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Abstract

Chemicals within a chemical tanker need heating to keep the cargo above a desired temperature. This
research focuses on the prediction of the fuel consumption used to heat the cargo. There are three
methods discussed in this research: a physics-based model (PBM), a data-driven model (DDM) and a
hybrid model (HM). The PBM is a model based on the physical relations defined in the theory of heat
transfer. The DDM is a model based on data gathered by a chemical shipping company (Stolt Tankers).
Here an algorithm is trained and tested to acquire the model. The last method is a hybrid model. This
HM is the combination of both the PBM and the DDM to use the best of both worlds.

The PBM uses ordinary differential equations to model the fuel consumption and uses a numerical
approximation. This method is first compared with a simulation in COMSOL Multiphysics and then
scaled to an existing vessel. The PBM is able to predict the fuel consumption over a trip where the
deviation in fuel consumption is 0.043 tons of fuel per day (5.6% deviation). The temperature deviation
averaged over all tanks is 0.68 °C. The DDM compares two algorithms: the linear algorithm based on
the least squares method and an algorithm based on support vector regression (SVR). The model using
SVR acquires the most accurate result, with a mean absolute error (MAE) of 0.0014 + 1.7880 = 10™*
and a mean absolute percentage error (MAPE) of 5.18616 + 1.05567. When the PBM and the DDM
are combined into one model the HM is formed. The HM is able to predict the fuel consumption of the
vessel with a MAE of 0.0001441 + 0.00010 and a MAPE of 0.8929 + 1.0955.

The PBM could also be used to calculate the reduction in fuel consumption when insulation is ap-
plied. Different types of insulation are simulated, with different thicknesses and thermal conductivity
properties. Insulation of the cargo tanks could potentially reduce the cargo heating consumption by
64.8%. This reduction makes it worth looking into the insulation of vessels to reduce the fuel consump-
tion and emissions. The DDM and HM are also tested to see if these models are able to predict values
outside the range for the trained data. The DDM is not able to do so, whilst the HM is able to calculate
scenarios where the average cargo tank temperature is outside the range for trained data.
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Introduction

Recent research by the International Maritime Organization (IMO) has shown that the shipping industry
is responsible for 2.89% of the global emissions of greenhouse gasses (GHG) [5]. In 2018, the shipping
industry emitted 1076 million tonnes of GHG, of which 1056 million tonnes were C0,. To reduce the
total amount of GHG, the IMO has determined that the global GHG by vessels should be reduced by
50% by 2050 [6]. How this could be done is still unknown, but in the meantime, some institutions, e.g.
the European Union, have started the process in which emissions are monitored and billed [7]. The
European Union aims at including shipping companies within the emissions trading system (ETS) [8].
The ETS is a trading system where emissions are charged. Besides the regular fuel costs, shipping
companies become more and more penalized for their GHG-emissions, including the heating of their
cargo. This is the first reason why shipping companies would like to reduce the fuel consumption The
second aspect of why a shipping company wants to be as efficient as possible is because of the carbon
intensity indicator (Cll) rating [9]. Each year each vessel receives a score from A-E. Here A is consid-
ered the best possible score, and E is regarded as the worst score. When a vessel receives an E score
one year or a D score for three consecutive years, it has to come up with a plan to reduce emissions
for the following year. In general, the Cll is a measurement for the C0, emitted per year divided by
the distance travelled and the cargo carrying capacity [10]. This means that fuel consumption must be
reduced in order to improve the Cll rating. This requires a better understanding of the mechanics that
impact fuel consumption related to cargo heating. One of the questions that arises is the question of
how beneficial it is to insulate the cargo tanks.

This thesis is performed in cooperation with Stolt Tankers, which is an operator of chemical tankers.
Figure 1.1 shows the average fuel consumption distribution for chemical tankers owned by Stolt Tankers.
The largest fuel consumer is the propulsion system of a vessel (72%). The second largest consumer
is the generator (21%), which is used for steering and the electronics. The third aspect, illustrated in
Figure 1.1, is the cargo heating consumption, which makes up for about 5% of the total fuel consump-
tion of a vessel. The last aspect of the chemical tankers is the tank cleaning consumption (2%). Tanks
have to be cleaned after usage to prevent contamination of chemicals.

Multiple studies have been performed to improve the fuel consumption for propulsion [11], [12], [13].
The generator for steering is analysed in [14] and [15]. There is almost no literature found about the
fuel consumption prediction for cargo heating systems on board of chemical tankers. Besides this, it
becomes increasingly interesting for shipping companies to specify how much fuel is used for which
reasons. Vessel operators would like to start to bill the costs for fuel consumption and emissions to
their customers. One part of this is that cargo that requires heat could be charged with a higher price
than cargo that does not requires heat. To be able to bill these costs to their customers, it must be clear
how much energy is consumed to heat the cargo.
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Figure 1.1: Fuel consumption distribution of chemical tankers, Stolt Tankers internal data

1.1. Cargo Heating

Cargo heating is an important aspect of the transportation of chemicals. The various transported chem-
icals all have a specific temperature window at which they must be transported to keep the chemicals
stable. The owner of the chemicals defines this range, and the operator of the chemical tankers must
keep the chemicals in this range. This means the vessel operator must be able to control the temper-
ature of the chemicals and therefore, the operator has the ability to heat the cargo in a tank with the
help of heating coils. The temperature range is important because firstly, a chemical that becomes too
hot or cold can react with itself. This can mean that the cargo changes in chemical properties and thus
is destroyed. Secondly, besides the possible loss of the cargo, safety issues can occur when a cargo
reacts with itself. Cargo above the stated limit can start an exothermic reaction. This means that cargo
will become warmer and warmer, and in the end, explosions might occur. The third reason to consider
the heating and heat exchange between cargo tanks is for economic reasons.

Figure 1.1 shows that the fuel consumption for cargo heating is 5% of the total energy consump-
tion. However, limited research is available for the cargo heating of chemical tankers. Bureau Veritas
studied crude oil tankers [16]. The vessels that are considered in this research are Aframax size. This
research shows that cargo heating optimization for crude oil tankers could reduce fuel consumption
by 30% if the voyage is longer than 30 days. When a voyage is longer, there is more time to opti-
mise the cargo heating consumption. Crude oil has a certain discharge temperature which is above
the transportation temperature. A longer voyage results in more time to decrease the temperature and
gradually increase it to reach the discharge temperature. The main fuel consumption reduction can be
achieved by reducing the cargo temperature within the specified limits. The crude oil temperature is
allowed to drop from 120 °C to 38 °C, and then heated to the discharge temperature again. Figure 1.2
shows the current operational cargo temperature profile and the aim for a better operational cargo tem-
perature profile. The aim of a shipping company is to add as little as possible heat to the cargo tanks
whilst keeping the cargo within the specified range. In the current situation, it often occurs that cargo
is heated while the temperature is not close to the lower limit. This means that there is room to reduce
the fuel consumption for cargo heating by having lower temperatures in the cargo tanks. The operator
must keep a focus on the temperature limit, but fuel could be saved there.

1.2. Temperature and fuel consumption estimations for chemical

cargo tanks

Within the chemical tanker industry, there have been accidents caused by cargo being above the max-
imum temperature limit. There have been cases where this was a result of cargo heating neighbouring
cargo above the maximum allowed temperature. To prevent this, there is a need to control the heat
flow and thus, temperature estimations for each individual tank.

There are several methods to be able to calculate the heat transfer between tanks. The first method
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is to model the tanks based on thermodynamic heat transfer. There are many authors who have written
books about the fundamentals of heat transfer: for example, the books of Lienhard [17], Dass [18] and
Incropera [19]. These books however are not specifically focused on chemical cargo tanks within
vessels.

There has been some research performed on the thermodynamic behaviour in cargo tanks. Based
on the thermodynamics and energy flows, Baldi [20] has studied how energy is used on board of
chemical tankers. The chemical tanker considered by Baldi, however, does not require cargo heating,
but the tanks that carried the fuel for the vessel needed heating. This already makes up for 0.9% of
the total fuel consumption. Gao [21] performed a numerical simulation with the help of COMSOL for
oil tankers in the Arctic region. The simulation time Gao considered was 600s. The study of Gao
gives insights into the disappearance of energy. The study by Gao shows that the energy dissipates
due to natural convection. Three physical properties are needed for this research: oil density, specific
heat and thermal conductivity. Bochenski [22] analysed the cargo heat demand. Bochenski did this by
analysing two vessels: a container vessel and a general cargo vessel. The result of the performed study
was that the heat demand was dependent on the water temperature and the air temperature. When
the water and air temperature was higher, less energy was required to control the cargo temperature.
Sari [23] studied the energy balance in a chemical tanker. The result of this research was that this
chemical tanker used 85% of the energy for propulsion, 11% was used for electricity and 2% was used
for heating. All other demands were 2% of the total energy consumption. Shen [24] studied the heating
of fuel tanks and showed that there was a difference of 1.5 °C between different measurement points.
The first point was located at 0.1m above the coils, and the highest measurement point was located
0.4m above the coils. Both numerical simulations and experiments show that the temperature rises
proportionally to the heating time.

Besides the research based on thermodynamic principles, studies have focused on the prediction
of certain aspects within the maritime industry based on operational data. Only limited research about
the heating of cargo within a chemical tanker is available. However operational data give the opportu-
nity to monitor fuel consumption and to predict the fuel consumption for future trips. There is research
done on the fuel oil consumption prediction [25] and monitoring [26], speed optimization [27] and main-
tenance optimization [28], [29] based on operational data. However, there is no literature found where
operational data is used within the maritime industry to predict fuel consumption for cargo heating.

1.3. Stolt Tankers

This thesis is made in cooperation with Stolt Tankers. Stolt Tankers operates several fleets, sometimes
in cooperation with another company. Some of the vessels within a fleet are owned by Stolt Tankers,
sometimes Stolt Tankers is in a joint venture with another company and sometimes Stolt Tankers is only
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accountable for the technical management of the vessels. Each fleet consists of multiple vessels. The
fleets Stolt Tankers operates are shown in Table 1.1. The main fleet that Stolt Tankers operates is the
STJS fleet. This fleet contains 56 vessels and is owned by Stolt Tankers. Stolt Tankers operate about
5.8% of the chemical parcel tankers, and the chemical tankers are about 2.3% of the world merchant
fleet based on deadweight tonnage (DWT) (see Table 1.2).

Table 1.1: Fleetlist Stolt Tankers [3]

Fleet name Vessels owned by Vessel Amount
Stolt Tankers [Y/N]
Stolt Tankers Joint Services (STJS) Y 56
NYK Stolt Tankers N 9
Tufton Investment Management N 8
Hassel Shipping 4 AS N
E&S Tankers Partially 4
Stolt NYK Asia Pacific Services (SNAPS) N 11
Stolt-Nielsen Inter-Asia Service (SNIAS) Y 2
Stolt-Nielsen Inter-Caribbean Service (SNICS) Y 8
Stolt-Nielsen Inland Tanker Service (SNITS) N 36
US Gulf Barging N 3
SC-Stolt Shipping N 9
Total 164

Table 1.2: Fleet size overview

World fleet Chemical Tankers Stolt Tankers BV fleet
DWT | 2.2E9[30] 49956358 [30] 2880141 [30]
GT 1551E6 [31] 32399162 [30] 1876296 [30]

1.4. Heating system

Each vessel at Stolt Tankers is equipped with a cargo heating system. The cargo heating system is a
system where in each cargo tank heating coils are fitted. This system is in place to enable tanks to be
heated if necessary. Figure 1.3a shows a schematic overview of the heating system. On deck, there
is @ main heating coil, which is connected to all tanks. These coils are located at the bottom of the
tank and/or at the walls. An example of these heating coils at the bottom is displayed in Figure 1.3b.
These heating coils are filled with steam or thermal oil based on the cargo specifications [32]. The
inflow of steam and/or oil is manually controlled by valve adjustment. The main heating coil on deck
is sometimes insulated, but that is vessel dependent. The reason to insulate these heating coils is to
reduce heat losses. The insulation, however, is able to react with seawater or rain, since it is open on
deck. This leads to a deterioration of the insulation at the deck and is sometimes a reason to not install
or remove the insulation.

1.5. Research questions

As discussed in the previous sections, limited research is available on this topic. This created an
opportunity to research this topic in this thesis. The theory of heat transfer is widely known, but not yet
applied in the chemical tanker industry. The goal of this thesis is to find a method to predict the fuel
consumption for cargo heating. This is stated in the research question below.

Research question: What models can be used to predict the fuel consumption for heating of cargo
for a given vessel and specific voyage conditions, taking operational use into account?

The research question can be decomposed into several elements to focus on in this research.
"Cargo”: chemical tankers have the ability to carry different cargo types. This research does not only
focus on crude oil, which is previously researched [16], but aims at predicting the fuel consumption for
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Figure 1.3: Heating configuration with an example of heating coils on a chemical vessel

different types of cargo. A “given vessel” means that an existing vessel is taken for a reference case.
This means that the predictions could be compared against an actual vessel, but the research depends
on the vessel geometry and layout. The third element is the “specific voyage conditions”. Each voyage
encounters different circumstances and this changes the fuel consumption for cargo heating (e.g. wave
height, current, water temperature). Besides this, the sentence starts with "How is it possible to predict”
this is because there are potentially different possibilities to predicting the cargo heating consumption.
The part taking operational use into account ensures that the research keeps in mind that it should be
a usable approach for a chemical shipping company. To obtain an answer to this research question,
the following subquestions must be answered.

I: Which physical phenomena influence the fuel consumption of the heating of cargo?

The start of this research focuses on the principles behind the heating of cargo. This question
focuses on the theoretical background. This knowledge is later on used to determine the models to
predict the cargo heating consumption.

Il: To what extent are ordinary differential equation models, based on available physical data, solved
with numerical Euler methods able to capture the fuel consumption of the heating of cargo per trip?

The second subquestion makes use of the knowledge gathered in subquestion 1. Subquestion 1
aims to find the theory of how heat transfer works and subquestion 2 determines a model to calculate the
heat transfer between the cargo tanks. This subquestion takes the computational effort into account,
since the ordinary differential equations can be solved by Euler methods. The aim is to build a model
that runs within a day, otherwise, it will not be of practical use. The book by Lienhard [17] explains that
the heat transfer equations are based on ordinary differential equations. These ordinary differential
equations have to be solved. There are multiple options to approximate these equations in time and
this will be further investigated during this research. Furthermore, the geometries have to be modelled.
These geometries are modelled based on available physical data.

lll: How can operational data be exploited for the consumption prediction of heating of cargo for a single
trip?

Shipping companies have started to gather data. There are multiple papers within the maritime
industry where a black box model (BBM) is used to determine the fuel consumption of a vessel. These
papers are not specifically for the fuel consumption for cargo heating, but this thesis will use a BBM to
see if this is a suitable method to predict the fuel consumption for cargo heating.
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1.6. Outline

After the introduction, the report continues with chapter 2, where the methodology for this report is
explained. Chapter 3 describes all the features and data sources needed in this research. Chapter 4
continues with the setup of the simulations and calculations. The results of these simulations are
presented in chapter 5. This is followed by conclusions about these results in chapter 6. The report
finishes with chapter 7, where there is a discussion of the results and recommendations for further
research are made.



Methodology

The goal of this research is to predict the fuel consumption for cargo heating for a vessel during a
specific trip. There are several possibilities to achieve this goal. For example, it is possible to take
the average of the boiler consumption during a specific year, or take the average boiler consumption
while considering the amount of cargo taken into the vessel. The research question states that the fuel
consumption must be predicted based on a specific voyage and vessel. Literature suggests that there
are three different types of models possible: white box model (WBM), black box model (BBM) and grey
box model (GBM) [34], [35].

The first approach used in this research is a physics-based model (PBM), a so-called WBM. The
second approach used in this thesis is a BBM. This approach uses the operational data to create a
model to calculate the fuel consumption. The third approach is to combine these two methods into
one method, called a hybrid model (HM), or a GBM. The first approach gives a clear indication of
the optimal solution whilst the second approach gives insights into the actual performance. The first
approach is called the physics-based model (PBM) and the second approach is called the data-driven
model (DDM). The third approach in this research is called a hybrid model (HM). This is a combination
of both the PBM and the DDM. The overview is displayed in Figure 2.1.

Fuel consumption
prediction for cargo

heating

| |

Physics-based model Data-driven model

| |
| | ! |

Chemical tanker
model

Cooling down model Linear model Non-Linear Model

Matlab Matlab

COMSOL NR data

Hybrid model

Figure 2.1: Methods for fuel prediction
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The PBM consists of two parts. The first part is a cooling down model (CDM) and the second part
is the chemical tanker model (CTM). The CDM is a simplification of reality, to be able to verify the
thermodynamic equations used in the model. The result is compared to COMSOL Multiphysics to see
if the same input generates an equal output. The next step is to model a trip of a chemical tanker vessel
and compare the output against the actual data. The actual data is the available noon report (NR) data.
The output of the CTM is a graph of fuel consumption over time given a certain input. This approach is
explained in section 2.1.

The DDM uses the available operational data. Two different possible algorithms are investigated.
The first algorithm is a linear model and the second algorithm that will be used is a nonlinear model.
The data is processed in Python, where the Scikit-Learn toolboxes are used for the algorithms [36].
This can be seen as a BBM. The methodology for the DDM is explained in section 2.2.

The HM is a combination of the PBM and the DDM and is called a grey box model (GBM). The
DDM is based solely on data, whilst the PBM is based solely on thermodynamic calculations. The HM
uses a dataset containing the information of both methods to learn a model of the relations to be able
to benefit from the two methods. The HM is explained in section 2.3.

2.1. Physics-based model

This section explains the methodology for the PBM. First, the theory is explained in subsection 2.1.1,
followed by the CDM in subsection 2.1.2. This method is then scaled to a trip for a vessel in subsec-
tion 2.1.3 and concludes with the method for the verification in subsection 2.1.4.

2.1.1. Theory of heat transfer

This section explains the theory of heat transfer. Energy has three possibilities to transfer. These are
conduction, convection and radiation. Conduction is heat transferred due to the motions of electrons
and is first explained. Convection is a fluid flow that occurs due to a change in temperature. This
change in temperature causes the medium to have a different specific weight and, thus a different
gravity. This leads to a movement of heat flow and will be further explained. The third aspect of heat
transfer is radiation. Radiation is when the movement is transferred into electromagnetic radiation.

Conduction Conduction is heat transferred due to the motions of electrons within a material. When
a material is heated, the material will be warmer close to the heat source than far away from the heat
source. In 1878 Fourier published a book called 'The Analytical Theory of Heat’, where the 'Fourier
Law of Conduction’ was first described. Three factors influence conduction: fluid motion, fluid nature
and surface geometry [37]. Conduction is visualised in Figure 2.2. A heat flux q; goes through a
solid material with thickness Ax. The heat flux g, is a result of this. It can be seen that there are two
temperatures involved in the equation, namely T; and T,. The Fourier Law of Conduction is stated in
Equation 2.1. In this equation, gy, q, and g, are the heat fluxes, k expresses the thermal conductivity

and Z—Z is the gradient of temperature in the solid. Equation 2.1 shows that the heat flows from the
higher temperature towards the lower temperature.

oT oT oT
G =~k Qyz_k@; =~k (2.1)

To be able to use the Fourier law of conduction, the thermal conductivity (x) should be known. The
definition of thermal conductivity is the heat flow rate vector (a) divided by the change in temperature
(WT). This is shown in Equation 2.2. The ability of a material to conduct heat is called thermal con-
ductivity and is the sum of the internal energy carried by electrons. Each electron contains a certain
amount of energy from excitation [38]. The total thermal conductivity (k) is the sum of all components
of thermal conductivity from excitation. This is expressed in Equation 2.3, where a the excitation is.

Equation 2.3 shows the summation of all thermal conductivity.

Q
v

K= Zka (2.3)

(2.2)

K=—

~
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Figure 2.2: Conduction

The average heat flow rate 5 can be calculated to sum all particles [38]. This is stated in Equa-
tion 2.4. The symbols n, ¢, 7, ¥, and AT stands for the particle density, the heat capacity, the relaxation
time, the velocity and the temperature difference.

R e 1
Q = —nct{v - V)VT = —znety AT (2.4)

When Equation 2.2 and Equation 2.4 are merged into one equation, this results into Equation 2.5.
As shown in Equation 2.3, this can be summated over «, leading to the general Equation 2.6. The
coefficient C is the total heat capacity and [ is the particle mean free path.

_ 2 2—lCl 25
K= gnetv® = 2Cv (2.5)
1
K = §Z Cavala (26)
a

However, in most cases the thermal conductivity cannot be found exactly. Table 2.1 displays stan-
dard values for the thermal conductivity. In general, the conduction could be calculated according to
Equation 2.7. Here, the Fourier law of conduction is multiplied with the area to get the total heat flow
rate vector.

2
Qnet,conduction = Inet,conductiond = _kAﬁax (2.7)

Material Thermal conductivity [W /mK]
Silver 410
Copper 385
Aluminium 225
Cast-iron 55-65
Steel 20-45
Concrete 1.2
Glass 0.75
Glass wool 0.03
Water 0.55-0.77

Table 2.1: Typical values for thermal conductivity, from [4], p. 781

Convection Convection is the heat transfer caused by the movement of a fluid. A hot surface will
influence a fluid’s temperature. The fluid could start moving due to the change in density. This is called
convection [37] and is displayed in Figure 2.3. Convection can be calculated according to Equation 2.9.
The amount of convection is influenced by the temperature of the body and the temperature of the
fluid. The difference between these two temperatures (T), multiplied by the heat transfer coefficient (h),
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leads to the heat flux for the convection as shown in Equation 2.8. The total amount of heat due to
convection can be calculated by multiplying Equation 2.8 with the area (A) which is considered. This
results in Equation 2.9.

Geonvection = M(Ts — To) (2.8)

Qconvection = —hA(Ts — Te) (2.9)

Figure 2.3: Convection in inclined volume

Nusselt derived a dimensionless coefficient which is the ratio between the convective and conduc-
tive heat transfer. This number can be calculated according to Equation 2.10. In this equation, h is the
heat transfer coefficient, L is the surface length and k is the thermal conductivity When this equation is
rearranged, the heat transfer can be calculated (Equation 2.11).

Equation 2.8 and Equation 2.9 are equations to calculate the heat transfer when convection occurs.
There are two types of convection, natural convection and forced convection. In Equation 2.8 and
Equation 2.9, the h is the heat transfer coefficient, T is the temperature of the surface, T, is the fluid
temperature and A is the area. The difference between natural convection and forced convection is
that with forced convection the fluid is moving not only by the speed caused by the convection, but is
also moved by an external factor. This external factor is for example the forced movement of water
along the hull of a vessel, wind flowing over a deck or movement of the liquid in the cargo tanks caused
by the movement of the vessel.

hL
Nu, = % = f(Re,Pr,Gr,Ec) (2.10)
k
h= ZNuL (2.11)

The next step to calculate the heat transfer coefficient is the Nusselt number. The Nusselt number,
however, depends on the kind of convection. There is a distinction between natural convection and
forced convection. First, natural convection is explained and after that, the differences with forced con-
vection are explained.

Natural convection
Churchill has derived an empirical function to determine the Nusselt number as a function of both
the Rayleigh and Prandtl functions [39] for natural convection. This research shows two equations
to calculate the Nusselt number as a function of Rayleigh and Prandtl. The equations for Rayleigh
and Prandtl are shown in Equation 2.15 and Equation 2.14 [19]. The Rayleigh number is the Grashof
number multiplied by the Prandtl number.

When equations Equation 2.10 and Equation 2.12 are combined, the heat transfer coefficient can
be determined. The Rayleigh number is a number that is associated with the buoyancy driven force and
the Grashof number is a dimensionless number that expresses the ratio between the buoyancy and
viscous forces on a liquid. When these are known, the heat transfer coefficient can be determined as
stated in Equation 2.16. In the Grashof number, the g is the gravitational acceleration,  is the thermal
expansion coefficient, Ts is the surface temperature, T, is the is the fluid temperature, L is the length
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and v is the kinematic viscosity. In Equation 2.14 ¢, is the specific heat, u is the dynamic viscosity and
k is the thermal conductivity.
0.68 + 0.67Ra; " Ra;, < 10°
hL PO T 1 + (0.492/Pr)°/16]479 =
Nungturar = 7 = (2.12)

1/6
(0.825 + Y2 Ra, >10°

0.387Ra;
[1+ (0.492/Pr)9/16]8/27

_ 9B(Ts — To)L®
=T

Gr (2.13)

pr= 2= (2.14)

Ray = Grcbr (2.15)
0.67Ra;’*

[1+ (0.492/pr)9/16]4/9)
0.387Ra;’®

[1+ (0.492/Pr)9/16]8/27

k
7(0.68 + Ra; < 10°

(2.16)
)2 Ra, > 10°

k 0.825 +
L('

Forced convection

In the case of forced convection, the movement of the fluid is not only caused by the thermal gradients at
the surface [40]. The Nusselt number changes. This becomes Equation 2.17 [41]. In this equation, C,
m and m are constants dependent on the geometry of the plates and the friction in the boundary layer.
These constants vary for each geometry and are empirically determined. Furthermore, in calculations
of forced convection, the Nusselt number becomes dependent on the Reynolds number instead of the
Rayleigh number. The Reynolds number is a dimensionless ratio between inertial and viscous forces.
The equation for the Reynolds number is given in Equation 2.18. Here, u is the flow speed, L is the
length and v is the kinematic viscosity.

Nuforceq = CRe™PT™ (2.17)
L
Re = ”7 (2.18)

Radiation Radiation is the transfer of energy which is emitted through an electromagnetic process
[17]. A body emits energy according to Equation 2.19. This equation is equal to the Stefan Boltzmann
law, with the exception of the addition of €. The Stefan Boltzmann law describes the energy that a black
body emits, however, not all bodies are black bodies. ¢ is the relation between the real body emissive
power and the black body emissive power, and can be calculated according to Equation 2.20. ¢ is the
Stefan-Boltzmann constant. The value of ¢ =~ 5.67 x 1078 Wm™2K~* [42]. Kirchoff states that when
a body is in thermal equilibrium, it emits the same amount of energy in each wavelength and direction
as it absorbs. It is important to mention that objects do not need to be in direct physical contact for
radiation to take place [43]. Furthermore, the larger the temperature difference, the more radiation
occurs.

ey = g0T* (2.19)
_a@lrT)
%= Y (2.20)

This all results in a net heat flux that can be calculated according to Equation 2.21. In this equation,
T, is the higher temperature and T, is the lower temperature. However, this equation shows the heat



12 2. Methodology

flux. To calculate the total amount of heat that transfers, the area has to be considered. Furthermore,
a shape factor F,_, comes into play. This results in Equation 2.22 [17]. In this equation, it is assumed
that all energy that leaves body 1 is received by body 2. That is the reason that only area 1 has to be
considered.

Qnet,radiation = EO-(Tf - T;’) (221)
Qnet = AlFl—ZO-(Tf - Té) (2.22)

Total heat interaction The total heat interaction is an addition of the conduction, convection and
radiation that takes place at the same time. Conduction can be calculated according to Equation 2.7,
convection can be calculated according to Equation 2.9, and radiation can be calculated according to
Equation 2.22. The first law of thermodynamics (Equation 2.26) describes a method that can be used to
calculate the change in temperature of the object. All four equations are shown again in Equations 2.23,
2.24, 2.25, 2.26. Zhang states that radiation in both liquid and solid material is negligible compared to
conduction and convection [13]. This is because of the large density and because the radiation is only
absorbed by a thin layer close to the surface. Thus radiation is not taken into account in the model.

9°T
Qnet,conduction = _kAWax (2.23)
Qnet,convection = _hA(T - Too) (224)
Qnet,radiation = AlFl—ZO'(Tf - T24) (2.25)
aT
Qnet firstiaw = mca (2.26)

Figure 2.4 shows the heat transfer between two tanks without the influence of the surroundings.
Tank 1 has a higher initial temperature than tank 2, which means that the energy flows from tank 1
towards tank 2. In this figure, both convection and conduction take place. Convection takes place from
the middle of the tanks to the wall of the tanks and conduction takes place within the wall of the tank.

1. Ty - T4 Convection

2. T - T Conduction

3. Ty - T, Conduction

4. T, - T, Convection

Tank wall Insulation
Tank 1 Tank 2
T, 1 Tl
02

T, =40 [deg(C] Ty, =20 [degC]

Figure 2.4: Heat transfer through wall, based on source [1]
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According to Incropera [19], the heat transfer of a combined system should be modelled as resis-
tances. In Figure 2.4 the resistances R,_, are shown in red. In Equation 2.27 and in 2.28, h; is the
heat transfer coefficient from tank i, 4; is the wall area, x; is the thickness of the wall or insulation, k; is
the thermal conductivity. The heat transfer coefficient is dependent on both the liquid inside the tank
and the wall geometry. The thermal conductivity depends on the material properties.

1

Reonvective = hA: (2.27)
ii
Xi

Reonductive = k_A (228)
idi

The total heat transfer between tank 1 and tank 2 can be calculated according to Equation 2.29.

- Too Tl
I= = &% (2.29)

hi4;  kpAy,  ksAz  huA,

2.1.2. Cooling down model

Matlab model setup Previous sections of this chapter described the theoretical framework. Upon
this basis, the resulting application in the model set-up will now be described in this section. The
schematics of the model are shown in Figure 2.5. Step 1 is to determine the settings. This part of the
script determines the duration of the simulation and the interval between points to be calculated. The
script uses a Forward Euler method to solve the equations. The Forward Euler method is displayed in
Equation 2.30. In this equation, y,, is the value for the solution at step n, y,, is the first derivative of the
system and AT is the timestep.

Yn+1 = Yn + YnAT (2.30)

The settings of the timesteps are used to create the right initial parameters for the model. The
characteristics are divided into three parts: the tank characteristics, the material characteristics and
the environmental characteristics. The tank characteristics are the physical dimensions of the tanks,
the material characteristics are to assign cargo and the steel properties of the plates to each tank. The
environmental characteristics are the weather conditions. The heat calculations first derive the heat
transfer coefficient for each wall, using Equation 2.16. These coefficients can be used to calculate
the total resistance of the wall according to Equation 2.27. The characteristics of the walls enable the
model to calculate the resistance of the walls according to Equation 2.28. The combination of these
two equations leads to Equation 2.29. For each individual timestep, the heat transfer coefficient has
to be determined again since it is dependent on the temperature difference. This leads to different
resistances over time and thus, a different heat flow. The last step of the model is the visualisation of
the temperatures and heat flows over time.

0.67Ra}’*

[1 + (0-4’92/PT)9/16]4/9)

0.387Ra}’®

[1 + (0.492/Pr)9/16]8/27

s 2.31
q=me— (2.31)

k
~(0. a; <
7068+ Ra, < 10°

(2.16)
)2 Ra, > 10°

k 0.825 +
L('

COMSOL Multiphysics COMSOL Multiphysics is simulation software to give engineering solutions.
In this thesis, the heat transfer module is used to compare the results from COMSOL Multiphysics with
the suggested Matlab model. COMSOL Multiphysics is software based on numerical methods and is
computationally more demanding than Matlab for the same simulation time. The basis for this module
of heat transfer is the law of conservation of energy. The manual of COMSOL states that this is called
the '"Heat Balance Equation’: Equation 2.32 [44]. E, is the internal energy, Q... is the exchanged heat
rate and P,;, is the stress power, converted into heat by dissipation. Furthermore, COMSOL takes the
conservation of mass, linear momentum and angular momentum into consideration.
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Figure 2.5: Matlab flow CDM
dEq
dt = Pstr + Qexcn (2.32)

2.1.3. Chemical tanker model

This section is the expansion of the CDM towards a trip that has been sailed with a chemical tanker
vessel. During this trip, data is recorded, leading to a comparison between the simulated trip and the
reported trip. The same method is used as explained in Figure 2.5, with some small adjustments. This
can be seen in Figure 2.6. There are two coloured boxes, corresponding to the two modifications in the
model. The first modification is that the environmental temperature is not considered to be constant,
but changes over time. Furthermore, the vessel is surrounded by two different materials. The materials
surrounding a vessel are the sea water and the air. The second aspect is that the tanks do not only cool
down to the environmental temperature, but must be maintained at a certain temperature. For each
timestep, the cargo tank temperatures are checked against the minimum allowed temperature. Most
tanks have a higher temperature than the sea and air temperature, so cooling down occurs by trans-
mitting energy (and thus reducing the temperature) to the sea and air. The heating spirals in the tanks
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heat up the cargo if necessary. When the cargo tank temperature drops below the minimum tempera-
ture for a tank, the model turns on the boiler and energy is added to the tank for that specific moment.
The energy is then transferred towards a fuel consumption. This results in the fuel consumption for the
cargo heating. When this is done for each timestep in the simulation, the total fuel consumption for the
trip can be calculated. The PBM could also be used to calculate the influence of insulation during a
trip. Insulation could be modelled as shown in Figure 2.4.

Settings
Y
Initialization
Y
Characteristics |« I Tank |
4| Material |
e Environmental

Heat transfer
coefficient per wall

v

Resistance
calculations

Y ¢

Heat calculations [ €——O<€— Heat flow per wall

v

Heating from boiler

v

Change in
Y temperature

Each
timestep

Results

Figure 2.6: Matlab flow CTM

Magazinovic [45] performed a CFD analysis on a cargo tank for crude oil. The article states that the
fluid inside a cargo tank is moving due to the movement of the vessel. The CFD analysis shows that
the heat transfer is higher than only the result of natural convection, and a substantial part is caused
by forced convection. Magazinovic analysed six hours of the temperatures within one cargo tank. This
simulation had a duration of 28 hours while using an 8 cores 2.4 GHz processor. Wu [46] analysed a
tanker trip during a voyage as well. The vessel during this trip was loaded with crude oil. Here, it was
possible to analyse the forced convection. Wu solved the issue of forced convection by correcting all
the Nusselt numbers.

To simplify this method, and since not all geometries are fully known, an approximation of the cor-
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rection factor of the heat transfer coefficient is used (a, Equation 2.33). This is suggested by the book of
Jiji [37]. Jiji states that the difference between natural and forced convection is a factor between 2.5-30.
Jiji states that the heat transfer coefficient normally is a big uncertainty, even when calculated correctly,
causing errors up to 30% in the outcome. There are two items to check the correctness of the heat
transfer coefficient: the behaviour of the temperature inside the tanks and the used fuel consumption.
This leads to Equation 2.33. For this reason, convection will be modified during this thesis.

Qnet,convection = @ * hx A x (T — Ty) (2.33)

2.1.4. Verification

The first step in the verification of the model is to compare the CDM with a numerical simulation from
COMSOL Multiphysics. These two methods should give a similar result, since these models are cal-
culating the same cooling down behaviour of the box. Small deviations could occur, since both models
are numerical methods. When the behaviour is similar, the Matlab method can be scaled to a chemical
vessel model. The second step is thus to compare the simulation results for the trip with the reported
fuel consumption during the trip. Furthermore, it is possible to compare the calculated tank tempera-
tures with the reported actual tank temperatures.

2.1.5. Application of physics-based model: Insulation

An important aspect of a physics-based model is that the effect of insulation can be calculated. The
geometry of the vessel has to be modelled in the PBM. This gives the freedom to change the geometry of
the vessel in order to see what effect this has. This is especially useful when insulation is considered.
Figure 2.4 shows that insulation could be added as a wall with different properties than the existing
steel wall. By calculating the effect of insulation, it is possible to build a business case to calculate the
savings in US dollars to see if it is beneficial to insulate tanks. Furthermore, the PBM could be used
when designing new vessels to see if the savings due to the insulation outweighs the cost of installing
the insulation. Overall, the ability to model the effect of insulation is a key strength of the physics-
based model approach. It provides designers with the flexibility to explore different design options and
optimize vessel performance for improved energy efficiency and safety.

2.2. Data-driven model

As explained earlier, the second method is a DDM. First, the learning models are explained, where the
algorithms used are explained in more detail. This is followed by the selection of the hyperparameter.
After the selection of the hyperparameter, the setup for extrapolation is explained.

2.2.1. Algorithm selection

Learning models Ayodele [47] explained that there are six common algorithm types within machine
learning. These types are: (1) supervised learning, (2) unsupervised learning, (3) semi-supervised
learning, (4) reinforcement learning, (5) transduction and (6) learning to learn. The aim of supervised
learning models is to create a function that is able to map the input to the output. This research uses
the toolbox from Scikit-Learn [48] for the algorithms. Scikit-Learn is a toolbox where commonly known
algorithms are programmed and can be loaded into Python. Multiple algorithms from the Scikit-Learn
toolbox are suited to train a model to predict the fuel consumption. Among the possibilities are the least
squares method, support vector regression (SVR), neural network (NN) and random forest regressor
(RFR). Each model has certain benefits and disadvantages. The least squares method is suitable
for handling big data, and is able to create both linear and non-linear models. SVR searches for an
approximation function [49] and a NN needs training data, test data and validation data to ensure that
the NN is able to predict the outcome with reasonable accuracy (normally around 5%) [50]. The RFR
builds multiple decision trees on different subsamples of the entire dataset, and then averages these
results [51]. Hence, the least squares method and the support vector regression were chosen out of
these possibilities.

During this study, a linear and nonlinear algorithm are used and compared. The chosen linear
algorithm is called RigdeCV, and the nonlinear algorithm is SVR from the Scikit-Learn toolbox. RigdeCV
is first further explained and followed by an explanation of SVR. Both algorithms have the same order
of processing. First, the range for error coefficient has to be determined. Then, the model is trained
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on a subset of the data with the help of k-fold. The next step is to determine the error coefficients.
With these coefficients, a model can be determined and applied onto a test set to be able to see the
accuracy of the model.
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Figure 2.7: Build up of algorithm, own figure

Linear Model - RidgeCV

The linear model used during this study is in the form of Equation 2.34. In this equation, y is
the predicted value, w = (wy, .., w;,) are the coefficients for this model, and the input parameters are
¥ = (xq, .. %x,). With the help of Equation 2.35, the error will be minimized and the coefficients w are
determined. This equation shows the method of ordinary least squares (OLS). In this equation, « is
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the complexity parameter. This parameter determines the tradeoff between matching the training data
and the test data. On one side, the model aims at fitting the training data. On the other hand, a model
aims to predict a value which is not in the training data. Matching the training data too precisely causes
overfitting. In all cases the following statement must be true: @ = 0. When « is very small, the solution
goes towards OLS. When «a is very large, the regularization effect dominates the loss function. The
implemented algorithm RidgeCV from Sklearn [52] determines the best performing « for the model.

yw,x) = wg + wixq + .. +wyx, (2.34)
min [|Xw - y|15 + allwli3 (2.35)

Non Linear Model - Support Vector Regression

Support vector regression (SVR) is based on support vector machine (SVM). The SVR is stated as an
optimization problem [53]. SVR is a method that is well suited to predict an outcome based on certain
parameters. These parameters create a dataset. This dataset is used to train the model. Drucker
[54] has researched that SVR has advantages over regression trees and ridge regression. The main
advantage is that SVR optimization is not dependent on the dimensionality of the input space. Vapnik
[55] explains that SVR uses a kernel basis function to train the model. The kernel is the mapping of
low dimensional data into higher dimensional data [56]. The kernel basis function RBF is stated in
Equation 2.36. The objective function and boundary functions for SVR can be seen in Equation 2.37
[53]. The schematic architecture of an SVR can be seen in Figure 2.8.
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Figure 2.8: Schematic overview of SVR, based on Smola 2004 [2]
K, = exp(—y|x — x;|?) (2.36)
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Figure 2.9: Influence of €, from [2]

With the optimization problem and boundaries defined, it is now possible to construct an Lagrange
function based on Equation 2.37. The result of this is a dual optimization problem, stated in Equa-
tion 2.38.

1
min > (@~ a)'Q(a —a") +ee’(@+a) —y"(@—a")
subjectto eT(a —a*) =0 (2.38)

0<a,a;<Ci=1,.,n

Equation 2.38 can be reformulated using a kernel trick. The result is stated in Equation 2.39, where
a; and a; are the Lagrange Multipliers and K refers to the kernel function.

D (@ - K G x) + b (2.39)

iesSv

The book written by Vapnik [55] explains the fundamentals of SVR in detail. There are two hyper-
parameters which have to be chosen: C and e.

The parameter C determines the tradeoff between the misclassification of the training examples and
the correctness of the fit in the training dataset. A larger C leads to an increase of support vectors and
therefore more complexity into the model. A smaller C causes less support vectors and thus increases
the flatness of the model [57]. The parameter ¢ is an indication for the influence of a single value
[2]. The influence is visualised in Figure 2.9. A larger value for € increases the flatness of the model,
because only a small number of support vectors are determined. A smaller value for € increases the
number of support vectors [58]. How these parameters are selected, is explained in subsection 2.2.2.

2.2.2. Hyperparameter selection

Cross validation of a model is in place to be able to measure the performance of a prediction model.
The prediction model should not only perform well on the data it is trained against, but also on new
data. This causes the need for cross validation. This research uses a K-fold cross validation due to
limited data availability. K-fold cross validation is a method to train a model against all data and test
the model against all data. The idea of K-fold cross validation is that a dataset is split in k subsets,
as explained by Berrar [59]. Every time the model uses k — 1 subsets of the data to train the model
and 1 subset of the data is used to test the model. The K-fold cross validation method is visualised in
Figure 2.10. Simon [60] explains that a 10-fold cross validation is a special case of the K-fold cross
validation. Figure 2.10 shows the 10 folds. Each fold contains 9 subsets of the training data. Both
chosen models (RidgeCV and SVR) require a search to select the hyperparameter. This search for the
hyperparameters is done in each individual fold. In the fold, 9 models will be made and the best model
with corresponding hyperparameters is chosen to test against the validation set. This means that the
inner loop is always trained with 80% of the data. The result is that there are 10 models selected, one
for each inner fold. These models are tested against the validation data and the best performing model
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is the chosen model. Molinaro [61] studied heavily biased datasets and researched the results when
a K-fold method was applied. The K-fold method gives k-amount of scores, namely each fold has a
model with a score. The average of the scores gives a good estimation for the total score states the
research of Molinaro.

Figure 2.10: K-fold cross validation, own figure
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2.2.3. Extrapolation

The K-fold method enables the model to be trained and tested against the data multiple times. When
the result of this model is sufficient, it means that the model should be able to interpolate between these
values. It could be beneficial to test the performance of the model when it has to calculate extreme
values. This could be beneficial, for example, when the average cargo temperature is higher than usual
or the sea or air temperature is higher or lower than what has ever been experienced. Figure 2.11 shows
how this could be done. The top 10% for one of the parameters is taken out of the dataset. The model
is trained with a subset of the data and then, the model is checked against the extrapolation dataset.
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Figure 2.12: HM schematics

| Entire dataset |

Train dataset Extrapolation dataset

Figure 2.11: Extrapolation method

2.3. Hybrid model

The idea of the HM is that it uses the knowledge of both the BBM and the WBM and merges it into one
model. This results in a model that benefits from both the DDM and the knowledge from the PBM. This
results in a model which should be more accurate, and should be able to be based on less data [62],
[63]. The steps to be able to create this model are displayed in Figure 2.12. The algorithm selected by
the HM is the same best performing algorithm from the models of the data-driven model. The dataset
from the DDM is combined with data from the PBM. This results in a new dataset. This dataset is
trained and tested in a same manner as the DDM.

2.4. Error Estimation data-driven model and hybrid model

A study by Botchkarev [64] shows the opportunities for error estimation in machine learning regression
algorithms. Botchkarev mentions that there are over 54 metrics for error estimation. The most common
metrics for error estimation are: mean absolute error (MAE), mean absolute percentage error (MAPE),
mean square error (MSE), root mean square error (RMSE) among others. The formulae for these error
estimations are Equations 2.40, 2.41, 2.42 and 2.43. In these equations, y; is the predicted value for
item i, y; is the actual value for item i and n is the amount of the predictions. The MAE and RMSE are
in the same order of magnitude as the target variable, while the MSE is the difference squared. The
MAPE is a percentage. A study by Fildes [65] shows that the two most used metrics for estimations are
the MAE and the MAPE. For this reason, this research uses the MAE and MAPE to be able to compare
it with most available research.



22 2. Methodology

n
1N
MAE = = |, = ¥ (2.40)
i=1
1N =il
MAPE = - Z Wi — Vil (2.41)
n & Vi
i=1
1 n
MSE =~ " 9; = %l? (2.42)
i=1

RMSE = (2.43)

1 n

_ 5. — .12

né |¥i — vil
i=1

2.4.1. Interval of confidence

As explained in subsection 2.2.2, each fold generates a Confidence Interval (Cl). The Cl is the interval
in which a certain amount of the answers are. For example, a Cl of 95% means that the answer is for
95% within this range. The Cl can be calculated according to Equation 2.44 [66]. In this equation, z, /2
is the normal distribution. The value for 95% confidence can be read from a t-distribution table and the
according value is 1.96. a2 is the variance, thus o is the standard deviation and n is the sample size.
The paper by Simundié [67] explains in more detail how to calculate the Cl. The results have the form
of mean result + Cl.

o

_ - [
Cl = (X —Za/z_, (X+Za,/2

T \/_ﬁ) (2.44)

n
1
o= |— Z(xi _ )2 (2.45)
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Feature description

This chapter describes all the features needed to run the simulations. Chapter 2 explained the three
different methods: PBM, DDM and HM. Section 3.1 explains the features that are needed for the
PBM. These features are the layout of the reference vessel and the conversion of fuel consumption.
Section 3.2 explain the features that are needed for the DDM. The HM used the information of both the
PBM and the DDM, so no additional features are needed for this model.

3.1. Features physics-based model

As stated in the research question, a specific voyage and vessel have to be considered to calculate
the fuel consumption and temperature behaviour in a cargo tank. The trip considered was from Port
Kelang, through the Suez canal and towards Rotterdam. This trip had a duration of 29 days, where no
cargo was loaded or discharged. The sea temperature during this trip was between 12 to 30 °C and
the air temperature was between -3 to 27 °C.

During the voyage, there were 40 tanks filled with cargo. The four deck tanks were empty, and
were accordingly not taken into consideration in the model. The cargo specifications can be found in
Appendix C.

3.1.1. Layout of reference vessel

As explained in subsection 2.1.1, the physical dimensions are essential to calculate the heat transfer
between cargo tanks. The schematics of these two vessels are displayed in Figure 3.1. This schematic
overview contains multiple spaces. There are cargo tanks numbered from 1 to 12 with the additions
of P (Port), S (Starboard), C (Center), CA (Center Aft) and CF (Center Forward). On deck are four
deck tanks. On the outsides are 14 ballast tanks, starting with a W and numbered from 1 to 5. There
are two tanks dedicated to compensate for heeling of the vessel. The tanks starting with a C are the
spaces between cofferdams. The main particulars of the Stolt Concept and Stolt Effort are mentioned
in Table 3.1. These tank names are transferred to numbers corresponding to each tank, shown in
Figure 3.2. These numbers will be used in the thesis to name the tanks.

Table 3.1: Principle dimensions Stolt Concept and Stolt Effort

Length (LOA) 176.75 [m]
Breadth moulded 31.00 [m]
Depth moulded 15.60 [m]
Draught moulded 11.80 [m]
Displacement 49400 [t]

DWT 37000 [t]
Service speed 16.2 [kts]
Cargo tanks 44 [-]
Boiler efficiency 83 [%]

23
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Figure 3.1: Schematic overview Stolt Concept and Stolt Effort
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Figure 3.2: Schematic overview Stolt Concept and Stolt Effort, numbered tanks

3.1.2. Conversion of fuel consumption

The inflow and outflow per tank is calculated in joules per time unit. A paper by Jochemsen-Verstaeten
[68] researched the lower heating value of the different fuel types. Heavy fuel oil (HFO) has a lower
heating value of 41 MJ /kg and marine diesel oil (MDO) has a value 42 M] /kg. This research calculates
using the lower heating value of MDO, since vessels are not always allowed to use HFO. The Matlab
model determines an energy requirement per tank in Joule/seconds. To be able to compare the fuel
consumption as determined by Matlab, with the amount of fuel, this must be converted to ton/hour.

3.2. Features data-driven model

The DDM and the HM both depend on the available data. Subsection 3.2.1 explains the acquisition
of the available data. This data is analysed in subsection 3.2.2 and subsection 3.2.3 explains what
features must be included in the dataset in order to create the dataset for the models.

3.2.1. Dataset acquisition

Within Stolt Tankers there are multiple sources for the data. The 'NR data’ is a data source where the
vessel performance parameters are noted every day at noon. Another data source is the temperature
sensors in cargo tanks. Stolt Tankers has five vessels that are equipped with sensors that provide a
measurement every minute. Two of these five vessels are vessels from the same fleet. Each cargo
tank is equipped with three sensors, one at the bottom, one at the top and one in the middle between
these points. The signal that is registered is the average of these three sensors, and this is sent to
shore. Another source of information is the cargo-specific information. This is the information about
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what cargo is in each individual tank. The overview can be seen in Table 3.2. The chosen parameters
within these datasets can be seen in Table 4.5. This is a selection of all available data fields, which can
be found in Appendix A.

Table 3.2: Datatypes and location

Data Location Measurement Frequency Nr of measurements
Noon report data data  PowerBI Day 232
Sensor data PowerBI Minute 9440
Cargo information data iStow Trip 70

3.2.2. Preliminary Data Exploration

The aim of this research is to predict the fuel consumption for the cargo heating. The literature in
subsection 2.1.1 explains that the main influences are the cargo masses, the temperatures within the
tank, the air temperature and the sea temperature. With the filtered data, the fuel consumption for cargo
heating for 150 consecutive days is plotted with the air and the sea temperature in Figure 3.3. There
is no clear linear trend between the fuel consumption for cargo heating and the temperatures. There
are peaks in the fuel consumption, while there is not a big change in either the sea or air temperature.
There are even periods where the temperatures decrease and the fuel consumption decreases too.
There are several possibilities for this. One reason could be that the cargo specifications allow a lower
temperature than the current cargo temperature.

Comparison between Fuel Consumption for Cargo Heating and Temperature
T T

35 )35

Air Temperature
— — Sea Temperature
Fuel Consumption

30

25

Temperature [degC]
) o S

Fuel consumption [ton/Day]

(é)]

Days

Figure 3.3: Comparison between fuel consumption for cargo heating and air/sea temperature

The second step is to look at the correlation between variables. Pearson’s Correlation Coefficient
is suitable for this method. This coefficient has values between -1 and 1. When there is a strong
positive linear relation between two parameters, the value of this coefficient approaches 1. When
there is a negative relation between parameters, the value is below 0. To calculate these coefficients,
Equation 3.1 can be used [66]. The covariance of parameters A and B must be calculated according to
Equation 3.2 [66]. The covariance determines the dependency between two variables. The standard
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deviation of a parameter can be calculated according to Equation 3.3 and is a measurement for the
deviation from the mean of each measurement [66].

Cov(A,B)
C AB)=——— 3.1
orr(aB) = = 3.1)
1 n
Cov(A,B) = ——= > (x; = (i ~ 7) (3.2)
i=1
Oy = 11i|xi—5cz (3.3)
=

3.2.3. Data selection

The aim of the model is that it should be able to predict the fuel consumption based on input parameters.
Not all parameters mentioned in Appendix A are relevant to create a model. However, the selected
parameters must be able to represent the vessel, environmental conditions and cargo conditions. The
five categories where the data is coming from are (1) NR data, (2) temperature data, (3) pressure data,
(4) minimum required temperature data and (5) maximum required temperature data. This is shown in
Figure 3.5.
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Figure 3.4: Correlation matrix with NR data, temperature data and temperature upper and lower limits
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Figure 3.5: From input features to desired output of model



Simulation setup

This chapter describes the setup for the simulations. First the PBM is discussed in section 4.1. The
PBM contains information about the CDM and the CTM, followed by the DDM in section 4.2. The
chapter finishes with section 4.3 for the HM.

4.1. Physics-based model

First, the setup for the CDM is discussed in subsection 4.1.1. This method is modified in subsec-
tion 4.1.3 to be able to simulate a trip for a chemical tanker. The PBM finishes with the experiments for
the insulation in subsection 4.1.4.

4.1.1. Cooling down model

The CDM consists of 12 blocks and is shown in Figure 4.1b. A top view of this configuration is shown
Figure 4.1a. The dimensions and main parameters for the CDM are stated in Table 4.1. The tanks in
this geometry have either two or three tanks as neighbours. The length, width and height are three
meters, so as to be able to create some volume. The walls of the tanks are 0.1 meters. The reason
for these dimensions has to do with the meshing of the model. The mesh size depends heavily on the
thickness of the walls. Due to computational power, the ratio between on one side the length, width
and height and on the other side, the thickness, should somewhat be in the same range. The material
of the walls is chosen to be stainless steel, as this material is stated in the DNV-GL regulations for
Chemical Tankers [69]. This model is placed in an environment filled with air. The material properties
for air can be found in Table 4.1. The last material involved in the system is the filling of the tanks.
For the simulation, it is assumed that all tanks are filled with Vinyl Acetate. Vinyl Acetate is one of the
materials that could be transported in a chemical tanker and is often transported.

Table 4.1: Test setup CDM

Tank amount 12 Length 3 [m]
Configuration 6*2 Width 3 [m]
Material in tank Vinyl Acetate Height 3 [m]
Material wall Steel Thickness 0.1 [m]
Material around tanks ~ Air Volume 27 [m?]

4.1.2. Input for model

The environmental temperature is chosen to be 20 °C, and the cargo initial temperature is set at 35 °C.
In one available trip, Vinyl Acetate is transported at 35 °C. The ambient temperature is set at 20 °C to be
able to model the cooling down of tanks. A 15 °C temperature difference is a temperature difference that
often occurs according to data from Stolt Tankers. The duration of the simulation has to be predefined
too. The duration of the simulation is the duration of the time to cool the system down to 20 °C.

29



30

4. Simulation setup

SB
Aft  Tank 1 Fwd

PS

Aft

SB
Tank2 Fwd

PS

SB
Aft  Tank 3 Fwd

PS

SB
Aft  Tank 4 Fwd

PS

SB
Aft  Tank 5 Fwd

PS

SB
Aft  Tank 6 Fwd

PS

SB
Aft Tank 7 Fwd
PS

Aft

SB
Tank 8 Fwd
PS

SB
Aft  Tank 9 Fwd
PS

SB
Aft  Tank 10 Fwd
PS

SB
Aft  Tank 11 Fwd
PS

SB
Aft  Tank 12 Fwd
PS

(a) Top view CDM

(b) Overview CDM Multiphysics

Figure 4.1: Overview of CDM

Table 4.2: Location of walls

Forward
Aft

Port
Starboard
Top
Bottom

O WN -

4.1.3. Heat Transfer Model for a Chemical Tanker

Trip conditions As stated in the research question, a specific voyage and vessel have to be consid-
ered to calculate the fuel consumption and temperature behaviour in a cargo tank. The trip that has
been considered is from Port Kelang through the Suez Canal towards Rotterdam. The chosen trip is
the longest available trip where the vessel is almost completely filled with cargo and has a duration
longer than 20 days without a stop in a port. This trip has a duration of 29 days, where no cargo is
loaded or discharged. The sea and the air temperature over time are shown in Figure 4.2. During the
voyage, there are 40 tanks filled with cargo. The four deck tanks are empty, and are therefore not taken
into consideration in the model. The cargo specifications can be found in Appendix C.

4.1.4. Insulation

One of the solutions to reduce cargo heating consumption is to insulate the cargo tanks which would
reduce heat losses. Currently, the tanks are not insulated. The question arises of how much fuel is
saved when the cargo tanks are insulated. One of the benefits of the PBM is that it is able to calculate
different physical geometries. The benefit is thus that insulation could be added into the PBM. There are
specific places where insulation could be placed due to the existing geometry of the tanks. Some tanks
are adjacent and share one wall. It is impossible to place insulation here because the outside of one
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Table 4.3: Chemical properties of used materials in CDM

T p Cp u k a
Kl | [kg/m’] J/kg+K kg/(m*s) W/mx+K m?/s
280 1.261 1006 1.747 « 105 0.02473 1.879x% 1075
Air [17] 290 1.217 1006 1.795%1075 0.02544 2.078 %1075
300 1177 1007 1.857 x1075 0.02623 2.213 %1075
310 1.139 1007 1.889 1075 0.02684 2.340% 1075
Vinyl  Acetate 932 1926 43 %1075 0.15
[70]
Stainless steel | 293.15 7800 500 - 15 131076
UNS S31803
[71]
Sea Water [72], | 293.15 | 1021.1 4060.2 1.065 %1073 0.602 1.46 * 10”7
salinity = 30
[g/kg]
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Figure 4.2: Sea and air temperature during the simulated voyage

tank is the inside of another tank. This is shown in Appendix E, Figure E.1. In this figure, the red lines
are where insulation is added for the simulation. Furthermore, the bottom and top of the tanks could
also be insulated. Within Stolt Tankers, different materials are considered to insulate the cargo tanks.
These materials are tested to see the benefits of each individual material. Different materials have a
different thermal conductivity. Furthermore, these materials all have a range of different thicknesses at
which they could be applied. The maximum and minimum thicknesses are displayed in Table 4.4.

Table 4.4: Different insulation materials

Insulation material Thermal conductiv- | Thickness
ity [W /mk] [mm]
No insulation - 0
nC ProTherm CUI-HTF [73] 0.04 :'5
ICU lIsollat 2 [74] 0.002 1
0.4
Charcoat CTI [75] 0.001

4
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4.2. Data-driven approach

This section explains the DDM. First, the merging of different datasets is explained, followed by the
filtering process. After that, the data exploration is explained and it concludes with the data selection
for building the model.

4.2.1. Merging data

The different data sources, mentioned in Table 3.2, all have a different time format. To merge the
three datasets, each dataset has to be converted towards the same time interval. The three different
measurement frequencies are: the duration of the trip, once every day and once every minute. The
smallest time interval is thus minutes, and the largest is the trip. Only 200 days of data are available
from two similar vessels. Since the vessel does not sail every day (some days it is in port), there are
only 232 noon reports available since the installation of the sensors. To be able to leverage this out to
a dataset that is larger than 1000 datapoints, it was decided to look at the data per hour. This means
the NR data should be expanded from a measurement frequency per day towards a measurement
frequency per hour. This expansion is possible because most parameters are constant for a certain
day or can be estimated based on an hourly basis. The trip information is only measured per trip, but
the good part about it is that these parameters are constant over time and it is thus allowed to expand
them per hour.

4.2.2. Filtering data

In some cases the available data is faulty. A negative pressure or seawater temperature, for example,
is not feasible and this should not be taken into consideration. Table 4.5 shows the allowed range for
all measurements. There are two options for handling faulty data. The first option is to reconstruct
the faulty data with an estimation based on the conditions of other parameters within the dataset. The
second option is to remove the row in which this faulty data is. The second option was chosen because
the use for the dataset is to predict values based on a dataset. This ensures that the model is trained
on reported data and not on constructed data. When the model is trained, these datapoints might be
able to be reconstructed, but they should be kept out of the training data. When applying the filters, the
dataset reduces from 2861 rows to 2837 rows.

4.2.3. Data exploration

Figure 4.3 shows the correlation matrix of the available data, where data is merged together to improve
visibility. This figure contains the NR data, an average of the sensor data and the maximum-minimum
cargo temperature. The maximum minimum temperature is the highest temperature of all lower bound-
ary temperatures. The last row and column of the correlation matrices are the 'Total Cargo Heating
Consumption’. This is the main parameter which needs to be predicted by the DDM. This is the reason
why it is the last row and column in the matrix.

Since this parameter does not have a single strong linear relationship with one of the parameters,
except boiler heating consumption, the chances are high that a linear model is not sufficient to calculate
the cargo heating consumption. The correlation matrix shows that the parameters influencing the cargo
heating consumption the most in a positive manner are the average cargo tank temperature and the
average temperature of the three tanks with the highest temperature. If the temperatures increase,
the cargo heating consumption increases. The figure also shows that when the main engine power
increases, the cargo heating consumption decreases. This is expected, since the residual heat of the
main engine is used for cargo heating consumption. Furthermore, the parameters about the weather
have a higher correlation together. The correlation matrix shows that there is a negative correlation
between the 'Main Engine Running Hours [hour]’, the ’Main Engine KWHrs [kWhY’, the "Total Propulsion
Consumption [tons]’ with regard to the "Total Cargo Heating Consumption’. This is because the residual
heat from the main engine is used to heat the cargo tanks. When the main engine produces more
energy for propulsion, more residual energy can be used to heat the cargo too. Furthermore, there is
no clear correlation shown between the air and sea temperature with regard to the 'Total Cargo Heating
Consumption’. This was not expected, since the equations from heat transfer suggest an influence of
the temperatures on the "Total Cargo Heating Consumption’.
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Table 4.5: Filter values data

Filter item Allowed range  Unit Measurement frequency
Heading Degree 0-360 [Deg] Day

Aft Draft 5-15 [m] Day

Fwd Draft 5-15 [m] Day
Observed Distance 0-480 [nm] Day
Speed Through Water STHrs 0-17 [kts] Day

Main Engine Running Hrs 0-25 [hour] Day

Main Engine KWHrs 0-7000 [kwh] Day

Total Propulsion Consumption 0-40 [ton] Day
Boiler RunningHours 0-25 [hour] Day

Total Boiler Consumption 0-5 [ton] Day

Total CargoHeating Consumption  0-5 [ton] Day

Air Temperature -10-50 [°C] Day

Sea Temperature 0-40 [°C] Day

Sea Number 0-7 [-] Day

Sea Height 0-7 [m] Day

Sea DirectionDegree 0-360 [deg] Day

Swell Number 0-7 [-] Day

Swell Height 0-7 [m] Day

Swell DirectionDegree 0-360 [deg] Day
Beaufort 0-7 [-] Day

Wind Direction Degree 0-360 [deg] Day

IoT Temperatures 0-100 [°C] Minute
IoT Pressures 0-50 [bar] Minute
Minimum Cargo Temperature 0 [°C] Sailing leg
Maximum Cargo Temperature 100 [°C] Sailing leg

4.2 .4. Data selection for simulation

The information from the vessel is coming from the NR data in the form of features x; — x, from
Table 4.6. The environmental conditions are represented by xg — x4 and the cargo information is
summarised in x;9 = x;,. The vessel data are the drafts, the main engine settings and the distance
and speed that is achieved by these main engine settings. It is chosen to not select many weather
conditions, because when more weather conditions are taken into account when building a model,
more weather conditions must be given as input to predict the total cargo heating consumption. When
more weather conditions have to be estimated in order to make a prediction, more uncertainty is entered
into the model. Besides this, Bochenski [22] suggested that it is possible to calculate heat transfer for
vessels only by taking the sea and air temperature into account as environmental conditions. It is best
to create a model with as little as possible features, where not many uncertainties are.

4.2.5. Normalize data

The next step in the simulation is the normalization of the data. Singh [76] states that algorithms work
better with normalized data. The benefit of normalized data is that all parameters are in the same order
of scale. This is especially the case if the ranges in the data significantly differ. Table 4.5 shows the
range of all datafields. The range of the parameters varies from an order of 10! towards 103. When
normalized data is used, every parameter makes an equal contribution to the model.

Equation 4.1 shows the equation for normalizing the data, which is required for the two algorithms.
This results in values that are between 0-1. The highest value becomes 1 and the lowest value becomes
0. Data can be normalized according to Equation 4.1.

¥ _ X —min(X)
normalized — max(X) — min(X)

4.1)
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Figure 4.3: Correlation Matrix

Table 4.6: Chosen parameters for data-driven model

x;  Aft Draft [m]

x,  Forward Draft [m]

x3;  Observed Distance [nm]

x,  Speed Through WaterSTHrs [kts]

x5  Main Engine Running Hrs [hrs]

x¢  Main Engine Power [kW h]

x,  Total Propulsion Consumption [ton]

xg  Air Temperature [°C]

X9  Sea Temperature [°C]

x10 Average Cargo Tank Temperature [°C]

x11  Average Cargo Tank Temperature of highest 3 tanks [°C]
X1,  Maximum Minimum Cargo Tank Temperature [°C]
Y Total Cargo Heating Consumption [ton]

4.2.6. Hyperparameter selection

Both the algorithms used in the DDM require a range for the hyperparameters. For the linear model, the
hyperparameter that needs to be selected is called ;.- The SVR needs two hyperparameters as
input. These hyperparameters are called C,oniinear @Nd €nontinear- 1 N€ range for the hyperparameters
is stated in Table 4.7. The range for the hyperparameters is a tradeoff between the computational time
and the accuracy of the model. More hyperparameters in the same range give the model a better option
to choose, however, all these hyperparameters have to be tested. The SVR uses two hyperparameters.
This means that when the amount of points is increased from 10 points per hyperparameter to 20 points
per hyperparameter, the computational time goes up by a factor 4.

Table 4.7: Hyperparameter range

Start Stop Amount Distribution
Alinear 0.01 1 10000 Logarithmic
Chontinear | -4 2 10 Logarithmic
€nontinear | -4 2 10 Logarithmic
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4.3. Hybrid model

The schematics of the HM are stated in section 2.3. It is shown that the only step that differs from the
PBM is step 4 from Figure 2.12. Here, the results from the PBM are merged into the dataset from the
DDM. This process can be seen in Figure 4.4. A subset of the dataset of the DDM is merged with the
result from the PBM, and in this manner, the new dataset is created to train the HM. This dataset has
one parameter more than the DDM. Less data is taken into account This reduces the amount of data,
however, since the PBM has a duration of 29 days. The DDM is built on 2837 rows, while the HM only

has 575 rows to train the model.

J L J
g
Dataset Dataset
DDM Dataset HM

PBM

Figure 4.4: HM dataset creation






Results

This chapter describes the results from the different models. First, the results from the PBM are de-
scribed in section 5.1, followed by the results from the DDM in section 5.2. The chapter finishes with
the results from the HM in section 5.3.

5.1. Physics-based model

This section explains the results from the PBM. First, the CDM is discussed in subsection 5.1.1, where
both the Matlab model results are discussed as the results from COMSOL. This is followed by a voyage

simulation of a chemical tanker. After this voyage simulation, the results of different type of insulation
is shown.

5.1.1. Result cooling down model

Figure 5.1 shows the results of the Matlab calculations. The figure shows that tanks 1, 6, 7 and 12 cool
down the fastest, and that tanks 3, 4, 9 and 10 cool down the slowest. The reason for this is that tanks
on the outside have four areas connected with the air and thus, cool down faster. It can be seen that
the temperature decreases faster at the start of the simulation compared to the end of the simulation.
A bigger difference between the tank temperature and the environmental temperature causes a more
rapid decrease in temperature.

Temperature over time Matlab method; Interval =

1000
35 ¢ T

Tank 1
Tank 2
Tank 3
Tank 4
Tank 5
Tank 6
Tank 7
\ Tank 8
\ Tank 9
30 Tank 10
Tank 11

Tank 12

Temperature [degC]

25 -

20

Time [s] %107

Figure 5.1: Matlab result CDM
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5.1.2. Mesh refinement and timestep refinement

COMSOL requires the user to select both the mesh size and the timestep for the calculations. The
timestep is the time period between two results. The result from COMSOL depends on these two
choices. The influence of the mesh size can be seen in Figure 5.3. Furthermore, both the mesh size
and the timestep have a high influence on the computational effort of the calculations. A smaller mesh
size creates smaller volumes for which the changes are calculated. This means that the computational
time increases, since the total amount of volume increases. When the timestep decreases, the com-
putational time increases too, since there are simply more moments to calculate. This can be seen in
Table 5.1. On a small scale, the mesh size matters. This is shown in Figure 5.3. In this simulation, all
input parameters remain constant, except the mesh size. Meshes Extra Coarse and Extremely Coarse
are the lowest two lines and overlap with each other. The mesh Coarser and Coarse overlap each
other too. The figure show that the finer the mesh becomes, the slower the system cools down. Since
the change between meshes Normal Fine, Finer, Extra Fine and Extremely Fine is not significant in
Figure 5.3, calculations in COMSOL will use the normal mesh. The normal mesh is the fastest of these
three meshes and the results are similar.

Table 5.1: COMSOL computational time

Mesh size Time [s] Interval Time [s]
Fine 31951 t=1000 11156
Normal 11156 t =5000 2349
Coarse 5701 t=10.000 1312
Coarser 4033 t=100.000 195
Extra Coarse 2943

Timestep Timestep Timestep Timestep Timestep

Figure 5.2: Timestep and interval show

5.1.3. Results Matlab versus COMSOL Multiphysics

Figure 5.4 shows the cooling down of the simulation in COMSOL and the simulation in Matlab. It
becomes clear both COMSOL and Matlab follow the same cooling down trend when the same boundary
conditions are applied. Figure 5.5 shows that the COMSOL result suggests a bigger drop at the initial
start. The Matlab model is a bit behind, especially the tanks that are located in the corners. This
causes an absolute and relative difference at the start. When looking at Figure 5.4, it can be seen
that the absolute difference is caused by a small shift in the horizontal direction (thus in time). The
outcome from the Matlab simulation deviates in absolute percentages less than the deviation caused
by changing the mesh size of COMSOL. This means it is thus possible to continue with this model.
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Absolute difference between Matlab and Comsol temperature
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Figure 5.5: Absolute difference between Matlab and COMSOL
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Relative difference between Matlab and Comsol temperature
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Figure 5.6: Relative difference between Matlab and COMSOL

5.1.4. Chemical tanker model results

Figure 5.7 shows the cargo heating consumption for the simulated trip and the reported cargo heating
consumption during this trip. The result from the PBM is that the vessel uses 0.813 tons of fuel per
day for cargo heating consumption. In contrast, the NR data reported 0.77 tons per day for cargo
heating consumption. This is a deviation of 5.6%. The PBM suggests a more steady consumption,
while the reported data shows that fuel consumption varies heavily over time. There are days when
the fuel consumption is around two tons per day, whereas the next day there is no consumption. The
PBM suggests a more steady decrease in fuel consumption: lower peaks and no shutdowns in fuel
consumption. Appendix D shows the temperature behaviour for each individual tank.

The model controls the input for cargo heating consumption, so it is logical that the heating of the
cargo follows the same trend. However, the cooling down of the model is not regulated by external
controls and gives a better indication of the behaviour of the model. Figure D.4 in Appendix D shows
the boxplots of the difference between the predicted temperature and the reported temperature. Tanks
5, 9, 10, 13, 20, 27, 35, 36 and 42 do not have a boxplot. Tanks 5, 9, 13, 20 and 27 do not have
measurements to compare against, and tanks 10, 35, 36 and 42 are empty and are thus not considered
to be accurate.

The average difference between the considered actual temperature and the predicted temperature
is 0.6860 °C. The boxplot shows that the median of the temperature difference per tank is normally
close to 0. At tanks 8, 33, 34, 37 and 38 there is a larger difference in temperature between the re-
ported and simulated temperature, namely close to 1 °C. These tanks are all above the actual reported
temperature. Tank 8 cools down faster than simulated. There is no clear indication of why this occurs.
Tank 33, 34 and 37 show that they all cool down according to the reported trend, however, there is a
delay at the beginning of the simulation. This delay causes a temperature difference in the tanks, and
after the delay the trend is similar. Tank 38 shows significant peaks and drops in the measurements,
which is not followed by the model. This could be caused by faulty measurements, or faulty cargo
specifications which are fed into the model.
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Figure 5.7: Predicted and reported fuel consumption

5.1.5. Chemical tanker insulation

As explained in subsection 4.1.4, insulation is beneficial to reduce the fuel consumption for cargo heat-
ing. Different types of material could be used for insulation and six types of insulation are simulated.
The results of applying insulation can be seen in Table 5.2. All insulation reduces the need for cargo
heating, depending on the thickness and the property of the thermal conductivity, different results are
achieved. The insulation material that reduces the fuel consumption best is Charcoat CTl when the
maximum allowed thickness of insulation is applied. The fuel consumption for cargo heating could
theoretically be reduced from 0.813 to 0.2778, a reduction of 64.8%. The fuel consumption demand

during the simulated voyage can be seen in Figure 5.8.
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Figure 5.8: Comparison: simulation without insulation and insulation with Charcoat CTI with a thickness of 4 [mm]
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Table 5.2: Different insulation materials

Insulation material Thermal conductiv- | Thickness Fuel consumption
ity [W /mk] [mm] [ton/day]
No insulation - 0 0.813
4 0.5847
nC ProTherm CUI-HTF [73] 0.04 15 0.4312
1 0.4045
ICU Isollat 2 [74] 0.002 4 0.3075
0.4 0.4251
Charcoat CTI [75] 0.001 4 0.2778

5.2. Data-driven model

The MAE and MAPE of both models are displayed in Table 5.3. The results are given in the form of
mean value + Cl. First, the results for the linear model are explained in subsection 5.2.1 and after that,
subsection 5.2.2 explains the results for the nonlinear model. After that, this section concludes with the
results when extrapolation is tested.

Table 5.3: MAE and MAPE per model

MAE MAPE
RidgeCV 0.017583 4+ 0.00076 69.1004 + 4.4181
SVR 0.0014 + 1.7880 « 107°*  5.18616 + 1.05567

5.2.1. Linear model

The result for the linear regression model is stated in Table 5.3. The MAPE for the RidgeCV method is
not deemed sufficient to continue, since the accuracy is not sufficient. The MAE is on average 0.01758
tons of fuel per hour. Figure 5.9a shows the histograms of the MAE. This histogram shows that the
occurrence decreases when the error increases. This form of histogram is what would be correct. The
larger the error is, the less often this should occur. However, looking at Figure 5.9a, it can be seen
that the prediction is not very accurate, as the data points are quite far from the line. This result was
expected because the correlation matrix (Figure 4.3) shows no clear linear correlation between the
input parameters and the target variable.
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Figure 5.9: Results DDM RidgeCV model

5.2.2. Non-linear model
The result for the SVR is stated in Table 5.3. The MAE of the nonlinear model is 0.0014 tons of fuel per
hour. When this is expressed as a percentage, in the form of the MAPE, this is 5.18%. In Figure 5.10a
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and Figure 5.10b, the results from the SVR method can be seen. Figure 5.10a shows the predicted
fuel consumption versus the actual reported fuel consumption. Ideally, each prediction should be the
same as the actual reported value. If this were the case, it would mean that the whole graph would be
on the diagonal line. Figure 5.10a shows that the model predicts that the vessel uses fuel for cargo
heating, however, there are situations where the vessel does not require fuel for cargo heating.

Figure 5.10b shows the frequency of differences between the actual fuel consumption usage and the
predicted fuel consumption usage. It can be seen that the MAE decreases when the error increases.
In Figure 5.10a there are vertical lines of predictions shown. The actual cargo heating consumption
has a variety of about 40 unique values. There are several occasions where the model predicts a
different fuel consumption based on the input data, while the reported fuel consumption is the same.
The horizontal position in Figure 5.10a is then the same, while the vertical position differs. This causes
the vertical lines in the figure.
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Figure 5.10: Results DDM SVR model

5.2.3. Extrapolation

The model is trained on data within a certain range. In the previous section, the model is tested against
data that is in this range. This means that the model is able to interpolate between these values. It could
be beneficial to test the performance of the model when it has to calculate extreme values, for example
when the average cargo temperature is higher than usual or the sea or air temperature is higher or lower
than what has ever been experienced. Figure 2.11 showed how this could be done. The top 10 % for
one of the columns is taken out of the dataset to test model performance when calculating extreme
values. The model is trained with a subset of the data and then the model is checked against the
extrapolation dataset. This has been done for three parameters. The results can be seen in Table 5.4.
This table shows the MAPE of the extrapolation. It can be seen that this model does not perform well
in the extrapolation of the data and should not be used for this.

Table 5.4: Extrapolation of certain parameters

Parameter MAE MAPE
Air Temperature 0.2787 £ 0.2700 212.789 + 4.408
Sea Temperature 0.3919 £ 0.3576 190.270 £ 7.294
Average Cargo Tank Temperature | 0.2600 + 0.2888 £ | 227.223 + 11.106

5.3. Hybrid model

The results of the HM are displayed in Table 5.5 and in Figure 5.11. The MAE for the HM is 0.0001441
tons of fuel per hour, while the MAPE is 0.8929. The table suggests that the model outperforms the
DDM. The histogram of the absolute error shows that the error is close to 0 and the frequency of
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occurrence decreases when the error increases. The results displayed are from the nonlinear model,
since the DDM showed that a linear model performs worse than the nonlinear SVR model.

Table 5.5: Results SVR hybrid model

MAE MAPE
0.0001441 £ 0.00010 0.8929 + 1.0955
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Figure 5.11: Results hybrid model

5.3.1. Extrapolation

This model uses the same methodology to extrapolate data as explained in subsection 2.2.3. The
results of this extrapolation are displayed in Table 5.6. This model shows that it is not possible to
extrapolate the data for the air and the sea temperature. The MAE and MAPE for these two parameters
are too high. A MAE of 0.05 is too high, since the maximum fuel consumption is 0.14 ton/hour. The
MAE of 0.05 gives thus too much deviation to be able to predict accurately enough. However, this
model is able to extrapolate for the average cargo tank temperature. The MAE and MAPE are both
low, thus the model is able to predict the fuel consumption accurately enough for the use of a chemical
shipping company. This could be an effect of the addition of the PBM into the dataset. The theory
behind this suggests a clear relation between the fuel consumption needed for cargo heating and the
average cargo tank temperature.

Table 5.6: Extrapolation of certain parameters for the hybrid model

Parameter MAE MAPE
Air Temperature 0.0458 + 0.02047 | 98.5806 + 0.76453
Sea Temperature 0.0458 £ 0.02048 83.1132 £ 0.57621
Average Cargo Tank Temperature | 0.00220 + 0.002247 | 5.5458 + 1.1963

5.4. Combination of results

Every model is able to predict the fuel consumption with an accuracy that is usable for a chemical
shipping company. The PBM takes the previous timestep into account, while the DDM and HM are
only able to calculate the fuel consumption without taking time into consideration. The reason for this
is that there is no time dependency in the dataset that is utilized by the DDM and HM. Furthermore,
the dataset used in the DDM and HM did not have data for three days. For this reason, there is no
average line plotted for these two models since it does not represent the average over the entire trip.
Figure 5.12 shows these predictions. The DDM and HM are displayed as instantaneous predictions



46 5. Results

indicated with single points, not connected with a line. The results from the PBM and the reported fuel
consumption take time into account and are therefore plotted with a line.
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Figure 5.12: Fuel consumption prediction over over time; PBM, DDM and HM



Conclusion

This chapter is the conclusion of the thesis. Section 6.1 discusses the conclusions from the physics-
based model. This is followed by section 6.2 where the data-driven model is discussed. Section 6.3
explains the conclusions from the hybrid model and section 6.4 answers the research question.

6.1. Physics-based model

The introduction to this chapter states the subquestion answered in this chapter. The question is "To
what extent are ordinary differential equation models, based on available physical data, solved with
numerical Euler methods able to capture the fuel consumption of the heating of cargo per trip?”. Fig-
ure 5.7 shows that the mean of the predicted and reported consumption for cargo heating is similar.
The method is described in chapter 2. The benefit of this method is that it is based on commonly known
and accepted laws for heat transfer. The downside, however, is that for each individual vessel the di-
mensions must be found and manually coupled. The modelled vessel has 48 cargo tanks, all having
six walls. This resulted in at least 228 walls where heat transfer could occur. The model depends on
the geometric configuration of a vessel. The modelled vessel is a simplification of the real vessel, since
not all geometries are fully known. The areas of the walls of the tank are known, but the exact shape
was not available. This led to some kind of simplification of the vessel. The Forward Euler method is
used to solve the system of ordinary differential equations.

Appendix D shows the results for all individual cargo tanks. It can be seen that the predicted tem-
perature in the tank is equal to the actual tank temperature, or higher. In most tanks, the cooling down
trend from the prediction is similar to the reported cooling down of the tanks. In the model, the param-
eter a is implemented to mirror the physical conditions. The value of a is empirically determined by
running the model and checking the behaviour of the temperatures. These results seem promising, but
the computational time of this method is significant. The processor used in this research is a 2,6 GHz
6-Core Intel Core i7 processor. The computation for the PBM is about two hours to simulate a month
of operation. Secondly, all the vessel and tank geometries have to be found and manually coupled into
a model. The combination of these two aspects leads to the fact that it might not be realistic to use this
model in a day-to-day approach.

This model, however, is useful in explaining of the benefit of insulation. Everyone knows that in-
sulation is beneficial for reducing heat losses. This model quantifies the benefits of different materials
and different thicknesses of insulation and this research has shown that this could reduce the fuel
consumption by 65%. When this is converted towards total fuel consumption savings in a vessel, this
would reduce the fuel consumption of the vessel by 3.25%.

The reported operational data of the chemical tanker vessel fluctuates significantly. Around day 17 to
20, there is no consumption of fuel for cargo heating, followed by a severe increase in the consumption.
This fluctuation could be changed when more constant heat is applied.

6.2. Data-driven model

To be able to answer the research question stated in the introduction, the following subquestion must be
answered: How can operational data be exploited for the consumption prediction of heating of cargo for
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a single trip? The results from this chapter propose a method that is able to predict the fuel consumption
for cargo heating. The accuracy of the proposed model is 5%. When the model is built and trained,
it could calculate the fuel consumption prediction within seconds. This makes this method suitable for
estimations for the fuel consumption. For instance, this model is able to calculate the difference in fuel
consumption in case of a weather change.

Furthermore, this model can be adjusted easily for the processing of data generated by other ves-
sels, provided those vessels generate similar data. The downside of the proposed method is that the
model only gives accurate results when it has already encountered these circumstances. The model
performs badly if it has to predict the fuel consumption when the temperature of the tanks increases or
decreases out of the normal operating window. When applying this model, the upper and lower limits
for each individual parameter must be defined properly. Since the model is able to calculate the fuel
consumption with an MAPE of 5%, this research shows that there are opportunities for a control system
for cargo heating. In case the behaviour of the cargo heating is known, this model is able to predict
the fuel consumption, albeit further research to optimize the method is a logical follow-up action. This
is supported by the fact that the data gathered only covers the past two years. It is obvious that data
covering a longer period will improve the model and the output generated by the method applied.

6.3. Hybrid model

The hybrid model is a combination of the PBM and the DDM. The results show that the HM is an
improvement of the DDM, and that less data is used to train the model. To make this method work,
double the work has to be done compared to both the PBM and the DDM since it is a combination
of both models. The results improve compared to the DDM. The trained model has a low calculation
time to give an answer. Furthermore, the model is able to extrapolate on the average cargo tank
temperature. This means that the results for different average cargo tank temperatures can easily be
found. The novelty of this approach is that there is no literature available on a HM within the maritime
industry for the cargo heating consumption calculations. Since this research is fast to calculate the fuel
consumption for a certain trip, further research could focus on a model that is able to forecast the fuel
consumption behaviour over time before a journey.

6.4. Research question

In the introduction, there is a research question stated here again: What models can be used to predict
the fuel consumption for heating of cargo for a given vessel and specific voyage conditions, taking
operational use into account? This thesis investigates different models. A PBM, DDM and HM are
considered. Each model has benefits and disadvantages compared to the other models. An overview
is given in Table 6.1 and will be explained in this section.

Table 6.1: Comparison between models

Method | Model prepa- | Simulation time Level of detail MAPE
ration
PBM ++ 2 hours for 30 days Tank 5.6%
DDM + Training model: 45 minutes; using Vessel 52x1.1%
model: instantaneous
HM +++ Training model: 3 hours; using Vessel 09+1.1%
model: instantaneous

The PBM requires a detailed level of modelling for each individual vessel. When two different
vessels are considered, the method to calculate the fuel consumption for a certain voyage is equal.
However not the same code could be utilized, since the coupling of all the tanks has to be done depen-
dent on the geometry of the vessel. The DDM requires less preparation in order to use this model. The
data has to be downloaded and filtered. However, different types of vessels can use the same code to
train a model. This enables the method to be easily scalable to different vessels. The HM requires the
most preparations in order to use the HM. This is due to the nature of a HM. A HM is a combination
of the two other models and thus, the work for both the PBM and DDM has to be done to create this
model.
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The time for each model to predict a fuel consumption over a specific timeframe alters too. The DDM
and HM both require training of the model. The time to train these models is approximately 45 minutes
based on these datasets. When these models are trained, they can predict the fuel consumption
instantly. This makes these models very suitable for quick calculations. On the other hand, the PBM
has to calculate every timestep during a voyage. The simulation time during the simulated voyage was
about 2 hours. There might be options to reduce the computational time of the model, but this model
will not become as fast as the DDM and HM.

The benefit of the PBM is that it gives the user more detailed information. The temperatures in
each individual tank are modelled and can be seen. This is not possible with the DDM and HM. These
models are trained to predict the fuel consumption based on a set of input parameters but do not have
detailed information of the individual tanks. Furthermore, the PBM gives the user the freedom to change
the physical elements of the vessel. It enables the user to calculate the influence of insulation. These
detailed calculations are useful in deciding if it is worth to insulate existing vessels or to insulate vessels
that still have to be built.

The accuracy of the PBM and DDM is about equal, namely 5.6% compared to 5.2%. The HM
outperforms these two models, being more accurate (a MAPE of 0.9%). This is expected, since the
data used in the HM has a value for the fuel consumption due to the PBM. This makes it easier for the
HM to predict the fuel consumption.

The PBM is not in place to be run on a daily basis, but could be used to calculate structural changes
to a vessel. The DDM could be used as a method to give a quick overview in predicting the fuel con-
sumption, given that the parameters are within the limits of the trained dataset. Depending on resources
and desired outcome, different methods and models could be used to predict the fuel consumption for
the heating of cargo.






Discussion and further
recommendations

This chapter discusses some uncertainties in the research. This chapter will first discuss parts from
the PBM in section 7.1, followed by the DDM in section 7.2 and continues with the HM in section 7.3.
The chapter finishes with further recommendations in section 7.4.

7.1. Physics-based model

The first part to discuss is the result of the PBM. This model is only compared against one trip of one
vessel. The results during this trip suggest that the trend of the model is similar to the trend that is
reported in the vessel. The next step is to simulate different trips to further verify the model. It could,
for example, be interesting to simulate a trip where only half the cargo tanks are filled. The empty tanks
cause less heat transfer between the cargo tanks and this is not tested in the model.

This research uses a scaling factor to calculate the convection. This scaling factor is called « and this
coefficient is determined based on one trip. This could also be better compared when the geometries
are better known. This, however, takes a lot of effort, since all different shapes in the vessel should be
modelled separately. When all of this is known, it could be interesting to perform CFD calculations on
the vessel to verify the used method.

The PBM calculates the heat transfer per tank. The knowledge of this heat transfer is beneficial for
a shipping company because it can improve the safety on board. When the heat transfer is known, it
is possible to see if dangerous situations can occur. These situations have happened in the past and
could be monitored more closely. The PBM is helpful in this regard.

Furthermore, this research has shown the potential of insulating cargo tanks. The PBM suggests a
reduction of 65% in the best scenario. When a chemical shipping company decides to build new ships,
it is definitely worth looking into insulation. Insulation will make the building vessel more expensive,
but reduces fuel consumption. In the long run, this reduces both the cost and emissions for a shipping
company. The 65% reduction is based on one simulated trip. To make this number more general, more
trips have to be simulated to gain certainty.

The PBM now considers only one option for insulation. Further research could focus on the location
of the insulation and the cost involved in insulating vessels. It might be possible to insulate existing
vessels in order to save fuel and is definitely worth looking into.

The last aspect that could lead to more accurate results is to reduce the size of the time step of the
Forward Euler method. This increases the computational time, but the truncation error caused by the
Forward Euler method reduces with a smaller time step. Another option is to try and make use of the
ODE solvers of Matlab. The issue with these solvers is that the heat transfer coefficient depends on
the temperature changes, and is modelled explicitly. The heat transfer coefficient has two equations,
dependent on the Rayleigh Number. The ODE solver in Matlab did not allow the possibility to use a
heat transfer coefficient dependent on the Rayleigh Number. During this thesis, there was no solution
found to this problem. However, there might be options to use these solvers.

51



52 7. Discussion and further recommendations

7.2. Data-driven model

The first part to discuss about the DDM is the data gathered by Stolt Tankers. The model uses 12
parameters as input. Nine of these parameters are coming from the NR data. These parameters are
scaled to an hourly basis. This means that there are moments in time when the data is not as accurate
as possible. When data is gathered for a longer time, it would be beneficial to train the DDM and the
HM with new data to have more variety in the data. Another option to increase the volume of data is to
increase the measurement frequency of these parameters. Then it is possible to acquire more data in
the same amount of time.

The DDM gives the possibility to calculate the fuel consumption for a given set of inputs. The next
step could be to investigate a forecast model. A forecast model takes the sequence of past data into
account to predict the nearby future. If this works, a forecast model could be used to determine if
heating is necessary and beneficial, given future weather conditions. The main benefit of the forecast
model is that it accounts for time. The current DDM does not have learned a relation with time. The
fuel consumption fed into the model has the unit of [ton/hour], so for a given set of data, the outcome
is also in ton per hour. A forecast model knows this time dependency and this results in the possibility
to draw graphs as a function over time. With the DDM this is currently not possible.

The DDM uses two types of algorithms: a linear algorithm and a nonlinear algorithm in the form of
support vector regression. Further research might focus on testing other algorithms and comparing the
results of different algorithms, since other algorithms might produce a more accurate result.

The last point of discussion for the DDM is the selection of parameters used in the model. The
parameters that have been selected, since these parameters give an indication of the vessel, cargo
and environmental conditions. However, there might be other parameters which could be beneficial in
predicting the fuel consumption for the cargo heating. The wind force is an example of one of these
parameters, since convection is influenced by the speed of the air along the vessel.

7.3. Hybrid model

The HM is based on data from only one trip. The PBM simulated a single trip (29 days), where the DDM
used data from 200 days. Hence, a small dataset is used to build the HM. When the PBM simulates
more trips, more data can be fed into the HM too. This results in HM that is trained on more data, where
the data has more variety. Especially this variety is important. In subsection 5.3.1, the behaviour of the
model is tested on performance outside of the training data. It can be seen that this is possible for the
parameter 'Average Cargo Tank Temperature’, but not for the parameters ’Air Temperature and ’Sea
Temperature’. When more data is gathered for the HM, the model can be utilized more frequently.

The HM is trained on a dataset where the cargo inside the tanks stays constant. This results in
constant values for some of the parameters in the HM. This is a negative aspect of this model, since it
is not tested against other cargo configurations. This should be tested. The model cannot account for
a change in the parameter 'Maximum Minimum Cargo Tank Temperature’, since it is not trained for this.
When multiple voyages are simulated, there will be some variation about cargo-specific information in
the data for the HM. This enlarges the possibilities of using this model.

7.4. Further recommendations

The first recommendation for Stolt Tankers is to gather all data into one system. For this research,
data was pulled from different sources and prepared for use in the model. This results in a reduced
scalability of the method. When all these data sources are in the same database, it is easier to combine
these and use them for different vessels.

Besides this, closer monitoring of cargo tank temperatures should be considered. The figures in Ap-
pendix D show the cargo temperature fluctuations. It is noted that these temperatures vary significantly
during a trip. From these graphs, the lower temperature limit cannot be found. For the fuel efficiency,
it would be most efficient to reduce the temperatures as much as possible, but making sure that the
temperatures are within the limits. When a vessel proves that it is capable of maintaining a steady
temperature, it gives Stolt Tankers the confidence to reduce the temperatures closer to the lower limit
and thus save fuel.
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Available data parameters

Table A.1: Cargo information and sensor information

Cargo information Sensor information

SNNo Pressure per tank
ProductShortName Temperature per tank
ProductFullName

IMOName

SpecificGravity

CorrectionFactor

VoyageMinTemp

VoyageMaxTemp

DischargeMinTemp

DischargeMaxTemp

HeatAdjacent

VaporPressure

VaporDensity

BoilingPoint

MeltingPoint

FlashPoint

Viscosity

ThermalQilHeatingRequired
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A. Available data parameters

Table A.2: Noon report data

Report information
Ship class

Ship name
ReportDateTimeGMT

Vessel conditions
AFTDraft
MeanDraft
FWDDraft
EngineOrder
AverageRPM
SpeedOverGround
SpeedThroughWaterMEHrs
SpeedThroughWaterSTHrs
CorrectedSpeed
OrderedSpeed
PowerAtEvenKeel
Slip
EngineDistance
ObservedDistance
SteamingHours
HeadingDegree
HeadingDirection
Latitude

Longitude
LoadPerc
EnginelsCorrect
TotalFuellncinerator

Fuel
AuxEngineSFOC
AverageFuelPrice
CorrectedConsumption
FuelRemainingOnBoardIFO
FuelRemainingOnBoardLSF
FuelRemainingOnBoardMDO
FuelRemainingOnBoardMGO
ExpectedFuelConsumption

Main engine
MainEngineKWHrs
MainEngineRunningHrs
PropulsionConsumptionlFO
PropulsionConsumptionLSF
PropulsionConsumptionMDO
PropulsionConsumptionMGO
PropulsionSFOC
TotalPropulsionConsumption

Generator
Generator1tKWHrs
Generator1RunningHours
Generator2KWHrs
Generator2RunningHours
Generator3KWHrs
Generator3RunningHours
Generator4dKWHrs
Generator4RunningHours
GeneratorConsumptionlFO
GeneratorConsumptionLSF
GeneratorConsumptionMDO
GeneratorConsumptionMGO
TotalGeneratorConsumption

Cargo heating
CargoHeatingConsumptionlFO
CargoHeatingConsumptionLSF
CargoHeatingConsumptionMDO
CargoHeatingConsumptionMGO
TotalCargoHeatingConsumption
TotalBoilerConsumption
TotalHeatingConsumption
BoilerRunningHours

Tank cleaning
TankCleaningConsumptionlFO
TankCleaningConsumptionLSF
TankCleaningConsumptionMDO
TankCleaningConsumptionMGO
TotalTankCleaningConsumption

Other consumption
OtherConsumptionlFO
OtherConsumptionLSF
OtherConsumptionMDO
OtherConsumptionMGO
TotalOtherConsumption

Fresh water
FreshWaterProduced
FreshWaterConsumed
FreshWaterROB

Trip

BadWeatherDistance
BadWeatherHours

DistanceToGo

ETA
ETAdeltaPreviousNoonReportHrs
ETAdeltaSumVoyagelLegHrs
VoyagelLegDurationInDays
VoyagelLegFromPortName
VoyagelLegToPortName

Weather
AirTemprature
Beaufort
EffectiveCurrent
SeaDirection
SeaDirectionDegree
SeaHeight
SeaNumber
SeaTemprature
SwellDirection
SwellDirectionDegree
SwellHeight
SwellNumber
WindDirectionDegree

Additional
ExclusionReason
InBunkerConsumptionError
IncludelnPoolCalculation
IsLastReportVoyageleg
IsVCCbadWeather
IsVCCdataEntryError
Remark

ReportType
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Figure B.1: Histograms of Unfiltered Noon Report Data

61

2000

1000

4000

2000

1000

500

400

200

1000

500

1000

500

600

400

200

FWD Draft [m]
|
2 4 6 8 10 12
Main Engine Running Hours [hour]
50 100 150 200
Boiler Running Hours [hour]
0.2 0.4 0.6 0.8 1 12
Air [deg]
10 15 20 25 30 35
Sea Height [m]
1 2 3 4 5 6 7 8 9
Swell Height [m]
1 2 3 4 5 6 7 8
Wind Direction [deg]

100 150 200 250 300




62

B. Data visualisation
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Figure B.2: Histograms of Unfiltered Temperature Data
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Figure B.3: Histograms of Unfiltered Pressure data
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Figure B.4: Histograms of Unfiltered Minimum Cargo Temperature Requirements
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Figure B.5: Histograms of Unfiltered Maximum Cargo Temperature Requirements






Cargo specifications

Table C.1: Cargo specifications

Tank Mass T min T _max cp k rho mu L T initial
Number | [ton] [degC] [degC] [J/kg*K] [W/m*K] [kg/m3] [Pa*s] [m] [degC]
Cargo tanks 1-44

1 479 0 50 1540 0.1350 785 3 8 29
2 845 20 32 2051 0.1426 880 4 8 30
3 549 0 50 1150 0.1500 932 0 8 29
4 990 0 50 1975 0.1510 1000 3 8 29
5 974 0 50 1150 0.1510 932 0 8 29
6 224 0 50 1906 0.1700 950 1 8 29
7 986 0 50 1919 0.0600 1180 1 8 27
8 1010 O 50 1919 0.0600 1180 1 8 28
9 300 20 32 2051 0.1426 880 1 8 29
10 30 0 100 1000 0.0250 1.255 0 8 29
11 984 0 50 1150 0.1500 932 0 8 29
12 1125 20 32 2051 0.1426 880 4 8 30
13 824 0 50 1150 0.1500 932 0 8 28
14 298 20 32 2051 0.1426 880 4 8 28
15 1124 20 32 2051 0.1426 880 4 8 29
16 576 30 35 1804 0.1700 982 49 8 31
17 499 32 38 2051 0.1426 880 6 8 31
18 398 32 41 2051 0.1426 880 4 8 28
19 602 20 32 2051 0.1426 880 4 8 31
20 260 0 50 1540 0.1350 785 3 8 31
21 301 30 33 1861 0.1721 887 48 8 31
22 440 30 33 1861 0.1721 887 48 8 33
23 1079 O 50 1906 0.1700 950 1 8 30
24 1500 O 50 2973 0.1340 970 50 8 30
25 1432 20 32 2051 0.1426 880 4 8 30
26 617 0 50 1923 0.3275 1015 174 8 32
27 305 0 50 1923 0.3275 1015 174 8 33
28 310 30 33 1861 0.1721 887 48 8 33
29 618 0 50 1923 0.3274 1015 174 8 32
30 501 35 40 1861 0.1721 887 65 8 41
31 574 30 35 1804 0.1700 982 49 8 36
32 320 0 50 1906 0.1700 769 2 8 38
33 1604 25 30 2377 0.2850 1261 165 8 43

Continued on next page
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66 C. Cargo specifications

Table C.1 — Continued from previous page

Tank Mass T_min T_max cp k rho mu L T_initial
Number | [ton] [degC] [degC] [J/kg*K] [W/m*K] [kg/m3] [Pa*s] [m] [degC]
34 793 25 30 2377 0.2850 1261 165 8 43
35 30 0 100 1000 0.0250 1.225 0 8 42
36 30 0 100 1000 0.0250 1.225 0 8 52
37 1603 25 30 2377 0.2850 1261 165 8 42
38 499 32 38 2051 0.1426 880 6 8 33
39 500 63 67 1861 0.1721 887 48 8 70
40 485 0 50 1906 0.1700 950 29 8 32
41 1583 20 32 2051 0.1426 880 4 8 32
42 30 0 100 1000 0.0250 1.225 0 8 39
43 1000 O 50 1906 0.1700 950 19 8 39
44 1475 O 50 1906 0.1700 950 29 8 32
Cofferdams 45-54
45 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
46 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
47 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
48 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
49 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
50 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
51 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
52 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
53 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
54 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
Ballast tanks 55-70
55 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
56 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
57 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
58 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
59 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
60 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
61 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
62 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
63 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
64 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
65 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
66 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
67 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
68 1 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
69 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
70 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
Area forward, aft and bottom 71-73

71 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
72 0 0 100 1000 0.0250 1.2250 1.8250e-05 8 20
73 5 0 100 1000 0.0250 1.2250 1.8250e-05 1 20
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68 D. Thermodynamic Model Results
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D. Thermodynamic Model Results
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74 E. Insulation tank layout
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Figure E.1: General overview of the location of insulation of the tanks
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