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Abstract

This report contains results of the preliminary exploration of cargo and passenger ship
concepts outlined in D3.1 [5] in detail. The processes that facilitated the achievement of
the presented results were reported in the preceding project reports, namely [1].

Multiple design variations for tanker and RoPax ships have been produced and their
multi-disciplinary performance assessed. The alternative design variations were ranked

using the criteria of Pareto efficiency and analysed in terms risk, economic performance
and environmental impact.
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1 Executive Summary

Work Package 6 is dedicated to the development of the capability to produce design
variations of the given baseline designs (Deliverable D3.1), perform variations, assess
them, perform further steps towards further optimising the baseline, and make
conclusions.

Two WP6 tasks are dedicated to performing variations along with their multi-disciplinary
assessment. Task 6.4 focuses on tanker ships, whereas Task 6.5 on RoPax ships.
Formally, the process of performing the baseline variations is referred to as design
exploration, whereas assessment and ranking with respect to the baseline design is
referred to as preliminary design optimisation within this report.

The design exploration has been performed by using formal techniques (e.g. statistical
sampling) which allow the automation of the generation of a large number of variations.
Additionally, variations have been performed manually to cater for the design
complexity.

In summary, 120 tanker variations, 60 AFRAMAX and 60 VLCC, have been performed
and assessed. As for RoPax ships, 500 variations of the small RoPax have been
generated, but only 380 of them were found feasible and hence only them were
assessed. In contrast, only 6 variations of the large RoPax have been produced, mainly
due to highly complex design and hence difficulty to generate feasible design
alternatives.

The design assessment has shown that multi-disciplinary improvement of the baseline
designs can be achieved. The total risk associated with operating the optimised vessels
can be cost-effectively reduced, as demonstrated in this report.
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This deliverable outlines the results of the design exploration and preliminary
optimisation of tanker and RoPax ships. Correspondingly, the report is comprised of two
parts written by project partners UCL (tanker ships) and BBL (RoPax ships). At the end
each part, conclusions and used references in relation to the presented ship types are
given.

3

3.1 Tool Integration and Design Development

3.1.1 Integrated Design Model

The integration of the design and design evaluation tools for the exploration of cargo
ships was detailed in [1] and updated in [2]. The integrated design model provides a
means of evaluating the effect of Global Design Factors (GDFs) on crew performance in
different ship designs. The impact of the four GDFs studied in the FAROS project (i.e.
ship motions, noise, whole body vibration and deck layout, arrangement of equipment
and accessibility (DLEAA)) to crew performance is achieved through the societal risk
models (collision and grounding [3] and fire risk models [4]) and the individual (or
personal) risk model [5] developed during the project.

3.1.2 Design Development

Deliverable 6.1 [6] described the development of the cargo ship variants in detail. In
total, for each of the VLCC and Aframax options, 12 main topologies were modelled
(including the baseline) — as listed in Table 1. For each topology, 5 sets of dimensions
were modelled. This is illustrated graphically in Figure 1. This led to a total of 120 design

options, 60 for each type of vessel.

0.9LOA

Baseline m

Figure 1: Design versions automatically developed for each design variant
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Table 1: Cargo ship design variants

Abbreviation Design Variant Description
Baseline Baseline VLCC/Aframax vessel variant
BWT Variants with Ballast Water Treatment (BWT) units
BWT+LNG | Variants with BWT units and LNG capable propulsion systems
S2S Variants with working spaces shifted forward by two watertight
compartments, mechanical transmission
S2P Variants with working spaces shifted forward by two watertight
compartments, electrical transmission
LB VLCC variant with one longitudinal watertight bulkhead removed;
Aframax vessel variant with one longitudinal watertight bulkhead added
TB Variants with one transverse watertight bulkhead added
S1S Variants with working spaces shifted forward by one watertight
compartment, mechanical transmission
S1P Variants with working spaces shifted forward by one watertight
compartment, electrical transmission
DM Variants with duplicated propulsion machinery
IFEP Variants with Integrated Full Electric Propulsion (IFEP) systems
FR Variants with Flettner rotors for wind assisted propulsion

3.2 Preliminary Cargo Ship Results

Risk results for all variants and their versions for both ship types were collected by
running the integrated design model. The models were run in 2 sets of ocean wave
statistics data, representing the average and worst recorded sea conditions of the
selected route (UAE — Japan). Ocean wave statistics data were collected from [7]. This
section presents the preliminary VLCC and Aframax results for both investigated sea
conditions. It should be noted that all risk model results presented in this section are in
terms of Potential Loss of Life (PLL), and that all quantities (including risks, economic
and environmental performance) are normalised against the baseline version of the
baseline VLCC or Aframax design variant respectively. In addition, the 50" percentile
risk results are presented.

This section presents revised results of those publically presented in [2], due to various

corrections carried out in the fire, collision and grounding risk models very late in the
project.

3.2.1 Relative Importance of Risk Types

Figure 2 compares the contribution of each risk type to the overall risk for all of the
VLCC variants, and Figure 3 shows the same information for all of the Aframax variants.
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Figure 2: Contribution of each risk type to the overall VLCC risk for all variants in average (left)
and worst (right) sea conditions
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Figure 3: Contribution of each risk type to the overall Aframax risk for all variants in average
(left) and worst (right) sea conditions
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The risk is dominated by the individual risk, and the Y-axis on these figures has been
contracted to allow the other risk components to be more visible. This dominance is
significant as it is the component of risk unique to the FAROS project outcomes. The
second and third largest contributors are the night fire risk and collision risk (also an
addition in the FAROS project). The day fire risk and grounding risks contribute only a
small proportion of the overall risk. Additionally, the proportional contributions of each
risk type was generally not found to vary significantly between either topological variants
or hullform variants.

3.2.2 Distribution of Each Risk Type

Figure 4 is a histogram showing the distribution of each risk type for all VLCC design
variants and their versions (in the average sea conditions), and Figure 5 shows the
same information for all Aframax design variants.

H individua PLL)
s N Co o PLL)
Grounding risk (PLL)
night (P
.
= | k day (PLL)
|
< |
I | |
0.65 7 0.75 0.8 0.85 0.9 95 05 S 2 25 3 35
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Figure 4: Histogram of frequency of designs against normalised VLCC risk



Deliverable n. 6.4

\\p

\

—n
[=H
=
=
o

Figure 5: Histogram of frequency of designs against normalised Aframax vessel risk

The results suggest that it is only the collision and grounding risks that vary significantly
between design versions. The individual risk, which dominates the overall risk is not
significantly affected by the design modifications examined. The VLCC also has a
slightly wider spread of normalised risk when compared to the baseline.

There are some key points to note when considering these results:

The seakeeping characteristics (which are translated into the ship motions GDF
in the risk models) remain constant in all VLCC and Aframax design versions and
their variants, and therefore, do not affect the spread of results. This suggests
that improvements with regards to ship motions will be difficult to achieve,
probably due to the very large size of the ship types selected. In addition, the ship
motion input nodes to the risk model are very low.

The noise and whole body vibration GDF was not fully incorporated in the
integrated design process and was assessed separately for a limited set of
designs. This is discussed in more detail in Deliverable 6.5.

The DLEAA GDF does not vary significantly between the VLCC and Aframax
design variants, and therefore, has a small impact on the risk models. This is
because of the highly constrained arrangement of such ship types, which was
noted in the discussion of the design variants in Deliverable 6.1 [6]. In addition,
the DLEAA input nodes to the risk model are at very low ranges. This is probably
because the DLEAA assessment predominantly considers below decks spaces,
i.e., the machinery compartments. In such ship types, the machinery
compartments are generally characterised by an abundance of space (unlike, for
example, naval and RoPax ships), and only the most extreme changes in
arrangement will significantly affect them. The DLEAA GDF, is however the
primary source of variation in the individual and fire risk model.

The large variance observed in the collision and grounding risk is due to the
different ‘attained subdivision index A’ (which is an input to the collision and
grounding risk models) of each design version, and the sensitivity of the collision
and grounding risk model to this index.
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3.2.3 Design Exploration Results

Figure 5 shows the distribution of all VLCC variants in a plot of Net Present Value (NPV)
against total risk (PLL). Figure 6 compares the total risk for all VLCC variants annotated
by topology type. Figures 7 and 8 shows the same information for all variants of the
Aframax design. The results shown in these figures are normalised against the baseline.
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Figure 6: Normalised NPV against normalised total risk for all VLCC variants in average (top)
and worst (bottom) sea conditions
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Figure 7: Total risk for all VLCC variants in average (left) and worst (right) sea conditions
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Figure 8: Normalised NPV against normalised total risk for all Aframax variants in average
(top) and worst (bottom) sea conditions
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Figure 9: Total risk for all Aframax variants in average (left) and worst (right) sea conditions
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Various conclusions can be derived from this data.

The VLCC variants have significantly lower spread in normalised NPV than the
Aframax variants.

Variation in total risk between the 120 variants is small (<6%), with a slightly
lower variation in the average sea conditions. The maximum decrease in annual
risk, compared to the Baseline is around 2.5% for the VLCC and 3.5% for the
Aframax, both in the worst sea state. This is a very pessimistic operating
condition derived from the worst recorded ocean statistics in [7]). In the average
sea state the maximum reductions in risk are around 1% (VLCC) and 2.5%
(Aframax).

For both VLCC and Aframax there are many variants that actually increase risk.
However, most of these are less than 1%.

For both VLCC and Aframax there are a small number of variants that have a
close to zero or negative NPV (i.e. are not economically viable). In the VLCC,
these are only the 0.9LOA versions (see Figure 1) of the topological variants with
the superstructure moved forward (thus reducing tank size). However, in the
Aframax the variants with negative NPV include the 0.9LOA versions of all
topological variants. Therefore, the overall size of the vessel is a more significant
driver of NPV (for the Aframax) than the layout topology.

Changing the hull size generally (but not always) increased the risk. Changing
the hull shape (fullness) could, however, reduce the risk.

Topologies had a mix of increased and decreased risk as the hullform was
varied. This can be seen from the distance between identical markers in figures 5
and 7. This indicates that layout and technology have to be considered together
will hullform dimensions and shape to achieve acceptable risk values while
integrating new concepts.

The individual risk in the worst sea state calculations is constant across all
variants and lower than in the average sea state. This is an artefact of the
structure of the specific implementation of the individual risk model, in that the
calculated motions become so severe that their effect “saturated” the individual
risk model and dominated other aspects such as DLEAA. This was not the case
in the average sea conditions and so those calculations capture the possible
variation in the individual risk.

Figures 9 and 10 present the distribution of all VLCC design variants and their versions
in plots of Required Freight Rate (RFR), Energy Efficiency Design Index (EEDI) and
Mean Oil Outflow parameter Oy against total risk. It is important to stress that both EEDI
and Oy, (i.e. environmental performance) are not treated as design constraints, rather as
objective functions which should be minimised, along with risk and economic impact.
(This is partially because the EEDI and Oy regulations entered into force after the 2008
construction year of the baseline VLCC and Aframax vessel designs [8; 9; 10]). Figures
11 and 12 shows the same information for the Aframax. From the RFR against total risk
plot, it may be concluded that the two economic performance tools used in this research
are generally in agreement (note that the plots are reversed, since NPV must be
maximised whereas RFR minimised).
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Figure 10: Normalised RFR, EEDI and Oy against normalised total risk for all VLCC designs,
average sea conditions

Figure 11: Normalised RFR, EEDI and Oy, against normalised total risk for all VLCC designs,
worst sea conditions
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Figure 12: Normalised RFR, EEDI and Oy against normalised total risk for all Aframax vessel
designs, average sea conditions

Figure 13: Normalised RFR, EEDI and Oy, against normalised total risk for all Aframax vessel
designs, worst sea conditions
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Further points of interest are:

Most of the designs actually increase the risk, albeit by a small amount compared
to the baseline. As the magnitude of the changes is small this indicates that if
these changes were introduced for other reasons (e.g. regulations) the effect on
risk would be small.

The plots of economic (NPV and RFR) and EEDI performance show a similar
grouping as both are effected by cargo capacity and main engine (ME) size and
type (i.e. economic and EEDI performance are somewhat proportional, since both
improve with increasing Cargo Oil Tank (COT) capacity and decreasing installed
power for constant speed).

Adding BWT and LNG does not strongly affect any performance (although LNG
may improve economic performance due to the lower price of LNG used in the
calculations).

Wind assistance has benefits for economic performance due to reduced fuel
consumption. Improvements in EEDI performance can also be realised by
potentially installing smaller MEs on the ship.

IFEP is undesirable economically and for EEDI. However, this may be due to the
specific fuel consumption assumed for the engines, which might not reflect a
realistic operating profile.

As expected, increasing COT segregation leads to environmental performance
benefits regarding accidental oil outflow (Ow).

A final point of interest is that the fire ignition frequency of the DM design variant and
all its versions is approximately 15% larger than all other variants. This is shown in
Figures 13 and 14.

Figure 14: Normalised NPV against normalised annual fire ignition frequency for all VLCC
designs
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Figure 15: Normalised NPV against normalised annual fire ignition frequency for all Aframax
vessel designs

This is due to the duplicated machinery rooms which the fire risk model translates as an
additional compartment with machinery in which crew tasks are conducted and from
where a fire might initiate (i.e. due to the duplication of potential failure modes). This is
the classic trade off in duplicated systems where the probability of a partial failure is
increased to reduce the probability of a complete failure. The fire risk model does not,
however, take into account the number of machinery items in a space, which is probably
of greater relevance. Thus, the IFEP variant, for example, has a fire ignition frequency
similar to other VLCC variants, despite including five additional diesel gensets.

Figures 13 and 14 also show that the design variants with an increase in the number of
equipment in the machinery compartments (i.e. BWT+LNG and IFEP) present a slight
increase in the annual fire ignition frequency due to a greater congestion in those
compartments, obstructing crew tasks. A similar observation can be made regarding
the variants in which the working spaces have been moved forward (i.e. S2S, S2P, S1S
and S1P). In this case, it was the accessibility complications between the machinery
compartments and aft located systems, such as steering gear, which were considered to
impede crew tasks.

120 VLCC and Aframax vessel variants have been generated and assessed at two
different sea conditions (average and worst case). The main conclusion regarding these
results is that most of the designs produce small changes (<6%) to the risk, when
compared with the baseline design. However, some options produce significant
improvements in economic and environmental performance.
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4

4.1 Tool Integration and design development

4.1.1 Integrated design assessment

The integration of the design and design evaluation tools for the exploration of
passenger ships is shown in

Figure 16 and it was detailed in [1]. The integrated design assessment provides a
means of evaluating the effect of Global Design Factors (GDFs) on crew performance in
different ship designs. The impact of the four GDFs studied in the FAROS project (i.e.
ship motions, noise, whole body vibration and deck layout, arrangement of equipment
and accessibility (DLEAA)) to crew performance is achieved through the societal risk
models (collision and grounding [2] and fire risk models [3]) and the individual (or
personal) risk model [4] developed during the project.

Figure 16: Network of integrated design and design evaluation tools (screenshot of
software .spiral™).

Each design variation (see next section) is produced in the NAPA software where
stability and seakeeping calculations are performed. The design information is then
passed on to other tools to evaluate economic and environmental performance, as well
as the risk level. This allows exploring the design space in terms of these performance
characteristics.
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4.1.2  Design development

Alternative design variations (samples) are generated by systematically varying specific
parameters of the baseline design [5], [6]. The variation is performed using a formal
sampling technique (aka space filling), namely Latin Hypercube sampling [7], as
described in [8], [9]. The use of this formal technique was, however, limited for the large
RoPax. We found that it was difficult to produce a feasible design variation through this
automatic sampling. Therefore, manual variation was used instead.

The generation of samples took into account the known properties—obtained from
sensitivity analysis—of the risk models. Specifically, there are values for motions, noise,
vibration and deck layout that lead to minimal risk value:

o0 Heave frequency must be within 0.5 — 0.7 Hz

Heave acceleration RMS must not exceed 0.981 m/s2
Lateral acceleration RMS must not exceed 1.177 m/s2
Whole body vibration must not exceed 2 Hz

Noise must not exceed 30 dB

O O O O O

All deck layout parameters are set to the No Effect state

The entire process of generating and assessing design variations is summarised in
Figure 17.

Figure 17: Generation and assessment of design variations
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During the design exploration stage, design parameters that determined the ship’s main
particulars, such as breadth, and the internal arrangement that affected payload
capacity, sizes of spaces, crew tasks etc. were subjected to alteration. The full list of
parameters affected is given later in Table 2, whereas Figure 18 shows the main design
areas modified.

Figure 18: Ship design aspects subjected to variation

This section describes the results of design exploration for a small RoPax ship. In total,
500 samples were generated, with 380 out of them being feasible. The design samples
are shown in the graphs below.



Deliverable n. 6.4

Figure 19: Variation of selected design parameters across design samples
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Figure 20: Alternative design variations to the baseline (blue-shaded circle) with respect
to grounding or collision risk (PLL per ship year), NPV and EEDI (corresponds to the
circle’s size).

Figure 21: Alternative design variations to the baseline (blue-shaded circle) with respect
to fire risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size).
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Figure 22: Alternative design variations to the baseline (blue-shaded circle) with respect
to probability of fatal accident (individual risk), NPV and EEDI (corresponds to the
circle’s size).

Figure 23: Alternative design variations to the baseline (blue-shaded circle) with respect
to crew risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size).
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Figure 20 - Figure 23 show the risk reduction potential that can be achieved for each
risk contribution with respect to the baseline design. Crew associated risk can be
reduced by up to 57%, collision or grounding up to 90%, whereas other risk
contributions are not reduced significantly.

However, if we arranged the samples with respect to the total risk (see [10]), NPV and
EEDI, we would need to select such design variations that are superior than the
baseline design and such designs would be within the IV quadrant as shown in Figure
24. And there are number of such design to choose from.

The design variations in the other quadrants are either infeasible (quadrant Il or I) or the
risk reduction comes with price (quadrant Ill) which requires cost benefit analysis as
described in the FSA guidelines by IMO (MSC 83/INF.2).

Figure 24: Alternative design variations to the baseline (blue-shaded circle) with respect
to total risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size). The
graph slits the samples into four quadrants.

Figure 25 shows a selection of three distinct design alternatives (to the baseline design)
from the 4th quadrant. These designs lie on the Pareto front (the green circles) and
represent three, cost-effective multi-disciplinary improvement options:

(-PLL) - mainly improvement in risk only
(+NPV, -PLL) - improvement in both NPV and PLL, and
(+NPV) - improvement in NPV only.
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In this case, we ignore the improvements in EEDI, the EEDI values for all variations are
below the threshold (maximum allowed), as shown in

Figure 26. Table 2 shows the parameter values for these three designs, and the
baseline.

Figure 25: Alternative design variations to the baseline (blue-shaded circle) with respect
to total risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size). The
green circles indicate dominant variations which lie on the Pareto front.

Figure 26: Comparison of absolute EEDI values between the baseline and the three
alternatives (see Figure 25). The results are shown for the small RoPax and they far
exceed the threshold.



Table 2: Design and performance parameters of the three selected design alternatives

7" Framework Programme
European Commission

Baseline (-PLL) (+NPV, -PLL) (+NPV)
ZONES IN FWD FIRE ZONE 4 6 6 5
NUMBER_OF TRANS_BHDs 11 13 13 12
NUMBER OF CARDECKS 2 2 1 2
SUSPENDED CAR DECK Yes Yes No Yes
HEIGHT TO BULKHEAD DECK 7.15 8.30 6.83 8.32
BEAM 21.0 22 22 22
LENGTH OVERALL 132 132 132 132
LENGTH BETWEEN PERPENDICULARS 120 120 120 120
DESIGN DRAUGHT 5.2 5.2 5.2 5.2
CREW 50 52 64 71
PASSENGERS 1,010 1,044 1,269 1,422
POB 1,060 1,096 1,333 1,493
CAPACITIES
TOTAL VEHICLEDECK AREA 3,194 3,504 1,969 3,416
TOTAL PASSENGER SPACE AREA 2,995 2,883 3,114 3,114
CARS (ONLY) LM 1,205 1,337 732 1,303
TRAILERS (ONLY) LM ON D3 484 500 499 497
NUMBER OF CABINS 33 14 30 31
TOTAL CREW SPACE AREA 642 991 779 751
WEIGHTETC.
STEELWEIGHT 3,026 3,229 2,868 3,285
LIGHTSHIP 5,501 5,871 5,214 5,973
TONNAGE_GT 12,296 13,379 11,783 14,097
DISP 7,802 8,354 7,449 8,670
DWT 2,301 2,483 2,235 2,696
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EEDI

19.85

19.11

REQUIRED PROPULSION POWER 11,536 12,064 11,291 12,437
INSTALLED PROPULSION POWER 12,000 13,200 12,000 13,200
REQUIRED AUXILIARY 1,876 2,003 1,734 2,247
TOTAL INST AUX 2,400 2,400 2,400 3,600

21.21

19.21

EEDI REQ

CAPEX

39.39

€ 94,704,000

38.27

€ 99,822,000

39.83

€ 938,611,700

37.08

€ 103,356,000

NPV

€ 37,650,200

€ 150,199,000

€ 284,019,000

€ 304,173,000




7" Framework Programme
European Commission

Figure 27: Comparison of total contributions to total risk between the baseline and the
three alternatives (see Figure 25)

Figure 28: Comparison of percentage contributions to total risk between the baseline
and the three alternatives (see Figure 25).
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Figure 29: Comparison of absolute NPV values between the baseline and the three
alternatives (see Figure 25). The results are shown for the small RoPax.

Figure 27 - Figure 29 show the actual values of the total risk, along with its contributions,
and NPV. As seen from Table 2, designs (+NPV, -PLL) and (+NPV) have larger NPV
values mainly because of larger payload carried.

Design exploration of a small RoPax concept has been presented. The 380 feasible
design variations of the baseline design have been analysed, comparing their multi-
disciplinary performance.

The variations have been ranked based on the principle of non-dominance (Pareto
optimality), which allowed to select cost effective risk reductions amongst the design
variations.

Amongst three selected designs (Figure 27), the total risk was reduced by up to
67%, while improving economic and environmental performance.

During the design exploration stage, design parameters that determined the ship’s main
particulars, such as breadth, and the internal arrangement that mainly affected the
damage stability were subjected to alteration. The full list of parameters affected is given
later in Table 3, whereas Figure 30 shows the main design areas modified.
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Figure 30: Ship design aspects subjected to variation.

It is important to note the baseline design has a large unsubdivided space below the
main deck, conventionally referred to as a long lower hold (LLH). From the damage
stability point of view LLH is a vulnerability, although LLH cannot be singled out as the
only one [11]. To mitigate the risk associated with LLH, a so-called UFO hull was used
as an alternative to the conventional hull shape [12], as shown in Figure 31.

Figure 31: UFO hull shape.

The UFO hull shape was produced by adding extra lanes (1, 2, or 3) on the main deck,
correspondingly increasing the cargo capacity. The ship breadth could also be varied,
as shown in Figure 31.

It is important to note, that the number of passengers and crew was kept constant
during the variation.
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The large RoPax design was a significantly much more complex artefact to modify.
Although the process was fully automated, it was difficult to arrive at completely feasible
design variations. Additionally, conventional stability calculations required considerable
amount of time to complete. All this led to the decision to reduce the exploration to a
reduced set of several design alternatives, as opposed to hundreds for the small RoPax,
which were mainly produced manually. Figure 32 to Figure 34 show the ranges of
variations of certain parameters.

Figure 32: Variation of ship breadth across design samples.

Figure 33: Variation of long lower hold (LLH) half width across design samples.
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Figure 34: Variation of the amount of extra lane meters on main vehicle deck across
design samples.

Figure 35 and Figure 36 show the reduction in collision and grounding risk contributors
with respect to the baseline design. The individual, crew and fire risk contributors are not
shown as they did not significantly change, primarily due to the constant number of
people onboard.

Figure 35: Alternative design variations to the baseline (blue-shaded circle) with respect
to collision risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size).



Deliverable n. 6.4

Figure 36: Alternative design variations to the baseline (blue-shaded circle) with respect
to grounding risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size).

Figure 37 plots the design variations with respect to the main decision variables: total
risk, EEDI and NPV. All design variations are cost effective as they fall into the IV
guadrant (see Figure 24 and Figure 25 for explanation). Out of these 6 alternatives, only

three are non-dominated, i.e. Pareto efficient.

Figure 37: Alternative design variations to the baseline (blue-shaded circle) with respect
to total risk (PLL per ship year), NPV and EEDI (corresponds to the circle’s size). The
green circles indicate dominant variations which lie on the Pareto front.
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Further we analyse only the Pareto efficient designs from Figure 37 (green circles).
Thus, Table 3 lists their characteristics which can be compared with the baseline design.
Figure 38 to Figure 41 provide further such a comparison.

Table 3: Design and performance parameters of the three selected design alternatives

‘ Baseline ‘ V11 ‘ V17 | V20
Dimensions & layout

BEAM 25.80 25.94 27.27 25.80
LENGTH BP 185.40 185.40 185.40 185.40
EXTRA_LANES_ON_MAINDECK | - 2.00 2.00 3.00
CHANGE IN WIDTH OF LLH - 1.51 6.94 0.78
DESIGN DRAUGHT 6.25 6.00 6.89 7.14
SUBDIVISION DRAUGHT 6.66 6.58 7.49 7.78

Locations of transverse bulkheads
Bl 178.20 179.98 175.76 179.04
B2 166.95 169.36 168.98 168.67
B3 155.70 154.49 158.88 159.50
B4 144.45 145.86 146.60 145.22
B5 42.75 41.69 44.09 43.71
B10 45.00 44.78 42.44 48.91
B12 9.00 8.12 9.09 7.95
B13 9.00 8.37 10.01 7.66
B14 45.75 45.75 40.39 44.63
B16 8.25 9.47 8.60 9.85
B17 9.00 10.22 9.70 8.20
B18 5.40 5.61 5.46 6.52
B19 1.80 1.19 1.89 1.33

CAPACITIES

POB 2,016 2,016 2,016 2,016
CREW 132 132 132 132
CREW MESS 76 119 85 125
TOTAL CREW SPACE AREA 1,489 1,417 1,517 1,476
TOTAL LOUNGE AREA 1,808 1,791 1,789 2,010
CABINS AREA 2,704 2,496 2,748 2,815
NUMBER OF CARS ONLY
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Baseline V11 V17 V20

499 638 724 746
NUMBER OF TRAILERS ONLY
ON D3 85 124 147 150
RESTAURANT AREA ON
DECKO05 863 698 877 836
NUMBER OF CARS ON D3 499 638 724 746
DECKO03 VEHICLEDECK AREA | 5,527 4,849 5,294 5,285
DECKO05 VEHICLEDECK AREA 9,609 8,812 9,597 9,668
TRAILERS (ONLY) LM ON D3 1,589 2,291 2,633 2,708
CARS (ONLY) LM 2,444 3,096 3,501 3,572

WEIGHT ETC.
STEELWEIGHT 5,963 5,065 6,813 6,812
LIGHTSHIP 13,678 11,617 15,627 15,624
DWT 5,428 7,181 8,245 8,174
DISP 19,105 18,797 23,871 23,798
POWERING
Propulsion
REQUIRED PROPULSION
POWER 25,226 25,262 25,535
INSTALLED PROPULSION
POWER 26,400 26,400 26,400
ENGINE NUMBER 4 4 4
ENGINE TYPE (Wartsila) 12v31 12v31 12v31
UTILISATION 96% 96% 97%
Auxiliary
REQUIRED AUXILIARY 3,787 4,308 4,471 4,527
AUX.EN TYPE (Wartsild) 3x4L20 3x4L20 3x4L20 3x4L20
TOTAL INST AUX 4,800 4,800 4,800 4,800
UTILISATION 79% 90% 93% 94%
ENVIRONMENTAL IMPACT
EEDI 25.71 30.15 20.27 18.42
EEDI MAX 28.41 25.53 24.22 24.30
DAMAGE STABILITY

R-VALUE 0.749 0.749 0.749 0.749
A-VALUE 0.856 0.951 0.922 0.915

INVESTMENT APPRAISAL (EUR)
CAPEX 164,000,000.00 | 165,000,000.00 | 171,000,000.00 | 170,000,000.00
NPV 7,000,000.00 127,000,000.00 | 136,000,000.00 | 200,000,000.00
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Figure 38: Comparison of absolute EEDI values between the baseline and the three
alternatives (see Figure 37). Note, V11 exceeds the maximal limit by 18%.

Figure 39: Comparison of total contributions to total risk between the baseline and the
three alternatives (see Figure 37)
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Figure 40: Comparison of percentage contributions to total risk between the baseline
and the three alternatives (see Figure 37).

Figure 41: Comparison of absolute NPV values between the baseline and the three
alternatives (see Figure 37).

Design exploration of a large RoPax concept has been presented. The 6 feasible
design variations of the baseline design have been analysed, comparing their multi-
disciplinary performance.

The variations have been ranked based on the principle of non-dominance (Pareto
optimality), which allowed to select 3 cost effective risk reductions amongst the

design variations.

Amongst selected designs, the total risk was reduced by up to 42%, while improving
economic and environmental performance.
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