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SUMMARY

The paper covered a study aimed at developing a risk-based conceptual ship design method for bulk carriers, while taking
into account the life cycle assessment and energy efficiency of the ship propulsion system. The study included conceptual
ship design as a part of the risk-based ship design approach. In such conceptual design, using the long-time experience
and statistics, the main dimensions and hull form, resistance and propulsion, weights, initial stability, freeboard,
seakeeping and manoeuvrability were initially derived and the capital expenditure, operational expenditure, and
decommissioning expenditure obtained. An optimal design solution was obtained, based on the energy efficiency design
index, shipbuilding, operation, and resale costs at the end of the service life, which were used as input variables in a risk-

based analysis.

NOMENCLATURE

B Breadth (m)

Cair pen Penalty for air pollution

CAPEX Capital expenditure

Cats Cost of one-tonne accidentally spilt oil to be
cleaned (€)

Cp Block coefficient (-)

Ceargo Cost associated with the loss of cargo (€)

Ceargotome  Cost of a tonne of cargo (€)

Ceepipen Penalty for air pollution of one gCO»/tonne-
mile above required EEDI (€)
Chuman Cost associated with the loss of human life (€)

Cresale Resale cost of the ship (€)
Cship Ship cost (€)

Cypiair ~ Cost of the accidental spill and penalties due to
air pollution (€)

D Depth (m)

ded Depth of the corrosion degradation (mm)

DECEX Decommissioning expenditure
DW Deadweight (tonne)
EEDI Energy Efficiency Design Index

feargo Percentage of cargo lost (-)

ferew Probability of loss of human life (-)

Fn Froude number (-)

fohore Probability of the amount of spill to reach the
shoreline

fspint Percentage of oil spill (-)

gi(X) Limit states function i
ICAF Implied Cost of Avoiding a Fatality

IMO International Maritime Organization

L Length between perpendiculars (m)

M; Safety margin for i limit states

Msw Still water bending moment (kN.m)

Mw Vertical wave-induced bending moment
(kN.m)

Nerew Number of crew members (-)

OPEX  Operational expenditure

Peargo Amount of cargo carried (tonne)
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Pfuel caried  Amount of fuel carried (tonne)

Py, ac Power of the auxiliary engines (kW)

Pw, me Power of the main engine (kW)

Riskginre Risk associated with the ship failure and its
consequence costs (€)

Riskmeasure The cost of the implemented ship safety
measures in redesigning the ship (€)

Riskirr  Total expected risk (€)

SFOC  Specific fuel oil consumption

T Draught (m)

Vs Ship speed (kn)

Z Midship section modulus (cm?)

Bi Beta reliability index related to the i limit state

v Discount rate

p Correlation coefficient between the two
linearized safety margins

Gp Allowable permissible stress (N/mm?)

Tc Coating life (years)

Tship, o Time of permanent cost (years)

Tship, t Transition time (years)

T Transition life (years)

(O m-dimensional normal distribution function

1. INTRODUCTION

Shipping accounts for transporting about 90% of the global
trade, and it is considered to be the least environmentally
damaging mode of transportation (UNCTAD, 2020). The
International Maritime Organization (IMO) has been
continually issuing resolutions and recommendations related
to pollution prevention issues such as oil pollution, chemical
pollution, sewage, garbage, air pollution, and Green House
Gas (GHG) emissions, ballast water management,
biofouling, anti-fouling systems, ship recycling and port
reception facilities. The chronology of MARPOL Annex VI
amendments and recent studies concerning the emission
evaluation from ships are discussed in (Blasco et al., 2014).
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A study performed by Smith et al., (2016) analysed the
CO; emissions from international shipping and possible
reduction targets and their associated pathways studying
different scenarios by a broad range of possible features,
related to the regulations, demand, and techno-economic
characteristics. The analysed scenarios appear to be a solid
basis for further studies.

Potential power-setups, fuels, and hull designs capable of
satisfying future Energy Efficiency Design Index (EEDI)
requirements were analysed by (Lindstad and Bea, 2018)
concluding that a slender hull in combination with a
conventional engine is the most cost-competitive solution
capable of satisfying the 2020 EEDI requirements, while
hybrid power setups combined with slender designs are
the most cost-competitive solution for the 2025 EEDI
requirement.

IMO recognises the importance of adopting the risk
assessment procedures in their decision process by
defining the Formal Safety Assessment (FSA) (IMO,
2002, 2005a, 2008, 2013) as a systematic method aimed at
enhancing maritime safety, including the protection of
life, health, maritime environment, cargo and ship
integrity by using risk and cost-benefit assessments.

The FSA method (IMO, 2013), as presented in Figure 1,
is inspired by IMO, and is based on a Quantified Risk
Analysis (QRA) that provides a broad application of QRA
to marine transportation. It is a method aimed at enhancing
maritime safety, including the protection of life, health,
the maritime environment, and property.
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v
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Figure 1 Formal Safety Assessment

Concerns are being raised because many of the already
built ships cannot adequately meet new requirements. For
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example, the recent developments introduced by IMO
have an impact on the performance of the risk-based
design (Papanikolaou et al., 2009) and short sea shipping
(Papadimitriou et al., 2018).

A preliminary design of the Suezmax tanker, accounting for
oil outflow risk from ship-ship collisions, is presented in (Tan
etal., 2019). The input variables include the main dimensions
and block coefficient, longitudinal centre of buoyancy, and
height of double bottom and width of double skin sides. The
utility level, which is the weighted sum of steel weight,
resistance, mean outflow, and cargo capacity or each of the
design variants were compared for different weighing factors.
The amount of oil spill represented the environmental
consequences of tanker collisions.

Recently, there has been an increase in research related to
holistic ship design (Papanikolaou et al, 2009,
Boulougouris et al., 2011, Plessas et al., 2018). A review
of recently published holistic design models is presented
by Nowacki, (2019) concluding that in each phase of the
ship life cycle, three objectives, i.e. economic efficiency,
safety, and environmental impact of the ship as an
engineering product need to be considered.

The growing sea transportation in the Arctic and Antarctic
increased the risks of accidents, and Bergstrom et al.,
(2016) presented a framework for holistic goal- and risk-
based design of arctic maritime transport systems treated
as a hierarchy of subsystems.

A design framework based on the risk that covers
structural failure together with hazards such as accidental
spills, loss of cargo, ship, and crew members was proposed
in (Garbatov et al., 2018b). The framework was extended
into a risk-centred maintenance method to determine the
maintenance plan of the ship hull structural system
(Garbatov et al., 2018a), which can be used in the early
design stage.

The need for compliance with the EEDI requirements put
many challenges to designers and ship-owners. Energy
efficiency is included as a merit function for multi-
objective design optimisation for the conceptual design of
Aframax oil tankers and container ships (Boulougouris et
al., 2011). A parametric multi-objective optimisation
procedure for Ro-Pax vessels and container ships
accounting for a reasonable rationally supported balance
between economy, efficiency, and safety of the ship and
the environment was performed in (Plessas et al., 2018).

The modern principles of risk-based design and the
environmental requirements on maritime transport are the
main motivation of the present study. The objective is to
develop a risk-based conceptual ship design accounting
for the life cycle assessment and energy efficiency of the
ship propulsion complex. Along the lines of the
conceptual ship design, the optimal design solution is
defined based on the energy efficiency design index,
(EEDI), shipbuilding, operation, and resale cost at the end
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of the service life, which are then used as input variables
in the risk assessment. The developed risk-based design
approach has been used for the conceptual design of a bulk
carrier in the study presented here.

2. CONCEPTUAL SHIP DESIGN

The formulation of the conceptual ship design assesses the
owner's specification requirements. These are related to
ship type, cargo capacity, length, breadth, speed, life cycle
cost, including capital expenditure (CAPEX), operational
expenditure (OPEX) and decommissioning expenditure
(DECEX) and probability of satisfying different
operational criteria and structural analysis. Specification
requirements consider aspects that may relate to the ship
hull descriptors, shaft horsepower, lightweight, dead
weight, cargo capacity, free-board, initial stability,
seakeeping, manoeuvrability, midship section
requirements, including still water and wave-induced
loads as well as the probability of structural failure. Due
to the large number of parameters and criteria that are
considered, the Pareto optimisation algorithm is employed
to establish the optimal design solution in defining the
main characteristics of the ship.

The conceptual design is defined as a compromise
decision support problem with multiple goal constraints.
Given the owner's requirements about cargo deadweight,
speed, range, regulations, and existing data on similar
ships to find the main ship dimensions and ship hull form
descriptors like the length between perpendicular (L),
breadth (B), depth (D), draught (T), block coefficient (Cy)
and ship speed (V).

During the design process, a series of relationships need
to be employed that relate to steel weight, outfit weight,
Froude number (F,), displacement, propulsion power,
machinery weight, deadweight, daily fuel consumption,
energy efficiency, sea days, fuel carried, crew, stores, and
water, cargo deadweight, port stay days, round trips per
year, redesign measure cost, ship cost, capital cost,
operational cost, voyage cost, annual cost and
decommissioning cost.

The design solution satisfies the system constraints related
to the free-board, initial stability, seakeeping conditions,
manoeuvrability, and the dimensional ratios L/B, L/D,
L/T, Fy, deadweight (DW) are within the limits that reflect
the designer's experience-based insight (Lyon and
Mistree, 1985).

The conceptual design is defined by multiple objectives
and constraints, and computational methods in finding a
suitable solution. The optimisation techniques used may
be categorised into mathematical programming techniques
involving genetic algorithms and stochastic process
techniques, where the Markov process is employed as well
as statistical methods like the design of experiments (Rao,
2009). The choice of which optimisation technique to be
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used depends on the type of the optimisation problem, the
number of design variables and their interaction,
numerical tools employed in the analysis, etc.

The optimisation procedure may generate a feasible region
of possible design points. Not all encountered design
solutions are optimal for any given set of objective
functions, and a trade-off between the objective functions
needs to be analysed (Keane et al., 1991). In this regard,
the Pareto Frontier optimality solution may be employed
(Komuro, Rié et al., 2006), which defines all optimal
solutions represented in the design space. The Pareto
optimal solution can be defined as a solution where any
improvement in one objective results in the worsening of
at least one other goal (Messac and Mullur, 2007).
Employing the Pareto Frontier, and accounting for the
existing constraints and a utility function to rank the
different designs solutions, or by using 2D or 3D scatter
diagrams, the most attractive design solution may be
identified. Additional constraints can also be introduced to
represent the reliability to choose the most appropriate
design solution.

The resistance and propulsion estimates, in the conceptual
design phase, widely employs regression equations or the
mathematical model as given in (Holtrop and Mennen,
1982) providing the hull resistance and engine power
demand, used to select a propeller engine set (Carlton,
1994). A possible alternative solution is the use of other
methods as presented in (Patullo and Thomson, 1965,
ITTC, 1978) methods.

The lightship weight is split into subsystems like hull
structure, equipment and outfitting, and machinery. The
hull structure weight includes the main hull structure,
superstructure, and deckhouses. The equipment and
outfitting category includes pipes, deck outfitting,
anchors, rudder, non-propulsion mechanical equipment
such as deck machinery, steering engine, generators,
ventilation systems, refrigeration systems, hull piping
systems and pumps, and electrical systems. The total
machinery weight includes the main engine, auxiliary
machinery, propeller, propeller shaft, engine spares,
controls, and liquids in machinery.

To estimate the structural weight, regression equations
based on a statistical analysis of existing ships can be used
(Benford, 1967, Cudina et al., 2010). To calibrate the
regression equations that will be employed to estimate the
weight of different subsystems, information taken from
four recently built similar ships are used (Lee et al., 2007).

For the deadweight estimation of the ship, with sufficient
comparative data from similar ships on the vessel's
displacement, the approach that is applied only for
deadweight carriers as presented in (Kupras, 1976 and
Lamb, 2003) can be employed.

The free-board is defined using a parabolic curve
regression as stipulated by the International Convention
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on Load Lines. Additionally, with some corrections
concerning D, Cg, sheer profile, and superstructure
sufficient length need is accounted for (IMO, 2005b).

Ship's transverse stability is a function of the metacentric
height, estimated based on the vertical position of the
centre of mass and buoyancy and metacentric radius. A
parametric model, based on a geometric description of the
ship hull, is used for estimating the position of the centre
of buoyancy and metacentric radius. The metacentric
height is calculated based on the second moment of area
of the ship design water plane. As for the centre of mass
calculation, the vertical position of the main weight items
must be estimated beforehand.

Early estimates of motions natural frequencies can be
made for the three natural frequencies in roll, heave, and
pitch based only upon the main characteristics and
parameters of the wvessel (DnV, 2010), and
manoeuvrability acceptance is performed based on the
criteria developed in (Barr et al., 1981). The seakeeping
operability criteria have been analysed in (Nordenstrom,
1971, Hutchison, 1981, Naito et al., 2006, Ghaemi and
Olszewski, 2017) and recently in (Garbatov et al., 2019).

The energy efficiency design index, EEDI reference is
defined based on the method suggested in (MEPC, 2011)
and its required value as stipulated in (MEPC, 2012,
2018), which is adjusted by a reduction factor relative to
EEDI baseline, concerning the Phase 2, 1 Jan 2020 to 31
Dec 2024 as a function of the main and auxiliary engine
power, deadweight and service speed.

The estimation of the initial investment cost, CAPEX is
based on design parameters such as ship size, weight,
propulsion power, etc. This analysis uses a relationship
between the input variables and the cost that is
historically determined through the regression analysis
(Benford, 1967).

The cost estimation relationships depend on one or more
independent cost-driving variables, which can be the main
dimensions of the ship, performance characteristics, or
others. The data collected over time may be treated by the
regression analysis to identify the most suitable function
for the purpose. The output of this analysis is the most
expected trend.

An essential step in the ship design is the trade route
analysis, which is a condition of a restricted draught to
define the cargo availability and the necessary fuel oil etc.
and the total annual operation cost.

Once a ship completes the service life, the ship needs to
be removed from operation, and the associated
decommissioning cost needs to be included in the
discounted life-cycle cash flow.

In this work, a conceptual ship design based on the
quantitative risk-based life cycle integrity assessment of a
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ship in operation is performed. The ship system is
formulated as a compromise decision support problem
with multiple goal constraints to find the main dimensions
of the ship.

Two models in the concept design, related to the ship and
voyage descriptions, are typically accounted for
(Damyanliev et al., 2017, Damyanliev et al., 2018). The first
model includes the main ship dimensions, hull form
generation, hydrostatics, free-board, resistance, propulsion,
energy efficiency, lightship weight, cargo capacity,
stability, and capital and decommissioning cost. The
voyage model includes port sequence, voyage legs data,
port/terminal data, cargo handled/port, round trip time/cost,
annual cargo, and operational cost. The design solution has
to satisfy the constraints related to entire ship systems.

The total cost of the ship is derived based on the annual
operating cost, capital cost, and decommissioning cost,
where the first is the sum of the salary of crew members,
costs related to the stores and supplies, insurances, port
expenses, and annual fuel cost, and the second one accounts
for all costs of building the vessel. The required freight rate
is estimated by dividing the discounted yearly average cost
of the investment by the annual cargo capacity.

The concept design parametric model has been developed
in (Hannapel and Vlahopoulos, 2010), and additionally,
parametric models of free-board, seakeeping, and
manoeuvrability are employed here. Three objective
functions are defined to minimise the lightship weight and
transportation cost and maximise the annual cargo
income. The design governing parameters are presented in
Table 1 and the constraints in Table 2. An additional
constrain about the minimum engine power is included to
guarantee the engine power is sufficient to perform
satisfactory manoeuvring in severe weather conditions
(Barr et al., 1981).

NSGA-II (Deb et al., 2002) is employed to ensure that the
optimal solution can be obtained quickly with sufficient
quantity and accuracy. Using the Pareto Frontier (Horn et
al., 1994, Komuro, R. et al., 2006), which defines all
optimal solutions represented in the design space, related
to the 90 acceptable design solutions as a function of the
lightship weight, annual cargo, and transportation cost are
presented in the 3D diagram in Figure 2.

Table 1. Bulk carrier design governing parameters

Decision Variables Lower | Relations Upper
L (m) 150.00 <L< 274.32
B (m) 20.00 <B< 32.31
D (m) 13.00 <D< 25.00
T (m) 10.00 <T< 11.71
Cob 0.63 <G = 0.75
Vs (knots) 8.00 <Vs< 16.00
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Table 2. Bulk carrier constraints

Constraints Description Values
L/B Greater 5.0
L/D Lesser 12.5
L/T Lesser 24.0
Fn Lesser 0.32
DW (tonne) Greater 25,000
DW (tonne) Lesser 35,000
T —0.45-DW%3! Lesser 0.00
T-07D-07 Lesser 0.00
(m)
Engine Power Greater 0.0763
(kW) DW+3.374
. To be
Stability satisfied
To be
Free-board satisfied
. To be
Seakeeping satisfied
. To be
Manoecuvrability satisfied

Transportation cost,
€/tonne/yr

10
Annual cargo,
tonne/yr

Lightship weight, ="
tonne

Figure 2 Pareto frontier of acceptable design solutions.

The triangular symbols in Figure 2 present the relationship
between lightship weight and transportation cost. The
circle represents the relationship between the annual cargo
and transportation costs. The rectangular symbols
represent the relationship between the annual cargo and
lightship weight, and the solid circles represent the 3D
relationship between the three variables.

As can be seen from Figure 3, for all acceptable design
solutions were presented in Figure 2, the relatively longer
ships are showing a lower level of EEDI, which can be
explained by the fact that the slender hull form creates a
lower resistance. By increasing the draught, the EEDI also
decreases. The increasing of the speed is highly sensitive
to the EEDI since the required power is in direct function
of the service speed. Reducing the service speed may
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reduce the EEDI, but this is conditional on the
manoeuvrability capacity of the ship.
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Figure 3 Length, draught, and ship speed as a function of
EEDL

3. HAZARD DEFINITION

The ship systems are exposed to various hazards that
undermine the ship integrity during the service life. The
most critical hazards experienced by ships operating in the
open sea include extreme sea wave-induced load, still
water load, continuous loading and unloading, capsizing,
unacceptable  seakeeping  conditions, lack  of
manoeuvrability, structural collapse, and other hazards
that may result from accidental loads, such as grounding,
collision, fire or blast and improper cargo securing.

The lack of ship stability and structural collapse are
identified as initiating events of failure. The risk-based
ship integrity assessment transforms these initiating
events into a risk measure, where all possible outcomes for
the ship systems are evaluated.

The design governing parameters L, B, D, T, Cy, and Vj,
are employed as risk control options here, to allow the ship
design to be modified realistically and to identify the
effect on the integral ship system conceptual design.

The ship hull structural capacity is evaluated concerning
the first yielding. The design modifications are performed
by varying the main governing characteristics of the ship.
The failure is associated with the structural collapse as a
part of the limit state failure of the ship hull structure is
defined as a sequence of the events related to the
destruction of primary ship hull structures. The ship's
transverse stability is evaluated through the metacentric
height. A parametric model, based on a simplified
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geometric representation of the ship hull, is used for the
estimation of the metacentric height. The failure is
associated capsizing of the ship.

The consequences of the overall hull girder failure and
lack of stability are defined by the possible human loss,
loss of cargo, contamination with fuel, and lubricating oil.

4. RELIABILITY ANALYSIS
4.1 TIME-DEPENDENT PROFILE

The risk assessment is based on the lack of stability and
first yielding collapse of the ship structure subjected to
vertical still water and wave-induced bending moments.
The probability of failure is magnified by corrosion
degradation. The failure consequences are also time-
dependent due to the time-value of money.

Two limit states as a series system are specified based on
the definition of the conditions under which the ship and
hull structure may not be able to fulfil their functions. The
stability of the ship is evaluated based on the metacentric
height. The load-carrying capacity of the ship structure is
evaluated using simplified design formulations assuming
that the ship is modelled as a free-free beam subjected to
the still water and wave-induced bending moments

The non-linear model (Garbatov et al., 2007) is used in the

corrosion degradation modelling, where the corrosion
depth as a function of time is defined as:

d“(t)=dx"[1-exp(-(t-1c)/ 7], £ 1¢ (1)
d*(6)=0, t<tc (2)
where tc is the coating life, and 7 is the transition life.

A time-dependent exponential model is used here to
define the ship cost, Cgnip(t):

Conip()={ Conip(fo)~[ Csnip(Zo)-Csnip(fn) ]} { 1 -exp[-(¢-Tship.0)/
Tship,t] } 5 t>Tship,o (3)

Cship(t): Cship(to), t<Tship,0 (4)

where Cqpip(to) 1s the initial ship cost, Tship, o is the time of
permanent cost, and Tspip, ¢ is the transition time.

4.2 RELIABILITY ESTIMATE

Assessing the ship risk during the conceptual design phase
may be performed based on the initial stability and first
yielding limit state functions concerning the ship capsize and
ship structural failure regarding the ship midship section.

The midship section modulus and the first yield capacity
is estimated using the required midship section modulus
(Z) and permissible level of the yield stress (o) of
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material as stipulated by the Classification Society Rules
(DNV-GL, 2017).

The reliability of a ship system is defined as the
probability of maintaining the ability to fulfil the design
purpose for some period. The objective is to estimate the
reliability based on its capacity when the demand acts
upon the ship.

Two limit state functions are considered here related to the
initial stability, gi(X), and the first yielding collapse of the
ship structure, g>(X) as:

21(X)=0.537-(0.085C}-0.002)B%/T/Cy+1+0.52D-0.07B<0
&)

2(X)=Z - op-Msw- Mw<0 (6)

where Z is the midship section modulus, o, is the
allowable yield stress, Mw is the vertical wave-induced
bending moment, and Msw is the still water bending
moment.

The encountered design solutions for the involved
variables are assumed as mean, values with a coefficient
of variation of 0.05. Using the First Order Second Moment
approach, the statistical descriptors of the limit state
functions are defined, assuming that they are following to
the Normal distribution function. The statistical
descriptors of the vertical wave-induced bending moment
are derived as defined in (Guedes Soares et al., 1996).

Failure will occur when any gi(X) fails, leading to
P;i=P(gi(X)<0), which may be evaluated by using the
standard normal distribution function as Pr;=P(M;<0)=d(-
i), where B; is called reliability index (Cornell, 1969).

Considering the probability of failure of a series system of
the two limit states, P#® each of which is modelled with a
safety margin, M;:

M=gi(X), ie[1,2] (7

The series system fails if just one of the limit state fails,
defined as (Ditlevsen, 1979):

Pi=-@un(B:p) (®)
where @, is the m-dimensional normal distribution
function and p is the correlation coefficient between the

two linearized safety margins.

A formal generalised series system beta reliability index,
BS is given as:

ps='(PP) (€]
The corrosion degradation is modelled as a non-linear

time-dependent one (see Eqn 1 and 2) and the time-variant
reliability index, BS(t) is assumed to follow the same trend,
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where te[to, ta] and BS(t) is defined as:
BE(0)= B5(to) -[B>(to) —B°(t)] {1-exp[-(t-7c)/x]}, e (10)
B3 (ty= B(to), t<tc (11)

S. RISK-BASED DESIGN

The uncertainties associated with the collapse of the ship
system, potential losses resulting from the ship collapse,
which is expressed as a probability of failure, Pr;% are
accounted for in the risk assessment. The probability of
failure is described as a numeric value, and the
consequences, Cr;j are in monetary value:

Risk(ta)=2P1;>{ P[g(X|6)<01} Cri(X[t}) (12)

where Pg;S{P[g(X|t;))<0]} is the system probability of
failure and Crj(X]t) is the impact, which defines the
consequence cost of failure, X is the vector of the involved
parameters, and tj€[to, t,]. The probability of failure of the
ship is derived based on the system of limit states. The
consequence costs include the design measures, loss of
cargo, loss of the ship, accidental spill, and loss of human
life and penalties due to do excessive air pollution will be
defined here.

The ship's optimal safety level may be defined by
employing a cost-benefit analysis, where the goal is to
establish an acceptable safety and reliability level by using
the risk control option in redesigning the initial ship's main
dimensions. The cost-benefit analysis of the ship system
is performed based on the total expected risk,
Riskiotal(ta|X,B%), which is a product of the probability of
failure and consequence cost, defined as (Garbatov et al.,
2018a, Huang and Garbatov, 2020):

RiSklotal(tn|X, BS):R iSkfailure(tn|X, BS)+R iSklneasure(Xa BS) ( 1 3)

where Riskpinre(ta|X, %) is the risk associated with the
ship failure, and its consequence costs and
Riskimneasure(X,pS) is the cost of the implemented ship safety
measures in redesigning the ship. Both terms are defined
as a function of the system reliability index, pS.

A decision can be made by analysing the cost associated
with the loss of the ship, cargo, accidental spill, and human
life and minimising the total expected risk, Risksaiure (ta]X,
BS). The risk associated with the ship collapse is estimated
on the base on the service life, accounting for the
probability of system failure and the discount rate of y as
a function of X, B> and time as:

RiSkfailure(tn|X,BS):zjn {Pf(tle,BS)' [Cresale(tj|X,BS)+Ccargo+
Cspill, air T Chuman] exp("‘{ t_]} (14)

where Pr (4|X, BS) is the probability of failure, Cresale (X,

BS) is the resale cost of the ship in the year tj, Ceargo is the
cost associated with the loss of cargo, Cpill, air is the cost of
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the accidental spill and penalties due to air pollution,
Chuman 18 the cost associated with the loss of human life and
v is the discount rate.

The cost of the ship resale, Cresale (X, B°) at any time t; is
defined as a function of the initial resale value of the ship
at t,=0 year, and the scraping value at the t, year, estimated
as:

Cresale(tj |XaBS): Cship(t): { Cship(fO)*[Cship(tO) 'Cship(tn)] 3{1-
exp['(t'Tship,o)/Tship,l] } , > Tship,o (15)

Cresale(mxaﬁs): Cship(t): Cship(to), 1<Tship,o (16)

where {; is the year of the operation, tj€[t, t.] (Figure 4).
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Figure 4 Ship resale cost as a function of time.

The cost of the loss of cargo, Ccargo is €stimated assuming
that a part of the cargo, Pcargo is lost in the case of ship
collapse, defined as:

Ccargo(X,BS) :Ccargo/tonne fcargo P cargo(X, BS) (17)

where Ceargortonne 18 the cost of a tonne of cargo and feargo, 1S
the percentage of cargo lost (Figure 5).
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Figure 5 Cost of loss of cargo.
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In the case of ship collapse, apart, foin of the total amount
of oil and fuel, Pl carrica may be spilt, and fihore is the
probability of the amount of spill reaching the shoreline
(Sergard et al., 1999). The weight of discharge that needs
to be cleaned up is defined as fipi fshore Pruel carricd, and the
cost, Cypin associated with that is:

Cspill(X,BS) :fépillf;hore Cats Pruel carried(X,BS) (18)

where Cars-is the cost of one-tonne accidentally spilt oil
and fuel that needs to be cleaned (Figure 6).
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Figure 6 Cost of fuel and oil spill cleaning and air
pollution penalty.

The cost associated with the fatality is based on the
Implied Cost of Avoiding a Fatality (ICAF), which uses a
risk model obtained from the average of the OCDE

countries (OCDE, 2014). The cost of loss of human life
here is defined as given in (Horte et al., 2007):

Chuman(XaBS) :ncrew(XaBS) férew ICAF ( 1 9)

where neew 18 the number of crew members, feew 1S the
probability of loss of human life (Figure 7).
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Figure 7 Cost of human loss.
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In the case of air pollution, EEDI can be measured by the
EEDI reference (MEPC, 2011, 2018):

EEDI,er = a b, gCO»/tonne-mile (20)
where for a bulker ship a=961.79, b=DWT, ¢=-0.47.

Furthermore, the required EEDI,.q may be recalculated as
(MEPC, 2012, 2018):

EEDl,eq = (1-X/100) EEDI,¢ (21)

where X is a reduction factor relative to EEDI baseline,
which in the case of a bulk carrier of 20,000 DWT and
above, Phase 2, 1 Jan 2020 to 31 Dec 2024 for 2020 is
X=20, EEDI,,; =EEDI (X, B%) can be estimated as a
function of the main and auxiliary engine power,
deadweight and service speed as:

EEDI(X,B%)=3.114(190 Pyme+215 Pua) DWIV,  (22)

where Py, me is the power of the main engine, and Py 4 is
the power of the auxiliary engines.

The penalty for air pollution in a monetary unit, Cair pen (X,
BS) is based on the fact that EEDI of the ship engine
complex is greater than EEDI,.,, and it is defined as:

Cuir pen(X,BS) =[EEDIeq -EEDI(X,$%)] Cipipen When
EEDI(X,BS) > EEDl,q (23)

where Cgepipen is the penalty for air pollution of one
gCO»/tonne-mile above EEDI.q associated with the
reliability level, BoS.

The cost of enhancing safety by redesign the ship varying
the main dimensions, including the cost of material and
labour may result in a positive or negative value,
respectively:

Riskmeasure(ti=to|X, BS):CshiP(tj:t0|Xa Bs)'cship(tj:t0|xa BOS)
(24)

where Csnip(ti=to|X, Bo°) is the cost of the ship associated
with the reliability level, BoS.

The estimated beta reliability index is compared to an
accepted target level, which depends on different factors,
as reported by Moan, (1998). It may vary from one
industry to another, depending on the seriousness of its
consequence, or public and media sensitivity. Appropriate
values of target safety and reliability are not readily
available and are usually determined by surveys or by
examinations of the statistics on failures. However, the
fundamental difference between a risk assessment and a
reliability analysis needs to be acknowledged when
interpreting such results.

The target level adapted here is related to failure cause and
mode. Paik and Frieze, (2001) studied the reliability index
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for different ships, including bulk carriers, and the
presented annual beta reliability index is of 3,=2.2.

Considering a reference period, t. equal to the service life,
the beta target reliability level, Brargei(tr), corresponding to
an arbitrary service life can be derived based on the annual
Beta reliability index, P as:

Buaree(t) =0 {[@(B1)]"} (25)

A more detailed recommendation is provided in (ISO
2394 1998) where the beta target reliability index is given
for the service life and related not only to the
consequences but also to the relative costs of safety
measures, see also for an example in (Garbatov et al.,
2018a).

In the present analysis, the estimated beta system
reliability index for all design solutions, more significant
than the target reliability index for the regular operation of
the bulk carrier as defined in the present study of 15=2.31
are possible solutions as can be seen in Figure 8.

The required EEDI, adjusted to be used after 2020, is 5.3
gCOy/tonne-mile for the bulk carrier ships. The optimal
risk-based design solution is No 3 as can be seen in Figure
8 and its descriptors in Table 3. The encountered design
solution does not involve any enhancement of the
propulsion system and any engineering solution in
reducing the gCO»/tonne-mile.
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Figure 8 Optimal risk-based design solution, No 3,
EEDI=7.9 gCO,/tonne-mile Vs=13.55 knots

For this particular ship design solution, No 3, some
measures, including the hull lines optimisation, main
engine and propeller alternatives, energy-saving devices
and rudder arrangement are needed.

©2021: The Royal Institution of Naval Architects

Table 3 Ship characteristics of optimal risk-based design
solution, No 3

L,m 179.1 L/B 5.82

B, m 32.08 L/D 12.06

D, m 14.84 L/T 16.15

T, m 11.08 Fn 0.166

Cg 0.65 LW, tonne 7,580

Vs, kn 13.55 AC, (tonne/yr) 479,964
DW, tonne | 34,926 | TC, (€/tonne) 9.12

6. ENERGY-EFFICIENT SHIP DESIGN
SOLUTIONS

Several possible paths can be followed in reducing the
EEDI. An energy-efficient ship of 35,000 DWT, a
handy-size bulk carrier optimised to meet the 2020
EEDI requirements and put into operation in 2008 was
presented in (Minchev et al., 2013). The measures
include the hull lines optimisation, main engine and
propeller alternatives studies, energy-saving devices,
and rudder arrangement study.

A further analysis of ship design affecting EEDI has been
presented in (OECD, 2017) highlighting four design
parameters that can influence the desired index level.
These parameters are the Admiralty coefficient that gives
the approximate relationships between the needed
propulsion power, ship speed and displacement, specific
fuel oil consumption (SFOC), LW/LBD relation, and ship
design speed. SFOC for the last 20 years is in the range of
165 to 180 g/KWh and depends on the development of
machinery technology.

The speed reduction has a more significant impact on the
EEDI. However, the considerable reduction of installed
power and the speed could conflict with the minimum
propulsion power to maintain the manoeuvrability of the
ship in adverse conditions.

During the years, many different energy-saving devices
have been studied to correct the energy performance of
the ship like the post swirl fins, rudder bulb, Kappel
propeller design, propeller boss cap fins; AHT nozzle,
Mewis duct, pre swirl fins, and different efficiency
rudders. In a combination of some of them, it is possible
to increase the propulsion system efficiency by up to 10
% as was demonstrated in (de Kat and Mouawad, 2019,
MAN, 2020).

One possible way of complying with the required EEDI,
Phase 1, 2, or 3 is by installing a hybrid electrical system,
The installation of the hybrid propulsion system permitted
the lowering of the EEDI level and introduces additional
benefits as enabling cold ironing, eliminating frequent
load variations, power redundancy, reduction of local and
global emissions and less noise and vibrations (Jeong et
al., 2018, Wang et al., 2018).
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7. CONCLUSIONS

The study evaluated the risk-based ship design of a bulk
carrier accounting for EEDI. The effect of EEDI was based
on hull form, resistance and propulsion, weights, initial
stability, freeboard, seakeeping and manoeuvrability, as
well as CAPEX, OPEX and DECEX. At concept stage, an
optimal design solution was defined based on EEDI,
shipbuilding, operation, and resale costs at the end of the
service life, as an input variable in the risk estimate.

Using a classical ship design approach appropriate to
bulk carriers, the IMO stipulated maximum required
EEDI may lie below the estimated for the particular ship,
and one of the reasons may be inappropriate engine
selection, hull form, unacceptable service, type, and fuel
consumption. Finally, several possible solutions for
reducing the effects of CO, emission have been
considered, including propulsion power, ship speed and
displacement, specific fuel oil consumption, LW/LBD
relation, and ship design speed.

The method of multi-objective mathematical optimisation
is considered a valuable tool that may enhance the quality
of the conceptual design solution by accounting for naval
architectural design aspects, reliability, and risk
throughout the vessel's life-cycle.
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