.G.

Figure 49:.ORCwork-Vessel 0s speed correlation

The graph above illustrates visually the work produced by every working fluid
tested in the case study. As it is clearly shown, on every operational working speed tested,
R236_fa seems the most attractive option for the system, as it maximizes the objective
function, compared to all other options. Taking another look at the table, we see that the
shaft generator configuration produces more Work overall, due to the higher mass flow

of the exhaust gasses and the liquid natural gas production. Furthermore, it is
underscored that the maximum work is, obviously, reported at the speed of 16 kn, whereas
the input variables are maximized. In this operational speed, R236_fa achieves a work

of, almost, 120 kilo Watts

All the thermodynamic measurements for the optimal working fluid are
presented, at 16 kn of speed, as followed :
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Table 53:Analytic thermodynamic measurements of simulated ORC

| Pressures | (Pa) [ (ba) | Temperature (K) (K) (°C) Enthalpy (J/kg) (kJ/kg)
Pe0l 102000 1.02 Te0l 429.3265 156.3265 heol 141726 141.726
Pe02 102000 1.02 Te02 414.719 141.719 he02 125780 125.78
Pgo1 3.01E+07 301 Tgol 118.92 -154.08 hgo1 -829586 -829.586
Pg02 3.02E+07 302 Tg02 336.34 63.34 hg02 -89747.3 -89.7473
Prol 150000 1.5 Tg12 276.44254 3.44254 hg12 294258 -294.258
Pro2 2898880 28.9888 Trol 281.44254 8.44254 hro1 -170196 -170.196
Pro3 2898880 28.9888 Tro2 283.002 10.002 hro2 -167667 -167.667
Pro4 2898880 28.9888 Tro2is 282.473 9.473 hro2is -168299 -168.299
Pros 2898880 28.9888 Tro3 393.269 120.269 hro3 -11725.6 -11.7256
Pro6 150000 1.5 Tro4 393.269 120.269 hro4 34567.4 34.5674
Pr23 2898880 28.9888 Tros 424.315 151.315 hros 87149.8 87.1498
Pr_high 2898880 28.9888 Tro6 348.879 75.879 hro6 41748.1 41.7481
Tro6is 340.078 67.078 hro6b -16838.732 -16.838732
Tr23 298.15 25.15 hro6is 33736 33.736
Tr_satHigh 393.269 120.269 hr23 -149384 -149.384
Tr_satLow 281.44254 8.44254
DTr_sup 31.0457 -241.9543
Dter 5.01164 -267.98836

|Athens 2024|




Table 54:Analytic thermodynamic measurements of simulated ORC

Work (W) W kw mass flow (kals)
w_turb 45401.7 | 45.402 mfl_REF 2.78302
w_pump 2529.68 | 2.5297 mfl_LNG 0.7972614
w_net 42872.02 | 42.872 mfl_EXH 43.345886
Woproduced | 119313.69| 119.31

|Athens 2024
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5.Techno-economic assessment

In this chapter of the thesis, all the above data obtained from the modelling process
will be applied on a real voyage situation. To elaborate further, an operating profile of a
real VLCC voyage has been used to a more accurate final result. The specific 0 perating
profile consists of four different conditions, matching the extracted data of the case study.
oPort o, oLoadingbéd, oUnl oading6 and 0At seao, di
the four mentioned modes. Moreover, this operating profile cont ains the percentage of
average time per year, spent in each mode. As it is reasonable, all percentages sum up to
100%. The following table describes the profile.
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Table 55:0perational Profile

used in the modelling process of this case study. A more visual approach to the operational

profile is presented in the next table, with the exact percentage being shown in every

vessel

0s

speed.

106

ov0T Ra| Eckraron S®LETRY ovol RaRr| xs] HEG Lot O]
N 7cihdc AYIl q ccl HY 2| ccl HYe M T IOOP |
= 7cihdc AYIl q xYel RU xYe¢l RU M O0Z = §
o) 7¢ildc ECRUGRU 7c¢clOdct qHE 136 Y N tOZ P E
M 7¢idec ECRUIRU 7c¢clOdct qHE 136 ) MION 3 E
P 7¢idec ECRUGRU 7c¢ddcta qHE 136 N M O lOY MH
> 7¢ihdc ECRUGRU 7¢ddcta qHE 136 NN Y IOMZ §
T 7¢0dc¢ ECRGRU 7c¢cadcta qHE G = ®HOY P |
Y 7¢0dc ECRGRU 7c¢cadcta qHE G N O Y ION MH
® 7¢0dc ECRGRU 7c¢cadcta & 1J ¢ N N FO® N H
NV 7¢0dc ECRGRU 7c¢cadcta qHE G N P MHIOY N H
NN 7¢00c¢ ECROGRU 7c¢adcta qHE G N N FON O H
NE x ¢1 130 AY1 q ccl AYel ccl AYe M ® KOO N H
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N1 x ¢ T 130 E¢CRGRU x¢T UUH qHE 136 Y MIOP T E
NP x ¢ T 130 E¢CRGRU x¢T UUH qHE 136 ) MO® O
NE x ¢ T 130 ECRIGRU x¢T WUHN qHE 136 N M = IOP MH
NT x ¢ T 130 ECRIGRU x¢T WUHN qHE 136 NN TIOPTH
NY x ¢ T 130 ECRIGRU x¢T WUHN qHE 136 = N N oM df
N @ x ¢ T 130 ECRIGRU x¢T WUH) qHE 136 NO N P tOM d]
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Figure 50:Sailing Speed statistical distribution s for loaded and ballast voyages

I n order to calculate an estimated <cost of
mandatory to summarize the four relevant factors and obtain their monetary value,
namely tones of LNG, LFO, PLT and CO2. As before, the examination of each different
machinery operating profile will occur separately and will compared afterwards. The
previously used nomenclature for the machinery simulations remains unchanged. The
numbering shown in the tables above is matching with the operating profile table. The
last row of e ach table presents the sum of each column. This sum is calculated by
multiplying every relevant value by the corresponding distributed percentage for a 365 -
day period, then adding all those products together.
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Nt qH YN

Table 56:Total of all indexes on every operational mode of the voyage of Test Nol

N EYHOPD= X MIOMMMM ® OO N MT1 MIOMMMM
= MNIKZ OP MIOMMMM NOKODPMA MIOMMMM
@) P=KOYTM® OION X ® = NNHKOY N I MIOM MM =
M >PHOMZ PP THO=P M= NNIKTYNGd MY MY
P TPKYPOZX NNIKMTYQ NN KD P 13 MIO®T T N
2 YPIOOZYT NIMKOP=%2(C N=IOMNT = NKOMT MO
T PMHOPOT = NY IOz ON4 NMIKOMP T NIONZ N ®
Y NM=OMP Z 3 =0z Mz QC PHOTO=Z NIO=P ®=
P NNPIONP =3 =Z®HOMPIMN YT YNZ NHOOP ®© %
NM NOOIONN®T] OZKON=NT YKYOZT NHMP M=
N N NPPIONYY( MMKONZZ =TI YIOOZTM NP Pz O
N = ZEYHOPD= X MIOMMMM ® OO N MT1 MIOMMMM
N O OOz IONP Md MIOMMMM NMT KOO MY MIOMMMM
NI 2 O0OIONNNO ZIOPT o= NNKT ONGd MIOT P N @
NP TTHOOTT X NNHKY NN NNHKDPZ OY| MDY 2 Y
N Z YZHOYZOM NZHOPTI= NMKOMN=%2 M NIONZ=Y =
NT PPO=YIMN =Z==ZHOMPIMNQ NMIOMMNT @ NHK=ON=
NY NNNKDP=ZY 3 =YKO=== Y IOY MT N N KOO T MN
N ® NOMIO=P =T] OPIOMZ NN Y OY = MT NHOMOMNNT
= NPNI=Z®YY M=KOTO0O0Z YIOoP PO NIOPO®T
=N NTPHKOOZ 3 PNIKZ ONQ YIOOEZ DT N HOX OMN
== =Z=MYIKOTZTN 20T =ZYM ®HOMZ OO NKOT =0T
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Table 57:Total of all indexes on every operational mode of the voyage of Test No2

RNt qH V=

NA?xx[ § NA?xAxﬂ

N POKOIMNMNz M OKT Mo x PO =Z0D MIONNT M
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P YYIOMODOM NNIONDPOZ NNIKPNT = MKODP=NM
2 OPYHYYTN NPIOM=NT N=IONN®P NHOM® Ol
T NMY IONMM= = NY IOMNZ ¢ N=ZK=N=32 NIONY X P
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Nt qH VYO

Table 58:Total of all indexes on every operational mode of the voyage of Test No3
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OOZIONP=T MIOMMMM NMT HO®IY & MIOMMMM
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=Z=Z2I=M=M MIOMMMM T=ZHOXMNMMO MIOMMMM
=TMIOMP =P MIOMMMM YZHOT==M MIOMMMM
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Table 59:Total of all indexes on every operational mode of the voyage of Test No4

Nt qH YN
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Table 60:Total of all indexes on every operational mode of the voyage of Test No5

NIJt qH YP
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Table 61:Total of all indexes on every operational mode of the voyage of Test No6
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Table 62:Total of all indexes on every operational mode of the voyage of Test No 7

Nt qH YT
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Table 63:Total of all indexes on every operational mode of the voyage of Test No8
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After presenting all necessary tables, a set of performance metrics were introduced
in order to facilitate the comparison of the various machinery design alternatives,
capturing the influence of the shaft generator and the multiple fuel used in this case
study.
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Figure 52:Instantaneous tones per day of LNG per operating profile



Thermo -economic analysis of a VLCC

200.0000
180.0000
160.0000
140.0000

e Test No1

041140

s TSt NO2

o
o
o
S
o
N
—
Ae

™ < n
o o (e}
z Zz Z
- - -
[%] (%] %]
(0] (] (]
O O O O
o O O O
o O O O
S & S oS
o O O O
O O O <
—
p Jad sauo |

e Test NO6

20.0000

Test No7

0.0000

e Test N08

U3QT uape
U3GT uspe
Wi T uspe
WIET uspeT]
W{ZT uspeT
UNTT uape
UQT uspe
W6 uspeT
W)g uspeT
Buipeojun
uape| JnogleH
u39T isejed
UXGT Isejed
UM{T 1se|ed
UMET 1se|ed
UMZT 1se|ed
UMTT 1se|ed
W)0T Isejed
UX6 1se|led
uxg 1se|led
Buipeo

1Se|jeq nog.eH

Figure 53:Instantaneous tones per day of LFO per operating profile
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Figure 54:Instantaneous tones per day of PLT per operating profile
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After that, we can safely proceed to synthesize the totals for each mentioned
variable. The concluding graphs are presented below.

Totat tones per day of CO2 in a year

mTest Nol mTestNo2 mTest No3 mTest No4 mTest No5 mTest No6 mTest No7 mTest No8

47914.3596 47935.9124

42982.4639

41904.6614

39440.5526

37791.0169

34508.6570

31759.7670

Figure 55:Grand totals of CO2 tones in a year per machinery arrangement

Totat tones per day of LNG in a year

mTest Nol mTestNo2 mTest No3 mTest No4 mTest No5 mTest No6 mTest No7 mTest No8

8355.3164 8593.1958

7916.0559
6919.0099
1436.3068
677.1399
- .

Figure 56:Grand totals of LNG tones in a year per machinery arrangement
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Totat tones per day of LFO in a year

HTestNol mTestNo2 mTest No3 mTestNo4 mTest No5 mTest No6 mTest No7 mTest No8

12665.559512729.0992 s g 123012692
2576.1712 2741.6166

T I I I I

Figure 57:Grand totals of LFO tones in a year per machinery arrangement

Totat tones per day of PLT in a year

mTest Nol mTestNo2 mTestNo3 mTest No4 mTest No5 mTest No6 mTest No7 mTest No8

392.9309 390.0431
367.0563

350.5924
0.0000 0.0000 :
T— —

Figure 58:Grand totals of PLT tones in a year per machinery arrangement
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Brief Comments on thgrandtotak

As it is obvious, Test No5 produces the least amount of CO 2 emissions, primarily
due to the use of LNG as the main fuel for both the main engine and auxiliary engines.
This statement confirms the huge impact of energy -efficient configurations. Besides that,
Test No5 also has the 3 highest LNG consumption among all other configurations,
showcasing its environmental advantages. Another important observation it that the
configurations that wutilize LFO as the main engi
in the auxiliary engines, emit the highest CO  » footprint.

All these totals can be utilized in combination with the real -time price chart of
every index mentioned above. In order to approach this study more spherically, prices of
a 3 year span will be used in the evaluation of the assessment. All the prices arer  eferred
to the Rotterdam Port. The price charts are presented  below.

1400 MGO PRICE CHART (ROTTERDAM PORT)
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Figure 59: MGO historical prices(Ship&Bunker , n.d.)
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Spectating the above graphs we can safely say that the prices of every fuel used in
this case study peaked in mid -2022, but afterwards prices started decreasing, reaching

LNG PRICE CHART (ROTTERDAM PORT)
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Figure 60:LNG historical prices (Ship&Bunker , n.d.)
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Figure 61:VLSFO historical prices (Ship&Bunker , n.d.)

even lower levels compared to September 2021. Moreover, it has to be mentioned that t
fluctuation of the prices of the LNG is significant, with differentiations up to 580%.
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It would be an omission not to mention that the CO2 price is considered at
approximately 70 $/mt. Finally, we can proceed to the conclusions of this techno -economic
assessment. Comparison of every different mechanical variation will occur. In addition,
every total of the indexes above will be multiplied by the average price of the matching
variable on this 3 -year span.

Total Cost of Operating Profile (3 year
average)

20.000
15 85

16.635
10.561 o 8t
10.000
0.000
1 2 3 8

HLNG cost mCO2cost mLFO cost mPLT cost

Figure 62:Total Cost of every operational profile on a 3 -year span.
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Table 64:Analytical costs of every operational profile on a 3 -year span.
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The presented summary table illustrates the cost of each specific category, as well
as the total cost of every machinery arrangement.  As is it shown, the individual costs are
stacked in a column, summarizing the total cost of each configuration. The impact of the
shaft generator can be visibly noticed as it reduces the cost of every machinery
arrangement. The most cost -efficient arrangement seems to be the all -LFO usage as fuel
type. This can be explained by considering the high percentage of the total cost that LNG
represents, with over 60% in every arrangement with LNG usage on the main engine.
This statistic, in combination with the high price of LNG as a fuel, makes the all -LFO
machinery arrangement the most feasible. Moreover, the sharp decline in MGO and
VLSFO prices, stabilizing around 600 & 650 $/mt offer this short -term advantage to the
LFO -based configurations. The price of CO2 tax mustr each a number of 750 $/mtin order
to make the all -LNG arrangement the most cost -efficient. This hypothetical scenario is
presented below.

Total Cost of Operating Profile (3 year
average)

50.000 45.863 45.633 44.345 44.406

40.000  37.612 37.381 35.756 35.818
30.000
20.000
10.000
0.000
1 2 3 4 5 6 7

B LNG cost mCO2cost mLFO cost mPLT cost

Figure 63:Hypothetical total cost of every operational profile ona 3 -year span.

After observing the decline of the price of every fuel in 2024, with all hitting their
lowest points during this year, the total operating cost for each profile will be calculated
based on the average price of the year 2024 of every variable.
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Total Cost of Operating Profile (2024 average)

14.000
11.903 11.57

12.000 11.082 10.786
10.000 i o . 945

8.000

6.000

4.000

2.000

0.000

1 2 3 4 5 6 7 8

mLNG cost mCO2cost mLFO cost mPLT cost

Figure 64:Total cost of every operational profile in 2024.
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Table 65:Analytical costs of every operational profile in 2024.
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A significant decrease in every operational arrangement is clearly evident,
especially when LNG is used as the main fuel for the main engine, with a reduction of
about 30%. This result shows that the marker price of the LNG is obviously a decisive
parameter of the operating fuel .

Sengivity Analys

In this thesis, the economic impact of CO2 pricing is evaluated in order to spectate
the optimal machinery configuration under  various carbon tax scenarios. It is crucial to
recognize the importance of carbon pricing as a market -driven tool for the reduction of
greenhouse gas emissions. This paragraph conducts a sensitivity analysis to assess the
influence of CO2 tax rates ranging from  $70 to $170 per ton on total operational costs. By
showcasing and analyzing the different cost scenarios, the identification of the most
economically feasible configuration will occur. More specifically, this strategic approach
aims to determine the break -even point at which a LNG configuration becomes the most
profitable option among all others. All graphs that describe the analysis are presented
now. The Y-axis shows the hypothetical total cost and the X-axis shows the machinery
arrangement, following the encoding used to describe the simulation campaign
previously. Finally , the title of every graph underscores the CO2 price that is applied in
the corresponding simulation.
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CO2 at 150 $/ton CO2 at 170 $/ton
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Figure 65:Sensitivity Analysis results

The above analysis leads to the conclusion that CO2 price has to reach a value of
$110/ton in order to make the fifth machinery arrangement the  most profitable a mong all
others. Besides that, the tendency of the rising CO2 price makes the fifth arrangement
more and more efficient , meaning that this arrangement might be the solution for the
future . Integrating an Organic Rankine Cycle system into the fifth arrangement will
further enhance its economic viability as analyzed previously. By recovering waste he at
from the main engine and the auxiliary systems, the overall efficiency will be improved,
reducing the reliance on the auxiliary engines and lowering the overall fuel consumption.
This hypothetical scenario seems to be an optimal choice in a high -carbon tax scenario.
This type of configuration not only aligns with decarbonization objectives but also ensures
competitiveness in an evolving regulatory and market landscape.
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Table 66: Main Engine Gas Mode Performance Table

Load | Power | Speed| SPOC| SGC t'aiit :;2‘3;5 Exh.g?jrteempera- Steam
%SMCR| kW r/min | g/kWh | g/kWh | kJ/kWh kg/s °C kg/h
100 22500 64 3.18 129.9 6.631 447 215 1740
95 21375 | 62.9 3.29 128.6 6.572 43.2 209 1470
90 20250 | 61.8 3.42 127.6 6.524 41.6 203 1250
85 19125 | 60.6 3.55 126.7 6.487 39.7 199 1060
80 18000 | 59.4 3.69 125.2 | 6.419 37.8 196 940
75 16875 | 58.1 3.85 123.8 6.356 35.5 195 850
70 15750 | 56.8 4.04 123.6 6.355 33.7 195 820
65 14625 | 55.4 4.24 1235 | 6.358 31.9 196 840
60 13500 54 4.48 124 6.39 29.9 199 880
55 12375 | 52.4 4.74 1245 6.43 27.8 203 950
50 11250 | 50.8 5.06 125.2 6.476 25.7 209 1030
45 10125 49 5.42 126 6.531 23.4 216 1140
40 9000 47.2 5.87 126.8 6.591 21.1 224 1240
35 7875 45.1 6.41 127.6 6.655 185 232 1290
30 6750 42.8 7.1 127.9 6.697 18.3 196 560
25 5625 40.3 8.02 128.8 6.783 16.2 192 440
20 4500 37.4 9.31 130.3 6.911 14.1 188 320
15 3375 34 11.28 132.9 7.124 13 180 140
10 2250 29.7 14.78 136.7 7.466 11 158 0
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Thermo -economic analysis of a VLCC

Table 67: Main Engine Gas Mode Table of Capacities

TIC ai_r con- Sgavenge Scavepge air Sgavenge Jackgt water Lubricating oi .
Load sumption + | air pres- receiver alr_heat heat diss +10/ heat diss. +10% Vaporizer heat
5% sure temp diss. 15%

%SMCR kg/s bara °C kw kw kw kw
100 44.7 3.95 37 7430 2520 2080 637
95 43.2 3.77 36 6880 2430 2000 600
90 41.6 3.6 35 6340 2340 1910 563
85 39.7 3.39 34 5710 2240 1830 528
80 37.8 3.23 33 5180 2150 1750 490
75 355 3.04 32 4580 20660 1670 456
70 33.7 2.85 31 4060 1960 1600 425
65 31.9 2.65 30 3540 1870 1520 394
60 29.9 2.47 30 30660 1770 1450 365
55 27.8 2.28 29 2580 1680 1380 339
50 25.7 2.09 28 2120 1590 1310 307
45 234 1.93 27 1710 1490 1230 278
40 211 1.77 26 1340 1400 1160 249
35 18.5 1.63 33 1010 1340 1090 219
30 18.3 151 32 830 1210 1010 188
25 16.2 1.4 32 600 1120 930 158
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Thermo -economic analysis of a VLCC

Table 68:Main Engine LFO Mode Performance Table

Load Power Speed SFOC Exh.gas amount Exh.gas temperature Steam
%SMCR kw r/min g/kWh kg/s °C kg/h
100 22500 64 161.3 46.1 244 2650
95 21375 62.9 159.9 44.6 236 2390
90 20250 61.8 158.8 43 230 2160
85 19125 60.6 157.9 42.1 216 1690
80 18000 594 157.8 41 203 1220
75 16875 58.1 157.8 39.2 202 1130
70 15750 56.8 155.8 36.6 201 1060
65 14625 55.4 153.9 33.9 202 1030
60 13500 54 154.6 31.9 204 1060
55 12375 52.4 155.6 29.7 208 1120
50 11250 50.8 156.7 27.4 213 1200
45 10125 49 158 25 221 1300
40 9000 47.2 159.3 22.5 229 1400
35 7875 45.1 160.8 19.9 237 1430
30 6750 42.8 161.8 19.5 201 680
25 5625 40.3 163.8 174 197 540
20 4500 37.4 166.8 14.8 193 410
15 3375 34 171.8 12.4 185 230
10 2250 29.7 179.8 9 163 0
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Thermo -economic analysis of a VLCC

Table 69:7H2132 auxiliary engine performance table

Cylinder data | Combustion air data| Exhaust gas data | Heatbalance data | Heat balance data
Cylin- Air tem-
Lg)/ad der ef'\f/lei?i:‘/e Mass perature Mass G:;ttjrn;' Charge | Lubricat- g:;li(r?t Radia- ?EVCJE
° | out- oressure| . oW after flow gfter ur. air ing oil Waterg tion | (9/kWh)
put (bar) (kg/kwh) coooler (kg/kwh) bine (°C) (kJ/kWh)| (kJ/KWh) (kJ/KWh) (kJ/kWh)
(kW) (69)
25 55 6.6 8.3 45 8.5 351 450 1260 1410 340 230.6
50 | 110 13.2 6.9 45 7.1 342 765 884 780 134 199.5
75 | 1665 | 19.8 6.6 45 6.8 313 1083 704 638 103 191.2
85 | 187 22.5 6.4 45 6.6 313 1215 620 626 86 185
100 | 220 26.5 6.2 45 6.4 314 1390 620 623 82 192.5
110 | 242 29.1 6.1 45 6.2 323 1480 630 618 90 186
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Thermo -economic analysis of a VLCC

Table 70:7H2132 Engine Capacity Data

Heat dissipation (kW) 596
1 N\
Charge air Low temperature cooling water flow (m”3/h) 45
low cooling water temperature cooléN (°C) 36
low cooling water temperature coolédUT(°C) 48
heat dissipation (kW) 263
Lubricating il Low temperature cooling water flow (m”3/h) 45
g low cooling water temperature cooléN (°C) 48
low cooling water temperature coolédUT(°C) 53
heat dissipation (kW) 266
, . high temperature cooling water flow (m”3/h) 45
Sl 2 high cooling water temperature coolé (°C) 77
high cooling water temperature cool€&@UT(°C) 82
Combustion air consuption (kg/h) 10320
gas data exhaust gas flow (kg/h) 10610
exhaust gas temperature (°C) 315
allowable exhaust gas back pressure max (mbar) 30
heat radiation engineradiation (kW) 35
air consuption per start ( N*m”3) 2.1
Starting air Starting air source pressuhMAX (bar) 30
Starting air source pressulIN (bar) 15
lubricating oil pump 6 bar (m”3/h) 57
High temperature cooling water pump ¢ 2.5 bar) (m”3/h) 45
i Low temperature cooling water pump (- 2.5 bar) (m”3/h) 45
Pump capacities Marin diesel oil pump head (8 bar) (m”3/h) 1.166
Heavy fuel oil supply pump head (4 bar) (m”3/h) 0.58
Heavy duebil booster pump (8 bar) (m”3/h) 1.16

135



Thermo -economic analysis of a VLCC

Table 71:8H22CDF Engine Performance Table Diesel Mode

Load Cylinder data Combustion air data Exhaust gas data
% Cylinder output | Meaneffective pressure Air temperature after cooler Mass flow Gas temperature after turbine
(kW) (bar) Mass flow (kg/kwWh) °C) (kg/kWh) °C)
50 108 11.4 7.5 45 7.8 352
75 161 17.1 7.2 45 7.4 288
85 183 194 6.8 45 7.1 291
100 215 22.9 6.7 45 6.9 293
110 237 25.1 6.4 45 6.6 307
Load Heat balance data Heat balance data
. . SFOC (g/kWh)
% Charge air . : Jacket cooling water .
(kJ/KWh) Lubricating oil (kJ/kWh) (kJ/KWh) Radiation (kJ/kwWh)
50 975 845 840 215 207.8
75 1330 635 770 190 196.5
85 1420 585 775 180 195.9
100 1500 530 790 180 195.2
110 1540 510 800 180 196
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Thermo -economic analysis of a VLCC

Table 72:8H22CDF Engine Capacity Data Diesel Mode

Heatdissipation (kW) 785
Low temperature cooling water flow (m”3/h] 61
Charge air low cooling water temperature cooléN (°C) 36
low cooling water temperature coolédUT
o 47
(69)
heat dissipation (kW) 263
Low temperature cooling water flogm”3/h) 61
Lubricating oil low cooling water temperature cooléN (°C) 47
low cooling water temperature coolédUT
50
(§9)
heat dissipation (kW) 395
high temperature cooling water flow (m”3/h) 61
Cylinder jacket high cooling water temperature coolé (°C) 77
high cooling water temperature cool@UT
°C) 82
Combustion air consuption (kg/h) 11460
exhaust gas flow (kg/h) 11810
gas data exhaust gas temperature (°C) 293
allowable exhaust gas bapkessure max
30
(mbar)
heat radiation engine radiation (kW) 88
lubricating oil pump 6 bar (m”3/h) 70
High temperature cooling water pump ¢ 2.5 61
Pump capacities bar) (m”3/h)
Low temperature cooling water pump (-2.5 61
bar) (m”3/h)
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Thermo -economic analysis of a VLCC

Table 73:8H22CDF Engine Performance Table Gas Mode

Load Cylinder data Combustion air data Exhaust gas data
% | Cylinder out-| Mean effective Mass flow Airtemperature after| Mass flow | Gas temperature after
put (kW) pressure (bar) (kg/kwh) cooler (°C) (kg/kwh) turbine (°C)
50 108 11.4 6.8 45 6.7 471
75 161 17.1 6 45 6.2 405
85 183 19.4 5.8 45 6 378.6
100 215 22.9 5.6 45 5.8 372
Load Heat balance data Heat balance data FuelConsumption
% Charge air Lubricating oil Jacket cooling wa- L SFGC Total Heat rate
(kJ/KWh) (kI/KWh) ter (kifkwh) | radiation (RAKWh) |- vy SIROE (@8 (kd/kWh)
50 910 815 530 230 191.5 4.8 9490
75 990 610 760 195 168.3 3.3 8710
85 1055 565 755 185 172.893 5.1 8512
100 1140 515 770 175 159.2 2.4 8290
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Thermo -economic analysis of a VLCC

Table 74:8H22CDF Engine Performance Table Gas Mode

Load % Fuel Consumption
SFGC (g/kWh) |  SPOC (g/kWh) Total Heat rate (kJ/kWh)
50 191.5 4.8 9490
75 168.3 3.3 8710
85 8296 5.1 8512
100 159.2 2.4 8290
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Thermo -economic analysis of a VLCC

Table 75:8H22CDF Engine Capacity Data Gas Mode

Engine capacity data / rated power 200 k¥¢ylinder @ 900rpn: !! GAS MODE !!

Low temperature cooling water pump (2.5 bar) (m”3/h)

Heat dissipation (kW) 656
. Low temperature cooling water flow (m”3/h) 61
Charge air .
low cooling water temperature cooléN (°C) 36
low cooling water temperature cool@UT(°C) 45
heat dissipation (kW) 253
Ll @ Low temperature cooling watdtow (m”3/h) 61
low cooling water temperature cooléN (°C) 45
low cooling water temperature coolédUT(°C) 49
heat dissipation (kW) 377
. . high temperature cooling water flow (m~3/h) 61
Cylinder jacket high cooling water temperature coolé&x (°C) 77
high cooling water temperature cool€UT(°C) 82
Combustion air consumption (kg/h) 9690
ke exhaust gas flow (kg/h) 10000
exhaust gas temperature (°C) 353
allowable exhaust gas bapkessure max (mbar) 24
heat radiation engine radiation (kW) 86
lubricating oil pump 6 bar (m”3/h) 70
Pump capacities High temperature cooling water pump ¢ 2.5 bar) (m”3/h) 61
61
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Thermo -economic analysis of a VLCC

$ LNG price ($B@ LFO price (8@ PLT price ({4 Total Price ($) Total Price (million 54
1 2415605.987 5093544.489 2420251.557 256356.05 10185758.08 10.1858
2 3008772.47 6150905.41 2455876.185 287314.3535 11902868.42 11.9029
3 2760838.684 0 7101157.03 0 9861995.714 9.8620
CO2 tax at 70 $/to. 4 3354005.172 1057361.2 7136781.628 30958.30093 11579106.3 11.5791
5) 2223183.691 5827536.516 1444373.344 268394.6241 9763488.176 9.7635
6 2933326.297 6326024.305 1537133.061 285202.7865 11081686.45 11.0817
7 2645371.184 0 6804163.15 0 9449534.334 9.4495
8 3355513.866 498487.8085 6896922.804 16808.15959 10767732.64 10.7677
1 3105779.126 5093544.489 2420251.557 256356.05 10875931.22 10.8759
2 3868421.747 6150905.41 2455876.185 287314.3535 12762517.7 12.7625
3 3549649.737 0 7101157.03 0 10650806.77 10.6508
CO2 tax at 90 $/to\ 4 4312292.364 1057361.2 7136781.628 30958.30093 12537393.49 12.5374
5 2858379.032 5827536.516 1444373.344 268394.6241 10398683.52 10.3987
6 3771419.525 6326024.305 1537133.061 285202.7865 11919779.68 11.9198
7 3401191.523 0 6804163.15 0 10205354.67 10.2054
8 4314232.113 498487.8085 6896922.804 16808.15959 11726450.89 11.7265
1 3795952.265 5093544.489 2420251.557 256356.05 11566104.36 11.5661
2 4728071.024 6150905.41 2455876.185 287314.3535 13622166.97 13.6222
3 4338460.79 0 7101157.03 0 11439617.82 11.4396
CO2 tax at 110 $tc 4 5270579.557 1057361.2 7136781.628 30958.30093 13495680.69 13.4957
5 3493574.372 5827536.516 1444373.344 268394.6241 11033878.86 11.0339
6 4609512.753 6326024.305 1537133.061 285202.7865 12757872.91 12.7579
7 4157011.861 0 6804163.15 (0] 10961175.01 10.9612
8 5272950.36 498487.8085 6896922.804 16808.15959 12685169.13 12.6852
1 4486125.404 5093544.489 2420251.557 256356.05 12256277.5 12.2563
2 5587720.302 6150905.41 2455876.185 287314.3535 14481816.25 14.4818
& 5127271.842 0 7101157.03 0 12228428.87 12.2284
CO2 tax at 130 $tc 4 6228866.749 1057361.2 7136781.628 30958.30093 14453967.88 14.4540
5 4128769.713 5827536.516 1444373.344 268394.6241 11669074.2 11.6691
6 5447605.98 6326024.305 1537133.061 285202.7865 13595966.13 13.5960
7 4912832.199 0 6804163.15 (0] 11716995.35 11.7170
8 6231668.607 498487.8085 6896922.804 16808.15959 13643887.38 13.6439
1 5176298.543 5093544.489 2420251.557 256356.05 12946450.64 12.9465
2 6447369.579 6150905.41 2455876.185 287314.3535 15341465.53 15.3415
2 5916082.895 0 7101157.03 0 13017239.92 13.0172
CO2 tax at 150 $itc 4 7187153.941 1057361.2 7136781.628 30958.30093 15412255.07 15.4123
5) 4763965.053 5827536.516 1444373.344 268394.6241 12304269.54 12.3043
6 6285699.208 6326024.305 1537133.061 285202.7865 14434059.36 14.4341
7 5668652.538 0 6804163.15 0 12472815.69 12.4728
8 7190386.855 498487.8085 6896922.804 16808.15959 14602605.63 14.6026
1 5866471.682 5093544.489 2420251.557 256356.05 13636623.78 13.6366
2 7307018.856 6150905.41 2455876.185 287314.3535 16201114.8 16.2011
3 6704893.948 0 7101157.03 (0] 13806050.98 13.8061
CO2 tax at 170 $itc 4 8145441.133 1057361.2 7136781.628 30958.30093 16370542.26 16.3705
5 5399160.393 5827536.516 1444373.344 268394.6241 12939464.88 12.9395
6 7123792.436 6326024.305 1537133.061 285202.7865 15272152.59 15.2722
7 6424472.876 0 6804163.15 0 13228636.03 13.2286
8 8149105.102 498487.8085 6896922.804 16808.15959 15561323.87 15.5613

Figure 66:Sensitivity Analysis analytical calculations
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m kn w w K W w w w w kgh
Condition ModelNum/Tim¢ - | Draft ~| Vspeec-| PpropD - Psgm -| MEload -| rSGPf-| PelD -| Psge -| AEload!-| AFEload2 -| AEload3 -| rSGEI-| mstD-| rSTME~| rSTAl-| ISTAB-| effME-| effAE-| eff tot -| TPD ME_LN-| TPD ME P~-| TPD ME_LF-| TPD AE LN-| TPD AE_F-| TPD_AE LI~
0 2162 15 16087 0 0.7149778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0311161 0 1.65E-06 | 0.58714104| 0.34405229 0.56099135 5163125 1.6300749 0 0 0 7.3395915
1 2162 8 1800 0 0.08 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.43848768| 0.34405224 0.48582783 6.579152 0.7548869 0 0 0 7.3395915
2 2162 85 2587 0 0.11497778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.45262662| 0.34405224 0.4862378 9.273847 0.9207612 0 0 0 7.3395915
3 21.62 9 3375 0 0.15 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.46772754] 0.34405224 0.49086848 11861109 0.986765 0 0 0 7.3395915
4 2162 95 4162 0 0.18497778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.47776932] 0.34405229 0.4946077 | 14.426762 1.0681946 0 0 0 7.3395915
5 21.62 10 4949 0 0.21995555 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 0.46164402 0 0.538356 | 0.5575596 | 0.34405224 0.526275 16.974165 1.1282138 0 0 0 7.3395915
6 2162 105 5699 0 0.2532889 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.5238864 0 0.47611362| 0.563392 | 0.34405224 0.5307436 19.401772 1.1757486 0 0 0 7.3395915
Scantling 7 2162 11 6511 0 0.28937778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.59390104 0 0.406099 | 0.56793576| 0.34405224 0.5345011 22.054312 1.2312056 0 0 0 7.3395915
8 2162 115 7423 0 0.3299111 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.8183157 0 0.1816843 | 0.5867567 | 0.34405224 0.5450462 25.070715 1.286638 0 0 0 7.3395915
9 2162 12 8388 0 0.3728 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.964968 0 0.035031989 0.59470344| 0.34405229 0.55093247 28.222288 1.3400933 0 0 0 7.3395915
10 21.62 125 9456 0 0.42026666 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.986654 0 0.013346031 0.59139234| 0.34405229 0.5514335 31625776 1.3940148 0 0 0 7.3395915
11 21.62 13 10592 0 0.47075555 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.9891421 0 0.01085790§ 0.590062 | 0.34405224 0.55349535, 35.0641 1.4416507 0 0 0 7.3395915
12 21.62 135 11837 0 0.5260889 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.9822902 0 0.0177098 | 0.59003246| 0.34405224 0.5565261 38.713615 1.4873409 0 0 0 7.3395915
13 2162 14 13137 0 0.58386666 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.97909975 0 0.020900229 0.58740336| 0.34405229 0.5569934 42.733566 1.539652 0 0 0 7.3395915
14 2162 145 14517 0 0.6452 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.98653287 0 0.013467159 0.59091187] 0.34405229 0.56212157 46.59248 15758773 0 0 0 7.3395915
15 2162 15 16087 0 0.7149778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0311161 0 1.65E-06 | 0.58714104) 0.34405224 0.56099135 51.63125 1.6300749 0 0 0 7.3395915
16 21.62 155 17760 0 0.78933334 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.1235838 0 1.65E-06 | 0.5818786] 0.3440522§ 0.558479 57.144684 1.6702282 0 0 0 7.3395915
17 21.62 16 19516 0 0.86737776 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.2904258 0 1.65E-06 | 0.5701939] 0.3440522§4 0.55000347 63.728012 1.7236642 0 0 0 7.3395915
18 9.25 8 853 0 0.03791111 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.42704624] 0.34405224 0.49619088 3.1692164 0.40416256 0 0 0 7.3395915
19 9.25 85 1423 0 0.06324445 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.43202296| 0.34405224 0.48779017 5.2491035 0.64004064 0 0 0 7.3395915
20 9.25 9 1993 0 0.08857778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.44187266| 0.34405224 0.48543316 7.250226 0.80480975 0 0 0 7.3395915
21 9.25 9.5 2563 0 0.113911115 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.45218197| 0.34405224  0.4861544 9.193307 091717947 0 0 0 7.3395915
2 9.25 10 3133 0 0.13924444 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.46298382| 0.34405229 0.48908746 11.078346 0.97714984 0 0 0 7.3395915
2 925 105 3641 0 0.16182223 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.47107401| 0.34405224 0.49193138 12.73675 1.0205778 0 0 0 7.3395915
24 9.25 11 4193 0 0.18635556 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.4781737 0.34405224 0.4947893 14526274 1.0702512 0 0 0 7.3395915
Ballast 25 9.25 115 4788 0 0.2128 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.44858354 0 0.55141646| 0.5563644 | 0.3440522§ 0.525376 16.449144 1.1144222 0 0 0 7.3395915
26 9.25 12 5462 0 0.24275556 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.5039669 0 0.4960331 | 0.5616368 | 0.34405224 0.5293723 18.634867 1.161882 0 0 0 7.3395915
27 9.25 125 6164 0 0.27395555 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.5636529 0 0.43634713| 0.56592447| 0.34405224 0.5328389 20.924189 1.2109268 0 0 0 7.3395915
28 9.25 13 6983 0 0.31035554 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.68827164 0 0.31172836| 0.57602936| 0.3440522§ 0.5391546 23.60631 1.2592175 0 0 0 7.3395915
29 9.25 135 827 0 0.34786665 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.93255043 0 0.06744956| 0.5952163 | 0.3440522§ 0.5499795 26.4129 1.3063943 0 0 0 7.3395915
30 9.25 14 8773 0 0.38991112 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.9765124 0 0.023487659 0.5936664 | 0.34405224 0.5512248 29.454145 1.3595796 0 0 0 7.3395915
31 9.25 145 9815 0 0.43622223 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.9880402 0 0.011959817 0.59013957| 0.34405224  0.55148 32.7602 1.4104068 0 0 0 7.3395915
32 9.25 15 10969 0 0.4875111 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 0.98819447 0 0.01180552| 0.5909043 | 0.34405224 0.555128 36.12168 1.4541998 0 0 0 7.3395915
3 9.25 155 12206 0 0.5424889 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.9778475 0 0.022152504 0.5891203 | 0.34405229 0.55663925! 39.847027 1.500807 0 0 0 7.3395915
34 9.25 16 13612 0 0.6049778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.98043025 0 0.019569764 0.5872556 | 0.34405229 0.5576823 44.162434 1.5562657 0 0 0 7.3395915
Harbour 35 9.25 0 0.01 0 0.00E+00 0 1122 0 0.3664207 | 0.36635238 7.03E-05 0 1542 0 0 1 0.42704624] 0.3369609| 0.4870296 3.72E-05 4.74E-06 0 0 0 6.7374425
Loading 36 2162 0 0.01 0 0.00E+00 0 2010 0 0.6485679 | 0.64844924 1.26E-04 0 1542 0 0 1 0.42704624| 0.37595139 0.47279888 3.72E-05 4.74E-06 0 0 0 10.817979
Unloading 37 9.25 0 0.01 0 0.00E+00 0 5757 0 0.23189592| 0.23157772 3.61E-04 0 61985 0 0 1 0.42704624) 2,5757525[ 0.95104265 3.72E-05 4.74E-06 0 0 0 4.522451

Figure 67:1st simulation scenario extended tables -A part
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Thermo -economic analysis of a VLCC

TPD AB LF -] TPD LNG-| TPD PL1-] TPD LFC-] EPD ME-| EPD AE-| EPD AE-] EPD LNG-| EPD LFC-] EPD tot -] TPD COZz-~| ME flow GE~] ME flow exn~] ME TaTC ex -
6.01E-06 51.63125 1.6300749 8.969672 722.2267 87.05653 7.12E-05 702.892 106.39129 809.28326 169.9175 0.5975839 34.85565 468.15
3.637462 6.579152 0.7548869 11.73194 98.52044 87.05653 43.14475 89.56656 139.15517 228.72173 54.62593 0.07614759 11.084885 455

3.6374497 9.273847 0.9207612 11.897802 137.17267 87.05653 43.144608 126.25131 141.1225 267.3738 62.552837 0.10733619 11.717104 455
3.6374233 11.861109 0.986765 11.963779 17317773 87.05653 43.14429 161.4735 141.90508 303.37857 69.87326 0.13728136 13.148703 455
3.6373744 14.426762 1.0681946 12.04516 209.07161 87.05653 43.14371 196.40152 142.87035 339.27185 77.18223 0.1669764 13.948851 459.30228
1.9581747 16.974165 1.1282138 10.42598 244.46307 87.05653 23.226349 23108109 123.66488 354.74597 79.145454 0.19646025 15.147652 462.74643
1.7317543 19.401772 1.1757486 10.247094 278.0756 87.05653 20.540726 264.12976 121.54308 385.67285 85.26432 0.22455755 16.5763 465.41312
1.4770683 22.054312 1.2312056 10.047865 314.84427 87.05653 17.519838 300.24066 119.17998 419.42062 91.93841 0.25525823 18.123375 468.30023
0.6607902 25.070715 1.286638 9.28702 356.56613 87.05653 7.8377805 341.30502 110.15542 451.46045 97.86424 0.2901703 18.724707 490.686
0.12740786 28.222288 1.3400033 8.807003 400.10474 87.05653 15112132 384.2096 104.4629 488.6725 105.03658 0.32664686 20.027758 501.502
0.04853795 31.625776 1.3940148 8.782145 447.07834 87.05653 0.5757195 430.54364 104.16698 534.71063 114.31848 0.36603907 22.41444 493.90732

0.039488908 35.0641 1.4416507 8.820731 494.4516 87.05653 | 0.46838677 477.35187 104.624664 | 581.97656 123.89402 0.40583447 24.777275 486.24423

0.064408526 38.713615 1.4873409 8.891341 544.67694 87.05653 | 0.76396394 527.0353 105.46218 632.49744 134.15007 0.44807422 27.261023 479.01935

0.076011814 42.733566 1.539652 8.9552555 600.0238 87.05653 | 0.90159315 581.76166 106.22028 657.98193 145.40396 0.49460143 29.734821 473.44067

0.048978478 46.59248 1.5758773 8.964447 652.98755 87.05653 0.5809447 634.2957 106.329315 |  740.62506 156.0446 0.5392648 32.265503 469.438
6.01E-06 51.63125 1.6300749 8.969672 722.2267 87.05653 7.12E-05 702.892 106.39129 809.28326 169.9175 0.5975839 34.85565 468.15
6.01E-06 57.144684 1.6702282 9.000826 797.76117 87.05653 7.12E-05 777.9502 106.86756 884.81775 185.20447 0.6613968 37.990063 468.93668
6.01E-06 63.728012 1.7236642 9.063262 888.0184 87.05653 7.12E-05 867.5736 107.50137 975.075 203.47504 0.73759276 41.117897 473.54022
3.637463 3.1692164 0.40416256 11.381217 47.938602 87.05653 43.144764 43.14474 134.99516 178.13991 44.156456 0.036680743 11.041359 455
3.6374624 5.2491035 0.64004064 11.617094 79.05135 87.05653 43.144753 71.459694 137.79295 209.25264 50.61067 0.060753517 11.068161 455
3.6374617 7.250226 0.80480975 11.781862 108.24838 87.05653 43.144745 98.702354 139.74731 238.44966 56.626842 0.08391465 11.093229 455
3.6374505 9.193307 0.91717947 11.894221 136.03372 87.05653 43.144615 125.15486 141.08002 266.2349 62.320108 0.106404014 11.673464 455
3.6374314 11.078346 0.97714984 11.954172 162.4074 87.05653 43.144386 150.8172 141.79112 292.60834 67.69074 0.1282216 12.709309 455
3.6374066 12.73675 1.0205778 11.997576 185.49951 87.05653 43.144096 173.39421 142.30594 315.70013 72.38651 0.14741609 13.419317 456.45413
3.6373725 14.526274 1.0702512 12.047215 210.45073 87.05653 43.14369 197.75624 142.89471 340.65094 77.46228 0.16812816 13.980337 450.47174
2.005686 16.449144 1.1144222 10.4597 237.15202 87.05653 23.78989 223.93361 124.064835 | 347.99844 77.80665 0.19038361 14.840882 462.174
1.8042152 18.634867 1.161882 10.305689 267.4707 87.05653 21.4002 253.68936 122.23808 375.92743 83.3378 0.21568133 16.124863 464.57043
15870984 20.924189 1.2109268 10.137616 299.21857 87.05653 18.824928 284.8555 120.24454 405.10004 89.11006 0.24217811 17.462326 467.06644
11337976 23.60631 1.2592175 9.732607 336.30493 87.05653 13.448228 321.36905 115.44062 436.8097 95.224686 0.27322116 18.629217 476.606

0.24530922 26.4129 1.3063943 8.891295 375.07257 87.05653 2.9096677 359.57715 105.46164 465.0388 100.32297 0.30570486 18.812292 503.614

0.08542205 29.454145 1.3595796 8.784503 417.106 87.05653 1.01321 400.9797 104.19602 505.17575 108.354126 0.34090447 20.932018 498.76422
0.043496437 32.7602 1.4104068 8.793494 462.71646 87.05653 0.515921 445.9873 104.301605 | 550.28894 117.47349 0.379169 23.161715 491.35443
0.042935275 36.12168 1.4541998 3.836726 508.9981 87.05653 0.5092649 491.7495 104.81439 506.5639 126.852196 0.41807503 25.560417 483.89844
0.08056621 39.847027 1.500807 8.920964 560.2666 87.05653 0.9556139 542.4652 105.81356 648.2788 137.3592 0.46119246 27.963097 477.05133

0.071173035 44.162434 1.5562657 8.967031 619.67303 87.05653 0.8441993 601.21387 106.359955 707.5738 149.37003 0.5111393 30.628263 471.85132
2.572922 3.72E-05 4.74E-06 9.3103695 5.62E-04 79.914314 | 30.518003 5.06E-04 110.43237 110.43288 28.992502 4.30E-07 11.000001 455
2.572922 3.72E-05 4.74E-06 13.390905 5.62E-04 128.31447 | 30518003 5.06E-04 158.83252 158.83304 41.699383 4.30E-07 11.000001 455
103.42579 3.72E-05 4.74E-06 107.94824 5.62E-04 53.6418 1226.7565 5.06E-04 1280.3983 1280.3988 336.15094 4.30E-07 11.000001 455

Figure 68:1st simulation scenario extended tables -B part
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Thermo -economic analysis of a VLCC

w
ME_Tscav -~ ME_Qcac ~ Tpipel outlet ~ pipipel_dew_temp - AE_mflow_exk ~ AE_TaTC _ex - TPD_CH4 MI - TPD_CH4_ME_fini - TPD_CH4 AE - TPD_CH4_AE1_fin - TPD_CH4 AE - TPD_CH4_AE ~ TPD_CH4_toi ~ TPD_CO2 el ~
304.44955 4215769 424.0159 315.64276 2.1824994 1251.6753 0.1935 0.1935 0.4169 0.0000 0.0000 0.0000 0.1935 175.3366
305.15 116000 414.31003 303.64462 2.1824994 1251.6753 0.3030 0.3030 0.4169 0.0000 0.0000 0.0000 0.3030 63.1113
305.15 125991.11 414.81403 307.2154 2.1824994 1251.6753 0.2962 0.2962 0.4169 0.0000 0.0000 0.0000 0.2962 70.8478
305.15 140000 415.61508 308.8692 2.1824994 1251.6753 0.2894 0.2894 0.4169 0.0000 0.0000 0.0000 0.2894 77.9776
305.15 300897.78 415.97345 310.7197 2.1824994 1251.6753 0.2826 0.2826 0.4169 0.0000 0.0000 0.0000 0.2826 85.0962
305.15 461795.56 416.85638 311.81418 2.1824994 1251.6753 0.2758 0.2758 0.4169 0.0000 0.0000 0.0000 0.2758 86.8690
305.15 615128.9 417.8935 312.40024 2.1824994 1251.6753 0.2694 0.2694 0.4169 0.0000 0.0000 0.0000 0.2694 92.8064
305.15 781137.75 419.09866 312.93143 2.1824994 1251.6753 0.2623 0.2623 0.4169 0.0000 0.0000 0.0000 0.2623 99.2841
305.74823 937680 425.4367 314.32883 2.1824994 1251.6753 0.2545 0.2545 0.4169 0.0000 0.0000 0.0000 0.2545 104.9893
302.958 1160480 429.78986 315.07306 2.1824994 1251.6753 0.2461 0.2461 0.4169 0.0000 0.0000 0.0000 0.2461 111.9282
299.55533 1489973.4 428.33163 315.05347 2.1824994 1251.6753 0.2369 0.2369 0.4169 0.0000 0.0000 0.0000 0.2369 120.9517
300.56512 1880195.5 426.72147 315.06387 2.1824994 1251.6753 0.2271 0.2271 0.4169 0.0000 0.0000 0.0000 0.2271 130.2524
301.67178 2360017.8 425.253 315.08362 2.1824994 1251.6753 0.2180 0.2180 0.4169 0.0000 0.0000 0.0000 0.2180 140.2546
302.82733 2.16E+07 424.29446 315.23605 2.1824994 1251.6753 0.2105 0.2105 0.4169 0.0000 0.0000 0.0000 0.2105 151.2988
303.15 6143520 423.78864 315.2796 2.1824994 1251.6753 0.2026 0.2026 0.4169 0.0000 0.0000 0.0000 0.2026 161.7169
304.44955 4215769 424.0159 315.64276 2.1824994 1251.6753 0.1935 0.1935 0.4169 0.0000 0.0000 0.0000 0.1935 175.3366
305.93668 5052000 424.84186 315.84692 2.1824994 1251.6753 0.1890 0.1890 0.4169 0.0000 0.0000 0.0000 0.1890 190.4965
307.49756 5928960 426.8292 316.28085 2.1824994 1251.6753 0.1890 0.1890 0.4169 0.0000 0.0000 0.0000 0.1890 208.7670
305.15 280231.28 414.03958 295.95203 2.1824994 1251.6753 0.3112 0.3112 0.4169 0.0000 0.0000 0.0000 0.3112 52.8709
305.15 112648.89 414.2061 301.05298 2.1824994 1251.6753 0.3063 0.3063 0.4169 0.0000 0.0000 0.0000 0.3063 59.1872
305.15 117715.555 414.36185 304.81546 2.1824994 1251.6753 0.3014 0.3014 0.4169 0.0000 0.0000 0.0000 0.3014 65.0655
305.15 125564.445 414.78757 307.15244 2.1824994 1251.6753 0.2965 0.2965 0.4169 0.0000 0.0000 0.0000 0.2965 70.6210
305.15 135697.78 415.38223 308.4362 2.1824994 1251.6753 0.2915 0.2915 0.4169 0.0000 0.0000 0.0000 0.2915 75.8536
305.15 194382.22 415.67084 309.55234 2.1824994 1251.6753 0.2871 0.2871 0.4169 0.0000 0.0000 0.0000 0.2871 80.4265
305.15 307235.56 415.99817 310.7829 2.1824994 1251.6753 0.2824 0.2824 0.4169 0.0000 0.0000 0.0000 0.2824 85.3687
305.15 428880 416.64465 311.66583 2.1824994 1251.6753 0.2772 0.2772 0.4169 0.0000 0.0000 0.0000 0.2772 85.5691
305.15 566675.56 417.55722 312.2289 2.1824994 1251.6753 0.2714 0.2714 0.4169 0.0000 0.0000 0.0000 0.2714 90.9372
305.15 710195.56 418.5749 312.72144 2.1824994 1251.6753 0.2653 0.2653 0.4169 0.0000 0.0000 0.0000 0.2653 96.5397
305.35712 867280 421.25397 313.51382 2.1824994 1251.6753 0.2583 0.2583 0.4169 0.0000 0.0000 0.0000 0.2583 102.4562
306.10733 1002320 429.84232 315.03888 2.1824994 1251.6753 0.2510 0.2510 0.4169 0.0000 0.0000 0.0000 0.2510 107.3503
300.56244 1273413.4 429.30212 315.03583 2.1824994 1251.6753 0.2428 0.2428 0.4169 0.0000 0.0000 0.0000 0.2428 115.1526
299.87445 1608044.5 427.79013 315.07913 2.1824994 1251.6753 0.2338 0.2338 0.4169 0.0000 0.0000 0.0000 0.2338 124.0198
300.9002 2017591.1 426.23526 315.03162 2.1824994 1251.6753 0.2238 0.2238 0.4169 0.0000 0.0000 0.0000 0.2238 133.1194
301.9998 2510897.8 424.86548 315.12686 2.1824994 1251.6753 0.2159 0.2159 0.4169 0.0000 0.0000 0.0000 0.2159 143.4042
303.15 2.80E+07 424.07028 315.276 2.1824994 1251.6753 0.2078 0.2078 0.4169 0.0000 0.0000 0.0000 0.2078 155.1883
305.15 800000 413.78015 282.72684 2.0858796 1253.1088 0.0000 0.0000 0.4695 0.0000 0.0000 0.0000 0.0000 28.9926
305.15 800000 413.78015 282.72662 2.8019965 1231.0753 0.0000 0.0000 0.2293 0.0000 0.0000 0.0000 0.0000 41.6994
305.15 800000 413.78015 282.72693 1.8006301 1257.9502 0.0000 0.0000 0.6472 0.0000 0.0000 0.0000 0.0000 336.1509

Figure 69:1st simulation scenario extended tables -C part
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Thermo -economic analysis of a VLCC

m kn w w Kw w fw w w w kgh
Condition ModelNum/Tim¢ | Draft +| Vspeec~| PpropD - Psgm <] MEload | rSGPf~| PelD r| Psge v| AEload!~| AEload? -| AEload3 -| rSGEI+| mstD~| rSTME~| rSTAl~| rSTAB~| effME | effAE | eff tot -| TPD ME LM+ TPD MEP~| TPD ME LF+| TPD AE LM+| TPD AE F~[ TPD AE LI~
0 21.62 15 16087 0 0.7149778 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 10311161 0 1.65E-06 | 058714104 031223315 0.55490816] 5163125 16300749 0 3.9433656 1.16E-01 7.388717
1 21.62 8 1800 0 0.08 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 0 0 1 0.43848768| 0.31223319 046768695 6579152 0.7548869 0 3.9433656 1.16E-01 7.388717
2 2162 85 2581 0 0.11497778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.45262662] 0.31223315 0470622 9.273847 0.9207612 0 3.9433656 1.16E-01 7.388717
3 2162 9 375 0 0.15 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 046772754 0.31223315 047692174 11861109 0.986765 0 3.9433656 1.16E-01 7.388717
4 2162 95 4162 0 0.18497778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.47776932] 0.31223315 048200354  14.426762 1.0681946 0 3.9433656 1.16E-01 7.388717
5 2162 10 4949 0 0.21995555 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 046164402] 0 0.538356 | 0.5575596) 0.31223319 05134346 |  16.974165 1.1282138 0 3.9433656 116E-01 7.388717
6 2162 105 5699 0 0.2532889 0 1248 0 04062397 | 0.406164 781E-05 0 2180 | 05238864 | 0 | 047611362 0.563392 |0.31223315 05188002 |  19.401772 11757486 0 3.9433656 L1.16E-01 7.388717
7 2162 1 6511 0 0.28937778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 059390104] 0 0.406009 | 056793576 0.31223319 05234203 | 22054312 1.2312056 0 3.9433656 L116E-01 7.388717
8 2162 115 7423 0 0.3200111 0 1248 0 0.4062397 | 0.406164 781E-05 0 2180 | 08183157 0 0.1816843 | 05867567 | 0.31223314 0.5345418 |  25.070715 1.286638 0 3.9433656 L16E-01 7.388717
9 2162 Y 8388 0 03728 0 1248 0 0.4062397 | 0.406164 781E-05 0 2180 | 0964968 0 ]0.035031984 0.50470344] 031223315 0.54110867)  28.222088 1.3400933 0 3.9433656 L16E-01 7.388717
Scanting 10 2162 125 9456 0 0.42026666 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 | 0.986654 0 0.013346031 0.59139234| 0.31223319 0.54243356| 31625776 1.3940148 0 3.9433656 1.16E-01 7.388717
11 21.62 13 10592 0 0.47075555 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 | 0.9891421 0 0.010857906 0.590062 | 0.31223319 0.54518443 35.0641 1.4416507 0 3.9433656 1.16E-01 7.388717
12 21.62 135 11837 0 0.5260889 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 | 0.9822902 0 0.0177098 | 0.59003246) 0.31223315 0.54882795|  38.713615 14873409 0 3.9433656 1.16E-01 7.388717
13 2162 14 13137 0 0.58386666 0 1248 0 04062397 | 0.406164 781E-05 0 2180 | 097909975\ 0 |0.020000229 0.58740336( 0.31223319 0.5499022 |  42.733566 1539652 0 3,9433656 1.16E-01 7.388717
14 2162 145 14517 0 0.6452 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 | 0.98653287 0 0.013467159 0.59091187| 0.31223319 0.5554678 46.59248 15758773 0 3.9433656 1.16E-01 7.388717
15 2162 15 16087 0 0.7149778 0 1248 0 0.4062397 | 0.406164 781E-05 0 2180 | 10311161 0 1.65E-06 | 0.58714104| 0.31223315 055490816] 5163125 1.6300749 0 3.9433656 L116E-01 7.388717
16 2162 155 17760 0 0.78933334 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 11235838| 0 1.65E-06 | 05818786 0.31223315 0.5520349 |  57.144684 16702282 0 3.9433656 L1.16E-01 7.388717
7 2162 16 19516 0 0.86737776 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 12904258 | 0 L165E-06 | 05701939 | 0.31223315 0.54504436]  63.728012 1.7236642 0 3.9433656 L116E-01 7.388717
18 9.25 8 853 0 0.03791111 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 0 0 1 0.42704624| 0.31223319 0.47265172|  3.1692164 0.40416256 0 3.9433656 1.16E-01 7.388717
19 9.25 85 1423 0 0.06324445 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.43202296] 0.31223319 0.46795028|  5.2491035 0.64004064 0 3.9433656 1.16E-01 7.388717
20 9.25 9 1993 0 0.08857778 0 1248 0 04062397 |  0.406164 7.81E-05 0 2180 0 0 1 0.44187266| 0.31223319  0.46802 7.250226 0.80480975 0 3.9433656 1.16E-01 7.388717
2 9.25 95 2563 0 0.113911115 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.45218197] 0.31223319 0.47047666] 9193307 0.91717947 0 3.9433656 1.16E-01 7.388717
2 9.25 10 3133 0 0.13924444 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.46298382( 0.31223319 0.47469488| 11078346 0.97714984 0 3.9433656 1.16E-01 7.388717
2 9.25 10.5 3641 0 0.16182223 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.47107401 0.31223319 0.47848502 12.73675 10205778 0 3.9433656 1.16E-01 7.388717
24 9.25 1 4193 0 0.18635556 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.4781737( 0.31223315 0.48223028] ~ 14.526274 10702512 0 3.9433656 1.16E-01 7.388717
25 9.25 115 4783 0 0.2128 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 | 0.44858354 0 0.55141646| 0.5563644 | 0.31223315 05123152 16.449144 11144222 0 3.9433656 1.16E-01 7.388717
Ballast 26 9.25 12 5462 0 0.24275556 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 | 0.5039669 0 0.4960331 | 0.5616368| 0.31223319 0.51716727|  18.634867 1161882 0 3.9433656 1.16E-01 7.388717
20 9.25 125 6164 0 0.27395555 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 | 0.5636529 0 0.43634713| 0.56592447| 031223315 0.52141964|  20.924189 1.2109268 0 3.9433656 1.16E-01 7.388717
28 9.25 13 6983 0 0.31035554 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.68827164 0 0.31172836/ 0.57602936] 0.31223315 0.5284222 2360631 1.2592175 0 3.9433656 1.16E-01 7.388717
29 9.25 135 7827 0 0.34786665 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.93255043 0 0.06744956| 0.5952163| 0.31223315 0.5396837 264129 13063943 0 3.9433656 1.16E-01 7.388717
30 9.25 14 87713 0 0.38991112 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.9765124 0 0.023487659 0.5936664 | 0.31223319 0.54171145| 29454145 13595796 0 3.9433656 1.16E-01 7.388717
3L 9.5 145 9815 0 043622223 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.9880402 0 0.011959817 0.59013957| 0.31223319 0.54273003 32.7602 14104068 0 3.9433656 1.16E-01 7.388717
2 9.25 15 10969 0 0.4875111 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.98819447 0 0.011805519 05909043 0.31223319 0.5469934 36.12168 14541998 0 3.9433656 1.16E-01 7.388717
3B 9.5 155 12206 0 0.5424889 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.9778475 0 0.022152507 05891203 0.31223319 (0.5491244 39.847027 1500807 0 3.9433656 1.16E-01 7.388717
A 9.5 16 13612 0 0.6049778 0 1248 0 0.4062397 | 0406164 7.81E-05 0 2180 | 0.98043025 0 0.019569764 0.5872556 | 0.31223319 0.5507765 44.162434 15562657 0 3.9433656 1.16E-01 7.388717
Harbour b 9.5 0 0.01 0 0.00E+00 0 122 0 0.3664207 | 0.36635238 7.03E-05 0 1542 0 0 1 0.42704624| 0.29828885 0.44525653 3.72E-05 4.74E-06 0 3.7495902 1.17E-01 6.939967
Loading 36 21.62 0 0.01 0 0.00E+00 0 2010 0 0.6485679 | 0.64844924 1.26E-04 0 1542 0 0 1 0.42704624| 0.37200197 0.46877828 3.72E-05 4.74E-06 0 5.096905 1.10E-01 10.0698185
Unloading kil 9.5 0 001 0 0.00E+00 0 5757 0 023189592 0.23157772 | 361E-04 0 61985 0 0 1 0.42704624| 2.0185575| 0.4017017|  3.72E-05 4.74E-06 0 3.0176053 1.10E-01 5.2147603

Figure 70:2" simulation scenario extended tables -A part
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Thermo -economic analysis of a VLCC

TPD_AB_LF - TPD_LNC - TPD_PL1~ TPD_LFC ~ EPD_ME ~ EPD_AE - EPD_AE - EPD_LNC ~ EPD_LFC - EPD_tot - TPD_COzZ ~ ME_flow_GF ~ ME_flow_exh -~ ME_TaTC_ex ~
6.01E-06 55.574615 1.7462904 9.135014 722.2267 95.928314 7.12E-05 756.57574 61.579296 818.1551 181.27663 0.5975839 34.85565 468.15
3.637462 10.522517 0.87110245 11.897282 98.52044 95.928314 43.14475 143.25034 94.34318 237.5935 65.985054 0.07614759 11.084885 455

3.6374497 13.217213 1.0369768 12.063144 137.17267 95.928314 43.144608 179.93509 96.3105 276.24557 73.911964 0.10733619 11.717104 455
3.6374233 15.804474 1.1029805 12.129121 173.17773 95.928314 43.14429 215.15727 97.09308 312.25034 81.23238 0.13728136 13.148703 455
3.6373744 18.370127 1.1844102 12.210502 209.07161 95.928314 43.14371 250.08528 98.05835 348.14365 88.54135 0.1669764 13.948851 459.30228
1.9581747 20.91753 1.2444293 10.591321 244.46307 95.928314 23.226349 284.76486 78.85289 363.61774 90.504585 0.19646025 15.147652 462.74643
1.7317543 23.345137 1.2919642 10.412436 278.0756 95.928314 20.540726 317.81354 76.73109 394.54462 96.62345 0.22455755 16.5763 465.41312
1.4770683 25.997679 1.3474212 10.213206 314.84427 95.928314 17.519838 353.9244 74.36799 428.29242 103.29754 0.25525823 18.123375 468.30023
0.6607902 29.01408 1.4028535 9.452361 356.56613 95.928314 7.8377805 394.9888 65.34342 460.3322 109.22337 0.2901703 18.724707 490.686
0.12740786 32.165653 1.4563087 8.972434 400.10474 95.928314 1.5112132 437.89337 59.6509 497.54425 116.395706 0.32664686 20.027758 501.502
0.04853795 35.56914 1.5102303 8.947485 447.07834 95.928314 0.5757195 484.22742 59.354984 543.5824 125.67761 0.36603907 22.41444 493.90732

0.039488908 39.00746 1.5578663 8.986073 494.4516 95.928314 0.46838677 531.03564 59.81267 590.8483 135.25314 0.40583447 24.777275 486.24423

0.064408526 42.65698 1.6035564 9.056682 544.67694 95.928314 0.76396394 580.71906 60.650192 641.36926 145.5092 0.44807422 27.261023 479.01935

0.076011814 46.67693 1.6558676 9.120596 600.0238 95.928314 0.90159315 635.44543 61.408295 696.8537 156.76309 0.49460143 29.734821 473.44067

0.048978478 50.535843 1.6920929 9.129788 652.98755 95.928314 0.58094466 687.9795 61.517323 749.4968 167.40373 0.5392648 32.265503 469.438
6.01E-06 55.574615 1.7462904 9.135014 722.2267 95.928314 7.12E-05 756.57574 61.579296 818.1551 181.27663 0.5975839 34.85565 468.15
6.01E-06 61.088047 1.7864438 9.175167 797.76117 95.928314 7.12E-05 831.634 62.055565 893.6895 196.5636 0.6613968 37.990063 468.93668
6.01E-06 67.67138 1.8398798 9.228602 888.0184 95.928314 7.12E-05 921.2574 62.68938 983.9468 214.83415 0.73759276 41.117897 473.54022
3.637463 7.1125817 0.5203781 11.546558 47.938602 95.928314 43.144764 96.828514 90.18317 187.01167 55.515583 0.036680743 11.041359 455
3.6374624 9.19247 0.75625616 11.782435 79.05135 95.928314 43.144753 125.14346 92.980965 218.12442 61.969795 0.060753517 11.068161 455
3.6374617 11.193591 0.9210253 11.947204 108.24838 95.928314 43.144745 152.38612 94.93532 247.32144 67.98597 0.08391465 11.093229 455
3.6374505 13.136672 1.033395 12.059563 136.03372 95.928314 43.144615 178.83862 96.26803 275.10666 73.67933 0.106404014 11.673464 455
3.6374314 15.021711 1.0933654 12.1195135 162.4074 95.928314 43.144386 204.50098 96.979126 301.4801 79.04987 0.1282216 12.709309 455
3.6374066 16.680115 1.1367934 12.162917 185.49951 95.928314 43.144096 227.07797 97.49394 324.57193 83.74564 0.14741609 13.419317 456.45413
3.6373725 18.469639 1.1864668 12.212556 210.45073 95.928314 43.14369 251.44 98.082726 349.52274 88.82141 0.16812816 13.980337 459.47174
2.005686 20.39251 1.2306377 10.625041 237.15202 95.928314 23.78989 277.61737 79.252846 356.87024 89.16578 0.19038361 14.840882 462.174
1.8042152 22.578232 1.2780976 10.47103 267.4707 95.928314 21.4002 307.37314 77.42609 384.79922 94.69692 0.21568133 16.124863 464.57043
1.5870984 24.867556 1.3271424 10.302958 299.21857 95.928314 18.824928 338.53928 75.43255 413.97183 100.469185 0.24217811 17.462326 467.06644
1.1337976 27.549675 1.375433 9.897947 336.30493 95.928314 13.448228 375.05283 70.62863 445.68146 106.58382 0.27322116 18.629217 476.606

0.24530922 30.356266 1.4226099 9.056636 375.07257 95.928314 2.9096677 413.2609 60.649647 473.91055 111.6821 0.30570486 18.812292 503.614

0.08542205 33.39751 1.4757951 8.949934 417.106 95.928314 1.01321 454.66348 59.384033 514.04755 119.71325 0.34090447 20.932018 498.76422
0.043496437 36.703564 1.5266223 8.958836 462.71646 95.928314 0.515921 499.67108 59.489616 559.1607 128.83263 0.379169 23.161715 491.35443
0.042935275 40.06505 1.5704153 9.002068 508.9981 95.928314 0.5092649 545.4333 60.002396 605.43567 138.21132 0.41807503 25.560417 483.89844

0.08056621 43.790394 1.6170225 9.086306 560.2666 95.928314 0.9556139 596.149 61.001564 657.1506 148.71834 0.46119246 27.963097 477.05133

0.071173035 48.1058 1.6724813 9.132371 619.67303 95.928314 0.8441993 654.89764 61.54796 716.44556 160.72916 0.5111393 30.628263 471.85132
2.572922 3.75E+00 1.17E-01 9.62986 5.62E-04 90.27491 30.518003 51.046276 69.7472 120.79347 40.29886 4.30E-07 11.000001 455
2.572922 5.0969424 1.10E-01 12.752701 5.62E-04 129.67674 30.518003 69.388214 90.8071 160.19531 53.7285 4.30E-07 11.000001 455
103.42579 3.0176425 1.10E-01 108.750755 5.62E-04 68.448875 1226.7565 41.08126 1254.1246 1295.2058 346.94836 4.30E-07 11.000001 455

Figure 71:27 simulation scenario extended tables -B part
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Thermo -economic analysis of a VLCC

ME_Tscav - ME_Qcac - Tpipel_outlet - Tpipipel_dew_temp - AE_mflow_exh - AE_TaTC _ex - TPD_CH4 MI - TPD_CH4_ME _fini - TPD_CH4 AE - TPD_CH4 AE1 fin - TPD_CH4 AE - TPD_CH4_AE - TPD_CH4 tol - TPD CO2 ei-|
304.44955 4215769 424.0159 315.64276 2.1824994 1251.6753 0.1935 0.1935 0.4169 0.4169 0.0000 0.0000 0.6105 198.3701
305.15 116000 414.31003 303.64462 2.1824994 1251.6753 0.3030 0.3030 0.4169 0.4169 0.0000 0.0000 0.7200 86.1448
305.15 125991.11 414.81403 307.2154 2.1824994 1251.6753 0.2962 0.2962 0.4169 0.4169 0.0000 0.0000 0.7132 93.8813
305.15 140000 415.61508 308.8692 2.1824994 1251.6753 0.2894 0.2894 0.4169 0.4169 0.0000 0.0000 0.7064 101.0111
305.15 300897.78 415.97345 310.71973 2.1824994 1251.6753 0.2826 0.2826 0.4169 0.4169 0.0000 0.0000 0.6996 108.1296
305.15 461795.56 416.85638 311.81418 2.1824994 1251.6753 0.2758 0.2758 0.4169 0.4169 0.0000 0.0000 0.6928 109.9025
305.15 615128.9 417.8935 312.40027 2.1824994 1251.6753 0.2694 0.2694 0.4169 0.4169 0.0000 0.0000 0.6863 115.8399
305.15 781137.75 419.09866 312.93143 2.1824994 1251.6753 0.2623 0.2623 0.4169 0.4169 0.0000 0.0000 0.6793 122.3176
305.74823 937680 425.4367 314.32886 2.1824994 1251.6753 0.2545 0.2545 0.4169 0.4169 0.0000 0.0000 0.6714 128.0228
302.958 1160480 429.78986 315.07306 2.1824994 1251.6753 0.2461 0.2461 0.4169 0.4169 0.0000 0.0000 0.6631 134.9616
299.55533 1489973.4 428.33163 315.05347 2.1824994 1251.6753 0.2369 0.2369 0.4169 0.4169 0.0000 0.0000 0.6538 143.9852
300.56512 1880195.5 426.72147 315.06387 2.1824994 1251.6753 0.2271 0.2271 0.4169 0.4169 0.0000 0.0000 0.6440 153.2859
301.67178 2360017.8 425.253 315.08362 2.1824994 1251.6753 0.2180 0.2180 0.4169 0.4169 0.0000 0.0000 0.6350 163.2881
302.82733 2.16E+07 424.29446 315.23605 2.1824994 1251.6753 0.2105 0.2105 0.4169 0.4169 0.0000 0.0000 0.6275 174.3323
303.15 6143520 423.78864 315.2796 2.1824994 1251.6753 0.2026 0.2026 0.4169 0.4169 0.0000 0.0000 0.6195 184.7504
304.44955 4215769 424.0159 315.64276 2.1824994 1251.6753 0.1935 0.1935 0.4169 0.4169 0.0000 0.0000 0.6105 198.3701
305.93668 5052000 424.84186 315.84695 2.1824994 1251.6753 0.1890 0.1890 0.4169 0.4169 0.0000 0.0000 0.6059 213.5300
307.49756 5928960 426.8292 316.28085 2.1824994 1251.6753 0.1890 0.1890 0.4169 0.4169 0.0000 0.0000 0.6059 231.8005
305.15 280231.28 414.03958 295.95206 2.1824994 1251.6753 0.3112 0.3112 0.4169 0.4169 0.0000 0.0000 0.7282 75.9044
305.15 112648.89 414.2061 301.05298 2.1824994 1251.6753 0.3063 0.3063 0.4169 0.4169 0.0000 0.0000 0.7232 82.2207
305.15 117715.555 414.36185 304.8155 2.1824994 1251.6753 0.3014 0.3014 0.4169 0.4169 0.0000 0.0000 0.7183 88.0990
305.15 125564.445 414.78757 307.15244 2.1824994 1251.6753 0.2965 0.2965 0.4169 0.4169 0.0000 0.0000 0.7134 93.6545
305.15 135697.78 415.38223 308.4362 2.1824994 1251.6753 0.2915 0.2915 0.4169 0.4169 0.0000 0.0000 0.7085 98.8871
305.15 194382.22 415.67084 309.55237 2.1824994 1251.6753 0.2871 0.2871 0.4169 0.4169 0.0000 0.0000 0.7041 103.4600
305.15 307235.56 415.99817 310.78293 2.1824994 1251.6753 0.2824 0.2824 0.4169 0.4169 0.0000 0.0000 0.6993 108.4022
305.15 428880 416.64465 311.66586 2.1824994 1251.6753 0.2772 0.2772 0.4169 0.4169 0.0000 0.0000 0.6942 108.6026
305.15 566675.56 417.55722 312.2289 2.1824994 1251.6753 0.2714 0.2714 0.4169 0.4169 0.0000 0.0000 0.6883 113.9707
305.15 710195.56 418.5749 312.72147 2.1824994 1251.6753 0.2653 0.2653 0.4169 0.4169 0.0000 0.0000 0.6823 119.5732
305.35712 867280 421.25397 313.51382 2.1824994 1251.6753 0.2583 0.2583 0.4169 0.4169 0.0000 0.0000 0.6752 125.4897
306.10733 1002320 429.84232 315.0389 2.1824994 1251.6753 0.2510 0.2510 0.4169 0.4169 0.0000 0.0000 0.6679 130.3838
300.56244 1273413.4 429.30212 315.03583 2.1824994 1251.6753 0.2428 0.2428 0.4169 0.4169 0.0000 0.0000 0.6597 138.1861
299.87445 1608044.5 427.79013 315.07913 2.1824994 1251.6753 0.2338 0.2338 0.4169 0.4169 0.0000 0.0000 0.6507 147.0534
300.9002 2017591.1 426.23526 315.03162 2.1824994 1251.6753 0.2238 0.2238 0.4169 0.4169 0.0000 0.0000 0.6408 156.1529
301.9998 2510897.8 424.86548 315.12686 2.1824994 1251.6753 0.2159 0.2159 0.4169 0.4169 0.0000 0.0000 0.6328 166.4377
303.15 2.80E+07 424.07028 315.27603 2.1824994 1251.6753 0.2078 0.2078 0.4169 0.4169 0.0000 0.0000 0.6247 178.2218
305.15 800000 413.78015 282.72684 2.0858796 1253.1088 0.0000 0.0000 0.4695 0.4695 0.0000 0.0000 0.4695 53.4460
305.15 800000 413.78015 282.72668 2.8019965 1231.0753 0.0000 0.0000 0.2293 0.2293 0.0000 0.0000 0.2293 60.1491
305.15 800000 413.78015 282.72693 1.8006301 1257.9502 0.0000 0.0000 0.6472 0.6472 0.0000 0.0000 0.6472 365.0712

Figure 72:27 simulation scenario extended tables -C part
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Thermo -economic analysis of a VLCC

m kn KW KW Kw kw KW kW KW Kw kgih

Condition ModelNum/Tim¢ - | Draft -| Vspeec-| PpropD - Psgm  -| MEload -| rSGPi-| PelD -| Psge -| AEloadl-| AEload2 -| AEload3 -| rSGEI-| mstD-| rSTME-| rSTAI-| ISTAB-| effME -| effAE v] eff tot -| TPD_ME_LN-| TPD_ MEP-| TPD ME_LF-| TPD AE LM-| TPD_AE F-| TPD AE LI-
0 2162 15 16087 0 0.7149778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.2043179 0 1.65E-06 | 0.5474783 03440522&1 0.5269241 0 0 65.30072 0 0 7.3395915
1 21.62 8 1800 0 0.08 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.41812307) 0‘344052211 0.47584534, 0 0 8.710641 0 0 7.3395915
2 21.62 85 2587 0 0.11497778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.43131334] 03440522& 0.47421598 0 0 12.136271 0 0 7.3395915
3 21.62 9 3375 0 0.15 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.44538137] 034405224 04772015 0 0 15.3328705 0 0 7.3395915
4 21.62 95 4162 0 0.18497778 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.45463762| 034405224 0.47957093 0 0 18523304 0 0 7.3395915
5 21.62 10 4949 0 0.21995555 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.524223 0 0.47577697| 0.5394706 | 0.34405229 0.51198465 0 0 21.672615 0 0 7.3395915
6 21.62 105 5699 0 0.2532889 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 05967669 0 0.4032331 | 0.54494935] 034405224 05155782 0 0 24665512 0 0 7.3395915
Scantling 7 21.62 11 6511 0 0.28937778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 | 0.66882855 0 0.33117145| 0.5483115 0‘344052211 0.5181637 0 0 27.931335 0 0 7.3395915
8 21.62 115 7423 0 0.3299111 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.8997927 0 0.10020735| 0.56567264] 03440522& 0.52724403 0 0 31.642866 0 0 7.3395915
9 21.62 12 8388 0 0.3728 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 1.0529797 0 165E-06 | 05679944 ] 0.34405226 0.5296409 0 0 35515644 0 0 7.3395915
10 21.62 125 9456 0 0.42026666 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0781746 0 1.65E-06 | 0.56253433 0‘344052221 0.52844584; 0 0 30.70186 0 0 7.3395915
11 21.62 13 10592 0 0.47075555 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0824009 0 1.65E-06 | 0.5606509 0344052221 052964634 0 0 43.935074 0 0 7.3395915
12 21.62 135 11837 0 0.5260889 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0810171 0 1.65E-06 | 0.56077445 03440522&1 0.53224623 0 0 48.417633 0 0 7.3395915
13 21.62 14 13137 0 0.58386666 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0914111 0 1.65E-06 | 0.5585384 03440522&| 0.53258663 0 0 53.32093 0 0 7.3395915
14 21.62 145 14517 0 0.6452 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 1117416 0 165E-06 | 0.56100065] 0.34405228) 0.5366547 0 0 58.064205 0 0 7.3395915
15 21.62 15 16087 0 0.7149778 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.2043179 0 1.65E-06 | 0.5474783 03440522&1 0.5269241 0 0 65.30072 0 0 7.3395915
16 21.62 15.5 17760 0 0.78933334 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.3194172 0 1.65E-06 | 0.5420641 03440522&' 05237918 0 0 72.19772 0 0 7.3395915
17 21.62 16 19516 0 0.86737776 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 1.6967299 0 165E-06 | 0.53775865] 0.34405228 052136457, 0 0 79.382454 0 0 7.3395915
18 9.25 8 853 0 0.03791111 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.40743622) 0‘344052221 0.4898468 0 0 4.2361484 0 0 7.3395915
19 9.25 85 1423 0 0.06324445 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.41208613 0‘344052221 0.47903526! 0 0 6.987127 0 0 7.3395915
20 9.5 9 1993 0 0.08857778 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.42128256] 0.3440522¢ 0.47489676 0 0 9572284 0 0 7.3395915
21 9.25 9.5 2563 0 0.113911115 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.43089882 0‘344052221 0.47418752, 0 0 12.035249 0 0 7.3395915
22 9.25 10 3133 0 0.13924444 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.4409643] 0.3440522d 047589794 0 0 14.37602 0 0 7.3395915
23 9.25 10.5 3641 0 0.16182223 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.44846746| 0.34405228 0.47777995, 0 0 16.4275 0 0 7.3395915
24 9.25 11 4193 0 0.18635556 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0 0 1 0.4550101 0‘34405221 0.4797021 0 0 18.645996 0 0 7.3395915
Ballast 25 9.25 115 4788 0 0.2128 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.5088166 0 0.4911834 | 0.53832674| 0‘344052221 05112779 0 0 21.021925 0 0 7.3395915
2% 9.5 12 5462 0 0.24275556 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 057418185 0 0.42581812] 0.54337215] 0.3405229 0.51449883 0 0 23.72155 0 0 7.3395915
21 9.25 125 6164 0 0.27395555 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.6377126 0 0.36228737| 0.54678094] 0‘344052221 05169842 0 0 26.543304 0 0 7.3395915
28 9.25 13 6983 0 0.31035554 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 0.7650553 0 0.23494469| 0.5555751 0344052221 0.522045 0 0 29.83945 0 0 7.3395915
29 9.25 135 821 0 0.34786665 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0198246 0 1.65E-06 | 0.57185864) 03440522&1 0.5307069 0 0 33.290714 0 0 7.3395915
30 9.25 14 8773 0 0.38991112 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0646293 0 1.65E-06 | 0.5658537 03440522&| 0.5291607 0 0 37.026684 0 0 7.3395915
31 9.25 145 9815 0 043622223 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 1.0820959 0 165E-06 | 0.5610517] 0.34405228 0.5281728 0 0 41.10148 0 0 7.3395915
32 9.25 15 10969 0 0.4875111 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0787985 0 1.65E-06 | 0.561447 0‘344052211 0.53109586! 0 0 45.23145 0 0 7.3395915
33 9.25 15.5 12206 0 0.5424889 0 1248 0 0.4062397 0.406164 7.81E-05 0 2180 1.0833689 0 1.65E-06 | 0.56007046) 03440522& 0.5323285 0 0 49.8116 0 0 7.3395915
34 9.5 16 13612 0 0.6049778 0 1248 0 0.4062397 | 0.406164 7.81E-05 0 2180 | 1.0962585 0 165E-06 | 0.55837405] 0.3405228) 05331641 0 0 55.057888 0 0 7.3395915
Harbour 35 9.25 0 0.01 0 0.00E+00 0 1122 0 0.3664207 | 0.36635238 7.03E-05 0 1542 0 0 1 0.40743622) 0.3369609| 0.4870301 0 0 4.97E-05 0 0 6.7374425
Loading 36 21.62 0 0.01 0 0.00E+00 0 2010 0 0.6485679 | 0.64844924 1.26E-04 0 1542 0 0 1 0.40743622) 0‘375951321 047279924, 0 0 4.97E-05 0 0 10.817979
Unloading 37 9.25 0 0.01 0 0.00E+00 0 5757 0 0.23189592|  0.23157772 3.61E-04 0 61985 0 0 1 0.40743622) 2.5757525| 0.9510423 0 0 4.97E-05 0 0 4.522451
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Thermo -economic analysis of a VLCC

TPD_AB_LF ~ TPD_LNC - TPD_PL1~ TPD_LFC - EPD_ME ~ EPD_AE ~ EPD_AE ~ EPD_LNC - EPD_LFC ~ EPD_tot - TPD_COzZ ~ ME_flow_GF ~ ME_flow_exh ~ ME_TaTC_ex ~
6.01E-06 0 0 72.64032 774.5465 87.05653 7.12E-05 0 861.6031 861.6031 226.20195 0 37.435623 474.44955
3.6374815 0 0 19.687714 103.31886 87.05653 43.14498 0 233.52039 233.52039 61.30754 0 10.0508175 455
3.6374676 0 0 23.11333 143.95103 87.05653 43.144817 0 274.15237 274.15237 71.974915 0 10.77613 455
3.637437 0 0 26.309898 181.86661 87.05653 43.144455 0 312.0676 312.0676 81.92902 0 12.416401 455
3.6373465 0 0 29.500242 219.70906 87.05653 43.14338 0 349.90897 349.90897 91.863754 0 14.099075 462.80005
1.7305298 0 0 30.742735 257.06372 87.05653 20.526201 0 364.64648 364.64648 95.73288 0 15.861096 467.74643
1.4666437 0 0 33.47175 292.56317 87.05653 17.396189 0 397.0159 397.0159 104.23102 0 17.564556 470.41312
1.2045202 0 0 36.47545 331.29984 87.05653 14.287084 0 432.64346 432.64346 113.58454 0 19.083849 473.30023
0.3644497 0 0 39.34691 375.32312 87.05653 4.3228197 0 466.70248 466.70248 122.52627 0 19.773212 495.686
6.01E-06 0 0 42.85524 421.259 87.05653 7.12E-05 0 508.3156 508.3156 133.45122 0 21.123707 506.502
6.01E-06 0 0 47.041454 470.91263 87.05653 7.12E-05 0 557.96924 557.96924 146.48709 0 23.555899 498.90732
6.01E-06 0 0 51.27467 521.1237 87.05653 7.12E-05 0 608.18036 608.18036 159.66933 0 26.04159 490.8291
6.01E-06 0 0 55.75723 574.29236 87.05653 7.12E-05 0 661.349 661.349 173.62802 0 28.647213 483.5411
6.01E-06 0 0 60.660526 632.4515 87.05653 7.12E-05 0 719.5081 719.5081 188.89688 0 31.242002 478.44067
6.01E-06 0 0 65.4038 688.7125 87.05653 7.12E-05 0 775.76917 775.76917 203.66745 0 33.759186 475.342
6.01E-06 0 0 72.64032 774.5465 87.05653 7.12E-05 0 861.6031 861.6031 226.20195 0 37.435623 474.44955
6.01E-06 0 0 79.53732 856.3534 87.05653 7.12E-05 0 943.41 943.41 247.67923 0 40.67314 475.93668
6.00E-06 0 0 86.722046 941.573 87.05653 7.12E-05 0 1028.6296 1028.6296 270.05246 0 42.473824 494.01578
3.637483 0 0 15.2132225 50.245903 87.05653 43.144997 0 180.44743 180.44743 47.373974 0 9.999029 455
3.637482 0 0 17.964201 82.87588 87.05653 43.14499 0 213.07741 213.07741 55.94052 0 10.0308695 455
3.6374812 0 0 20.549356 113.539 87.05653 43.14498 0 243.74052 243.74052 63.990696 0 10.06079 455
3.6374686 0 0 23.012308 142.75278 87.05653 43.14483 0 272.95413 272.95413 71.66033 0 10.7261305 455
3.6374464 0 0 25.353058 170.5172 87.05653 43.144566 0 300.7183 300.7183 78.949425 0 11.9129505 455
3.6374066 0 0 27.4045 194.85027 87.05653 43.144093 0 325.0509 325.0509 85.33761 0 12.985321 457.63635
3.637343 0 0 29.622929 221.16432 87.05653 43.143337 0 351.3642 351.3642 92.245804 0 14.165322 463.1073
1.7865735 0 0 30.148088 249.34575 87.05653 21.190948 0 357.59323 357.59323 93.88115 0 15.488265 467.174
1.5487981 0 0 32.60994 281.3666 87.05653 18.370642 0 386.7938 386.7938 101.54735 0 17.04878 469.57043
1.317703 0 0 35.2006 314.8361 87.05653 15.62957 0 417.5222 417.5222 109.61467 0 18.434683 472.06644
0.85451007 0 0 38.03355 353.9324 87.05653 10.135535 0 451.12448 451.12448 118.43648 0 19.614815 481.606
6.01E-06 0 0 40.630314 394.86862 87.05653 7.12E-05 0 481.92523 481.92523 126.5228 0 19.918556 508.614
6.01E-06 0 0 44.36628 439.18176 87.05653 7.12E-05 0 526.2384 526.2384 138.1566 0 22.01506 503.76422
6.01E-06 0 0 48.44108 487.51385 87.05653 7.12E-05 0 574.57043 574.57043 150.84552 0 24.355158 496.35443
6.01E-06 0 0 52.571045 536.50037 87.05653 7.12E-05 0 623.55695 623.55695 163.70624 0 26.845676 488.14822
6.01E-06 0 0 57.151196 590.82654 87.05653 7.12E-05 0 677.8831 677.8831 177.96883 0 29.402925 481.90112
6.01E-06 0 0 62.397488 653.05396 87.05653 7.12E-05 0 740.11053 740.11053 194.30577 0 32.152077 476.9509
2.5729358 0 0 9.310428 5.89E-04 79.914314 30.51817 0 110.433075 110.433075 28.992674 0 9.950001 455
2.5729358 0 0 13.3909645 5.89E-04 128.31447 30.51817 0 158.83322 158.83322 41.699463 0 9.950001 455
103.42635 0 0 107.94885 5.89E-04 53.6418 1226.7631 0 1280.4055 1280.4055 336.1527 0 9.950001 455

Figure 74:3" simulation scenario extended tables -B part
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Thermo -economic analysis of a VLCC

ME_Tscav = ME_Qcac ~ Tpipel_outlet - Tpipipel_dew_temp - AE_mflow_ext - AE_TaTC ex ~ TPD_CH4_MI~ TPD_CH4_ME _fini - TPD_CH4_AE - TPD_CH4_AE1 fin ~ TPD_CH4_AE ~ TPD_CH4_AE - TPD_CH4_toi - TPD_CO2 ei'|
304.44955 4215769 425.87875 309.0488 2.1824994 1251.6753 0.1935 0.0000 0.4169 0.0000 0 0 0.0000 226.20195
305.15 116000 413.5609 300.38095 2.1824994 1251.6753 0.3030 0.0000 0.4169 0.0000 0 0 0.0000 61.30754
305.15 125991.11 414.11646 303.42758 2.1824994 1251.6753 0.2962 0.0000 0.4169 0.0000 0 0 0.0000 71.974915
305.15 140000 415.05826 304.56253 2.1824994 1251.6753 0.2894 0.0000 0.4169 0.0000 0 0 0.0000 81.92902
305.15 300897.78 415.9724 305.34323 2.1824994 1251.6753 0.2826 0.0000 0.4169 0.0000 0 0 0.0000 91.863754
305.15 461795.56 417.52423 305.84335 2.1824994 1251.6753 0.2758 0.0000 0.4169 0.0000 0 0 0.0000 95.73288
305.15 615128.9 418.83078 306.1934 2.1824994 1251.6753 0.2694 0.0000 0.4169 0.0000 0 0 0.0000 104.23102
305.15 781137.75 420.15417 306.73346 2.1824994 1251.6753 0.2623 0.0000 0.4169 0.0000 0 0 0.0000 113.58454
305.74823 937680 427.0026 307.9335 2.1824994 1251.6753 0.2545 0.0000 0.4169 0.0000 0 0 0.0000 122.52627
302.958 1160480 431.46262 308.60715 2.1824994 1251.6753 0.2461 0.0000 0.4169 0.0000 0 0 0.0000 133.45122
299.55533 1489973.4 429.94577 308.6305 2.1824994 1251.6753 0.2369 0.0000 0.4169 0.0000 0 0 0.0000 146.48709
300.56512 1880195.5 428.1443 308.6335 2.1824994 1251.6753 0.2271 0.0000 0.4169 0.0000 0 0 0.0000 159.66933
301.67178 2360017.8 426.58243 308.64706 2.1824994 1251.6753 0.2180 0.0000 0.4169 0.0000 0 0 0.0000 173.62802
302.82733 2.16E+07 425.69043 308.77133 2.1824994 1251.6753 0.2105 0.0000 0.4169 0.0000 0 0 0.0000 188.89688
303.15 6143520 425.35355 308.86807 2.1824994 1251.6753 0.2026 0.0000 0.4169 0.0000 0 0 0.0000 203.66745
304.44955 4215769 425.87875 309.0488 2.1824994 1251.6753 0.1935 0.0000 0.4169 0.0000 0 0 0.0000 226.20195
305.93668 5052000 426.99265 309.27963 2.1824994 1251.6753 0.1890 0.0000 0.4169 0.0000 0 0 0.0000 247.67923
307.49756 5928960 433.97443 310.0021 2.1824994 1251.6753 0.1890 0.0000 0.4169 0.0000 0 0 0.0000 270.05246
305.15 280231.28 413.34195 293.57043 2.1824994 1251.6753 0.3112 0.0000 0.4169 0.0000 0 0 0.0000 47.373974
305.15 112648.89 413.47702 298.0648 2.1824994 1251.6753 0.3063 0.0000 0.4169 0.0000 0 0 0.0000 55.94052
305.15 117715.555 413.60263 301.43362 2.1824994 1251.6753 0.3014 0.0000 0.4169 0.0000 0 0 0.0000 63.990696
305.15 125564.445 414.085 303.3826 2.1824994 1251.6753 0.2965 0.0000 0.4169 0.0000 0 0 0.0000 71.66033
305.15 135697.78 414.78647 304.27563 2.1824994 1251.6753 0.2915 0.0000 0.4169 0.0000 0 0 0.0000 78.949425
305.15 194382.22 415.18274 304.86548 2.1824994 1251.6753 0.2871 0.0000 0.4169 0.0000 0 0 0.0000 85.33761
305.15 307235.56 416.0363 305.36755 2.1824994 1251.6753 0.2824 0.0000 0.4169 0.0000 0 0 0.0000 92.245804
305.15 428880 417.2444 305.7579 2.1824994 1251.6753 0.2772 0.0000 0.4169 0.0000 0 0 0.0000 93.88115
305.15 566675.56 418.4241 306.0748 2.1824994 1251.6753 0.2714 0.0000 0.4169 0.0000 0 0 0.0000 101.54735
305.15 710195.56 419.58307 306.5193 2.1824994 1251.6753 0.2653 0.0000 0.4169 0.0000 0 0 0.0000 109.61467
305.35712 867280 422.56564 307.24783 2.1824994 1251.6753 0.2583 0.0000 0.4169 0.0000 0 0 0.0000 118.43648
306.10733 1002320 431.5469 308.52997 2.1824994 1251.6753 0.2510 0.0000 0.4169 0.0000 0 0 0.0000 126.5228
300.56244 12734134 430.9429 308.6079 2.1824994 1251.6753 0.2428 0.0000 0.4169 0.0000 0 0 0.0000 138.1566
299.87445 1608044.5 429.39426 308.64474 2.1824994 1251.6753 0.2338 0.0000 0.4169 0.0000 0 0 0.0000 150.84552
300.9002 2017591.1 427.5214 308.6116 2.1824994 1251.6753 0.2238 0.0000 0.4169 0.0000 0 0 0.0000 163.70624
301.9998 2510897.8 426.27774 308.67633 2.1824994 1251.6753 0.2159 0.0000 0.4169 0.0000 0 0 0.0000 177.96883
303.15 2.80E+07 425.46118 308.8139 2.1824994 1251.6753 0.2078 0.0000 0.4169 0.0000 0 0 0.0000 194.30577
305.15 800000 413.13107 282.73035 2.0858796 1253.1088 0.0000 0.0000 0.4695 0.0000 0 0 0.0000 28.992674
305.15 800000 413.13107 282.73013 2.8019965 1231.0753 0.0000 0.0000 0.2293 0.0000 0 0 0.0000 41.699463
305.15 800000 413.13107 282.73044 1.8006301 1257.9502 0.0000 0.0000 0.6472 0.0000 0 0 0.0000 336.1527

Figure 75:3 simulation scenario extended tables -C part
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Thermo -economic analysis of a VLCC

m kn W kw Kw W W W W W kgh
Condition | ModelNum/Time¢~| Draft -| Vspeec~| PpropD - Psgm +| MEload ~| rSGPi-| PelD -| Psge v| AEload!-| AEload2 -| AEload3 | rSGEI~| mstD~| rSTME~| rSTAl-| ISTAB-| effME-| effAE~| eff tot -| TPD ME L)-| TPD ME P-| TPD ME LF-| TPD AE L'+| TPD AE F-[ TPD AE LI~
0 2162 15 16087 0 0.7149778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 12043179 0 1.65E-06 | 0.54747830.3122331§ 0.52155375 0 0 65.30072 39433656 1.16E-01 7.388717
1 2162 8 1800 0 0.08 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 041812307} 0.31223319 0.458428% 0 0 8.710641 39433656 1.16E-01 7.388717
2 2162 85 2587 0 011497778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.43131334] 0.31223319 0.45935103 0 0 12136271 3.9433656 1.16E-01 7.388717
3 2162 9 3375 0 0.15 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 044538137} 0.31223315 0.46401012 0 0 15.3328705 3.9433656 1.16E-01 7.388717
4 2162 95 4162 0 018497778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.45463762| 0.31223319 0.4677123 0 0 18523304 3.9433656 1.16E-01 7.388717
5 2162 10 4949 0 0.21995555 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 0524223 0 047577697| 0.5394706 | 031223314 0.49982402 0 0 21672615 39433656 1.16E-01 7.388717
6 2162 105 5699 0 0.2532889 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 05967669 0 04032331 | 0.54494935] 0.31223319 0.5043089 0 0 24665512 39433656 1.16E-01 7.388717
7 2162 11 6511 0 0.28937778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 0.66882855 0 0.33117145] 0.5483115| 031223314 0.50775176 0 0 27.93133% 3.9433656 1.16E-01 7.388717
Scanting 8 2162 115 1423 0 0.3299111 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 08997927 0 0.10020735/ 0.56567264| 0.31223319 0.5174084 0 0 31.642866 3.943365 1.16E-01 7.388717
9 2162 12 8388 0 03728 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10529797 0 1.65E-06 | 0.5679944 | 0.31223314 0.5205555 0 0 35.515644 3.9433656 1.16E-01 7.388717
10 2162 125 9456 0 042026666 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10781746 0 1.65E-06 | 056253433 0.31223319 0.52017504 0 0 39.70186 39433656 1.16E-01 7.388717
1 2162 13 10592 0 047075555 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 1.0824009 0 1.65E-06 | 0.5606509 | 0.31223314 0.52203125 0 0 43935074 39433656 1.16E-01 7.388717
12 2162 135 11837 0 05260889 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10810171 0 1.65E-06 | 0.56077445] 0.31223319 0.52520084 0 0 48.417633 3.9433656 1.16E-01 7.388717
13 2162 14 13137 0 0.58386666 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10914111 0 1.65E-06 | 0.5585384 031223319 0.5260997 0 0 53.32093 3.9433656 1.16E-01 7.388717
14 2162 145 14517 0 0.6452 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 1117416 0 1.65E-06 | 0.56100065( 0.31223315 0.5305869 0 0 58.064205 3.9433656 1.16E-01 7.388717
15 2162 15 16087 0 0.7149778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 12043179 0 1.65E-06 | 0.5474783 031223314 0.52155375 0 0 65.30072 39433656 1.16E-01 7.388717
16 2162 155 17760 0 0.78933334 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 13194172 0 1.65E-06 | 0.5420641 | 0.31223314 0.51891196 0 0 72.19112 39433656 1.16E-01 7.388717
7 2162 16 19516 0 086737776 0 1248 0 04062397 | 0.406164 71.81E-05 0 2180 | 16967299 0 1.65E-06 | 0.53775865( 0.31223314 0.5169063 0 0 79.382454 3.9433656 1.16E-01 7.388717
18 9.25 8 853 0 0.03791111 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.40743622| 0.31223315 0.46689186, 0 0 4.2361484 3.9433656 1.16E-01 7.388717
19 9.25 85 1423 0 006324445 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 041208613 0.31223319 0.4598872 0 0 6.987127 3.9433656 1.16E-01 7.388717
20 9.5 9 1993 0 008857778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.42128256| 0.31223319 045821834 0 0 9572284 39433656 1.16E-01 7.388717
21 9.5 95 2563 0 0.113911115 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.43089882] 0.31223319 0.45926028 0 0 12.035249 39433656 1.16E-01 7.388717
2 9.5 10 3133 0 013924444 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 044096431 0.31223319 0.46226034 0 0 14.37602 3.9433656 1.16E-01 7.388717
2 9.25 105 3641 0 0.16182223 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 0.44846746( 0.31223315 0.46508613 0 0 16.4275 3.943365 1.16E-01 7.388717
24 9.25 1 4193 0 0.18635556 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 0 0 1 04550101 0.31223319 0.46788812 0 0 18.645996 3.9433656 1.16E-01 7.388717
2% 9.5 115 4788 0 02128 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 05088166 0 04911834 | 0.53832674] 0.31223319 0.49890035 0 0 21021925 39433656 1.16E-01 7.388717
Ballast 26 9.5 12 5462 0 0.24275556 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 057418185 0 0.42581812] 0.54337215| 031223314 0.5029625 0 0 23.72155 39433656 1.16E-01 7.388717
21 9.5 125 6164 0 0.27395555 0 1248 0 04062397 | 0.406164 71.81E-05 0 2180 | 06377126 0 0.36228737] 0.54678094| 0.31223314 0.5062276 0 0 26.543304 3.9433656 1.16E-01 7.388717
28 9.25 13 6983 0 0.31035554 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 0.7650553 0 0.23494469| 0.5555751 | 0.31223319 0.51197654| 0 0 29.83045 3.9433656 1.16E-01 7.388717
29 9.5 135 7827 0 0.34786665 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10198246 0 1.65E-06 | 0.57185864| 0.3122331§ 0.5211137 0 0 33.290714 3.9433656 1.16E-01 7.388717
30 9.5 14 8173 0 0.38991112 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10646293 0 1.65E-06 | 0.5658537 | 0.31223314 0.52038753 0 0 37.026684 39433656 1.16E-01 7.388717
3l 9.5 145 9815 0 043622223 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10820959 0 1.65E-06 | 0.56105170.31223314 0.5201415 0 0 4110148 39433656 1.16E-01 7.388717
2 9.5 15 10969 0 04875111 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10787985 0 1.65E-06 | 0561447 | 0.31223314 0.5236456 0 0 45.23145 3.9433656 1.16E-01 7.388717
3 9.25 155 12206 0 0.5424889 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10833689 0 1.65E-06 | 0.56007046| 0.31223314 0.5254516 0 0 49.8116 3.9433656 1.16E-01 7.388717
K] 9.25 16 13612 0 0.6049778 0 1248 0 04062397 | 0.406164 7.81E-05 0 2180 | 10962585 0 1.65E-06 | 0.55837405] 0.31223315 0.5268487 0 0 55.057888 3.9433656 1.16E-01 7.388717
Harbour 3 9.25 0 0.01 0 0.00E+00 0 1122 0 0.3664207 | 0.36635238 |  7.03E-05 0 1542 0 0 1 040743622| 0.29828885  0.445257 0 0 4.97E-05 37495902 L17E-01 6.939967
Loading 36 2162 0 0.01 0 0.00E+00 0 2010 0 06485679 | 0.64844924 |  126E-04 0 1542 0 0 1 040743622] 0.37200192 0.46877864 0 0 4.97E-05 5.096905 1.10E-01 10.0698185
Unloading 31 9.5 0 0.01 0 0.00E+00 0 5157 0 023189502 | 0.23157772 |  3.61E-04 0 61985 0 0 1 040743622] 2.0185575] 0.9401698 0 0 4.97E-05 3.0176053 1.10E-01 5.2147603

Figure 76:4™ simulation scenario extended tables -A part
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Thermo -economic analysis of a VLCC

TPD_AB_LF - TPD_LNC ~ TPD_PL1~ TPD_LFC~ EPD_ME ~ EPD_AE - EPD_AE - EPD_LNC ~ EPD_LFC ~ EPD_tot - TPD_CO:Z ~ ME_flow_GF ~ ME_flow_exh - ME_TaTC_ex ~
6.01E-06 3.94E+00 1.16E-01 72.805664 774.5465 95.928314 7.12E-05 53.68377 816.7911 870.47485 237.56108 0 37.435623 474.44955
3.6374815 3.94E+00 1.16E-01 19.853056 103.31886 95.928314 43.14498 53.68377 188.70839 242.39217 72.66667 0 10.0508175 455
3.6374676 3.94E+00 1.16E-01 23.278671 143.95103 95.928314 43.144817 53.68377 229.3404 283.02417 83.33404 0 10.77613 455
3.637437 3.94E+00 1.16E-01 26.47524 181.86661 95.928314 43.144455 53.68377 267.2556 320.9394 93.288155 0 12.416401 455
3.6373465 3.94E+00 1.16E-01 29.665583 219.70906 95.928314 43.14338 53.68377 305.097 358.78076 103.22288 0 14.099075 462.80005
1.7305298 3.94E+00 1.16E-01 30.908077 257.06372 95.928314 20.526201 53.68377 319.83447 373.51825 107.09201 0 15.861096 467.74643
1.4666437 3.94E+00 1.16E-01 33.63709 292.56317 95.928314 17.396189 53.68377 352.2039 405.88766 115.59015 0 17.564556 470.41312
1.2045202 3.94E+00 1.16E-01 36.64079 331.29984 95.928314 14.287084 53.68377 387.83145 441.51523 124.94367 0 19.083849 473.30023
0.3644497 3.94E+00 1.16E-01 39.51225 375.32312 95.928314 4.3228197 53.68377 421.89047 475.57425 133.88539 0 19.773212 495.686
6.01E-06 3.94E+00 1.16E-01 43.02058 421.259 95.928314 7.12E-05 53.68377 463.5036 517.1874 144.81035 0 21.123707 506.502
6.01E-06 3.94E+00 1.16E-01 47.206795 470.91263 95.928314 7.12E-05 53.68377 513.1572 566.841 157.84622 0 23.555899 498.90732
6.01E-06 3.94E+00 1.16E-01 51.44001 521.1237 95.928314 7.12E-05 53.68377 563.36835 617.0521 171.02844 0 26.04159 490.8291
6.01E-06 3.94E+00 1.16E-01 55.922573 574.29236 95.928314 7.12E-05 53.68377 616.537 670.22076 184.98714 0 28.647213 483.5411
6.01E-06 3.94E+00 1.16E-01 60.82587 632.4515 95.928314 7.12E-05 53.68377 674.6961 728.3799 200.25601 0 31.242002 478.44067
6.01E-06 3.94E+00 1.16E-01 65.569145 688.7125 95.928314 7.12E-05 53.68377 730.95715 784.6409 215.02657 0 33.759186 475.342
6.01E-06 3.94E+00 1.16E-01 72.805664 774.5465 95.928314 7.12E-05 53.68377 816.7911 870.47485 237.56108 0 37.435623 474.44955
6.01E-06 3.94E+00 1.16E-01 79.70267 856.3534 95.928314 7.12E-05 53.68377 898.598 952.2818 259.03836 0 40.67314 475.93668
6.00E-06 3.94E+00 1.16E-01 86.88739 941.573 95.928314 7.12E-05 53.68377 983.8176 1037.5013 281.4116 0 42.473824 494.01578
3.637483 3.94E+00 1.16E-01 15.378564 50.245903 95.928314 43.144997 53.68377 135.63544 189.31921 58.7331 0 9.999029 455
3.637482 3.94E+00 1.16E-01 18.129541 82.87588 95.928314 43.14499 53.68377 168.26541 221.94917 67.299644 0 10.0308695 455
3.6374812 3.94E+00 1.16E-01 20.714697 113.539 95.928314 43.14498 53.68377 198.92853 252.61229 75.34982 0 10.06079 455
3.6374686 3.94E+00 1.16E-01 23.17765 142.75278 95.928314 43.14483 53.68377 228.14215 281.82593 83.019455 0 10.7261305 455
3.6374464 3.94E+00 1.16E-01 25.5184 170.5172 95.928314 43.144566 53.68377 255.90631 309.5901 90.30855 0 11.9129505 455
3.6374066 3.94E+00 1.16E-01 27.56984 194.85027 95.928314 43.144093 53.68377 280.2389 333.92267 96.69674 0 12.985321 457.63635
3.637343 3.94E+00 1.16E-01 29.78827 221.16432 95.928314 43.143337 53.68377 306.55222 360.23596 103.60493 0 14.165322 463.1073
1.7865735 3.94E+00 1.16E-01 30.31343 249.34575 95.928314 21.190948 53.68377 312.78125 366.46503 105.24028 0 15.488265 467.174
1.5487981 3.94E+00 1.16E-01 32.77528 281.3666 95.928314 18.370642 53.68377 341.9818 395.66556 112.90648 0 17.04878 469.57043
1.317703 3.94E+00 1.16E-01 35.36594 314.8361 95.928314 15.62957 53.68377 372.7102 426.39395 120.97379 0 18.434683 472.06644
0.85451007 3.94E+00 1.16E-01 38.198895 353.9324 95.928314 10.135535 53.68377 406.31247 459.99625 129.79561 0 19.614815 481.606
6.01E-06 3.94E+00 1.16E-01 40.795654 394.86862 95.928314 7.12E-05 53.68377 437.11325 490.79703 137.88193 0 19.918556 508.614
6.01E-06 3.94E+00 1.16E-01 44.53162 439.18176 95.928314 7.12E-05 53.68377 481.4264 535.11017 149.51572 0 22.01506 503.76422
6.01E-06 3.94E+00 1.16E-01 48.60642 487.51385 95.928314 7.12E-05 53.68377 529.7585 583.44226 162.20464 0 24.355158 496.35443
6.01E-06 3.94E+00 1.16E-01 52.736385 536.50037 95.928314 7.12E-05 53.68377 578.74493 632.4287 175.06537 0 26.845676 488.14822
6.01E-06 3.94E+00 1.16E-01 57.316536 590.82654 95.928314 7.12E-05 53.68377 633.07117 686.7549 189.32796 0 29.402925 481.90112
6.01E-06 3.94E+00 1.16E-01 62.562828 653.05396 95.928314 7.12E-05 53.68377 695.2986 748.98236 205.6649 0 32.152077 476.9509
2.5729358 3.75E+00 1.17E-01 9.629919 5.89E-04 90.27491 30.51817 51.045773 69.747894 120.79367 40.298943 0 9.950001 455
2.5729358 5.096905 1.10E-01 12.752759 5.89E-04 129.67674 30.51817 69.3877 90.8078 160.19551 53.72858 0 9.950001 455
103.42635 3.0176053 1.10E-01 108.751366 5.89E-04 68.448875 1226.7631 41.080753 1254.1318 1295.2125 346.95016 0 9.950001 455
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Thermo -economic analysis of a VLCC

ME Tscav-] ME Qcac-| Tpipel outlet -]  Tpipipel dew temp -] AE mflow ext<| AE TaTC ex-] TPD CH4 MI-| TPD CH4 ME fin-| TPD CH4 AE-] TPD CH4 AELfin-| TPD CH4 AE-| TPD CH4 AE-| TPD CH4 toi-] TPD CO2 ei-]
30444955 | 4215769 42587875 3090488 2.18249%4 12516753 0.1935 0.0000 04169 0416941606 0 0 04169 249235045
305.15 116000 4135609 30038095 2.18249%4 12516753 0.3030 0.0000 0.4169 0416941606 0 0 04169 84.3410349
305.15 12599111 41411646 303.4276 2.18249%4 12516753 0.2962 0.0000 0.4169 0416941606 0 0 04169 9500840496
30515 140000 41505826 30456256 2.18249%4 12516753 02894 0.0000 0.4169 0416941606 0 0 04169 104.96252
305.15 300897.78 4159724 30534323 2.18249%4 12516753 0826 0.0000 0.4169 0416941606 0 0 04169 114.897245
305.15 46179556 40752403 305.84335 21824994 12516753 0758 0.0000 0.4169 0416941606 0 0 04169 118.766375
30515 6151289 41883078 306.1934 2.1824994 12516753 02694 0.0000 04169 0416941606 0 0 04169 127.264515
305.15 781137.75 42015417 306.733% 2.1824994 12516753 02623 0.0000 0.4169 0416941606 0 0 04169 136,618035
0574623 | 937680 427,002 307.93% 2.1824994 12516753 0545 0.0000 0.4169 0416941606 0 0 04169 145.55975%
302958 1160480 13146262 30860715 2.1824994 12516753 0.2461 0.0000 0.4169 0416941606 0 0 04169 156.484715
2995533 | 14899734 12994577 308.6305 2.18249%4 12516753 02369 0.0000 0.4169 0416941606 0 0 04169 169.520585
30056512 | 18801955 1281443 30863354 2.18249%4 12516753 02271 0.0000 0.4169 0416941606 0 0 04169 182.702805
L6778 | 23600178 42658243 30864706 2.18249%4 12516753 02180 0.0000 0.4169 0416941606 0 0 04169 196.661505
0282733 | 2166407 42569043 30877136 2.1824994 12516753 02105 0.0000 0.4169 0416941606 0 0 04169 211930375
30315 6143520 4253535 308.86807 2.1824994 12516753 0.2026 0.0000 0.4169 0416941606 0 0 04169 226.700935
0444955 | 4215769 12587875 309.0438 2.18249%4 12516753 01935 0.0000 0.4169 0416941606 0 0 04169 249235045
30593668 | 5052000 426.99265 309.27963 21824994 12516753 01890 0.0000 0.4169 0416941606 0 0 04169 200712125
30749756 | 5928960 133.97443 3100021 21824994 12516753 01890 0.0000 0.4169 0416941606 0 0 04169 293085965
305.15 28023128 413.34195 29357047 2.182499% 12516753 03112 0.0000 0.4169 0416941606 0 0 04169 70.4074649
305.15 11264389 41347102 298.0648 2.1824994 12516753 0.3063 0.0000 0.4169 0416941606 0 0 04169 78.97400896
30515 117715555 41360263 L4336 2.18249%4 12516753 03014 0.0000 0.4169 0416941606 0 0 04169 §7.0241849
305.15 125564.445 414,085 3033826 2.18249%4 12516753 0.2965 0.0000 0.4169 0416941606 0 0 04169 9469331996
305.15 135697.78 41478647 304.27567 2.18249%4 12516753 02915 0.0000 0.4169 0416941606 0 0 04169 101982915
305.15 194382.22 41518274 30486548 2.18249%4 12516753 02871 0.0000 0.4169 0416941606 0 0 04169 108.371105
305.15 30723556 4160363 30536755 2.18249%4 12516753 02824 0.0000 0.4169 0416941606 0 0 04169 115.21929%
305.15 128380 4172444 305.7579 2.18249%4 12516753 02772 0.0000 0.4169 0416941606 0 0 04169 116914645
305.15 56667556 4184241 306.0748 2.18249%4 12516753 02714 0.0000 0.4169 0416941606 0 0 04169 124.580845
305.15 71019556 41958307 3065193 2.18249%4 12516753 02653 0.0000 0.4169 0416941606 0 0 04169 132.648155
0535712 | 867280 42256564 307.24786 2.18249%4 12516753 0583 0.0000 0.4169 0416941606 0 0 04169 141469975
0610733 | 1002320 1315469 30853 21824994 12516753 02510 0.0000 0.4169 0416941606 0 0 04169 149.556295
0056244 | 12734134 1309429 30860794 2.1824994 12516753 02428 0.0000 0.4169 0416941606 0 0 04169 161.190085
29987445 | 16080445 12939426 30864478 2.1824994 12516753 02338 0.0000 0.4169 0416941606 0 0 04169 173879005
009002 | 201759L1 1275214 3086116 2.18249%4 12516753 02238 0.0000 0.4169 0416941606 0 0 04169 186.739735
019998 | 25108978 42627774 30867633 2.18249%4 12516753 02159 0.0000 0.4169 0416941606 0 0 04169 201002325
0315 2.80E+07 42546118 308.81393 2.18249%4 12516753 02078 0.0000 0.4169 0416941606 0 0 04169 217339265
305.15 800000 41313107 282.73035 2.08587%6 1253.1088 0.0000 0.0000 0.4695 0469540912 0 0 0.4695 5344608854
305.15 800000 41313107 28273016 2.8019965 12310753 0.0000 0.0000 0.2293 0.229306018 0 0 0.2293 60.1491485
305.15 800000 41313107 282.7304 18006301 1257.9502 0.0000 0.0000 0.6472 0.647242766 0 0 0.6472 3650729574
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Thermo -economic analysis of a VLCC

m kn W W Kw kw W W KW kw kgh
Condition | ModeINum/Tim¢ | Draft -| Vspeec-| PpropD - Psgm MEload -| rSGPI-| PelD -| Psge -| AEload!-| AFload2 -| AEload3 -| rSGEI-| mstD-| rSTME-| rSTAI-| rSTAB-| effME -| effAE-| eff tot-| TPD ME L)-| TPD MEP-| TPD ME LF-| TPD AE LN-| TPD AE F-[ TPD AE LI~
0 2162 15 16087 0 0.7149778 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 | 10311161 0 1.65E-06 | 0.58714104) 0.3405224 0.56099135] 5163125 1.6300749 0 0 0 7.3395915
1 2162 8 1800 0 0.08 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 0 0 1 043848768 0.34405229 048582783  6.579152 0.7548869 0 0 0 7.3395915
2 2162 85 2587 0 0.11497778 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 045262662 0.3440522 0.4862378 9.213847 0.9207612 0 0 0 7.3395915
3 2162 9 33715 7708333 0.18425922 |0.22839508 1248 693.75 | 0.18236953| 0.18233676 347E-05 | 0.55588%4] 2180 0 0 1 0.47755867] 0.30787997 05053219 14374817 10670875 0 0 0 36425545
4 2162 95 4162 899.4792 0.22495459 | 0.2161170§ 1248 809.53125 | 0.14338231| 0.14335686 2.75E-05 0.64866281 2180 | 0.47083142 0 0.52916855| 0.55842 | 0.3040826| 0.5466316 17.339872 11369348 0 0 0 29176204
5 2162 10 4949 10119792 | 0.26493236 | 020448154 1248 | 910.78125| 0.10912258| 0.109103374 | 2.11E-05 [0.72979269 2180 | 0.54618216] 0 04538178 | 0.5647941|0.3023901§ 0.5550413|  20.260618 1.1966952 0 0 0 2.2564504
6 2162 105 5699 1108.8541 0.30257124 |0.1945699 1248 997.96875 | 0.07978146| 0.07976745 157E-05 [ 0.7996544 2180 0.63362 0 0.36638 | 0.57111007| 0.3019613| 0.56251526]  23.022627 12465897 0 0 0 1675424
7 2162 1 6511 12046875 | 034291938 | 01850234 1248 | 1084.2188 | 0.05124926| 0.051240228 | 103E-05 | 0.868765| 2180 | 0.90140224| 0 0.09859777| 0.5929886 | 0.30314577 0.5789683 26.04332 1.3014688 0 0 0 1.0931869
Scanting 8 2162 115 7423 1303.125 0.38782772 | 0.17555234 1248 1172.8125 | 0.02289957| 0.022895481 |  4.71E-06 | 0.9397536] 2180 | 09752331 0 0.02476695| 0.5937905| 0.3067298| 0.583102 29.304457 13574042 0 0 0 04959883
9 2162 12 8388 1386.6665 | 043442056 | 016531550 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-1210.99999994 2180 | 0.98797816] 0 | 0.012021867 0.59027755 0.31203087 0.58339167|  32.632984 14086983 0 0 0 6.48E-07
10 2162 125 456 1386.6665 | 048189622 | 0.1466441) 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 0.9887235 0 0011276504 0.590616 | 0.31203087 0.5843001|  35.768738 14502914 0 0 0 6.48E-07
11 2162 13 10592 1386.6665 05323851 | 0.1309164| 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 0.9807666 0 0019233407 0.58967805| 0.31203087 0.58408046]  39.149277 1492746 0 0 0 6.48E-07
12 2162 135 11837 1386.6665 05877184 011714679 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 09792543 0 0020745719 0.58726215] 0.31203087 0.58219117|  43.002136 1.5430076 0 0 0 6.48E-07
13 2162 14 13137 1386.6665 0.64549625 | 0.10555424 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 0.9865607 0 0013439313 0.5909397 0.31203089 0.5861059 46.61014 15759829 0 0 0 6.48E-07
U 2162 145 14517 1386.6665 | 0.70682955 [0.09552014 1248 | 1247.9999 | 296E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 1.0235853 0 1.65E-06 | 0.5877755]0.31203087 0.5831142 5102938 16240251 0 0 0 6.48E-07
15 2162 15 16087 1386.6665 077660733 | 00861979 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 1.1040211 0 1.65E-06 | 0.5827198|0.31203084 0.5784793|  56.198105 16653411 0 0 0 6.48E-07
16 2162 155 17760 1386.6665 08509629 [0.07807807 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 12487218 0 1.65E-06 | 0.5721588|0.31203087 0.5683312|  62.376534 17116364 0 0 0 6.48E-07
17 2162 16 19516 1386.6665 | 092900735 |0.0710528] 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 14675746 0 1.65E-06 | 0.5628947]0.31203087 0.55942315]  68.88339 17617317 0 0 0 6.48E-07
18 9.25 8 853 0 0.03791111 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 0 0 1 0427046241 0.34405229 0.49619088|  3.1692164 0.40416256 0 0 0 )
19 9.5 85 1423 0 006324445 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 043202296| 0.34405229 048779017) 52491035 0.64004064 0 0 0 7.3395915
20 9.25 9 1993 0 0.08857778 0 1248 0 0.4062397 |  0.406164 7.81E-05 0 2180 0 0 1 0.44187266| 0.34405229 0.48543316|  7.250226 0.80480975 0 0 0 7.3395915
21 9.5 95 2563 0 0.113911115 0 1248 0 04062397 | 0406164 7.81E-05 0 2180 0 0 1 0.45218197) 0.3440522 0.4861544 9.193307 091717947 0 0 0 7.3395915
2 9.5 10 RIKK] 721.6042 017158237 | 0.2322388 1248 | 65484375 | 0.19537127| 0.19533601 | 3.71E-05 | 05247145 2180 0 0 1 047387311 030950274 05027328 | 13453141 1.0436527 0 0 0 38778086
2 9.25 105 3641 816.6667 019811848 |0.22429734 1248 735 0.1685239 | 0.16849376 321E-05 | 0.5880423| 2180 0 0 1 04816542 | 0.3063355| 0.5084334 15.371082 10842576 0 0 0 3.3884554
) 9.5 1 419 903.6458 022651756 02155120 1248 | 81328125 | 0.14211424] 014208904 | 272605 [065166769 2180 | 047371453 0 0.52628547| 0.55869305( 0.30398977 0.5469621 1745403 1.139507 0 0 0 28935509
25 9.25 115 4788 990.1042 0.2568046 |0.20678867 1248 891.09375 | 0.115780614) 0.115760215 | 223E-05 [0.71401743 2180 | 0.530589 0 0.46941102| 0.56380826| 0.30257723 0.55360955]  19.661404 118238 0 0 0 2.3867102
Ballast 26 9.5 12 5462 1079.1666 | 020071847 | 0.1975772| 1248 971.25 | 0.08873738| 008872181 | 173E-05 |0.7782452) 2180 | 05965536 0 040344638 0.56811506( 0.30198923 05596371 |  22.152317 12327213 0 0 0 1.8542012
27 9.25 125 6164 1165.1041 0.32573792 | 0.18901755 1248 1048.5938 | 0.06294948| 0.062938415 | 125E-05 |0.8402194| 2180 | 0.79119176 0 0.20880823| 0.5846234| 0.3024062| 0.57242 24.758436 1281303 0 0 0 13342273
28 9.5 13 6983 1256.7709 | 0.36621198 | 017997579 1248 | 11310938 | 0.036096215 0.03608982 | 7.32E-06 |0.9063251) 2180 | 0.95089424| 0 | 0.040105734 05951142 0.3047128| 0.5822643 21.74652 1.3316073 0 0 0 0.7762985
29 9.5 135 827 13442709 | 040761197 |0.1717479] 1248 | 1209.8438 | 0.011463433 0.011461368 | 2.39E-06 |0.9694261) 2180 | 0.98422897| 0 0.01577103| 0.59242886| 0.30905774 05835978 | 30722595 13791136 0 0 0 0.24980883
30 9.25 14 8773 1386.6665 045154068 | 0.1580607| 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 0.9879206 0 0012079417 0.5891682 0.31203087 0.5825234 |  33.835167 14239799 0 0 0 6.48E-07
3l 9.5 145 9815 1386.6665 04978518 |0.14128034 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 1099999994 2180 | 0.9866555 0 0013344537 05914501 | 0.31203087 05853514 |  36.767838 14606148 0 0 0 6.48E-07
2 9.25 15 10969 1386.6665 05491407 |0.1264168 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 0.9756021 0 0024397923 0.5887599 0.31203087 0.58343685]  40.30547 15057018 0 0 0 6.48E-07
3B 9.5 155 12206 1386.6665 | 0.60411847 | 011360530 1248 | 1247.9999 | 2.96E-08 | 2.96E-08 6.26E-12 10.99999994 2180 | 0.98025024| 0 0.01974975| 05871804 0.31203087 0.58221346]  44.10983 15557327 0 0 0 6.48E-07
A% 9.25 16 13612 1386.6665 0.6666073 |0.10187089 1248 1247.9999 | 2.96E-08 2.96E-08 6.26E-12 10.99999994 2180 | 0.9972611 0 0002738924 0.5906338| 0.31203087 0.5857445|  48.088917 15924111 0 0 0 6.48E-07
Harbour b 9.5 0 0.01 0 0.00E+00 0 112 0 0.3664207 | 0.36635238 7.03E-05 0 1542 0 0 1 0.42704624] 0.3369609| 0.4870296 3.72E-05 4.T4E-06 0 0 0 6.7374425
Loading 3% 2162 0 0.01 0 0.00E+00 0 2010 0 06485679 | 064844924 |  126E-04 0 1542 0 0 1 0.42704624| 0.37595139 047279888  3.72E-05 4.74E-06 0 0 0 10817979
Unloading 37 9.5 0 0.01 0 0.00E+00 0 5751 0 0.23189592| 0.23157772 361E-04 0 61985 0 0 1 042704624 2.5757525] 0.95104265] 3.72E05 4.T4E-06 0 0 0 4522451
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Thermo -economic analysis of a VLCC

TPD AB LF -] TPD LNG-| TPD PL1-] TPD LFC-| EPD ME-| EPD AE-| EPD AE-| EPD LNG-| EPD LFC~] EPD tot -] TPD COZz-| ME flow GE-] ME flow exh~-] ME TaTC ex -
6.01E-06 51.63125 1.6300749 8.969672 722.2267 87.05653 7.12E-05 702.892 106.39129 809.28326 169.9175 0.5975839 34.85565 468.15
3.637462 6.579152 0.7548869 11.73194 98.52044 87.05653 43.14475 89.56656 139.15517 228.72173 54.62593 0.07614759 11.084885 455

3.6374497 9.273847 0.9207612 11.897802 137.17267 87.05653 43.144608 126.25131 141.1225 267.3738 62.552837 0.10733619 11.717104 455
3.6373754 14.374817 1.0670875 8.347017 208.35132 43.205154 43.143723 195.69435 99.005844 294.7002 65.52336 0.1663752 13.932428 459.2139
1.9247531 17.339872 1.1369348 5.979308 249.54515 34.60655 22.829927 236.05971 70.92101 306.98163 66.304214 0.20069297 15.361945 463.14636
1.65065 20.260618 1.1966952 5.1037955 290.0161 26.764263 19.57873 275.82184 60.537262 336.3501 71.60992 0.23449789 17.075508 466.34457
1.3325897 23.022627 1.2465897 4.2546034 328.20905 19.87258 15.806146 313.42297 50.4648 363.8878 76.56106 0.26646557 18.591179 471.0013
0.3585956 26.04332 13014688 2.7532513 369.9828 12.966534 |  4.2533827 354.54578 32.65693 387.2027 80.19276 0.3014273 18.783168 500.05197

0.090074725 29.304457 1.3574042 1.9434673 415.0424 5.8830285 1.0683964 398.9419 23.0519 421.9938 86.63921 0.33917198 20.821924 499.09756

0.043722104 32.632984 14086983 1.4524211 460.96436 7.69E-06 | 0.51859766 444.25546 17.227491 461.48294 94.26355 0.3776966 23.07776 491.64127

0.041011307 35.768738 1.4502914 1.4913033 504.14688 7.69E-06 0.4864443 486.94464 17.688683 504.63333 103.00795 0.41399002 25.298002 484.68454

0.06994972 39.149277 1.492746 1.5626963 550.67206 7.69E-06 | 0.82968926 532.96625 18.535492 5515017 112.52674 0.45311663 27.53057 478.2638
0.07544988 43.002136 15430076 1.6184582 603.71985 7.69E-06 | 0.89492786 585.4179 10.196894 604.6148 123.295746 0.4977099 29.899744 473.13254

0.048877202 46.61014 1.5759829 1.6248609 653.22925 7.69E-06 0.57974344 634.5362 19.272839 653.809 133.2377 0.53946924 32.277557 469.42023
6.01E-06 51.02938 1.6240251 1.6240317 713.9613 7.69E-06 7.12E-05 694.69836 19.263004 713.96136 145.38803 0.59061784 34.55528 468.15
6.01E-06 56.198105 1.6653411 1.6653478 784.8168 7.69E-06 7.12E-05 765.0638 19.753063 784.8169 159.73068 0.65044105 37.393654 468.68216
6.01E-06 62.376534 1.7116364 1.7116431 869.4771 7.69E-06 7.12E-05 849.17505 20.302181 869.4772 176.86552 0.72195065 40.47835 472.22702
6.01E-06 68.88339 17617317 1.7617384 958.6536 7.69E-06 7.12E-05 937.7573 20.896374 958.65375 194.91537 0.7972614 43.345886 479.6309
3.637463 3.1692164 0.40416256 11.381217 47.938602 87.05653 43.144764 43.14474 134.99516 178.13991 44.156456 0.036680743 11.041359 455

3.6374624 5.2491035 0.64004064 11.617094 79.05135 87.05653 43.144753 71.459694 137.79295 209.25264 50.61067 0.060753517 11.068161 455
3.6374617 7.250226 0.80480975 11.781862 108.24838 87.05653 43.144745 98.702354 139.74731 238.44966 56.626842 0.08391465 11.093229 455
3.6374505 9.193307 0.91717947 11.894221 136.03372 87.05653 43.144615 125.15486 141.08002 266.2349 62.320198 0.106404014 11.673464 455
3.637393 13.453141 10436527 8.558854 195.52594 45.095556 | 43.143932 183.14694 101.518486 |  284.66544 63.64841 0.15570766 13.642599 457.65463
3.637356 15.371082 1.0842576 8.110069 222.11783 40.191227 43.143494 209.2572 96.19534 305.45255 67.52523 0.17790604 14.249062 460.91858
1.914265 17.45403 1.139507 5.947323 251.12975 34.321056 22.705526 237.6138 70.54253 308.1563 66.51854 0.20201422 15.42894 463.2714
1.7073725 19.661404 1.18238 5.2764626 28168878 28.309303 | 20.251528 267.6643 62.585304 330.2496 70.49976 0.22756253 16.72704 465.69437
1.4674194 22.152317 1.2327273 4.554438 316.1965 21.994164 17.40539 30157483 54.021206 355.59604 75.10139 0.25639254 18.180836 468.40747
0.75944537 24.758436 1.281303 3.3749757 352.2516 15.825569 9.007952 337.05377 40.03134 377.0851 78.595375 0.28655598 18.704338 487.6813
0.14586076 27.74652 1.3316073 2.2537665 393.5271 9.20785 1730087 377.7326 26.73243 404.46506 83.32116 0.3211403 19.679575 502.5561
0.057357416 30.722595 1.3791136 1.6862799 434.606 2.9630384 0.68032914 418.248 20.001343 438.24933 89.73821 0.3555856 21.8217 495.9321
0.04393141 33.835167 1.4239799 1.467912 47751175 7.69E-06 | 0.52108026 460.6216 17.411232 478.03284 97.61779 0.39161074 23.878963 488.9343
0.048532493 36.767838 1.4606148 1.5091479 517.8708 7.69E-06 0.5756548 500.54608 17.900341 518.4464 105.81104 0.42555368 26.043642 482.45074
0.08873261 40.30547 1.5057018 1.5944351 566.5658 7.69E-06 1.0524774 548.70636 18.911951 567.6183 115.805115 0.4664985 28.247833 476.2531
0.07182763 44.10983 15557327 1.627561 618.9506 7.69E-06 0.8519635 600.4977 10.304865 619.80255 126.370255 0.5105304 30593275 471.9029

0.009961114 48.088917 1.5924777 1.6024394 673.5565 7.69E-06 0.11815101 654.6678 19.006893 673.6747 137.23451 0.55658466 33.07288 468.81784
2.572922 3.72E-05 4.74E-06 9.3103695 5.62E-04 79.914314 | 30.518003 5.06E-04 110.43237 110.43288 28.992592 4.30E-07 11.000001 455
2.572922 3.72E-05 4.74E-06 13.390905 5.62E-04 128.31447 | 30.518003 5.06E-04 158.83252 158.83304 41.699383 4.30E-07 11.000001 455

103.42579 3.72E-05 4.74E-06 107.94824 5.62E-04 53.6418 1226.7565 5.06E-04 1280.3983 1280.3988 336.15094 4.30E-07 11.000001 455

Figure 80:5™ simulation scenario extended tables -B part
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Thermo -economic analysis of a VLCC

ME Tscav~| ME Qcac-| Tpipel outlet -|  Tpipipel dew temp -| AE mflow exh-| AE TaTC ex~| TPD CH4 Mi~| TPD CH4 ME fini-| TPD CH4 AE-| TPD CH4 AEL fin-| TPD CH4 AE~| TPD CH4 AE-[ TPD CH4 toi~| TPD CO2 e(~ ]
304.44955 4215769 424.0159 315.64276 2.1824994 12516753 0.1935 0.193538877 0.4169 0 0 0 0.193538877 175.3365886
305.15 116000 414.31003 303.64462 2.1824994 12516753 0.3030 0.303048 0.4169 0 0 0 0.303048 63.111274

305.15 12599111 414.81403 307.2154 2.1824994 12516753 0.2962 0.29624832 0.4169 0 0 0 0.29624832 70.84778995
305.15 297592.44 415.96085 310.68668 1.7957813 1259.7346 0.2828 0.282780008 0.7127 0 0 0 0.282780008 73.44120021
305.15 484791.12 417.00677 31191257 1.7917484 1261.1382 0.2749 0.274868828 0.7642 0 0 0 0.274868828 74.00054118
305.15 668688.9 418.27435 312.5875 1.7880398 1262.3715 0.2671 0.267097149 0.809%4 0 0 0 0.267097149 79.08864018
305.20142 839256.5 419.8718 313.1766 1.784741 1263.4279 0.2598 0.259780151 0.8482 0 0 0 0.259780151 83.83490423
306.0084 984509.8 428.58838 314.847 1.7814249 1264.455 0.2519 0.251936473 0.8859 0 0 0 0.251936473 87.24698123
300.85413 1259663 429.36298 315.0407 1.7780241 1265.4756 0.2432 0.243206291 0.9233 0 0 0 0.243206291 93.44898615
299.8386 1594778.8 427.85147 315.07678 1.7752 1266.3 0.2341 0.23414689%4 0.9536 0 0 0 0.23414689%4 100.819663
300.78793 1971549.1 426.39865 315.04318 1.7752 1266.3 0.2249 0.224919375 0.9536 0 0 0 0.224919375 109.3056925
301.7977 2417943 425.103% 315.10104 1.7752 1266.3 0.2172 0.217202891 0.9536 0 0 0 0.217202891 118.6084209
302.90436 2.38E+07 424.2491 315.24567 1.7752 1266.3 0.2100 0.210031695 0.9536 0 0 0 0.210031695 129.1766335
303.15 5982843.5 423.78653 315.27982 1.7752 1266.3 0.2025 0.202543686 0.9536 0 0 0 0.202543686 138.9089232
304.2866 4131027.5 423.95258 315.59897 1.7752 1266.3 0.1946 0.19459489 0.9536 0 0 0 0.19459489 150.8366869
305.68216 4899288 424.661 315.83972 1.7752 1266.3 0.1890 0.189 0.9536 0 0 0 0.189 165.02268
307.16925 5722132.5 426.29367 316.19736 1.7752 1266.3 0.1890 0.189 0.9536 0 0 0 0.189 182.15752
308.73013 6653279.5 429.3265 316.65097 1.7752 1266.3 0.1890 0.189 0.9536 0 0 0 0.189 200.20737
305.15 280231.28 414.03958 295.95203 2.1824994 1251.6753 0.3112 0.31123008 0.4169 0 0 0 0.31123008 52.87089825
305.15 112648.89 414.2061 301.05298 2.1824994 1251.6753 0.3063 0.306305279 0.4169 0 0 0 0.306305279 59.18721781
305.15 117715.555 414.36185 304.81546 2.1824994 1251.6753 0.3014 0.30138048 0.4169 0 0 0 0.30138048 65.06549543
305.15 125564.445 41478757 307.15244 2.1824994 1251.6753 0.2965 0.296455679 0.4169 0 0 0 0.296455679 70.62095702
305.15 239278.94 415.77063 310.07004 1.7970818 1259.2666 0.2852 0.285244387 0.6955 0 0 0 0.285244387 71.63525284
305.15 361345.03 416.2349 311.29733 1.794372 1260.233 0.2801 0.280085767 0.7310 0 0 0 0.280085767 75.36763149
305.15 491980.75 417.05417 311.94238 1.7916138 1261.1838 0.2746 0.274564986 0.7658 0 0 0 0.274564986 74.20635962
305.15 631301.1 418.00763 312.4587 1.7887726 1262.1318 0.2687 0.268677186 0.8006 0 0 0 0.268677186 78.0227212
305.15 787305 419.14478 312.94888 1.7857599 1263.1053 0.2621 0.262084329 0.8363 0 0 0 0.262084329 82.43975122
305.66476 922656.5 424.479 314.15897 1.7827977 1264.0338 0.2553 0.255276548 0.8704 0 0 0 0.255276548 85.74311835
303.8803 1116999.1 429.9697 315.0874 1.7796202 1265.0005 0.2474 0.247408391 0.9059 0 0 0 0.247408391 90.24859495
299.30225 1396328.6 428.75287 315.0298 1.7766223 1265.8873 0.23% 0.239360233 0.9384 0 0 0 0.239360233 96.44029652
300.18082 1722633.5 421.2717 315.0956 1.7752 1266.3 0.2308 0.230820492 0.9536 0 0 0 0.230820492 104.0807638
301.10703 2102384.8 425.93362 315.00992 1.7752 1266.3 0.2218 0.22181761 0.9536 0 0 0 0.22181761 112.0219331
302.1328 2572094.2 424.70917 315.1434 1.7752 1266.3 0.2150 0.215031365 0.9536 0 0 0 0.215031365 121.8259932
303.15 2.84E+07 424.0762 315.27594 1.7752 1266.3 0.2079 0.207906246 0.9536 0 0 0 0.207906246 132.1916299
303.48215 3712716.2 423.8061 315.37674 1.7752 1266.3 0.1998 0.199807694 0.9536 0 0 0 0.199807694 142.8291254
305.15 800000 413.78015 282.72684 2.0858796 1253.1088 0.0000 0 0.4695 0 0 0 0 28.992592
305.15 800000 413.78015 282.72662 2.8019965 1231.0753 0.0000 0 0.2293 0 0 0 0 41.699383
305.15 800000 413.78015 282.72693 1.8006301 1257.9502 0.0000 0 0.6472 0 0 0 0 336.15094

Figure 81:5™ simulation scenario extended tables -C part
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Thermo -economic analysis of a VLCC

Figure 82:6™" simulation scenario extended tables -A part
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