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Abstract

The stringent regulatory framework for the emissions and safety from shipping operations as well as the
market pressure to reduce the operational costs has led the cruise ship industry to pursue and investigate
alternative solutions for both the new-built and the existing ships by using multi-objective optimisation
methods. This study aims at investigating and comparatively analysing the optimal power plant solutions for
different fuel types for an existing cruise ship by employing cost, emissions and safety objectives in a life-
cycle basis. For this purpose, a bi-objective optimisation method is employed to identify optimal power plant
configurations of a modern cruise ship considering the actual ship operational profile and several energy
system design parameters. In subsequence, availability and the blackout event frequency were estimated
using availability formulas and the Combinatorial Approach for Safety Assessment. The results demonstrate
that the cruise ship power plant optimal configurations with dual fuel engines operating with natural gas
exhibit lower lifecycle cost and lifetime emissions, whilst demonstrating a level of the systems safety
comparable to the baseline power plant configuration. Furthermore, it is concluded that an increase in the
generator sets redundancy does not necessary result in a considerable improvement of the power plant
safety performance.
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Highlights

e Optimisation of cruise ship power plant for selected fuels and fuels combinations

e Comparative analysis based on lifetime economic, environmental and safety metrics
e Operating profile affects the optimal number and nominal size of generator sets

e Optimal future power plant designs will combine various technologies

e Designs with Dual Fuel engines have been suggested for the selected case study
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1 Introduction

1.1 Background

The cruise ship industry is a highly competitive market that has been rapidly developing with both the
vessels size and number constantly increasing [1]. The cruise ship industry is one of the fastest rising
segments of the tourism sector [2] and one of the most carbon intensive [3]. At the same time, the
stricter environmental regulations targeting at the carbon dioxide (CO,), the sulphur oxides (SOx) and
nitrogen oxides (NOx) emissions reduction have come to effect for the new-built and existing cruise
ships. In this respect, optimisation of the cruise ship power plants is a measure to achieve
environmentally friendly, cost-efficient and safe solutions, thus contributing towards the cruise ship

operating companies viability [4].

Along with the pressure to reduce the emissions and lifecycle cost, it is necessary to ensure the safety
of these systems. This can be done by considering their inherent complexity including the interactions
between the various subsystems and components as well as the heterogeneity and the various control
levels of the complete system [5]. As cruise ships carry a large number of passengers and crew,
ensuring the safety of the power plant is paramount. Potential system malfunctions such as blackout
may lead to collision, contact or grounding, which, in turn, may end up in significant human losses as
well as severe environmental pollution [6, 7], whilst severely damaging the financial and social profile
of the cruise ship operator. The recent total black out incident on-board a cruise ship [8], where all
the generator sets in both engine rooms shut down due to a low lubrication oil alarm, provides a
representative example of the potential safety, financial and social implications associated with black
out events. In this respect, it is important to minimise the blackout probability of the cruise ships

power plant designs as well as to ascertain that adequate power will be available when required [9].

Although, the vast majority of the cruise ships power plants operates by using Heavy Fuel Qil (HFO),
designs operating on alternative fuels were adopted the last decade, due to the environmental
regulatory framework, the increase of the fuel prices as well as the pressure exerted by the society to
the cruise ship operators for more sustainable operations. A conventional solution to comply with the
SOx emissions regulations (effective from 2021) is the switching to a low sulphur content fuel, as the
Marine Diesel Qil (MDO), Marine Gas Oil (MGO) and Low Sulphur Heavy Fuel Qil (LSHFO) or the use of
exhaust gas scrubbers. This however only reduces the SOx emissions, whilst it is expected to increase
the ship operational expenditure, as the cost of the low sulphur content fuels is much higher than the
HFO cost [10], whereas the scrubber installation and operating costs are also considerable [11]. Lower
environmental footprint designs employing dual fuel generator sets operating with natural gas [12]

(stored in a liquefied form) or methanol [13] have also been introduced. As it is forecasted in [14], the



natural gas (NG) penetration is expected to increase rendering it the second dominating fuel in the
maritime/shipping industry by 2030, whereas an equal share of the NG and marine diesel fuels is
foreseen by 2040. In addition, methanol is a fuel that can be predominantly produced from fossil fuels
or biomass with an almost negligible sulphur content and a carbon content half of the natural gas one.
Although its heating value is much lower than the natural gas one, its low environmental footprint
renders methanol as a potential marine fuel as discussed in [15]. However, as additional hazards need
to be addressed in both the cases of natural gas and methanol, a challenge arises in identifying the
cruise ship optimal power plant to improve the environmental and economic performance without

compromising the required safety level.

1.2 Literature review

A number of previous studies focused on the energy efficiency optimisation and the comparison of
cruise ships and passenger ships power plants. The bi-objective optimisation with objectives the life
cycle cost and lifetime carbon emissions for a cruise ship energy systems synthesis was reported in
[16]. It was highlighted in [16], that the carbon pricing influences the optimal cruise ships power plant
configurations and their life cycle cost concluding that the traditional power plant system would be
economically prohibitive in case a carbon tax is introduced. The optimal design of a hybrid electric
propulsion system with diesel generator and batteries considering as objectives the fuel consumption
and the carbon emissions was presented in [17] demonstrating that considering both objectives leads
to better results compared to the single objective optimisation. The economic optimisation of a
combined gas turbine electric and steam configuration for a cruise ship was investigated in
Dimopoulos et al. [18] and the optimal power plant configuration was identified for different fuel
prices. Baldi et al. [19] studied the design and operation optimisation of a cruise ship power plant
configuration consisting of diesel-generator sets, a waste heat recovery system and an electric energy
storage system. The results indicated that the use of a waste heat recovery systems can offer almost
5% savings, whereas the use of batteries only 1.6%. Wik [20] investigated two alternative power plants
for a cruise ship with dual-fuel and diesel engines and concluded that the LNG fuel and the SCR after-
treatment system are the most feasible alternatives for complying with Tier lll regulations. The
performance of a hybrid power plant system consisting of fuel cells and batteries was simulated for a
passenger ship in [21], demonstrating an improvement on the ship energy efficiency. The fuel
consumption and weight optimisation of different power plants for a cruise ship was presented in [22]
identifying that gas turbines lead to environmental, weight and volume benefits. The load allocation
of a hybrid cruise ship configuration with diesel engines that provide both mechanical and electric
energy was optimised, offering 3% operational cost savings in [23]. Ancona et al. [24] optimised the

energy efficiency of a cruise ship by considering load allocation and proposed different strategies for



the on-board energy management. Jeong et al. [25] reported a comparison between a diesel-electric
power plant, a hybrid-electric power plant with batteries and a diesel-mechanical power plant for a
ferry in terms of cost, environmental impact and safety by using expert ranking and estimating the risk
priority numbers for subsystems failures. The results indicated that the hybrid propulsion system
offers the highest reduction of the operating costs. The design of a cruise ship power system
optimisation with objectives the system total cost and size was investigated in [26] demonstrating that

the solar panel and wind turbines were not identified among the optimal solutions.

According to Solem et al. [27], the ship varying operating profile needs to be considered in the design
process of a ship power plant as it affects the power plant configuration and financial-environmental
performance due to the variable engines efficiency in different operating conditions. Similarly, [28]
concluded that the expected ship plant operating profile needs to be employed for accurately
assessing the cruise ship energy system performance in the ship design phase. The energy and exergy
analyses of a cruise ship considering an actual operating profile were carried out by Baldi et al. [29],
indicating the importance of the operating profile for improving the cruise ship operational energy

efficiency.

A number of previous studies have focused on the reliability and availability analysis of propulsion
plants similar to the one employed on cruise ships. Chang et al. [30] compared the dual-fuel diesel-
electric propulsion system availability with a number of other alternative propulsion systems for a
Liquefied Natural Gas carrier using Reliability Block Diagrams. Their finding was that the dual-fuel
propulsion system exhibited the lowest availability. Vedachalam and Ramadass [31] compared the
reliability of different Dynamic Positioning systems, and in this way, addressed also the power plant
reliability. The systems were analysed using Fault Tree Analysis (FTA) and the systems overall reliability
was estimated considering the reliability of their components. The results of this study demonstrated
that significant reliability improvement could be achieved with increased redundancy in the
investigated power system. Dubey et al. [32] compared the reliability of the planar and three-
dimensional military ship power network, and the results indicated that the differences in reliability
were insignificant. Santoso et al. [33] also compared the reliability of various diesel-electric propulsion
systems in terms of their ability to respond to the system demands, reporting small differences in the
reliability of the investigated alternative topologies. In [34], the cruise ship power plant safety was
assessed in terms of post damage system availability and recommendations for the engine room
locations were provided. In [35], the frequency of blackout was selected as a metric representing the
system safety (instead of the reliability or availability employed in previous studies) and the
Combinatorial Approach for Safety Assessment (CASA) was developed for calculating the investigated

cruise ship power plant frequency of blackout.



The studies discussed in the preceding paragraphs mostly focused on the techno-economic or the
energy efficiency optimisation of cruise ships and passenger ships energy systems. Alternative
technologies were investigated that can improve the energy efficiency and as a consequence, the
cruise ships carbon emissions; however, the CO, emissions as an objective in the optimisation process
has been employed only in a limited number of the previous studies. In addition, the previous studies
focused on the comparison of cruise ships alternative power plants, the operational optimisation of
an existing power plant or a predefined power plant optimisation. Furthermore, the importance of
the real operating profile for the power plant selection was indicated, however the impact of optimal
power plants for different operating profiles has not been assessed. Moreover, the previous studies
focused on the comparison of the reliability and availability metrics for different power plants, instead

of the safety related events in cruise ship power plants such as blackout.

The preceding discussion reveals the following research gaps in the pertinent literature: (a) holistic
comparative analysis of the alternative cruise ship power plant designs in terms of metrics reflecting
emissions, cost, availability and safety for various fuel combinations has not been reported; (b)
sensitivity assessment of the optimal solutions with respect to the employed ship operational profile

for cruise ships has not been presented.

This study aims at optimising an existing cruise ship power plant for different fuel types by considering
the actual ship operational profile, and comparatively analysing the identified optimal cruise ship
power plants in terms of a number of metrics including emissions, cost and safety at a life-cycle basis.
In addition, the impact of the ship operational profile on the optimal solutions and their characteristics
is assessed. Therefore, this study novelty stems from the combination of state of the art methods for
estimation of financial, environmental and safety metrics, which provides new insights for the cruise

ships power plants design.

The remaining of this study is organised as follows. In Section 2, a description of the employed
methodology is provided. In Section 3, the required input for the implementation of the methodology
is presented. In Section 4, the optimal solutions along with their estimated metrics are provided and

discussed. The main findings of this study are summarised in Section 5.



2 Methodology

2.1 Methodology overview
The methodology followed for accomplishing the aim of this study includes the following four steps

as also presented in Figure 1:
1) Optimal solutions identification based on a bi-objective optimisation.

This step includes the identification of the optimal solutions for the investigated cruise ship power
plant for the selected fuel type and the fuels combinations. The optimisation is carried out by using
the Non-Sorting Genetic Algorithm Il (NSGA-II) considering as objectives the Life Cycle Cost (LCC) and

the lifetime CO; emissions (LTCO,) whilst taking into account the regulatory constraints.
2) Selection of the most carbon efficient solution on the Pareto front for each fuel type.

The output of the LCC and LTCO, emissions bi-objective optimisation leads to a variety of optimal
solutions. In this step, the Pareto front optimal solutions are analysed and the solution with the lowest

lifetime carbon emissions for each fuel (and fuel combination) is identified.

3) For the identified optimal solutions, the lifetime non-greenhouse emissions and safety metrics
including the SOx and NOx emissions, as well as the blackout frequency of occurrence and the

plant generators availability are estimated.

In this step, the lifetime SOx and NOx emissions of each identified optimal solution are calculated by
using the respective fuels lifecycle consumption (calculated from the previous step) along with the
appropriate emissions factors. In addition, the optimal plant blackout frequency is estimated based
on a method that combines the system theoretic process analysis, the events sequences identification
and the fault tree analysis complemented by a quantitative analysis based on the investigated system

components failure rates estimation taken from the pertinent literature.
4) Ship operating profile sensitivity analysis.

In this step, a sensitivity analysis is carried out for the selected fuels and their combinations by
considering an additional operating profile with higher frequency of occurrence on higher power
demand. The first two steps of this methodology are repeated to identify the optimal solutions as well

as the associated lifecycle metrics.

5) Holistic comparative analysis of the different optimal solutions and results discussion.



In this step, the identified optimal solutions lifecycle metrics are compared and discussed to conclude
on these solutions advantages and disadvantages with regard to their economic, environmental and

safety performance.

Select /
operating

profile f
Select fuel

types, fuel type
combinations

1) Identify the optimal

solutions for each fuel

type with bi-objective
optimisation

2) Selection of the most
carbon efficient solution
of the Pareto front for
each fuel type

|
v v

3.1) Estimate SOx and 3.2) Estimate safety
NOx lifecycle emissions metrics

3

5) Holistic comparative

analysis of the different
optimal solutions

Figure 1 Followed methodology flowchart.

2.2 Bi-objective optimal solutions identification

In this study, the bi-objective optimisation method presented in [16], which employs the multi-
objective evolutionary algorithm, NSGA-II developed by Deb et al. [36], is used to optimise the
investigated cruise ship power plant for the selected fuels or fuels combinations. The flowchart of this

method is presented in Figure 2.

The method requires as input a number of parameters including the ship characteristics (ship type and
deadweight), as well as the expected voyage details including the time percentage the vessel sails
within Emission Control Areas (ECAs) and a representative annual operating profile (in terms of

frequency of occurrence against power demand). The latter is usually derived from measured or



available operating data of similar ships and it is assumed that it represents the whole lifetime of the
investigated ship. The IMO imposed limits for the NOx, SOx emissions as well as the Phase 1 Energy
Efficiency Design Index (EEDI) (corresponding to the CO, emissions limits) are taken into account for
setting constrains, so that the solutions that do not comply with these limits are rejected. The IMO
NOx Tier Ill regulations are considered, whereas the IMO regulation enforcing the usage of marine
fuel with sulphur content 0.5% and 0.1% outside and inside of ECAs from 2020 is taken into
consideration. Finally, the optimisation method input parameters include the investigated ship power
plant cost and emissions factors, which are employed for the calculations of life cycle cost and
emissions. These input parameters are derived from the pertinent literature as well as manufacturers

reports as presented in Section 3.

To estimate the performance and emissions parameters of the investigated ship energy system,
mathematical models were developed, which are based on the algebraic equations presented in [16].
The constants of the employed mathematical expressions for the system components main
performance parameters (brake specific fuel consumption, exhaust gas flow rate, exhaust gas
temperature) were derived by using regression analysis of the respective data available from the

literature and manufacturers’ project guides.

The decision variable values are determined by the optimisation algorithm and are provided to the
employed cruise ship power plant model. The optimisation variables for each alternative power plant
include the number of generator sets and their nominal power. The nominal power of the main engine
is modelled as a discrete decision variable with a step of 500 kW within a range from 1,000 to
16,000 kW. The total number of the selected generator sets can be from 4 to 8 whilst considering the
following constraints: (a) the number of the generator sets in each engine room must be the same;
(b) the total installed power in each engine room must be the same, and; (c) two engine rooms are
considered for the investigated cruise ship for providing an adequate redundancy. The output
parameters of the cruise ship power plant model are employed to calculate the objective functions of

the multi-objective optimisation algorithm.
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Figure 2 Optimisation method flowchart

In this study, two objectives are employed; in particular, the Life Cycle Cost (LCC) and the lifetime CO,
emissions. For identifying the Pareto optimal solutions, the NSGA-II non-dominance algorithm is used
according to which, following the evaluation of the objective functions, the individual solutions are
first ranked and the selection, crossover and mutation operators of the genetic algorithm are
subsequently implemented. In addition, the solutions were checked against the set constraints, so
that the derived plant configurations comply with the IMO NOy and SO« emissions regulations. The
process is repeated until the termination criteria are met. The output of the optimisation includes the

characteristics of the identified optimal power plants solutions.

The lifecycle cost (LCC) is calculated taking into account the power plant capital cost (CAPEX) and the

operational expenditure (OPEX) brought to the present value according to the following equation:

_ y  OPEX,
LCC = CAPEX + Xy

(1)

where n denotes the n' year of operation, d, the discount rate employed to bring the OPEX in present

value and; Y is the last year of the system lifetime.
The capital cost is calculated according to the following equation:

CAPEX = Y5 C sNsProms @



where s denotes the s™ power plant system/subsystem including the generator sets and the emission
reduction technologies; P.oms denotes the s system/subsystem nominal power in kW; N is the
number of identical systems/subsystems and C.s denotes the cost factor in €/kW for the s™

system/subsystem of the power plant.

The annual operational cost for each system includes the fuel, maintenance and consumables costs

and is calculated by using the following equation:

C
OPEX = 22211{ th df,kfcft,k 1_52 + Zs Cm,st,s hk + Mcon (3)

where k denotes the k" power plant operational phase; Cr¢ denotes the employed fuel(s) price in €/t;
fcrik is the amount in g of each employed fuel consumed in the k™ operational phase; Cp, s the
maintenance cost factor of the s system/subsystem in €/kWh; h; denotes the operational hours of
the k™ operational phase; Py ; denotes the power of the s™ system/subsystem in the k™ operational
phase and; OPH denotes the total number of the power plant operational phases; the increase on the
fuel consumed to reflect the engine fouling and wearing is modelled with a deterioration factor d¢
according to [37, 38]; M_,, represents the cost of the consumables for the SCR and scrubber systems,
which are modelled according to [39]. The maintenance of the engines considered in the investigation
was considered in the OPEX according to equation 3 by adopting a maintenance costs factor C,, which
is expressed in €/kWh. Therefore, the maintenance cost of each engine depends on the power and

running hours of the engine and the constant factor Cp.

The fuel consumption for each fuel and for each operational phase of each generator set is calculated

by using the following equation:

LHV g0

feper = Zs SfCrers Py shy (4)

Vactual, ft

where sfcq i s denotes the brake specific fuel consumption in g/kWh (for each employed fuel) at ISO
conditions of the st system/subsystem for the k™ operational phase. It must be noted that the brake
specific fuel consumption is considered a function of the engine load and calculated based on algebraic
equations, which were derived from manufacturers’ operational data by employing regression
analysis according to [16]. As sfc corresponds at ISO conditions, the ratio of the ISO fuel lower heating

value (LHViso) to the considered fuel actual LHV is used to calculate the actual fuel consumption.

The lifetime CO, emissions (LTCO;) from the generator sets are calculated according to the following

equation:

LTCO, = Y1 YR Ypek Ceon e fCren (5)
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where Ccoz st denotes the CO, emissions factor in g CO,/ g fuel of each employed fuel.

2.3 Estimation of additional metrics

2.3.1 Estimation of NOx and SOx lifecycle emissions

The lifetime NOx emissions are calculated for each generator set according to the following equation:

OPH
LTNOx = 3 1 S S EFyon pe.s Prosh

where EFnox s denotes the NOx emissions factor for each employed fuel and the s™ system/subsystem

of the investigated power plant.

The lifetime SOx emissions are calculated for the generator sets according to the following equation

based on each phase lifetime fuel consumption (fcxk) for each fuel type and the respective emissions

factor estimated based on the employed fuel Sulphur content (EFsox#):

LTSOx = Z¥1=1 Zgzlf th EFSOx,ft fcft_k

2.3.2 Safety metrics estimation

In this study, the blackout frequency is used as a metric to represent the investigated cruise ship power
plant safety. The blackout frequency is estimated by employing the CASA method that is capable of
addressing the safety assessment of complex systems, which are systems that consist of different

subsystems and components (sensors, actuators, software and hardware) including the physical
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components, the control systems and the safety systems. The CASA method was initially introduced
in [40] and described in detail in [35]; in this respect, only a short description is provided herein. The
method steps and interactions are shown in the flowchart of Figure 3. The CASA method integrates
the System-Theoretic Process Analysis [41] , the Events Sequence Identification [35] and the Fault Tree
Analysis [42] resulting in the development of an inclusive Fault Tree that effectively captures the
events/hazards combinations leading to the investigated safety event (blackout in this study). This
fault tree is used in the quantitative analysis step (step 10) for accurately estimating the considered
safety metric (blackout frequency). In this respect, the CASA method addresses the classical hazard
identification methods deficiencies [5] by: (a) better capturing the software-intensive character of the
cyber-physical systems by identifying Unsafe Control Actions (UCAs), (b) considering the potential

events sequences, and (c) implementing a quantitative estimation of the safety related events .
The main assumptions employed for quantitative analysis (step 10) are the following:

e The basic events in the Fault Tree can be grouped to three categories: (a) the operating system
components failures (p?€); (b) the safety systems failures (p;®) (it must be noted that the
safety systems function is to control and handle the operating system components failures)
and; (c) specific system states, for example overloading of the generation sets (p;**).

e The considered safety systems components failure rates follow an exponential probability
distribution.

e The operating system components failure rates follow either the Exponential or the Weibull
probability distributions. The Weibull probability distribution is employed in the case of
components for which preventative maintenance practices are followed.

e The inspection of the system components is performed according to the manufacturers’

guidelines and can effectively detect the system components condition including failures and

degradation level.

e The implemented maintenance practice to the systems components is according to the
manufacturer guidelines and restores the system components to the best possible condition
(repairing their detected faults and mitigating their degradation). The maintenance intervals
of the system components are considered to be timely as proposed by the respective

manufacturers.

e The blackout probability of failure in one operating mode is independent from the blackout

probability of failure in other operating modes.
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The CASA method is used to calculate the frequency of the system top events. In this study, the
blackout is considered to be the top event. The overall frequency of blackout (FOB in events per ship
lifetime) is calculated according to the following equation by considering the frequency of blackout at

each operating mode (FOB,) and the respective operating time fraction of each operating mode (OF,):

q
FOB = z OP,FOB, (8)
p=1
where p denotes the system operating modes and refers to the operation with 1 generator set, 2

generator sets, etc. The OP, value for each operating mode is estimated by using the investigated ship

operating profile.

The FOB,, is calculated according to the following equation considering the blackout failure rate in

each operating mode (4, in events/h) along with the ship lifetime operational time (LTH in hours):

FOB, = A, LTH (9)
By definition, the failure rate is equal to the time derivative of the respective probability of failure in
the considered time, provided no prior failure [43]. In this study, it was assumed that the top event
probability differential can be approximated by the respective difference considering a relatively small
time interval (taken as 1 h). In this respect, the 4, is estimated by calculating the blackout probability

at the start and end of the considered time interval of 1 h, according to the following equation:

Ap =p,(t2) —p,(t1), wheret,—t; =1h (10)
For estimating the blackout probability in each operating mode (P,) at a specific time, the derived
fault tree (from step 9) was employed. For each distinct mode of operation, the active branches of the
complete fault tree are identified (whereas a number of branches are deactivated or not considered
based on the components and subsystems that do not operate or do not contribute in the operation
of the investigated system). In subsequence, the P, is calculated (for both the start and the end points
of the considered time interval) from the respective fault tree taking into account the probabilities of
the basic events and employing the appropriate equations describing the fault tree gates, which
connect and propagate the various basic events up to the top event. Details for the fault tree analysis
and the respective equations can be found in [44]. The equations used for the calculation of the basic
events probabilities depending on the event or the system component type are summarised in Table
1. The required input parameters consist of the number of the redundant components, the
components maintenance intervals (T;) and testing intervals (T;), the maintenance rates (y;),
components failure rates (4;), beta factor of the Weibull distribution (5;) and the probability of failure

on demand for the software components (PFD;).
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Table 1 Equations used for the calculation of the Fault Tree basic events probability (based on [43] and [44])

System components Equation Eqg. No
Software, hardware, communication and oc
sensors failures pi” = At (1)
» | Parts with preventive maintenance where a U r
= . . . . i—1,Bj
§ single component failure out of r identical p¢ = Z ( 1) (Tlﬁ : 1’11'} ) (1
2 | will lead to event occurence 1 (12)
& Bi=1,8:\' "
: )
e | Parts with preventive maintenance where oc _ Bi—1,8:\" Bi—1.B8; ( A \ !
g . . . P = (Tl ¢ Ai l) + TTi ¢ Ail (ﬁ) +
S | all the r identical components must fail for i+ (13)
8 | event occurrence ( A )r]t
o Ai+ig
Tested standby equipment that does not < (e7MTi — 1)
function (except for software failures) pi° =1+ AT (14)
L-1
For  safety  system/functions  with psS = i (1-e~CastroTs) (15)
continuous monitoring does not function : Aithg
Safety functions with periodical testing do s (e7MTi — 1)
not function Pt =1+ (16)
@ . . . L-L
§ For software failures in safety functions pS = PFD, (17)
> — —
“ | Unavailability @ due to  periodical 1 T
£ | mai fstandby equi h S 18
& | maintenance of standby equipment where r p; Ly (18)
& | standby components are involved Tt

Another metric that is used to characterise the investigated system safety is the generator sets
availability. The average availability of the generator sets that need to be connected to the operating

plant is estimated as described below.

The unavailability of each one generator set is calculated according the following equation (based on

[43]):

Nm
U = A +z 1/T,
T Atu LTy i (19)

where A denotes the generator set failure rate, u is generator set repair rate, T, is the generator set
inspection and maintenance interval, y,, is the repair rate for the generator during the m!"
maintenance, whereas m denotes the different maintenance periods. For the right-hand side of eq.
(19), the first part represents the generator set unavailability due to failures during operation, whereas
the second part denotes the unavailability due to implementation of preventive planned
maintenance. In this equation, it is assumed that the implemented maintenance practice to the
systems components is according to the manufacturer guidelines. Therefore, flexibility in maintenance

intervals has not been considered, whilst in practice the maintenance can be rescheduled to avoid

unavailability of the generator sets during high power demand operating periods.
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Subsequently, the unavailability of the disconnected generator sets is estimated, as it is crucial to
ensure that the generator sets can be connected to the operating power plant to cover the power
demand or to replace a connected generator set with a fault. The unavailability of all the disconnected

generator sets in a specific configuration is calculated by using the following equation:

Ng
U =I]U
P ) G (20)

The following equation is employed to calculate the unavailability of all the generator sets in the

investigated system considering the operating time percentage in each operating mode (OP,):

Np
U = Z OPp UP
P=1 (21)

Finally, the investigated system generator sets availability is calculated by the use of the following
equation as availability is complementary to unavailability:

A=1-U
(22)

2.4 Holistic comparative analysis of optimal power plant alternatives

As a final step of the methodology followed in this study, the performance of the investigated
alternative power plants for each objective as estimated according to Sections 2.2 and 2.3 is
compared. First, the absolute values for each objective of the alternative solutions are discussed and
the percentage difference with the baseline is identified. Then, the performance of each alternative
optimal solution according to the six criteria, which are the LCC, the lifetime CO,, SOx and NOx
emissions as well as the frequency of blackout and the system generators availability, is normalised.
The normalisation is implemented by using respective metrics of the baseline solutions adapted to
comply with the regulations, thus facilitating the comparison of the alternatives. The trade-offs among
the alternatives are discussed and the power plant configurations that manage to reduce the LCC, the
lifetime emissions without compromising the safety operation of the investigated cruise ship are

proposed.

2.5 Limitations

The limitations of this study are as follows:

e The optimisation considers only the environmental (lifetime CO; emissions) and economic

objectives (LCC), whereas the safety objectives as well as the lifetime NOx and SOx emissions
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are assessed in a next step, as a model-based method for the automatic generation of each
alternative configuration fault tree needs to be developed first. This however does not limit
the novelty and accuracy of the presented results as discussed in the following section.

Each solution capital cost is estimated as a function of the solution installed nominal power
and the considered engines type; however, the same cost factor was used for different sizes
of a specific engine type. This is a common practice in the literature, which however does not
represent the economies of scale. In addition, the employed maintenance cost factor depends
only on the engine type and the total energy (in kWh) calculated for each engine lifetime
operation. Hence, the impact of the generators number and size on the maintenance cost is
not considered in this study. These two assumptions are commonly employed in the pertinent
literature due to the limited data availability.

From the identified Pareto front solutions, the solution with the lowest lifetime CO, emissions
is further assessed on the safety and other environmental objectives. Additional analysis of
the other Pareto front solutions is provided in Appendix A.

Only the CO2, NOx and SOx emissions are considered in this study, due to the fact that they
are currently regulated. Other significant gas emissions such as the methane and particulate
matter can be incorporated in the methodology in future work.

Additional operational contraints, for example operation with at least two generator sets, are
not investigated herein, as they would further extend the length of this article.
Configurations consisting of energy storage technologies including baterries [45] as well as
plants alternative operating with hydrogen fuel are not considered in this study. They could

be investigatd in a future work.

3 Case studies description and analysis input

3.1 Case studies description

The investigated cruise ship power plant was considered to be of the diesel-electric propulsion type,

as this is the current industry standard for new designs. The power plant system generates electric

power by using a number of diesel generator sets to satisfy the ship propulsion and electrical power

demands. The generator sets total installed power was 72 MW. In this study, two distinct engine room

spaces were considered for complying with the safe return to port regulations requirements [9].

Typically, marine heavy fuel oil (HFO) is used as the fuel of the engines of the diesel generator sets.

However, in order to satisfy the strict environmental regulations (considering the existing as well as

the short-term future emissions regulations), more environmentally friendly fuels that manage to

reduce the SOx, NOx and CO; emissions, in specific, the natural gas and methanol, are considered in
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this study. The investigated power plants main characteristics are presented in Table 2, whereas the

respective layouts are shown in Figure 4.

Table 2 Main characteristics of the investigated alternative solutions

Alternative | Fuel type Generator sets type Emission reduction
category technology

1 HFO or LSHFO Diesel generator sets Selective Catalytic Reactor

(SCR) and scrubber

2 Methanol & MDO Dual Fuel generator sets -

3 HFO & Natural Gas & Combination of diesel generator sets | -

MDO with dual fuel generator sets
4 Natural gas & MDO Dual Fuel generator sets -
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Figure 4 Investigated cruise ship power plants configurations

The following assumptions were considered for the purposes of the performed optimisation and the

blackout frequency calculation:

e The investigated cruise ship operates only inside Emission Control Areas (ECAs), whereas her
lifetime is 25 years.

e Only two different engine types can be installed in the ship power plant to facilitate the
procurement requirements for spare parts and maintenance, which is a common industry
practice.

e The engines number and nominal power are selected to satisfy the ship power requirements,

whereas the engines installed in each engine room may be of a different nominal power.
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Maximum 8 generator sets can be selected for each alternative power plant solution with a
nominal power ranging from 1 to 16 MW.

The combination of methanol and natural gas operating generator sets was not considered in
this study, due to adverse effects may be incurred on the ship design complexity for
accommodating both fuels storage and feeding systems.

The generator sets start and connect to the ship electric network based on the ship electric
power demand.

The generator sets switchover is considered based on the running hours of each unit.

The system has also the capability of changing over to another generator set in response to
faults in operating generator sets.

In cases where only one type of generator sets is considered and generator sets of different
size are installed, the generator set with the lowest nominal power will be operated first.
When more than one type of fuels are considered for the power plants, the generator sets
with the most environmentally friendly fuels like natural gas and methanol will be operated
first.

The load is considered to be evenly shared in proportion to the nominal power output of the
generator sets among the operating generator sets.

Each generator set can be loaded till operating at 90% of its nominal power. Above this load
level [34], an additional available generator set will start and be connected to the ship electric
network for covering the power demand.

The system includes functions for fast propulsion motors load reduction, bow thrusters
electrical load reduction and preferential tripping of the air compressors of the Heating,
Ventilating and Air Conditioning system (fast load reduction).

In case of a fault in the LNG or methanol system, the system can reconfigure, so that the

generator sets engines operate by using MDO or LSHFO.

As mentioned in the previous sections, the power plant operating profile was taken into account

for assessing the investigated cruise ship energy systems performance. In this study, two different

operating profiles were considered. The first one is shown in Figure 5(a) and was estimated based

on actual operating data acquired from shipboard measurements for a period of 34 months. Using

this data, the plant (and ship) distinct operational phases along with their power demand and

duration (annual frequency of occurrence) were estimated. The second operating profile shown

in Figure 5(b) was generated from the first one considering a 10% higher power demand. The port

operation, which corresponds to a power range lower than 12 MW, was kept the same as the

original operating profile, whereas for the remaining power range (above 12 MW), an increase of
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the power of 10% was applied retaining the same frequency of occurrence. The 10% increase on
the power requirements accounts for conditions that require additional power, for example
operating with a higher ship speed, which depends on the speed management of the cruise ship,

or requirement of extra power due to adverse weather conditions as well as fouled hull, etc.
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Figure 5 Considered Operational profile for the cruise ship (a) original profile; (b) operating profile with 10%
higher propulsion power demand in comparison to (a).

3.2 Analysisinput

The considered technologies capital and maintenance costs were derived from the existing literature
as well as published technical reports and are provided in Table 3. The fuels prices were derived by

analysing the average fuels prices in Europe over the period 2018-2019 according to [46, 47] . The
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fuels prices, the respective CO, emissions conversion factors and the fuels sulphur content considered

in this study are presented in Table 4.

Table 3 Capital cost of investigated technologies [16]

Equipment type Capital Cost | Source Maintenance Costs Source
(E/kW)

Diesel Generator Set 490 [48] 0.012 (€/kWh) [49]

Dual Fuel Generator | 740 [12] 0.012 (€/kWh) [49]

Set

Scrubber 70 [50] 0.395 (E/kg SO, | [50]

removed)
SCR 40 [48] 0.006 (€/kWh) [51]
Table 4Fuel properties [46, 47]
Price | Lower Heating | CO: conversion | Lower Heating Value/ | Sulphur | NOx
(€/t) | Value (ki/kg factor (kg CO2/ | CO2 conversion factor | content | emission
fuel) kg fuel) (MJ/kg COz) (%) factor

HFO (IFO 380) | 300 39,000 3.021 12.910 2.7% Tier I

LSHFO (LS380) | 350 41,000 3.075 13.333 0.1% compliance

Marine Diesel | 480 | 42,700 3.082 13.855 01% | 7.7 &kWh

QOil

Methanol 400 20,100 1.375 14.618 0 Tier III
compliance
1.44 g/kWh

NG 250 48,600 2.750 17.673 0 Tier 111
compliance
1.8 g/kWh

The required input for the CASA method implementation is provided in Table 5. The following five
types of input parameters are required: (1) the system layout and functions, the number and type of
the power plant components, as well as the control structure; (2) operating data for the system and
components; (3) the system components failure rates; (4) the system components maintenance and
inspection intervals, and (5) the system components maintenance duration. The information for the
baseline system was retrieved from available system drawings and cruise ship operating data. The
components maintenance, inspection duration and failure rates were taken from the available

literature as described in [35].

Table 5 Required input parameters for the implementation of the CASA method.

Type of data used | Number of used | Example

for input parameters

Design data 50 Number of  speed
sensors installed on
each generator set

Operating data 15 Percentage of vessel
operation in the sailing
mode
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Maintenance 29 Testing of  circuit

inspection breaker capability
intervals

Maintenance 18 Maintenance duration
duration of each generator set
Failure rates for | 175 Failure rate for the PMS
components hardware

The failure rates for the investigated system components were primarily derived from the OREDA
database [52], a number of other publications (given in Table 6) and the blackout accident
investigation reports provided by an anonymous cruise ship operating company. The PDS Data

Handbook [45] and the Ohio State University report [53] were used to identify the failure rates for the

system software supported functions.

Table 6 List of sources for quantitative analysis.

Source Estimated parameters

[54] Transformer failure rates, communication lines failure rates
[55] Information on insulation failure rates in transformers
[56] The current sensors failure rate

[57] Sea chest failure rate

[58] The failure rate for fuel system

[59] The failure rate for optical sensors

[60] Faults for shaft sealing system

[6, 61] Fire failure rate in the engine room

[62] The fuel filters failure rate

[52] Generator set and electrical components failure rates
[63] Information on software failure rates

[64] Arc in switchboards

[43] Circuit breaker failures

[65] Failure rate for marine engine pistons

[66-72] Information on f; factors of Weibull distribution

Accident investigation

reports

Generator set fault tripping due to oil mist detector and control malfunction

=7.3810°[hY]

4 Results and discussion

4.1 Initial operating profile optimisation results

For each selected fuel type (Table 2) and the first operating profile (Figure 5(a)), the optimisation

algorithm identified the Pareto optimal solutions considering the lifecycle cost and the lifetime CO,
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emissions. The investigated solutions, the identified Pareto fronts as well as the derived optimal
solutions characteristics along with the considered safety objective values are provided and discussed
in Appendix A. As it can be deduced from the derived results, the variation in safety metrics for the
solutions on the Pareto front is limited, which justifies the use of the adopted methodology at this
stage. All the solutions comply with the IMO Tier Il NOx emissions and the SOx emissions (with effect
from 2020) regulations as well as the EEDI requirements. The characteristics of the derived optimal
solutions with the lowest lifetime CO, emissions, in specific the number of generator sets and the
nominal power for each engine room space, are provided in Table 7. In this table, the characteristics
of the baseline power plant configuration (the existing configuration of the investigated ship) are also
presented. It can be deduced from the results presented in Figure 6 that the lowest LCC is achieved

by the alternative No 3a, whereas the lowest CO, emissions are achieved by the alternative No 4a.

The calculated economic, environmental and safety metrics, including the lifecycle cost, the lifetime
CO; emissions, the lifetime NOx emissions, the lifetime SOx emissions, the lifetime blackout frequency
and the disconnected generator sets availability, for the optimal and the baseline configurations are
presented in Figure 6(a-f). In these figures, the respective metrics for the baseline configuration
operating with LSHFO (this is one of the options to obtain compliance with the IMO SOx emissions
legislation that are coming into effect in 2020) are also presented. For each optimal solution, the
percentage difference of the respective metric value from the baseline configuration value is also

provided in this figure.

It should be noted that the CAPEX and OPEX of the investigated optimal configurations (presented in
Figure 6(a)) greatly depend on the employed cost factors presented in Tables 3 and 4. In addition, the
LCC of the configurations is affected by the potential future carbon prices as it was reported in [16].
In this respect, a future sensitivity analysis would be beneficial for investigating the impact of the cost

factors on the optimal solutions.

Table 7 Optimal configurations for each alternative power plant.

Fuel type Type of Operating 1t Engine Type 2" Engine Type Engine rooms
alternative | profile Fuel Fuel layout details
solutions (Table 2) Emissions reduction Emissions reduction

tecnologies tecnologies
Number (-) Number (-)
Unit Nominal Power Unit Nominal Power
HFO or 1 a D-G sets D-G sets Engine room No
LSHFO HFO HFO 1: 2 units for
SCR & Scrubber SCR & Scrubber each engine
type
4 4
Engine room No
1o0MwW 8 MW 2: 2 units for
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each engine

type
Methanol & | 2 DF-G sets DF-G sets Engine room No
MDO Methanol Methanol 1:2 units.for
Not included Not included each engine
type
4 4 Engine room No
11 MW 7MW 2: 2 units for
each engine
type
HFO & 3 DF-G sets D-G sets Engine room No
Natural Gas NG (stored in LNG LSHFO 1: 2 units of type
& MDO form) SCR :. & 12un|t of
Not included 2 ype
4 Engine room No
12 MW 2: 2 units of type
12Mw 1 & 1 unit of
type 2
Natural gas 4 DF-G sets DF-G sets: Engine room No
& MDO NG (stored in LNG NG (stored in LNG 1: 2 units for
form) form) each engine
Not included Not included type
4 4 Engine room No
2: 2 units for
11 MW 7MW each engine
type
HFO Baseline D-G sets D-G sets Engine room No
HFO HFO 1: 3 units
not included not included Engine room No
3 3 2: 3 units
12 MW 12 MW

As it can be inferred from Figure 6(a), the configuration that exhibits the lowest lifecycle cost is the

alternative No 3a, which combines 4 dual fuel generator sets operating with natural gas and 2 diesel

generator sets. This alternative benefits from the low capital cost of the diesel generator sets and the

low fuel cost of the natural gas. In addition, the alternative No 4a that consists of a combination of

dual fuel generator sets of different nominal power (4 units of 11 MW and 4 units of 7 MW) exhibits

the second lowest LCC among the other solutions. Compared to the alternative No. 33, the alternative

No 4 capital cost is higher due to the higher cost of dual fuel generator sets, whereas the operating

costs of these two alternatives (No 3a and 4a) are comparable. This is attributed to the fact that in the

case of the alternative No 3a power plant, the power demand is covered by operating only the dual

fuel generator sets in most of the cruise ship lifetime.
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Figure 6 Lifetime economic, environmental and safety metrics of the Investigated cruise ship power plant
alternative solutions derived for the first considered operating profile

The alternative No 2a exhibits the highest cost as it consists of dual fuel generators operating by using
methanol fuel. Although, the capital expenditure for this alternative is relatively low, the operating
cost is almost 60% higher than the baseline one, due to the higher price and the lower energy density
of the methanol fuel. This additionally results in larger storage tanks requirements associated with a
potential reduction of the cruise ship payload (passengers’ number), the impact of which is out of this

study scope and therefore it was not considered herein.

The LCC of the baseline power plant when operating with LSHFO is estimated to be 7% higher than
the baseline LCC due to the higher price of the LSHFO; however this is subject to some uncertainty as
the future prices for the LSHFO cannot be forecasted with accuracy. Finally, the alternative No. 1a
exhibits a higher capital cost from the one of the baseline due to the scrubber and SCR systems
installation. In addition, its operational cost is also higher than the baseline one due to the operation
of the emissions reduction technologies (consumables, energy demand, and increase of the engines

brake specific fuel consumption).
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With regard to the lifetime CO; emissions (shown in Figure 6(b)), the alternative No 4a that consists
of dual fuel generators operating with natural gas exhibits 27% lower CO, emissions than the one of
the baseline. Similarly, low CO; emissions (reduced by 25.5% from the ones of the baseline) are
observed for the alternative No 3a due to the low operating time of the diesel generator sets running
on LSHFO. The alternative No 2a with methanol emits almost 11% less CO, emissions than the baseline
due to the methanol low carbon content. Despite the fact that methanol has lower carbon content
than the natural gas, the alternative No 2a lifecycle CO, emissions are higher than those of the
alternative No 4a due to the methanol lower energy density (in comparison with the natural gas).
Similar observations are derived comparing the results for the baseline solution; slightly lower lifetime
CO, emissions by 3.2% were estimated for the case where the baseline power plant operates with
LSHFO, which is attributed to the higher LHV of the LSHFO, in spite of its slightly higher carbon content.
Finally, 0.8% lower CO, emissions were calculated for the alternative No 1a due to the more efficient
operation of the selected diesel generator sets. The selection of the diesel generator sets nominal
power at two different ranges (8 MW and 10 MW) resulted in the more efficient plant operation and
the reduction of the fuel consumption at the specific operating profile. It must be noted, that the
methane emissions of the investigated optimal alternative configurations, which also contribute to
the greenhouse effect and reduce the benefits from the CO; emissions reduction, were not considered

in this study.

From Figure 6(c), it is inferred that the baseline power plant exhibits high SOx emissions levels (almost
59,000 t of SOx emisions were calculated during the investigated cruise ship lifetime) in comparison
with the other alternatives. The alternative No 1a (which operates with HFO and employs an exhaust
gas scrubber) and the baseline when operating with LSHFO exhibit almost 96.5% lower SOx emissions
than the baselinepower plant. The alternatives No 2a and No 4a operating with methanol and natural
gas, respectively, exhibit an almost complete elimination of the SOx emissions (reduction of 99.9% in
comparison with the baseline case) as the sulphur content of these fuels is almost zero. The altenative
No 3a operating on natural gas and LSHFO also exhibits a similar performance (99.8% SOx emissions
reduction in comparison with the baseline case) due to the fact that the diesel generator sets use

LSHFO and operate for a very limited time based on the considered plant profile.

The calculated lifetime NOx emissions of the investigated power plant solutions are presented in
Figure 6(d). The baseline solution operating with HFO and LSHFO exhibits almost the same NOx
emissions that amount to approximatey 35,500 t. These solutions do not comply with the IMO Tier llI
NOx emissions limits. On the other hand, the alternative No 1a exhibits 72% lower NOx emissions,
compared to the baseline ones due to the SCR technology. Almost 73% lower NOx emissions are

emitted by the alternatives No 3a and No 4a due to the usage of dual fuel generator sets operating
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with natural gas that manage to comply with the IMO Tier lll NOx emissions limits (without the need
for the installation of an emission reduction technology). The solution that exhibits the lowest lifetime
NOx emissions is the alternative No 2a that employs dual fuel generator sets operating with methanol.
The alternative No 2a exhibits almost 2,000 t of lower lifetime NOx emissions less compared with the
alternative No 4a, as the methanol operating engines NOx emissions are lower than the ones of the

engines operating with natural gas.

The estimated frequency of blackout (probable events during the ship lifetime) is presented in Figure
6(e). In addition, the FOB values estimated in the various operating modes (when operating with a
different number of generator sets) of the considerd optimal alternative solutions are presented and
discussed in Appendix B. The predicted FOB values fluctuate between 7.0-10.4 blackouts per lifetime.
As it can observed from Figure 6(e), the alternative No 3a FOB value is 5.8% lower than the baseline
one but higher than the FOB values of the other alternatives (No 1a, 2a and 4a), due to the fact that
the No 3a plant operation with one generator set connected to the network is more frequent. These
results are attributed to the operating profile and the characteristics of the specific power plants
solutions (number of operating DG sets, type and size). As explained in Appendix B, the time
percentage of the plant operation with one generator set is the dominant factor for the FOB
calculation. The other alternatives (No 1a, 2a and 4a) FOB values are lower, as the plant operation
with one generator set is more limited in these cases. It can be deduced from the results presented in
Appendix B and in previous studies [4] that the probability of blackout is significantly reduced in case
of limited plant operation with only one generator set. The present FOB values estimation for the
presented alternatives is also consistent with the FOB estimation from available accident statistics
[73]. The baseline power plant configuration was designed to comply with the imposed rules and
regulations and therefore, it can be considedered to be safe. Since the presented alternatives results
exhibit improved FOB values compared to the baseline, these designs can also be considered to be of
enhanced safety. As it is explained in Appendx B, the fuel selection has only a slight impact on the
estimated FOB values, whereas the number of the connected generator sets as well as their operating

profile greately influences the system FOB.

The operating generator sets availability values are presented in Figure 6(f). As it can be inferred from
this figure, the alternative solutions with 8 generator sets exhibit higher availability than the ones with
6 generator sets. The estimated unavailability values for the solutions No 1a, 2a, 4a are ten times
lower than the baseline. However, only slight percentage changes in the alternative solutions
availability were calculated (as the availability values are higher than 0.99), which indicates that

adequate plant redudancy is considered in all the investigated cases.
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The normalised relative differences of the calculated metrics (AX/Xpaseine_tsnro, Where X denotes the
various presented metrics) from the respective values of the baseline power plant with LSHFO for the
five investigated alternative solutions are presented in Figure 7. The baseline with LSHFO was selected
herein as this configuration complies with the current emissions regulations (EEDI, NOx Tier Il, and
2020 limits for SOx). It can be inferred from this figure that all the alternatives exhibit a comparable
behaviour (with only slight differences) on the lifecycle NOx emissions and the generator sets
availability, due to the compliance with the IMO Tier Il limits and the considerable power plant
redudancy selected for the investigated ship power plant, respectively. The alternative No 1a exhibits
the best performance in the safety metric (FOB), however it performs the worst in the lifetime CO,
and SOx emissions, whereas it has a higher LCC than the baseline solution one. The alternative No 2a
exhibits the lowest lifecycle NOx emissions as well as almost the lowest lifetime SOx emissions; it
exhibits better CO, emissions and FOB performance in comparison to the baseline respective metrics,
whereas it is the worst alternative in terms of the LCC. The alternative No 4a is the optimal alternative
in terms of the CO, and SOx emissions and the second best in terms of the LCC, whereas it exhibits a
close to the best performance for the blackout frequency and the NOx emissions metrics. The
alternative No 3a performs well in the majority of the objectives similarly to the alternative No 4a,
however it exhibits a worse FOB. Based on the observed trade offs between the investigated
alternatives, it can be inferred that the alternative No 4a (dual fuel generator sets operating with
natural gas) manages to improve the environmental and economic performance of the power plant

without compromising the system safety of the investigated cruise ship.
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Figure 7 Normalised relative differences of the calculated metrics of the investigated cruise ship power plant
alternative solutions derived for the first considered operating profile.
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4.2 Higher propulsion power demand operational profile results

For each selected fuel type (Table 2) and the second considered operating profile (with 10% higher
propulsion power demand in comparison to the first operating profile shown in Figure 5(a)), the
optimisation algorithm was employed to identify the optimal solutions characteristics (hnumber of
generator sets and their nominal power). The optimisation considered the two objectives (the lifecycle
cost and the lifetime CO, emissions) as well as the respective constraints for compliance with NOx and
SOx emissions regulations. The derived optimal solutions with the lowest lifetime CO, emissions for
the selected fuels and fuels combinations are provided in Table 8. The complete solutions envelope

as well as the Pareto fronts for this case are not presented for brevity purposes.

It is evident from the comparison of Table 7 and Table 8 results that although the number of the
generator sets is similar with the ones of the optimal solutions derived by using the first operating
profile, the selected generator sets nominal power is different. This is attributed to the fact that higher
operating loads need to be satisfied, therefore generator sets with higher nominal power must be
installed and operate in their most efficient load range. A considerable difference in the number and
size of generator sets is observed when solutions No 3a and No 3b are compared; although the total
installed power is the same between the two solutions, uneven generator sets were selected in the

case where the power requirements are higher.

The calculated economic, environmental and safety metrics, for the optimal alternatives, the baseline
power plant as well as the baseline configuration operating with LSHFO are presented in Figure 8. For
each solution, the percentage difference of the respective metric value from the baseline

configuration value is also provided in this figure.

Table 8 Optimal configurations for each alternative power plant for second considered operating profile.

Fuel type Type of Operating 1t Engine Type 2" Engine Type Engine rooms
alternative | profile Fuel Fuel layout details
solutions (Figure 5) Emissions reduction Emissions reduction
(Table 2) tecnologies tecnologies

Number (-) Number (-)
Unit Nominal Power Unit Nominal Power
HFO or 1 b D-G sets D-G sets Engine room No 1:
LSHFO HFO LSHFO 2 ur?its for each
SCR & Scrubber SCR engine type
4 4 Engine room No 2:
2 units for each
16 MW 2 MW engine type

Methanol 2 b DF-G sets DF-G sets Engine room No 1:

& MDO Methanol Methanol 2 units for each

engine type
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Not included Not included Engine room No 2:
4 4 2 units for each
6 MW 12 MW engine type
HFO & 3 DF-G sets D-G sets Engine room No 1:
Natural NG (stored in LNG LSHFO 2 units for each
Gas & form) SCR engine type
MDO Not included 4 Engine room No 2:
4 2 units for each
5 MW engine type
13 MW
Natural 4 DF-G sets DF-G sets: Engine room No 1:
gas & NG (stored in LNG NG (stored in LNG 2 ur?its for each
MDO form) form) engine type
Not included Not included Engine room No 2:
4 4 2 units for each
engine type
7 MW 11 MW
HFO Baseline D-G sets D-G sets Engine room No 1:
HFO HFO 3 units
not included not included Engine room No 2:
3 3 3 units
12 MW 12 MW

The LCC of the configurations in Figure 8 (a) is slightly higher than Figure 6 (a) due to the higher power
demand that lead to higher fuel consumption and maintenance requirements. Similarly with Figure
6(a), the configuration that has the lowest LCC (15.6% lower than the one of the baseline
configuration) is the alternative that consists of a combination of dual fuel generator sets operating
with natural gas and diesel generator sets (alternative No 3b). Another alternative with very low LCC
(13.7% lower LCC than the baseline one) is the alternative No 4b that only consists of dual fuel

generator sets.

The findings for the investigated alternatives performance in the LCC are similar with the findings
reported in Section 4.1. The ranking of the identified optimal solutions in terms of their economic
performance and gas emissions is the same as the previous case. A difference is observed in the
alternative No 1b, which consists of 8 generator sets -4 DF-G and 4 D-G sets- (in comparison with the
alternative No 1a that consists of 6 generator sets) and has lower operating and capital cost (compared
to the alternative No 1a that consists of diesel generator sets optimised for the first operating profile).
This is due to the lower capital cost of this alternative (No 1b) as well as to the fact that a smaller
scrubber is required for the solutions that operate with low sulphur fuel. In addition, the alternative
No 1b operating cost is lower despite the fact that low sulphur fuel has higher price than HFO, as the
alternative No 1b has lower maintenance and scrubbers consumables cost, due to the fact that the

scrubber is needed for only the engines of the 1% type.
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Figure 8 Lifetime economic, environmental and safety metrics of the investigated cruise ship power plant
alternative solutions derived for the second considered operating profile.

The lifetime CO, emissions of the alternatives derived for the second operating profile are displayed
in Figure 8(b). Although the findings from the results presented in this figure are in alignment with the
findings of the previous section, it is evident that the overall CO, emissions are higher compared to
the ones calculated for the first operating profile. As discussed above, this is due to the higher power
demand and as a result, the higher consumed fuel amount. Similarly to the findings of the previous
section, the alternatives that manage to improve the cruise ship carbon footprint are the following:
No 4b-dual fuel generators sets operating with natural gas (26.5% lower lifetime CO; than the baseline
power plant), No 3b—combination of dual fuel generator sets and diesel generator sets (24% lower
lifetime CO, than the baseline power plant), and No 2b-dual fuel generator sets operating with
methanol (9% lower lifetime CO, than the baseline power plant). These alternatives can provide
potential solutions contributing towards the IMO targets for 50% reduction of carbon emissions until

2050.

The results of the lifetime SOx emissions shown in Figure 8(c) also support the respective findings

discussed in Section 4.2. The optimal power plants with dual fuel generator sets operating with natural
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gas or methanol comply with the future SOx limits regulations and can almost eliminate the SOx

emissions.

The lifetime NOx emissions performance of the considered alternatives for the second operating
profile are presented in Figure 8(d). The alternatives No 1b, 2b, 3b, and 4b manage to reduce by 71-
72% the NOx emissions in comparison to the baseline power plant. It is identified that the overall NOx
emissions are higher compared to the original operating profile, due to the higher power requirements

and the higher fuel consumption.

The frequency of blackout (FOB) and the generator sets availability is estimated for the identified
optimal solutions as presented in Figure 8(e) and 8(f), respectively. The FOB is considerably decreased
for the alternatives No 1b, 2b and 4b (0.02 to 0.05), whereas the FOB value for the alternative No 3b
is 10.5 (7.6% increase from the baseline configuration FOB). This is attributed to the selected engines
size (hominal power), which resulted in considerably reducing the power plant operating period with
one generator set. As it can be deduced from the results presented in Appendix B, the FOB values for
the case where only one generator set operates, are more than one order of magnitude higher than
the respective values for the power plant operation with a number of generator sets. On the other
hand, the configuration No 3b exhibited the highest FOB value, as this power plant operates with one
generator set for a considerable time period in the specific operating profile (due to the selected
number and nominal power of the generator sets). The configuration No 1b operates less frequently
with one engine, as it includes engines with nominal size 2 MW, which are assumed to be connected
first. Hence, for power above 2 MW, at least two engines operate. Similarly the configurations No 2b
and 4b operate with at least two engines in power ranges above 6 MW and 7 MW, respectively. On
the contrary, the configuration No 3b, operates with one engine in power range from 0 to 13 MW,
which increases the time percentage with one operating engine. This explains the high FOB value
predicted for this configuration. Therefore, it is inferred that designs with a number of engines with
relatively small nominal power can result in lower FOB values due to the smaller time percentage with

one operating engine.

Similarly, to the findings of the previous section, the availability of the generator sets exhibits only a
slight variation compared to the baseline due to the considerable redundancy of the units employed
in the investigated power plants. It must be noted though that the availability for the second
considered power plant operating profile (Figure 8(f)) is reduced compared to the availability for the

initial profile (Figure 6(f)), due to the more frequent use of the generator sets.

Finally, the normalised relative differences of the calculated metrics from their respective baseline

power plant with LSHFO values for the five investigated alternative solutions are presented in Figure
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9. The findings from the results of this figure are also aligned with the results of the previous section,
although some differences are observed in the FOB of a number of alternatives as discussed above.
The alternatives that consist of dual fuel generator sets operating in natural gas (alternative No 4b) as
well as a combination of the dual fuel and diesel generator sets (alternative No 3b) exhibit the best
performance in all the objectives (with the exception of FOB) despite the changes of the operating
profile. However, as the FOB of the alternative No 4b is considerably lower than the one of alternative

No. 3b, variants of alternative No 3b with reduced FOB need to be identified.
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Figure 9 Normalised relative differences of the calculated metrics of the investigated cruise ship power plant
alternative solutions derived for the second considered operating profile.

5 Conclusions

In the present study, the bi-objective optimisation of a cruise ship power plant was carried out. The
NSGA-II algorithm was employed to identify the optimal solutions that minimise the lifecycle cost and
the lifetime CO, emissions for a number of selected fuels and fuels combinations. Two different
operating profiles were used as input for the optimisation algorithm; the first corresponded to the
actual conditions of a similar cruise ship, whereas the second considered a 10% higher propulsion
power demand in comparison with the first. The existing and forthcoming IMO SOx and NOx
regulations were used as constraints in the optimisation to ensure the compliance of the optimal
solutions with the respective environmental regulatory framework. The identified optimal solutions

were comparatively analysed to assess their performance on economic, environmental and safety
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metrics corresponding to the plant lifetime basis. The analysis resulted in solutions meeting the future
cruise ship power plants challenging requirements that reduce the environmental footprint, provide
compliance with the environmental regulations, ensure an acceptable economic performance and
assure the appropriate safety level.

The main findings of this study are summarised as follows:

e The operating profile affected the generator sets nominal power selection without significantly
affecting their number. A more uneven generator nominal power selection was derived for the
case of the operating profile with the higher power demand as a higher number with higher
nominal power is required to cover the increased power demand and the total installed power is
fixed.

o The optimal cruise ship power plant solutions in terms of carbon emissions and cost-effectiveness
do not necessary achieve the best performance in terms of safety metrics.

e The baseline configuration performance was the worst in all the employed environmental criteria.
This configuration does not satisfy the future environmental regulations, and therefore
appropriate solutions need to be proposed for the new cruise ship power plant designs.

e The identified power plant solutions running with methanol exhibited reduced emissions and
improved safety metrics compared to the baseline due to less frequent operation with one
generator set and increased redundancy in fuel supply, but they were associated with higher cost
due to higher methanol price attributed to its presently lower market availability.

e The power plant solutions with dual fuel generator sets operating with natural gas managed to
improve the environmental and economic performance of the cruise ship without compromising
the ship safety. This solution was identified as one of the potential best alternatives for the future
cruise ships power plants.

o The alternative combining dual fuel generator sets operating with natural gas and diesel generator
sets running with LSHFO achieved a performance similar to the one of the dual fuel generator sets
alternative with a slightly improved economic metric. This was attributed to the fact that the diesel
generator sets running with LSHFO are utilised only for a limited operating time. This alternative
can also be considered as a potential option in the cruise ships design.

o The frequency of blackout metric is highly affected by the operating time the power plant runs
with one generator set. The operating time with one generator set depends on the nominal size
of the generator sets. Therefore, configurations with small nominal power, which operate less
frequently with one generator set, exhibit lower values of FOB and thus an enhanced safety level.

e The generators availability metric was very high due to the considerable redundancy that was

considered for the investigated cruise ship power plant. However, when the operating profile with
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10% higher propulsion power demand was used for optimisation, the generator sets availability
in the baseline configuration and in the optimal solutions was reduced.

e The variation in availability values was small for the alternatives identified in each operating
profile. In this respect, the inclusion of availability as an optimisation objective is not expected to
facilitate the optimisation process in power plants of the same type. However, it is expected to be
a meaningful objective for power plants of other ships types (ocean going vessels).

In summary, the results demonstrate that the presented approach can support decisions for

identifying the cruise ships power plants optimal solutions that simultaneously reduce the lifecycle

cost and emissions whilst enhancing the system safety. It is expected that such an approach will
constitute a valuable tool for optimal design of the cruise ships and other ships power plants. In future
work, the safety metrics could be incorporated in the optimisation, therefore offering a holistic

optimisation of the cruise ship power plant.
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Nomenclature and Abbreviations Lists

Nomenclature list

A Availability [-]

FOB Frequency of Blackout for system [events/lifetime]

FOB, Frequency of Blackout in specific configuration [events/lifetime]
OP, percentage of time the system operates in a specific configuration [%]
T; Inspection or maintenance interval [h]

Ug Generator sets unavailability [-]

p?*¢ Probability of failure of operating component [-]

p° Probability of failure of safety system [-]

p?S Probability of specific system state [-]

CAPEX Capital Expenditure [€]

Ce Capital cost [€/kW]

Cco2 CO; conversion factor [g CO; / g fuel]

Cm Maintenance cost [€/kWh]

d: Discount rate [-]

dr Deterioration factor [-]

EF Emission Factor (t pollutant/ t fuel for fuel based and g/lkWh for energy based)
ferx Fuel consumed [g] for different fuel types and operational phases [g]
hy Operating hours at the k™ operational phase k [hours]

LHV Lower Heating Value [kJ/kg]

LTCO; Life time carbon emissions [g]

LTH Ship lifetime operational time [h]

LTNOx Life time NOxX emissions [g]

LTSOx Life time SOx emissions [g]

N Number of systems of the same type [-]

OPEX Operational expenditure [€]

OPH Life time operating phases

Py Instant power for operation phase k [kKW]

Pus Nominal power of the s™ system s [kW]

PFD The probability of failure on demand [-]

U Unavailability [-]

X Presented metric in figures 7 and 9

Y Ship lifetime [years]

Subscripts

ft Fuel type

k Operating phase, k=1-OPH

S system

Greek Symbols

B; Weibull shape factor [-]

A Failure rate for component i [h™!]

Ui Repair rate for component i [h™!]
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Abbreviations list

BT Bow Thrusters

CASA Combinatory Approach for Safety Assessment
DE Diesel engine

DEP Diesel-Electric Propulsion

DFE Dual-fuel engine

DF-G Dual-fuel Generators

D-G Diesel Generators

ECA Emission Control Areas

ESI Events Sequence Identification
FOB Frequency of Blackout

FTA Fault Tree Analysis

HFO Heavy Fuel Oil

LNG Liquified Natural Gas

LSHFO Low Sulphur Heavy Fuel Oil
MDO Marine Diesel Oil

NG Natural Gas

NSGA-II | Non-sorting Genetic Algorithm II
PM Propulsion Motors

PMS Power Management System
STPA System-Theoretic Process Analysis
UCA Unsafe Control Actions
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Appendix A Derived Pareto front solutions with the first operational

profile

The whole envelope of the solutions along with the Pareto fronts derived from the bi-objective
optimisation for the first operating profile and the selected fuels and fuels combinations (denoted
with 1a, 2a, 3a and 4a) are presented in Figure 10. The characteristics of the derived optimal
configurations are provided in Table 9. For each fuel and fuel combination, the Pareto front solution
with the lowest lifetime CO; emissions is selected for further investigation of the safety metrics

presented in Section 4.1.

As it can be observed from Figure 10, the employed optimisation algorithm identified only a few
solutions for the cases 1 and 3, whereas only one optimal solution was identified for the cases 2 and
4 (methanol and natural gas, respectively). This is attributed to the fact that the solutions with the
lowest lifetime fuel consumption simultaneously exhibit the lowest lifetime CO; emissions and LCC.
This is attributed to the following facts: (a) the emissions are estimated as a function of the fuel
consumption, and (b) the fuel cost is the dominating part of the LCC. As it was presented in Section
2.2, the LCC consists of the fuel cost, the capital cost, the maintenance cost and the consumables cost.
The investigated power plants capital cost is estimated as function of the total installed nominal
power, which is the same for all the configurations (according to the considered limitations), whereas
the maintenance cost is calculated by employing the plant lifetime energy (in kWh) that depends on
the operating profile. Hence, only one optimal solution is derived for the cases with one fuel (natural
gas, methanol). On the other hand, in case 1 (diesel fuels), it is inferred that the combination of diesel

generators operating with HFO, SCR and scrubber provides the lowest lifetime CO, emissions.

From the results presented in Table 9, it can be also inferred that the estimated safety metrics for the
diesel fuel optimal solutions (1a, 1*a and 1**a) are identical. This is attributed to the similar engine
number, sizing and operating profile. For the cases 2 and 4, only one optimal solution was identified;
hence there is no need for deriving the trade-off between the different employed metrics. For the
case with the dual fuel and diesel generator sets combination, the solution that has the greatest
reduction on the carbon emissions is selected for further investigation of the safety metrics in Section
4.1. This solution exhibits a slightly higher FOB due to more frequent single generator operation
compared to the other solutions of the Pareto front, but it also demonstrates significantly higher
availability. It can be inferred from Table 9 that the investigated optimal solutions FOB values are
within a specific range (7-10.4 events per ship lifetime). In addition, the calculated availability values
are similar (0.9979-0.9999), whereas a slightly lower availability (0.9798) was calculated for the

configuration 3*. It can be deduced from these remarks that the safety metrics do not vary
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considerably and therefore, the employed methodology (not including the safety metrics as

objectives) can be employed as a first approach.
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Figure 10 Derived Pareto fronts for the first operational profile and the following selected fuels and fuels

combinations.
Table 9 Description of the derived alternative optimal solutions
Pareto | Type of | 1%t Engine Type 2" Engine Type Frequency of | Availability (-)
Front alternative | el Fuel blackout
solutions Emissions reduction | Emissions reduction (.eve.nts PEr
tecnologies tecnologies lifetime)
Number (-) Number (-)
Unit Nominal Power Unit Nominal Power
1 1a D-G sets D-G sets 7.06 0.9997
HFO HFO
SCR & Scrubber SCR & Scrubber
4 4
10 MW 8 MW
1*a D-G sets D-G sets 7.06 0.9997
LHFO HFO
SCR SCR & Scrubber
4 4
10 MW 8 MW
1%*3 D-G sets D-G sets 7.06 0.9997
LHFO LHFO
SCR SCR
4 4
10 MW 8 MW
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2a DF-G sets DF-G sets 9.05 0.9998
Methanol Methanol
Not included Not included
4 4
11 MW 7 MW
3a DF-G sets D-G sets 10.35 0.9979
NG (stored in LNG form) | LSHFO
Not included SCR
4 2
12 MW 12 MW
3*a DF-G sets D-G sets 7.84 0.9798
NG (stored in LNG form) | HFO
Not included SCR & Scrubber
4 2
16 MW 4 MW
43 DF-G sets DF-G sets: 9.14 0.9999
NG (stored in LNG form) | NG (stored in LNG
Not included form)
4 Not included
11 MW 4
7 MW
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Appendix B Calculated FOB for solutions with the first operational

profile

For the optimal alternatives with the lowest lifetime CO, emissions estimated using the first
operational profile of the selected fuels and fuels combinations, the calculated FOB values with
different numbers of operating generator sets are provided in Figure 11. As it can be deduced from
this figure, the FOB values for the case where one generator set operates are several orders of
magnitude higher than the respective FOB values when more generator sets operate. This is attributed
to the additional redundancy in the generator sets number in other modes (with at least 2 operating
generator set). In the cases where one generator set operates, the FOB for the various investigated
optimal solutions exhibited similar values. This is attributed to the variation in failure rates for the

physical components of the considered power plants, as different fuel systems are employed in each

x1074
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Figure 11 Calculated FOB for various numbers of operating
generator sets (a) 1-8 generator sets; (b) 2-8 generator sets.
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optimal solution. Furthermore, the systems employing more than one fuel exhibit increased
redundancy in fuel supply, which reduces the FOB due to failure in fuel supply system. When more
than two generator sets are connected to the operating power plant, the variation in the predicted
FOB values for the investigated optimal solutions are attributed to the considered generator sets
loading conditions in each optimal solution, which in turn depends on the generator sets size and the
considered cruise ship operational profile. The FOB values slightly increase when more than five
generators operate. This is owing to the facts that more systems components can fail and the number
of the non-operating (available to be connected when required) generator sets is too limited. In the

latter case, tripping of one or more operating generator sets is more prone to lead to a black out event.
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