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Abstract

The adoption of alternative energy carriers is one of the key ways to meet the increasingly stricter emission regulations
faced by shipping vessels from the international maritime organisation (IMO) and European Commission. To support this
objective, this study examines the challenges and uncertainties associated with implementing a methanol power propulsion
and energy (PPE) system on the design of a vessel. This paper argues that new fuels, such as methanol, should be treated
as disruptive innovations due, in part, to the uncertainties surrounding their implementation. Their integration causes
challenges regarding systems selection, layout design, and maintaining strict safety measures. In the case of methanol,
current research treats the fuel as a system conversion based on diesel fuel. This paper provides a review of the state-
of-the-art on the design of methanol fuelled vessels, and identifies a research gap related to the need for a new suitable
design method for the design of ships integrating future alternatively fuelled PPE systems. A design approach inspired by
model-based systems engineering integrating uncertainty modelling is proposed to examine the influence of uncertainty
on the design of the vessels. The impact of uncertainty on the design is investigated through a case study of a simplified
engine room layout utilizing a genetic algorithm to produce layouts for variable PPE systems dimensions within a Monte

Carlo simulation.

Keywords: Methanol; Ship design; Uncertainty propagation; Systems Integration; Alternative power propulsion and

energy systems.
1 INTRODUCTION

The energy transition and the effort towards the
decarbonization of the shipping industry is an im-
portant step towards addressing climate change as
the maritime industry accounts for approximately
3% of greenhouse gas (GHG) emissions [1]]. The In-
ternational Maritime Organization (IMO) has set a
target of net zero GHG emissions in 2050 compared
to 2008 [2]. Accordingly, the European Commis-
sion is introducing a set of policy actions that target
a climate neutral Europe in 2050 [3|] and the Euro-
pean Parliament council has announced the target of
mitigating GHG intensity by 80% by 2050 [4].

To address this, the IMO has introduced various
performance indicators that assess a vessel’s COo
emissions, including the Energy Efficiency Design
Index (EEDI), the Energy Efficiency Existing Ship
Index (EEXI) and the Carbon Intensity Index (CII)
[5] (MEPC 76). In addition, vessels also need to
conform to regulations for SOy [6] and NOx [7]]
which may require the adoption of further technol-
ogy. Technological innovation is thus required to
meet these upcoming regulations and climate goals.

One of the key ways to meet this demand is by

adopting alternative fuels [1]]. Several studies have
compared alternative fuel options from a lifecycle
perspective both economically and environmentally,
such as [8]-[10]. Transitioning to alternative fu-
els is not without trouble, as Lindstad [|11] demon-
strated that adopting alternative fuels can lead to
an energy consumption increase on a well to wake
(WTW) basis between 100% and 200%. Addition-
ally, the decreased energy densities of alternative
fuels lead to an increased volume demand increase
by a factor of 2.3 for methanol and 7.1 for liquid
hydrogenl[/12]]. This inevitably leads to an increased
demand for voluminous storage areas and challenges
in their integration into the vessel. Various studies
comparing alternative fuels integration have gen-
erated different outcomes regarding space require-
ments owing to various assumptions about future
fuels. New challenges arise from alternative fuel
integration due to storage and handling, vessel per-
formance, space allocation, safety equipment, and
safe handling of the fuel [12]. In combination with
the existing complexity of conceptual ship design
[[13]], the need arises to understand the influence of
the novel power propulsion and energy (PPE) sys-
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tems on the design of the vessels as early as possible
in the design process.

This paper focuses specifically on methanol as a
fuel, since it eliminates almost all SOx, drastically
reduces NOx in comparison to conventional ma-
rine diesel [14]], and can be produced in clean ways
from biomass or water electrolysis. This means that
it can potentially turn into an almost carbon neutral
fuel [[15]], [16]. The environmentally clean versions
of methanol, biomethanol and e-methanol, prove
highly cost competitive in comparison to other al-
ternative fuels [[10].

The PPE systems required for methanol differ
from traditional fuels and may even require the
adoption of additional technologies throughout the
ship lifecycle. Section |2 reviews the challenges of
methanol PPE systems integration. This review is
complemented by a case study in Section [] that
investigates the influence of the uncertainty in the
size, dimensions, and logical connections of PPE
components and layout arrangements on a simpli-
fied engine room.

2 PROBLEM FORMULATION

To formulate the problem of the influence of
future methanol PPEs on the design of ships, it is
helpful to first define the main categories of the
systems and to identify their associated challenges.
The categories are split based on the work of [[17]:

* The energy storage system (ESS) describes the
systems used to safely store and handle the fuel
such as tanks, pipes and safety systems such as
cofferdams, as described in Section|2.1

* The auxiliary power generation systems describe
the systems used to generate electric power and
auxiliary loads such as pumps and generators,
discussed in Section

* The main propulsion engine power (MPE) in-
cludes the engines used for the propulsion. The
primary options are internal combustion engines
(ICE), fuel cells (FC) and hybrid configurations
including electric power generation and batter-
ies, discussed in Section[2.2

Additionally, the State of the Art of the design
approaches attempting to integrate methanol PPEs
is looked into and based on the identified research
gaps, a suitable design framework is proposed.

2.1 Storage challenges due to methanol fuel
properties

It is important to understand the properties of
the fuel, to comprehend the integration of methanol
energy storage systems. Methanol is a low flash-
point fuel and is handled according to the interim
guidelines of IMO’s International Code of Safety
for Ships using Gases or other Low-flashpoint Fuels
(IGF) (18], [[19]]. This code has been developed for
gas or low flashpoint fuels and leads to the require-
ment of cofferdams around the tanks, except for the
areas that are adjacent to the shell plating below the
minimum waterline [20]]. This leads to a consider-
able space demand that must be handled within the
hull.

IMO [21]] has established guidelines especially
for methyl alcohol fuels that are under constant re-
view based on the knowledge gained through op-
eration [22]. In terms of storage and handling,
methanol shares more common traits with diesel
fuel than LNG (see Table |1)) meaning that it can be
stored in conventional tanks [8]], [23]].

Table 1: Comparative chemical properties of diesel
oil, methanol, and LNG (adopted from [15]]).
LHV: Lower Heating Value

Properties Diesel Oil  Methanol LNG
LHV (MJ /kg) 42.6 19.9 48 — 50
Boiling point (°C’) 180 — 360 65 —161.4
Flash point (°C') 78 11 —136

The tank volume storage becomes critical in the
case of methanol, because it has approximately half
the energy density of conventional diesel, as illus-
trated in Table [I} Kries [24] showed that a 50%
increase in the usable tank volume can be achieved
by adopting a smaller cofferdam. Furthermore, Ban
and Bebi¢ [12] implemented a hazard identification
study (HAZID) to be able to store methanol fuel in
ballast tanks in a retrofit case and found that small
adjustments on sailing range or speed are required.
Additionally, [25] argued that for a diesel fuel ca-
pacity of 600 m3, an equivalent 1300 - 1500 m?>
methanol fuel capacity is necessary. These find-
ings indicate a level of uncertainty in the additional
storage space requirement.

Safety concerns arise from the use of methanol as
an energy carrier because of its toxic and flammable
properties [26] (its flames are invisible during day-
light [18] and form no smoke [27]), which leads
to additional safety equipment requirements [26].
Thus, methanol cannot be placed adjacent to any
manned or freely accessible space of the vessel for



fire safety. This poses limitations to the layout of the
systems within the vessel. Methanol also presents
a corrosive behaviour that increases when metallic
materials such as aluminium and titanium alloys ex-
ist in the same environment. Thus, stainless steel
and appropriate protective coating (such as zinc)
are among the solutions applied to the tank interior
[18]]. This raises a concern regarding the cost and
the maintenance demands for the vessels and means
that careful materials selection is necessary.

2.2 State-of-the-art of methanol fuelled PPE
systems

This section provides a review of the various
technologies that are already available or under de-
velopment to facilitate the shift towards methanol
as an energy carrier. Methanol can be burned in an
engine, a high temperature fuel cell or be used as
a hydrogen carrier in fuel cells. Each propulsion
option has relative advantages. Table[2]presents that
engines offer a known technology, easy to adapt,
with a long lifetime [28]], but also with higher
emissions, especially VO x, and lower efficiencies,
when compared to fuel cells. This has lead to the
consideration of hybrid systems, next to the indi-
vidual systems, so no propulsion choice is currently
absolute.

Methanol combustion in internal combustion en-
gines (ICE), drastically reduces SOx and particu-
late matter (P M) emissions [16]], [27], [29]. When
green or e-methanol is adopted [11] they provide
a profound reduction in C'O5 emissions on a Well-
to-Wake (WTW) scope. Methanol generated from
natural gas barely reduces [28]] or even slightly in-
creases C'O5 emissions on a WTW level [11]], [30].
Even worse on a WTW level, approximately 6 kWhs
of e-methanol are required to generate 1 kWh on the
propeller [31]]. Looking into the details of the engine
many more variations can be observed. Methanol
does not burn by itself, it requires a pilot fuel to
achieve this [[16]. As a result, variations can be
found in the location in the process where methanol
is mixed with the pilot fuel, but also the choice of pi-
lot fuel and engine type (e.g. compression vs spark)
vary in the chosen solutions. The two main combus-
tion concepts are the spark ignited (SI) engine and
the compression ignited engine (CI) engine. The
SI engine operates only on methanol and has been
proven to comply with tier III VO x emissions lev-
els [16]. On the other hand, the CI engine can offer
fuel flexibility and has been more widely used on
projects to date. However, CI engines only com-

ply with tier II NOx emission levels [27]], thus
requiring an after-treatment such as a selective cata-
lyst reduction (SCR) unit, water fuel mix technique,
or an exhaust gas recirculation system (EGR) [16].
SCR and EGR systems take up additional internal
volume in comparison to the fuel - water blending
technique. Recent studies show that methanol en-
gines operate at the same efficiency (1) as diesel
engines or even higher [27]], at approximately 40%
[18]].

In combination with the fact that a dual fuel strat-
egy requires tanks for both methanol and diesel, the
size and shape of the PPEs becomes even more un-
clear, causing uncertainty in the actual layout ar-
rangement of the PPEs. In addition, waste heat
recovery (WHR) systems may be part of the PPE to
use the waste energy of exhaust gases and produce
further mechanical energy. However, these WHR
systems are voluminous [[16]]. On the one hand, im-
provements in efficiency are expected for methanol
fuel cells, but on the other hand, the configurations
of large-scale systems (including cooling, control,
etc.) are still under development, making the size
of the system debatable. Technology readiness level
(TRL) [32] is low and they have not been yet com-
mercially applied [8]. In combination with their
shorter lifecycle [24]], they become a less attractive
option to consider. Therefore, they were not further
investigated within the scope of this study.

Table 2: Overview of main methanol propulsion
options [8]], [16]

Properties ICE Fuel Cells
Advantages High TRL Efficiency (1) (60%)
Reliability Lower emissions
Easy conversion
Disadvantages  Efficiency (1) (40%) Low TRL
More emissions Lifecycle
(8 - 10) Years

Recent studies on the effect of alternatively fu-
elled PPE configurations on the size of navy vessels
have provided inconsistent findings (see Table [3)),
not only within a single study but also between stud-
ies. One of the primary assumptions in the studies
[33]], [34] is that the additional weight by the inte-
gration of methanol fuelled systems does not lead
to an increase in power demand. Snaathorst [35]
investigated the effect of alternative fuels integra-
tion by using a parametric tool based on empirical
equations and ship data, computed the impact on
the size and consequently the resistance of the ves-
sel that leads to increased power demand. He found
that the increase in size can vary from 2,4 - 6%



which leads to an additional powering demand of
2,7% on average.

Table 3: Effect of displacement of methanol fuelled
PPE systems on navy vessels

Propulsion Estimated A | Design Tool | Reference
Configuration | increase [%c]

Hybrid, ICE 18 -25 % Parametric 133]
FC, Gas tool

Hybrid, ICE 1,4 - 20 % Layout 134]

Gas modelling

Hybrid, ICE 8-15% Parametric 136]

FC, Gas tool

Lastly, a unanimous trend in conversions and
retrofits to methanol is to first lengthen the vessel
to generate additional space [24], [34], [35]. This
is rational as increasing the length can have a lim-
ited effect on the resistance [37]]. However in most
retrofit cases, they maintain the existing hull shape
and explore alternative placement options for the
additional methanol tanks [15[, [30], [34]. This
paper argues that:

* There is a large variety of systems under devel-
opment that need to be integrated into the vessel.

* The exact shapes and quantities of these com-
ponents are unknown. This study refers to the
components as the building blocks (BB) of the
PPE:s.

* Different propulsion choices lead to different
PPE shapes that are not yet fully defined. Thus,
the overall impact on ship design is not yet fully
deterministic.

2.3 State-of-the-Art of the design approaches
of methanol fuelled ships

Maersk is currently investing in methanol fuelled
vessels [38]], underlining the interest for alternative
fuels adoption in the maritime sector. The dimen-
sions of the PPE systems are largely influenced by
the operational requirements set for the vessel. The
intended range and sailing speed largely dictate the
fuel consumption ,required fuel storage space and
the required installed power. As shown in Table
vessels with different missions and sailing speeds,
but similar sizes, require highly different installed
power. Zuidgeest [30]] showed that a 30% increase in
speed can lead to an 80% increase in fuel consump-
tion, as also logically follows from the speed power
relationship [39]. Considering that slow steaming
[40]] and engine derating [16] have proven to be ef-
fective measures for emission mitigation, there is a

decrease in the installed power demand [41]. This
has a large effect on the size of the machinery equip-
ment and the overall size of the ship. Therefore the
size of the ship depends, in part, on the operational
requirements set for it.

The requirements regarding sailing speed and
range may still be under discussion and thus uncer-
tain during the design phase while they simultane-
ously have a large influence on the systems layout of
the vessel. Therefore the relationship between the
operational, functional, and physical requirements
of methanol PPE systems must be captured within
the design process.

To date, research projects have primarily focused
on conversion and retrofits of diesel fuelled vessels.
The retrofit as a process leads to having a vessel with
a given hull shape and inner system layout arrange-
ment. This indicates an already set design space for
the systems, that rather limits the alternatives for re-
configuration as shown below. These projects have
mainly adopted a dual fuel 4 stroke engine and have
essentially tried to fit in the extra tanks for methanol
in the conversion process. Such a case is the Stena
Germanica [23]], [29] that applied a new high pres-
sure common rail system, high pressure pumps, and
the corresponding safety equipment. Consequently
the integration of so many systems leads to large
connection costs between the systems, meaning new
control systems and cable lengths [29] and if their
layout logic is wrong, can lead to unwanted connec-
tion costs. Thus, the manner in which the systems
are placed and the proximity between relevant sys-
tems has an influence on the size of the ESS and the
engine room.

Zuidgeest [30] explored the general arrangement
of an existing vessel and potential propulsion alter-
natives.Pothaar [34]] used a 3D modelling tool to
evaluate the effect of methanol integration in ref-
erence to an existing ship. Ban [12] performed a
HAZID risk design approach to integrate the ad-
ditional methanol tanks into the ballast tanks loca-
tion with minimized effect. The Green Maritime
Methanol project [43] investigated a variety of ves-
sels such as those listed in Table 4] focusing on the
placement of the extra fuel tanks and safety mea-
sures within an existing hull. The above mentioned
studies follow a sequential approach resembling to
the design spiral approach and only explore an exist-
ing design space to place the methanol tanks, mean-
ing that the design choices are rather limited. There
is the need to design and explore the design space
without strict initial conditions that limit the possi-
ble solutions.



Table 4: Comparison of principal characteristics of methanol fuelled vessels

Vessel Type Vessel size [t ] | Sailing Speed [kn] | Installed Power [KW] | Reference
TSHD DWT 4200 11 4600 [12]

Stena Germanica ferry GT 52000 22 24000 [29], [42]
General Cargo Vessel DWT 7000 9.5 1600 [1301]
Navy Vessel A 7200 18 50000 [34]
Cable laying vessel DWT 8400 12.4 11000 [43]

The use cases of green maritime methanol
(GMM) [43] have demonstrated that a retrofit can
prove more complex and expensive. In case of lim-
ited space, the conversion can become more com-
plex and unfeasible as was the case for an inland
patrol vessel. The conversions were categorized
as either major or minor. Major conversions de-
manded an enlargement with several frames for the
installation of the methanol system, while minor
conversions included adjustments in the general ar-
rangement of the vessel. The case of a small port
patrol vessel proved unsuitable for conversion. Fur-
thermore, the operation on a dual fuel strategy using
both methanol and diesel can lead to a mitigated de-
crease in the range [43]] in excess of 20%.

For different vessel types, the sailing range was
reduced approximately 40% - 50%, when integrat-
ing methanol [30[], [34], [43]]. In contrast, Ban [12]
found that the range for a two-week mission re-
mains almost identical. Consequently treating the
methanol integration just as a modification in an
existing design rationale leads to bottlenecks and
unexpected compromises in the design and opera-
tion of the vessel.

2.4 Requirements for Design Framework

The proposed Design Framework is necessary
to integrate the uncertainty, as inconsistencies have
been found regarding the size of the PPE subsys-
tems and their effect on the overall ship design, as
presented in sections As categorized
[44], uncertainties can be divided into two main
categories:

 Epistemic: is generated by insufficient knowl-
edge regarding a problem or technology and is
mitigated by gaining more information and un-
derstanding via simulations, experiments etc..

* Aleatory: is caused by the randomness of out-
comes in the nature and cannot be mitigated via
modelling.

The uncertainty type addressed in this problem
is epistemic. Further knowledge regarding tech-

nology development can lead to mitigation of the
uncertainty regarding the sizing and dimensioning
of the building blocks (BB) - size of the subsys-
tems. Consequently, modelling the uncertainty of
the parameters related to these systems is a promi-
nent requirement.

To establish the design method required for this
research, it is essential to clarify both the main
research gaps identified above and the matching
method requirements, which are presented in Ta-
ble 5] Because many PPE systems are still under
development, the level of complexity increases.

As stated in the [45]] there is the need to handle
the ship as part of a larger system towards more
environmentally sustainable vessels. The design
should thus be interconnected with the requirements
of the stakeholders, such as: regulatory authorities,
shipowners, shipyards, or class societies. There is
also a need to investigate various scenarios regard-
ing technical, economic, environmental and safety
performance from a lifecycle perspective [45]].

Relevant studies have been evaluated to shape
the proposed method (see Table [6). Therefore, it
is clear that different aspects of each methodology
need to be combined to meet all the requirements.
The design approach that shows the most promise
and satisfies most requirements is model based
systems engineering (MBSE), as it provides the
traceability of changes and interaction between the
various requirements in design highlighted in Table
[46]l, [47]. In Table [6] the MBSE approach is
only found at a basic level on the work of Rehn
[13]] and on the application of the Ship Power and
Energy Concept (SPEC) tool developed by MARIN
to a hydrogen fuelled vessel [46]. The approach is
based on the analysis of the design process into 4
main layers inspired by systems engineering (SE)
(48]

e Operational Analysis, from which the basic re-
quirements for the operation of the vessel are
established

* Functional Requirements which defines the func-
tions expected to be fulfilled by the system



Table 5: Research Method Requirements

Research Gap

|

Method Requirement

Uncertainty on influence of PPE on ship design

Traceability of changes
Uncertainty modelling

Accurate size effect consideration

Layout integration

Uncertainty on operational requirements

Interaction between operational requirements and physical space

Variation of new environmental regulations requirements

Lifecycle assessment

* Logical Architecture, which defines in further de-
tail the system technologies that are to be used
to fulfil the above requirements and their pos-
sible interconnections to comply with different
regulations requirements [46].

* Physical Architecture defines the actual place-
ment of the systems in the physical space (e.g.
with a general arrangement plan).

The uncertainties outlined above are categorized
within these layers, as listed in Table [/} As a first
step in this research, this paper focuses on the in-
tegration of uncertainty within the physical layer,
while considering variations in the logical archi-
tecture and their effect on the overall shape of the
engine room design.

Table 7: Uncertainties found per MBSE Layer

MBSE Layer | Uncertainty
Requirements Range, speed
Functional Safety measures required
Logical Placement and connection patterns
systems due to safety
Physical Actual size and
amount of required PPE systems

3 PROPOSED DESIGN FRAMEWORK

Based on the findings in Tables[6|and[7] there is
the need to integrate uncertainty into the layout de-
sign process of machinery spaces owing, in part, to
uncertainty in the size and amount of integrated sys-
tems. This can also be due to the uncertainty in the
original design requirements regarding ship speed
and range parameters, which influence the installed
power and sizing of the main propulsion equipment.
Dimensions uncertainty can root also from the func-
tional requirement for safety as relevant regulations
and technology are still under development. Addi-
tionally the safety requirements owing to the prop-
erties of methanol pose limitations on spaces not
being adjacent to each other due to fire risks. For
this reason the logical architecture is taken into ac-
count within the layout modelling at a high level in

this research, posing layout boundary conditions for
the integrated components. Requirements from dif-
ferent levels trace back to uncertainty in the physical
space.

The proposed modelling process is illustrated in
Figure The emphasis is on the physical archi-
tecture layer of the MBSE coupled with variations
in logical architecture. The layout generation al-
gorithm (based on [51]) has been integrated into a
Monte Carlo simulation (MCS) to capture the al-
ready discussed uncertainty aspects. Poullis [51]
set up a layout algorithm for the engine room of
a hybrid methanol fuelled yacht. This study ex-
tended this model to turn the layout algorithm into a
stochastic model to generate the distributions of the
output variables.

Number of
simulations of Monte

Distributions of
Length, Width of

Layout Boundary
conditions and

constraints Building Blocks Carlo (nyic)
¥ v
4‘ Model Inputs ’
Selection of a
) ) random set of
nyc iterations dimensions
Y

Layout optimization using GA based on Length and
Connection Costs

Run of GA
algorithm based
on generation
number

of the objectives
|0bj-Obj;;| < 0,01

Convergence criteria ’

v

Selection of the Layout based on equal weight Obj, Function

Y

Statistical outputs for
overall Length and Connection
Costs

Figure 1: Proposed design model process



Table 6: Relevant literature for method requirements

Traceability | Uncertainty | Layout integration | Requirements and physical Lifecycle Approach
of changes modelling design interaction evaluation name

X X v v v Design Parametric tool [24]
X X X v X Design spiral for retrofit [43]
X X v X v Lifecycle choices analysis [49]
v v X X v SE design under uncertainty [13]]
v X X X v MBSE application [46]
X X v X v Stochastic parametric tool [50]
X X v X X Machinery layout tool [51], [52]

The MCS is applied to understand the impact of
variable dimensions to the simplified engine room of
a vessel, which potentially affects the size of the ves-
sel. MCS has previously been applied by Kana [|53]]
to establish an understanding of the way that dif-
ferent emission regulations scenarios influence the
conversion decision for an LNG powered contain-
ership. Coraddu [54] integrated a MCS to approx-
imate the EEOI while having two stochastic inputs
A (displacement) and v (sailing speed). Dall’armi
[55]] followed this approach to apply a MCS analysis
to investigate influence of the fuel cells costs to the
optimal operation of a hydrogen ferry. Curto [56]
applied MCS to determine the influence of various
uncertainty types on the behaviour of project costs.
Thus MCS is a promising method for exploring this
type of problem, whilst being simple to implement.

Using this model, the design space is explored
probabilistically to gain an understanding of the in-
fluence of different PPE systems physical dimen-
sions (length, width) on the overall length of a sim-
plified engine room. A uniform distribution has
been selected for the input variables (length and
width of BBs), as it appoints equally likely outcomes
to all the variables within the defined interval.

3.1 Layout Algorithm within Monte Carlo sim-
ulation

The layout modelling approach selected is based
on solving the facility layout problem (FLP), used by
[51]] to model the shipboard layout of a machinery
space. As defined in [57]], the FLP can be described
as the arrangement of units (BBs in this case) in a
plant area to attain the most effective layout in accor-
dance with predefined objectives and constraints. In
the model proposed by Poullis[51]], and extended in
this paper, the FLP is framed as a multi-objective
problem with non linear constraints. The objectives
of the problem are the minimization of length and
connection costs.

The proposed model generates layouts for a sim-
plified engine room with fixed width. Integer con-
straints are introduced to tune the rotational ability

of the BBs, by using a value of 1 for rotational ability
and O for non-rotation. A coordinate-based system
is used for the layout generation. The BBs are mod-
elled as boxes as depicted in Figure[3] They have an
input and output point that coincide with the start
and the end of the box respectively, as defined in
[51]. The minimum length is computed by finding
the right most BB coordinate.

Connection costs (CCs) refer to the various con-
nections such as pipe routing and cable links that
need to be implemented to connect the various PPE
systems. The CCs are based on computing the
euclidean distances between the various systems
and multiplying with the corresponding cost fac-
tor (Equation |1)) [52]. The cost of each connection
is allocated using a connection matrix (CM) that
includes weighting factors for connecting either to
the input or the output of the BB.

N N N N
ZZCMij'dij = ZZCMU(| Digr =) |

i=1 j=1 i=1 j=1
(D

The multi-objective optimisation is implemented
using Deb’s NSGA-II [58|] incorporated into the
MATLAB global optimisation toolbox [59]]. The
critical parameters to define the optimization pro-
cess are listed in Table The population size is
set to 400 by trial and error. Each BB has a set
of three decision variables: length, width and rota-
tional freedom. Five BBs are selected for this case
study. Therefore, there are 15 decision variables
(Nyariables) 1N this case study.

Table 8: GA parameters definition,
Nyariables Fefers to the number of decision variables.

Parameter \ Value
Population 400
Maximum Generations 200 - nyariables
Maximum Stall Generations 100

A convergence criterion has been applied to
compare the outcome of the objective functions



based on Equation variable dimensions (between 15-20 %) provided

in Table O
|Objj,i - Objj,i71| <0.01,57=1,2 (2) * Main Engine
* Fuel Cells
The convergence criterion (Equation [2), regard- * Fuel Handling room

ing the values of the objectives: length, connection .
costs is applied to reduce computational time when
the GA cannot provide fundamental layout improve-
ments. GA produces more than one solutions per
set of inputs. The maximum value of the objectives
out of these solutions per MC run has been used

Generators
Control Switchboard room

Table 9: Case Study Dimensions

to normalize the values of the objectives in Equa- Building Block | Width [m] | Length [m]

tion [3 and thus receive values in the range of 0 to Methanol Fuel Preparation[1] | 1.6-2.1 2.6-3.5
1. Each set of inputs needs to match one layout out- Fuel Cell [2] 06-0.9 1.1-14
put to generate a distribution of engine room length Main Engine [3] 1.2-1.5 1.4-1.9
and connection costs outputs within the MC simula- ESM Maghmp [4] 0.6-0.9 L1-14

DC Distribution [5] 0.8-1.1 3.8-5.1

tion. This technique allows to observe the influence
of variable dimensions on the overall size of the
engine room. Therefore, the selection equation in
Equation [3)is applied, which allocates equal weight
factors to the objectives of the problem:

Obj; B
maz0bg; )i = 0
3)

The GA output that minimizes the value of Equa-
tion [3]is integrated into the MC simulation output.
Equal weight factors have been assigned to the Ob-
jectives of the problem and the objectives are nor-
malized by dividing with the maximum value of
each objective respectively per GA run. The ob-
jectives compared in the minimization Equation
receive values in the range of 0 to 1, which makes
the length and connection costs values equally im-
portant.

The solution minimizing Equation [3]is selected
and is part of the output statistical data of the MC
simulation, regarding length and connection cost.
For the case study two main concepts are examined:

2
minObj = mm(z wj -
i=1

1. Impact of variable BB dimensions on the length
and connection costs of the engine room with a
standard logical architecture

2. Impact of alternative logical architectures on the
length and connection costs of the engine room

4 CASE STUDY

The proposed model is used to generate multiple
layouts of a simplified engine room with main com-
ponents. Five BBs that constitute an engine room
were selected, as defined in [39], [51]], with their

00 200

10 0 00
CMbaseline = 00050 4

000 O01

02000

The connection matrix, C' M, ormal, €xpresses the
importance of the connection between the different
components, with 0 meaning a connection of mini-
mum importance and 5 a highly important connec-
tion and thus components should be in close prox-
imity. The definition of the specific connections
was elaborated on in [51f]. The matrix in Equa-
tion [] introduces to the layout algorithm, whether
BBs should be adjacent or apart, based on the con-
nection costs. To an extent, this reflects the logical
architecture that can be implemented. The output
variables of the simulation are the Length and the
Connection Costs of the simplified engine room,
which are also the objectives of the GA algorithm.

4.1 Effect of Uncertainty

Before exploring the results, the convergence of
the MCS was determined. Here, 1% was deemed
sufficient convergence, and was evaluated based on
the cumulative incremental difference (CID) defined
in Equation[5] CID expresses the alteration of the
mean value (u) of length and connection cost re-
spectively per MC simulation. As shown in Figure
acceptable convergence was achieved within the
400 simulation runs, because the CID values re-
mained within acceptable range of the 1% accuracy.
The same accuracy was selected in Equation |2| for



the GA convergence, because it is reasonable for
both parts of the simulation to have the same level
of accuracy. For this set up, the simulation duration
was approximately 2 hours per scenario using the
Delft Blue supercomputer [60]. A representative
layout of the simulation is shown in Figure[3] The
presented layout has values similar to the mean val-
ues of the length and connection costs in the MC
simulation with the baseline logical architecture de-
fined by Equation 4]

_ HObjective(i) — HOblective(i—1)
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Figure 2: Convergence of the Monte Carlo simula-
tion
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Figure 3: Representative layout generated during
simulation with the baseline logical architecture and
the mean length

The MC solution space of the 400 runs is pre-
sented in Figure [ where there is no clear correla-

tion between the length and connection costs. Al-
though there is a concentration of points around the
mean values of the experiment, simultaneously there
are points with an inconsistent behaviour. Figure [3]
complements this observation as the distribution es-
pecially of the length, does not clearly relate to any
of the standard distributions. The solution points
are widely spread and exhibit significant variability
compared with an evenly spread uniform distribu-
tion.
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Figure 4: Solution space of the Monte Carlo simu-
lation

Figure [5| presents the histograms of the length
and connection costs, where the distributions of the
outputs show a clear non-uniform behaviour con-
trary to the inputs. This underscores the complex
relationship uncertainty plays in the integration of
methanol fuelled systems and its influence on the
design space. When considering the variety of PPE
systems to be included in a full-scale ship design,
the complexity of the design process increases.
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Figure 5: Histogram of engine room length and con-
nection costs



4.2 Effect of uncertainty with varied logical ar-
chitectures

The aim of this experiment is to explore the influ-
ence of uncertainty within the logical architectures
by applying two additional connection matrices,
namely:

1. Zero constraints, meaning that a zero constraint
matrix is implemented, and

2. Full constraints, which has minor adjustments
compared to the baseline CM in Section [.1]
Changes were made to allocate higher CCs be-
tween the BBs that potentially limit the layout
options and are implemented in Equation [6]

(6)

CMfullconstraints =

S O O N O
N OO OO
O = O O N
— O Ot = O
SO = O = O

Similar to the baseline case, the solution space
is generated to compare the behaviour of the differ-
ent logical architecture scenarios. Figure [6] shows
the data clustered depending on the logical architec-
ture scenario. It is natural that the zero constraints
scenario generates a flat line and is therefore not in-
cluded in the comparison of connection costs below.
The full constraints scenario generates a consider-
able increase in connection costs, but also a shift
of points towards the left meaning a lower overall
length. This pattern is similarly observed in Fig-
ure (7, in which many points are outliers, meaning
that they fall outside the consistent box plot pattern.
The existence of outliers is confirmed by the kurto-
sis values in Tables [10] and This points to an
inconsistent and complex impact of the logical ar-
chitecture and BBs size uncertainties even in a very
simplified case study, which cannot be logically ex-
plained and requires further research.
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Figure 6: Solution Space for different logical archi-
tectures

Similarly, Figures and show how the
length distribution varies between the different ex-
periments. Full and zero constraints scenarios ap-
pear to have different behaviours despite the mi-
nor modifications per logical architecture scenario.
Both of them lead to a reduced engine room length
compared to the baseline scenario.
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Figure 7: Variation of length and connection costs
depending on the allocated connection matrices

Figure [8|shows that the distributions of the vari-
ables vary. The statistics of length and connection
costs provided in Tables [I0] and [L1] show the vari-
ation of the possible outcomes depending on the
connection matrices defined, as well as the skew
of the distributions. As a result, there is no con-
sistent distribution to describe the outcomes of the
experiment, meaning that the alteration in PPE sys-
tems generates uncertainty in the design process and
needs further investigation to minimize the risks
propagated throughout the design process.
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Table 10: Length [m] statistics per scenario

Measure | baseline | zero | full constraints

I 6.91 6.39 6.49
o 0.63 0.64 0.57
kurtosis 3.65 4.00 4.63
skewness 0.13 0.78 1.28

Table 11: Connection costs statistics per scenario

Measure | baseline | full constraints

I 17.86 34.16
o 2.01 3.29
kurtosis 2.95 4.51
skewness 0.60 -0.36

4.3 Discussion and Results

This study represents an attempt to study the
influence of uncertainty in the design process due
to the integration of alternative fuelled PPE sys-
tems. The integration of a multi-objective optimi-
sation process in Monte Carlo simulations leads to
increased computational modelling cost and com-
plexity. For this reason, a simplified case study is
developed to increase the ease of application. As
discussed in Section [2] there is lack of knowledge

regarding the actual size and shape that alternative
fuelled PPEs are going to be,due to the technolog-
ical advancements and the safety regulations under
development. In combination with the case study, it
is clear that there is no consistent pattern regarding
the properties of the design space. The logical archi-
tecture in the form of the connection matrix proved
a highly influential parameter that differentiates the
design space more than the actual dimensions un-
certainty.

In terms of the actual layout, margins for the BBs
were included to account for possible corridors and
safe spaces that need to exist within the engine room.
The layout integration aims not to find the optimal
configuration of the engine room, but instead to es-
tablish insights into the variation of the generated
designs under uncertain conditions. It stands out
that either zero constraints or full constraints lead
to a smaller overall length, meaning that there is no
linear behaviour depending on the number of con-
straints applied. Lastly, the method is not yet able to
fully model the uncertainty propagation within all of
MBSE layers and the case study was mostly limited
to the physical and logical architecture layers.



5 CONCLUSIONS

The presented study establishes the uncertainties
relating to power propulsion energy (PPE) systems
that are generated from technical and regulatory fac-
tors. The review of the state-of-the-art in methanol
fuelled vessels and the state-of-the-art on systems
showed that more elements should be combined in
the design process to fully understand the influence
of the PPE systems on ship design. The uncertain-
ties that were presented in Table[7|can prove critical
design drivers. Based on these, a design framework
is proposed (Figure[I]), which centers around the in-
clusion of uncertainty and its propagation through
the model-based systems engineering (MBSE) lay-
ers, as shown in Table

Complementary to the review of the state-of-art,
a case study is set up to evaluate the uncertainties
within the physical space combined with different
logical architectures. This case study investigates
the effect of variable dimensions and connection
costs of the building blocks on the overall size of the
engine room. The outcome confirms the findings re-
ported in the literature. The distribution shapes of
the output variable differ from the uniform input dis-
tribution, meaning that the size alteration does not
always prove to be fully influential. Furthermore,
modifications to logical architectures result in dis-
tinct distribution patterns, leading to inconsistencies
in the outcomes. Therefore, there is the need to gain
a better understanding on the way that PPE systems
are integrated into the vessel and the constraints
imposed on the design because of safety or per-
formance demands. Future research will therefore
focus on the percolation of the established uncer-
tainties within the layers of MBSE with a particular
emphasis on understanding the effect of the different
design choices on the overall design.
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