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ABSTRACT

Last years have been characterized by a worldwide increasing attention towards the reduction of fuel consumption and carbon
dioxide emissions. Several industrial fields, as well as the civil and residential sector, have introduced innovative approaches
for the design and the operation of energy systems. These actions are aimed to reach higher values of energy conversion
efficiency, also including an increase in the use of renewable resources. In this context, especially in the sector of cruise ships,
further efforts are required to improve the energy efficiency of the employed energy systems. The aim of this paper is to
propose an optimization framework based on genetic algorithms in order to maximize the energy efficiency and minimize both
the fuel consumption and the thermal energy dissipation, by optimizing the load allocation of the ship energy systems. To this
purpose, different strategies for the energy systems on board of an existing cruise ship are proposed and analyzed. In particular,
two main engines configurations have been defined: standard (current logic of operation maintained) and hybrid configuration.
For each proposed strategy — being the ship a particular and interesting application of isolated energy grid (i.e. a grid without
connections with electric and fuel national grids) — an in-house-developed software has been adapted and applied to optimize
the load allocation of the various energy systems. Furthermore, an economic and environmental analysis has been carried out,
in order to point out the benefits — or the eventual limits — related to the proposed solutions. The considered approach is based
on the concept of introducing economically and structurally suitable modifications to the current cruise energy systems
configuration, in order to reach the goal of increasing the energy efficiency. The carried out analysis shows that the hybrid
strategies allow to reach the best results in terms of energy (fuel consumption and heat dissipation reduction), economic and
environmental points of view.

Keywords: Energy Efficiency Increase; Energy Systems Load Optimization; Genetic Algorithm; Optimization Method;
Shipping Energy Efficiency; Thermal Storage.

NOMENCLATURE

Symbols

C cost [€]

CF; cash flow [€]

COoP coefficient of performance [-]
E energy [kWh or MWh]

EER energy efficiency ratio [-]

h hours [h]

lo initial investment cost [€]

L load [-]

n number of units [-]

N number of years [year]

P power [KW]

r discount rate [-]

T temperature [°C or K]

Greek Symbols

n efficiency [-]

Y7, cost of maintenance [€/kW]

¢ cost of electricity [€/kW or €/kWh]

Subscripts and Superscripts
DES design
disp dispersed
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E electricity

EL electrical

eq equivalent

F fictitious

FR cooling

fuel fuel

m mechanical

M maintenance

ST storage

TH thermal

tot total

A fuel

Acronyms

AB auxiliary boilers

AC absorption boilers

BC base case

CcC compression chiller

CHP combined heat and power

CoO carbon oxide

CO, carbon dioxide

EGO energy grid optimizer

ES electrical storage

FF fitness function

FT fuel tank

HP heat pumps

HY hybrid

HY-S hybrid with storage

HY-S-AC hybrid with storage and absorption chiller
IMO international maritime organization
NMVOC non-methane volatile organic compound
NOyx nitrogen oxides

NPV net present value

oL optimized load

OL-S optimized load with storage
ORC organic Rankine cycle

PM prime mover

PMs particulate matters

RG renewable electrical generator
RG; renewable thermal generator
SOy sulphur oxides

TS thermal storage

1. INTRODUCTION

1.1 Background

The development of new strategies to improve energy efficiency is one of the major challenges that world has to face today.
Indeed, energy efficiency increase is playing a key role relating to the sustainable future planning [1-3].

One of the main reasons why research increasingly focuses on this topic lies into the global warming problem, primarily
generated by greenhouse gas emissions, especially CO,, as output of fossil fuels combustion [4-5]. This issue has been
increasingly considered as fundamental in different fields, i.e. industrial, civil and domestic sectors. However, only in the last
years the legislation in the transport sector and particularly in the maritime transport, where the contribution to greenhouse
gases emission cannot be neglected, has been rearranged.

Shipping industry seems to play a minor role in regard to global anthropogenic CO, emissions, since it represents only the 3 %
of the whole emissions, as of 2012 [1]. In fact, as it can be noted from Figure 1 [6], that shows the CO, emissions from fuel
combustion by different sector, the shipping sector contribution is equal to 3.3 % (including the international shipping and the
domestic shipping and fishing).

However, relating to the shipping industry, it has to be considered that more than 40 % of the total shipping costs is attributed
to fuel consumption [7]. Moreover, despite of its current low contribution, many predictions indicate for the next future an
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increase in shipping volumes (which means, obviously, emissions increase) [8]. As a consequence, energy efficiency
management and control are fundamental aspects to account for fuel costs savings and CO, emissions reduction.

In this scenario both national and international energy policies increasingly focus on new solutions for energy systems
optimization and efficiency maximization. Recently, the International Maritime Organization introduced relevant regulations
and is continuously improving the standards of ship energy saving and emissions reduction [9-10]. With regard to this goal,
even the European Union is starting actions to achieve a reduction on transport’s carbon emissions of 60 % by 2050. In
particular, focusing on the European scenario, the goal is a reduction of CO, emissions ranging from 40 % up to 50 % [11].

1.2 Energy efficiency in shipping

In order to achieve the previous goals, the shipping sector has developed new approaches to reduce the fuel consumption.
Some actions [12-17] relate to the ship operation, such as: (i) adapting routes in order to avoid conditions of bad weather, so
reducing the negative impact of high waves and strong wind on ship fuel consumption, (ii) maximizing the transported cargo
while reducing the length of ballast legs and (iii) improving trim and draft settings, together with the optimization of the
schedules and the practices for hull and propeller polishing, leading to reduced ship resistance for a given speed, etc.

Other actions [18-24] are related to new technical solutions with the purpose of improving the performance of on board
specific systems, such as the engines, the propeller, the hull, etc. In the last years, some other strategies for the emissions
control have been developed. Some alternatives, for example, act on the energy efficiency improvement by decreasing the time
of port stay. Another strategy, instead, consists in navigation speed regulation: studies show that the fuel consumption can be
reduced by determining the optimal engine speed, with an achievable reduction of about the 19 % with respect to the typical
fuel consumption per distance unit [18-24].

Some researchers focus on waste heat recovery. A valid technique consists in the application of energy storage devices for
engines heat recovering [27-28]. In particular, thermal storage can be seen as a promising solution for the energy efficiency
increase in marine transport field. The implementation in the shipping field of this simple solution (and/or other more complex
thermal storage solutions), therefore, enables the achievement of benefits, in terms of primary energy saving (through an
optimal use of resources), costs reduction (fuel consumption reduction) and environmental impact (through a reduction of
greenhouse gases). Moreover, the adoption of a fuel cell in addition to an energy storage device has been studied in [29].
Another approach is the adoption of an absorption refrigerator [30] to recover the thermal dissipation from the engines; finally,
the heat recovery can be realized considering the integration of marine diesel engines with an organic Rankine cycle (ORC)
system [31-33].

Different studies have been conducted as it regards the vessels’ power management. To this purpose, some researchers [35]
have proposed a dynamic load management method which takes into account the equality and inequality constraints of a
certain system. Another study [36], instead, pointed out a three stages method, based on the operational cost minimization, to
find out an optimal power management solution and to limit the greenhouse gas emissions without changing the technical and
operational constraints. In [37-40] further methods have been proposed to model the power plant of an isolated system and to
find out an optimal load allocation of the vessel’s components.

1.3 Aim

In this context, this paper proposes the use of an optimization framework based on genetic algorithms in order to optimize the
operations of ship energy systems, maximizing the energy efficiency and minimizing the fuel consumption. Compared to
previous efforts in the literature, the proposed approach has two main advantages: compared to a Mixed Integer Linear
Approach (MILP) (e.g. [41-43]), it retains the influences of nonlinear phenomena, and particularly of energy systems
efficiencies. Compared to traditional Mixed Integer Nonlinear approaches (MINLP) (e.g. [37]), it is more robust against the
risk of falling into local optima and less computational intensive. The combination of these two advantages allows to treat
problems of high complexity, as the optimization of ship energy systems, particularly when energy storage is included,
creating a strong coupling among the optimization parameters.

The use of genetic algorithms for the optimal load allocation of ship energy systems, with particular reference to electric and
thermal energy storage, has not been proposed before in the existing scientific literature (as for the best Authors knowledge)
and it constitutes the main element of novelty of this work.

The paper is structured as follows: in Section 2 the current configuration and the energy needs of the considered ship is
described; in Section 3 the calculation model used for the simulations is presented; in Section 4 the hypothesis and assumptions
are listed and, finally, in Section 5 the results of the simulations are presented and discussed.

2. CASE STUDY

The case study analyzed in the paper is a cruise ship operating in the Baltic Sea between Stockholm (in Swedish mainland) and
Mariehamn (in the Aland islands). The vessel is 177 meters long and about 28 meters wide with a design speed equal to 21
knots. Because of its capacity — up to 1°800 passengers — the vessel can be considered a medium size cruise ship. The ship is
equipped with restaurants, clubs and bars, as well as saunas and pools.
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The ship makes the same daily route during the whole year (365 days/year) as shown in Figure 2. On the basis of its route and
according to the available information, the ship operational early profile can be divided among (i) sea going, (ii) port stay or
sea stay and (iii) maneuvering, as presented in Figure 3. From the figure, it can be noted that the port and sea stay operation
represents around one third of the total operational profile.

2.1 Energy Demand

The energy demand of the considered ship consists of (i) mechanical energy (for propulsion), (ii) electrical energy (for
lighting, cold appliance, hot appliance, auxiliary systems, etc.), (iii) thermal energy (mainly for space heating and hot water
production) and (iv) cooling energy (only during the summer period).

The vessel typical operational profile is always the same: the departure from Stockholm is scheduled around 6:00 PM; the ship

reaches the open sea where it stops for few hours during the night before reaching Mariehamn port early in the morning. Then

the ship leaves Mariehamn around 9:00 AM to go back to Stockholm where the arrivals are scheduled around 4:00 PM.

Thus, the mechanical energy demand is almost the same every day, while — since the travel’s conditions (i.e. weather

condition) change — the thermal and cooling energy requests are different depending on the considered season.

The characterization of the energy needs of the ship could be done according to the operational modes taking into account the

following considerations:

» when the cruise ship is at the harbor (port stay) or laying in open sea (sea stay) the demand consists of electrical and
thermal energy (and cooling energy during the summer period) in order to guarantee the services of the ship for the
boarding and alighting of passengers (port stay) and for their comfort on board (sea stay);

*  during the sailing (sea going) the demand reaches its maximum values in terms of mechanical demand;

* when the ship enters or leaves the port (maneuvering) the mechanical demand is intermediate between the one of sea
going and the one corresponding to port stay or sea stay.

«  the electrical and thermal (for space heating and/or hot water production) demands are not influenced by the operational
profiles of the cruise.

The aforementioned considerations, together with an experimental data collection made on board [37], allow to estimate the
hourly load profile curves of mechanical, thermal, electrical and cooling power for typical days during winter, summer and
spring/fall, as presented in Figure 4. More details about the elaboration of these curves can be found in [37].
Relating to the duration of each season, according to the average monthly temperatures in Sweden [44], the following
assumptions can be made:
- winter: 182 days (since January the 1% to April the 15" and since October the 16™ to December the 31%):;
- summer: 62 days (since July the 1% to August the 31%)
- spring/fall: 121 days (since April the 16" to June the 30 and since September the 1% to October the 15™).
From Figure 4 it can be observed that the mechanical power demand for propulsion is the same for each season as the
electrical demand. In particular, for the mechanical power, it is possible to note that it is equal to zero during the port stay and
when the ship is drifting offshore. This behavior is consistent with the fact that the movement of the propellers, generated by
the mechanical power, is stopped when it is not necessary to the movement of the ship.
For what regards the thermal power demand, the maximum request occurs, as expected, during the winter period while it is
minimum during the summer, when only the hot water needs are accounted. The maximum request of thermal power is equal
to slightly more than 7 MW: the shape of the load curve shows two peaks respectively during the first hours of the day and
between 7:00 PM and 9:00 PM.
Furthermore, it can be observed that electrical and thermal power are never equal to zero. This evidence can be explained
considering that the continued operation of safety systems (smoke detectors, gas detectors, fixed fire-fighting equipment,
alarms, emergency lights, etc.) and minimum comfort on-board (lighting, entertainment, space heating, hot water, etc.) are
ensured. Moreover, being a vessel used for passengers’ transport, it must always be guaranteed electrical power (in addition to
lighting, also for equipment for the preservation and preparation of food, refrigerators, etc.) and thermal power (for example
for the heating of the cabins) also during the port stay phase. On the other hand, during the summer a cooling power is required
and, as can be noted from the figure, its trend is almost constant with an average value around 1 000 kW.

2.2 Energy Systems

The ship is currently equipped with eight marine diesel engines (PM) according to the scheme presented in Figure 5. Four
main engines (4x Wartsila 6L46 — from PM#01 to PM#04 in Figure 5) for mechanical power production and four auxiliaries’
engines (4x Wartsila 6L32 — from PM#05 to PM#08 in Figure 5) for electrical power production are installed. The PM design
performance are listed in Table 1.

All the PM on board are medium speed [47-48], being characterized by 500 RPM and 750 RPM respectively for main and
auxiliary engines.
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As it can be observed from Figure 5, the main engines are divided in two groups (gearboxes), each one providing energy to
only one propeller. It follows that the mechanical demand is divided into two equal parts which means that at least two main
engines are always operated if mechanical power is requested.

The ship thermal demand can be satisfied by recovering waste heat from all the eight engines and by the use of two auxiliary
boilers. The two auxiliary boilers are characterized by a maximum thermal power output equal to 4'500 kW (each) and by a
thermal efficiency in design condition equal to 80 %. Furthermore, a compression chiller system is included for cooling power
production. This chiller shows a maximum cooling power output equal to 2°000 kW with an EER assumed equal to 3.5, in
design condition.

3. CALCULATION MODEL

In order to minimize the ship fuel consumption, an in-house-developed software has been applied [49]. In details, this software
— developed by University of Bologna and named EGO (Energy Grids Optimizer) — is able to define the load distribution of a
number of energy systems operating into a grid, with the aim of minimizing the total cost of energy production.
In particular, the realized software can simulate an energy grid consisting in (i) an arbitrary number of prime movers (PM)
even in CHP (Combined Heat and Power) application, (ii) generators from renewable source (solar thermal panels — RGt —
wind turbines and photovoltaic panels — RGe), (iii) energy storage devices (ES) for both electrical and thermal energy, (iv)
thermal generators (auxiliary boilers — AB — and heat pumps — HP) and (v) cooling machines (compressor — CC — and
absorption chillers — AC). The aforementioned generators are used to cover the electrical, thermal and cooling energy load
requested by a utility (or a group of utilities); the simulated grid can also be connected (if present) with the electric grid and
with the gas distribution network. The adopted software and its regulation strategies and mathematical models have been
validated in [49]. It should be highlighted that the developed software has been adapted for this study: this scenario, indeed,
can be seen as a particular application of energy grid operating without connection to the electric distribution network.
The calculation core of the realized in-house-developed software consists of a genetic algorithm based on the minimization of
an objective function which expresses the total cost of energy production.
The input section requires:
o electrical, thermal and cooling power required by the utilities; further is also possible to define the gas demand (for direct

use) for the utilities;
e the number, typology, and main characteristics of:

o prime movers (electrical and thermal design power output, efficiency, off-design behaviour, etc.);

o  renewable source generators (peak power, performance, etc.);

o heating and cooling systems (size, performance, off-design behaviour, etc.):

o electric and thermal energy storage devices (maximum storable energy);
e the tariff scenario (purchased and sold electric energy value, cost of the fuel, etc.);
e aseries of parameters characteristic of the genetic algorithm (as better explained in the following of this paragraph).
The optimal load of each considered energy systems in order to minimize the total cost of the energy supplied to the users and
the costs of energy production represents the main output of the software.

3.1 Mathematical Model

With the aim to reach the goals of energy efficiency increase and fuel consumption reduction, the configurations analyzed in
this study are based on the specific mathematical model presented in this section. The developed genetic algorithm, indeed, is
based on the minimization of the following fitness function (FF):

where:
e (; isthe total cost of fuel and it can be calculated as:
Cr =[SV A (Lpa) + 2027 £08 (Lagi)] * Auer E6.2

where the functions fiM, ,{‘f express the power introduced with fuel in the i™ prime mover or auxiliary boiler as

function of the systems loads (Lpy,; and Lyg;). Furthermore, As,, is the cost of the fuel (expressed as €/kW)
introduced in prime movers and/or auxiliary boilers.

e (y isthe total maintenance cost of the energy systems. This parameter is estimated as function of the produced power —
electrical (EL), thermal (TH) or cooling (FR) — of each system and is calculated by using maintenance cost specific values
(u; expressed in €/kW):
Cu = Z?:Pi\”nme Ppribg; + Z?fft+nAB+nBB+nHP Pry by + Z?:ClﬁnAC Prpi* Upg E6.3
where P; is function of the load of each system P, = f(L;).

e  (y isthe total cost of the electricity purchased from the national grid and can be estimated as:
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Ce = Pgrp §eLp E6.4
being &g p the specific cost of purchased electricity (€/kW) and Py, p the total electric power from the distribution
network to the users. It can be seen that Py, p, if greater than zero, can be expressed as:
cC HP
Povp = iy Pl + TiCE cop o 4 TP gt s — 3IRGe £RGE (Lo ) — Si0M M (Lows) — Zi5 PES;  E65
fEER i(Lec) feop,i(Lup.i)

The previous expression represents the sum of the electrical power required from the users (U), from the compressor
chillers (CC) and from the heat pumps (HP) minus the production of the eventual renewable source generators (RG), of
the prime movers and the power recovered from electrical storage devices (ES). Moreover, féyp; and f&; represent
two functions which estimate respectively the energy efficiency ratio (EER) of the cooling machines and the coefficient of
performance (COP) of the heat pumps as function of the systems loads (L¢c; and Lyp ;). Finally, in Eq. E6.5, the
function f£" calculates the produced power of the i™ prime mover for a given load (Lppg)-

e  (y are the so-called fictitious costs. In details, Cr allows to force the regulation strategy of the whole energy grid
according to the rules of the thermal priority or of the electrical priority. In case of regulation with thermal priority, in
order to minimize the environmental impact of the prime movers, a fictitious cost has been introduced to take into account
the dissipation of thermal power discharged by the prime movers and not used for the utilities. With this regulation
strategy, if more electricity is generated compared to utilities’ needs and storage availability, surplus can be sold to the
network (if connected to the calculated energy grid). Conversely, the regulation strategy with electrical priority
discourages the sale of electricity to the grid by considering, opposite to the previous case, this option as a cost. This
strategy can be adopted in case of a smart grid not connected to the network (such as the case under investigation) or if the
national grid is not suitable to accommodate energy.

In case of thermal priority, it results:

Cr = Z?P{w ,(;Z:pl Afuel "pr — Pers - &eLs E6.6
In the previous relationship, it can be observed that the thermal energy dispersed to the stack (Qg;sp,;) is accounted as a
cost by considering it as a multiple (py) of the corresponding fuel cost used in a conventional boiler to produce the same
amount of dispersed heat. In this case, the sale of electricity to the network is accounted as a reduction of the costs of
electricity production considering a specific value &g s (€/kW).

Otherwise, if electrical priority is adopted, the fictitious costs become:

Cr = Pgrs " SeLs " P E6.7
where, the sale of electricity to the grid (Pg; s) is discouraged considering, as already said, this option as a cost. As well as
for thermal priority, a multiplication factor (pg) has been assumed, while the dispersion of heat from the prime movers to
the environment is not considered as a cost.

Beyond that, the software allows a combined priority which is defined as a mix of the previous strategies. On the basis of
the previous equations, it can be written:

Q
Cr= Z?Piw ~dispt Afuel "prt+ Pprse EEL,S "PE E6.8
NAB,a

Eq. E6.8 clearly shows that with this regulation strategy, both the dissipation of thermal energy to the stack and the sale of
electrical energy to the network are simultaneously discouraged. This is the approach adopted for the case studies.

3.2 Genetic Algorithm

In order to minimize the fitness function (FF) the genetic algorithm creates and/or evolves a population of candidate solutions,
in which the loads (L;) of the systems installed within the grid represent the chromosomes of each individual. The values of L;
allow the estimation of the FF on the basis of the previous equations. The evolution of the population starts from a first
generation which is randomly generated. This approach, as known, is usually adopted for the genetic algorithm.

It can be noted that the size (ps) of the population (i.e. the number of individuals) is defined as function of the total number the
systems (n.,) included in the smart grid. It results:

Ps = Py * (Lyp — L1o) * Mot E6.9
where Lyp and L, are the upper and lower limits of the variation range of the terms L;, while Pg,, is a multiplicative
parameter (an integer number greater than 1). Pg,, represents a tuning parameter which influences the convergence velocity of
the algorithm. Low values of P, mean few individuals for each generation, thus the convergence of the algorithm can
require a large number of iterations. On the other hand, high number of individuals reduces the number of required iterations
but increases the time required for each iteration.

Once the first generation is created, for each of its individuals the FF is estimated and then a FF rank is created. Solutions
with lower values of energy production cost are represented by individuals with lower values of FF and then are recognized
as high rank solutions; on the contrary, solutions with higher values of FF become low rank solutions. A defined percentage
of lower rank solutions (usually between 50% and 75% of the total population) is automatically eliminated from the
generation. The remaining individuals are instead involved into the creation of the next generation. The generation of new
individuals follows the crossover method (also known as recombination method) without mutation. This means that two new
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individuals are generated by two parent individuals. To guarantee that individuals with higher rank have higher probability
(under the statistical point of view) of generating a new individual, the selection of the parent individuals is realized with a
roulette method. The highest rank solution FFR#1(i) of each generation (with the exception of the first one) is compared
with the corresponding of the previous generation, FFR#1(i — 1). When the difference between these two quantities is lower
than a given tolerance value TOL, the procedure ends:

|FFR#1(i) — FFR#1(i — 1)| < TOL E6.10

4. HYPOTHESIS AND ASSUMPTIONS

In this section, the main hypothesis and assumptions of the study will be presented and discussed. In particular, different on-
board energy systems configurations are proposed (section 4.1) and the applied model for the off-design operation of the main
engines, the auxiliary engines, the auxiliary boilers, etc. (section 4.2) are discussed.

4.1 Energy Systems Configurations and Operational Strategies

In order to determinate the optimal configuration and operational strategy for the energy systems of the considered ship, six
different configurations have been proposed: the first three strategies are characterized by a standard configuration, that is the
current engines regulation, typical for this type of ships.

The remaining three strategies, instead, are characterized by a hybrid configuration of the engines, which is broadly used today
on the military ships.

In details:

BC Base Case — the first strategy considers the energy system scheme presented in Figure 5, corresponding to
the current layout of the vessel. In this case, both the mechanical and electrical powers are satisfied by
equally sharing the production among the corresponding engines; this management strategy — not currently
adopted in this ship — is based on the equal incremental cost criterion which is used in power generation
sector [49];

oL Optimized Load - in this second strategy the energy system scheme is still the one shown in Figure 5.
However, differently from the previous case, the load of each engine is determined by the developed
software in order to minimize the fuel consumption and the wasted thermal energy;

OL-S Optimized Load with Storage — in this case, the energy system scheme is the one presented in Figure 6,
which comes from the one in Figure 5 with the addition of a thermal storage device; also in this case the
load of each engine is determined by the developed software;

HY HYbrid — the fourth strategy is characterized by a different configuration of the engines compared to the
previous ones. In this case, in fact, has been considered an hybrid system — as is shown in Figure 7 —in
which all the engines produce electrical power and the propulsion is realized by means of two electrical
engines instead of the two gearboxes;

HY-S HYbrid with Storage — the engines configuration is the same of the previous case with the inclusion of a
thermal storage tank (see Figure 8);

HY-S-AC HYbryd with Storage and Absorption Chiller — in this last strategy, the engines configuration derives
from the previous one (HY and HY-S) with a further introduction of an absorption chiller unit, as presented
in Figure 9.

Each of these configurations has been implemented in the EGO software considering the energy demand curves presented in
Figure 4. The calculation has been developed considering — as already explained — three reference days (winter, summer and
spring/fall typical days). The main results of the simulations will be presented for a whole year (365 days) of ship operation.
Furthermore, relating to the configurations OL-S, HY-S and HY-S-AC, the thermal storage volume was part of the
optimization: the storage volume has been estimated in order to minimize both the auxiliary boilers fuel consumption and the
thermal energy from the internal combustion engines wasted through the chimney.

4.2 Energy Systems Off-design Operation and Other Assumptions

The off-design behavior of the main and of the auxiliary engines was considered according to the curves respectively presented
in Figure 10 and in Figure 11. It can be observed that the main engines show the maximum value of mechanical efficiency
(44.7 %) for a load equal to the 80 %, while — again with reference to 80 % load — the thermal efficiency reaches its minimum
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value (45.3 %). Differently, the auxiliary engines are characterized by a maximum value of electrical efficiency (42.8 %) and a
minimum value of thermal efficiency (47.2 %) with reference to full load operation. Further details about the calculation
methodology used to derive the curves in Figure 10 and in Figure 11 can be found in the Authors’ previous paper [37].

As regards the auxiliary boilers, the trend of the thermal efficiency as function of the load is presented in Figure 12. This
curve, which shows the maximum value (80 %) for a boiler load equal to 30 %, was estimated according to the evidence that
generally — for marine applications — boilers are characterized by high performance, even at very low loads [50]. Furthermore,
the EER trend as function of compression chiller load is presented in Figure 13. The plotted trend is typical of this kind of
machines and was estimated according to the literature on this matter [51]. Finally, for what regards the EER of the absorption
chiller (see HY-S-AC strategy in Figure 9), a constant value equal to 0.67 was considered [51].

A cylindrical insulated tank has been considered as thermal storage device, assuming a global heat exchange coefficient equal
to 0.5 W/m?K [52]. As previously mentioned, the choice of the optimal volume of the tank is a result of the developed analysis.
Furthermore, for the auxiliary components, such as gearbox, frequency converter, etc. (for simplicity not included in the
schemes in Figure 5 and from Figure 6 to Figure 9, with the exception of electrical engines and of gearboxes between main
engines and propellers), a constant value of the efficiency was taken into account. The assumed values are presented in Table
2 [53-55].

Finally, a constant value of efficiency (equal to 0.97) was assumed for the thermal and cooling energies distribution systems
from the production devices to the final users.

5. RESULTS

In this section the results of the yearly simulations for the operational strategies and configurations described in section 4.1 will
be presented.

In details, section 5.1 presents the energetic analysis which mainly takes into account the vessel’s consumption with a
comparison between the different developed strategies; section 5.2 presents a simplified economic analysis with a Net Present
Value (NPV) evaluation and introduces a briefly environmental analysis on main pollutant emissions.

5.1 Energetic Analysis

The yearly fuel consumption of the auxiliary boilers and the annual wasted thermal energy trends are presented respectively in
Figure 14 and in Figure 15, expressed as function of the thermal storage volume. In these figures, the green line represents the
standard configuration, analyzed through the three first strategies (BC, OL and OL-S) while the blue line represents the hybrid
configuration (HY, HY-S and HY-S-AC).

From Figure 14 it can be observed that, compared to the base case strategy (BC), the OL configuration involves a greater
auxiliary boilers fuel consumption, as it will be better explained in the following.

By the application of a thermal energy storage to the OL configuration (OL-S strategy) it can be observed that the auxiliary
boilers fuel consumption (green line) decreases with the increase in the storage volume. It has to be also observed that for a
storage volume equal to 11.5 m®, the consumption increase in OL strategy with respect to the BC strategy can be reduced to
zero (see Figure 14, red dotted line). With a further increase in the storage volume, it can be noted that the auxiliary boilers
fuel consumption reaches the complete boilers shut-down for a storage volume equal to 61 m* (for this reason, it can be
considered as the optimal volume for the standard configuration).

For what regards the hybrid configurations (blue line), from Figure 14 it can be observed that the fuel consumption of the
boilers is greater than the OL strategy (and the Base Case). This occurs without considering the thermal storage. In fact, with
the introduction of a storage tank, the boilers fuel consumption decreases and, even in this case, for a value of 22.7 m® (see red
dotted line), it equals the fuel consumption of the BC strategy. Moreover, it can be observed that also for the hybrid strategy,
the storage application involves an auxiliary boiler shut-down. In this case this occurs for a tank volume of 69 m®.

Relating to the thermal dissipations, instead, the reverse situation occurs, (see Figure 15). In fact, by applying the OL strategy
(optimized standard configuration) the heat losses decrease. Moreover, considering the thermal storage, this decrease is greater
until a storage volume of 61 m* beyond which this reduction will be imperceptible.

The same consideration can be done for the hybrid configurations. This strategy, indeed, involve a greater benefit in terms of
heat dissipations compared to both the base case and the standard configuration. The storage volume identified as optimal is 69
m?(HY-S and HY-S-AC strategies).

On the basis of all these considerations, the aforementioned volumes can be fixed as the minimum and the optimal ones. In
particular, for the standard configuration they are respectively 11.5 m® and 61 m®, while for the hybrid configuration they
correspond to 22.7 m*® and 69 m°. On the other hand, the optimal thermal storage volumes (that avoid the boilers fuel
consumption) evidently correspond to the maximum volumes which allow to recover all the heat discharged from the engines.
In other words, the previous assumption means that the maximum values of thermal storage volumes do not necessarily reduce
the dispersed thermal energy to zero (see Figure 15). In addition, it should be obviously verified the possibility to install these
devices on board, according to the available space.

Furthermore, from Figure 14 it has to be observed that the hybrid configuration is always characterized by a higher auxiliary
boilers fuel consumption and a higher optimal storage volume compared to the standard configuration and the base case.
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However, this is true if only the auxiliary boilers fuel consumption is considered, but — for a better evaluation of the strategies
effectiveness — the total fuel consumption (shown in Figure 16) should be considered. In Figure 16 contributions of auxiliary
boilers and prime movers to the yearly fuel consumption are presented separately.

At the same time, the annual dispersed thermal energy has been reported in Figure 17.

It must be pointed out that the results presented in these figures are in reference to the optimal volumes of thermal energy
storage devices aforementioned, where implemented (OL-S, HY-S and HY-S-AC strategies).

From Figure 16 it can be noted that the maximum fuel consumption is achieved in the base case, with a total amount slightly
higher than 104’000 MWHh; in this case the total thermal dispersed energy is equal to more than 26000 MWh (see Figure 17).
These values decrease with the adoption of an optimal management strategy, as results from the developed calculation code
application (OL). The reductions in fuel consumption and dispersed thermal energy, indeed, are respectively close to 8 % and
less than 29 %. On this regard, it must be noted that the fuel consumption reduction is due to the fact that, moving from BC to
OL strategy, the consumption increase for auxiliary boilers (as aforementioned for Figure 14) for an amount around 47 %, is
counterbalanced by the consumption decrease for engines (equals about 10 %). This evidence can be explained considering the
optimal operation of the engines (which results in a different load allocation with respect to the BC) that increases the
conversion efficiency and consequently — being equal for each configuration the produced energy (mechanical, electrical,
thermal and cooling) — reduces the available thermal energy from the engines. The adoption of thermal energy storage (OL-S)
further reduces the fuel consumption by completely shutting down the auxiliary boilers (as said for Figure 14), while the
operation of both main and auxiliary engines remains the same of case OL-S.

As expected, the optimal volume of thermal storage allows to reduce the dissipated thermal energy up to a value greater than
14°000 MWh, which corresponds to about the 57 % reduction with respect to the BC strategy.

For what concern the hybrid configurations, instead, the HY strategy allows a reduction of fuel with respect to the base case.
Anyway, the total amount of both fuel consumption and dissipated thermal energy is lightly higher than for OL-S
configuration. The adoption of a hybrid configuration, indeed, allows a greater flexibility relating to the engines load
allocation: it follows that the engines fuel consumption from OL-S to HY reduces from more than 90°000 MWh to 84°400
MWh, even if an increase in dispersed thermal energy occurs (about the 4 % greater than OL-S).

It should be considered that this slight increase in thermal losses is observed without the use of storage, which means that the
engines load allocation of HY appears to be more efficient than OL-S. The absence of thermal storage entails the adoption of
auxiliary boilers: in this case about 7100 MWh of fuel consumption are accounted, representing the highest value among all
the analyzed configurations. This evidence confirms the fact that the optimization of load allocation involves a reduction in the
engines fuel consumption and a contemporary increase in the auxiliary boilers employment. Thus, considering HY-S, the
adoption of the thermal storage allows eliminating all fuel consumption of auxiliary boilers and reducing the dispersed thermal
energy to about 10°000 MWh. As already observed for OL and OL-S, also moving from HY to HY-S the thermal storage
allows the complete boilers shut-down but does not affect the engines load allocation. Finally, the introduction of absorption
chiller, enables the further reduction of the dissipated thermal energy (which decreases of about 72 % and 27 % compared to
BC and HY-S respectively). As regards the fuel consumption, HY-S-AC shows a slightly reduction with respect to HY-S,
mainly due to the lower electrical demand of the compression chiller.

In Figure 18, the yearly operational equivalent hours (defined as the ratio between the annual produced energy and the design
power) are presented for each system (absorption chiller, compression chiller, auxiliary boilers, main engines — from PM#01 to
PM#04 — and auxiliary engines — from PM#05 to PM#08) and for each strategy. It should be highlighted that the reduction of
the operational equivalent hours, for a given system, means a reduction of its maintenance costs. Furthermore, from Figure 18
it can be noted that — moving from BC to OL and OL-S — no variations occur in the operational equivalent hours of the main
engines, the auxiliary engines and the compression chiller. The only difference, in these three cases, stands in the equivalent
hours of the auxiliary boilers. Likewise, HY and HY-S are characterized by the same values of equivalent hours both in case of
main and auxiliary engines. Comparing HY and HY -S with the previous three strategies (BC, OL and OL-S), it is observed an
increase in the operational equivalent hours of the main engines and a decrease for auxiliary ones. This is due to the application
of the software, which favors the engines with a greater conversion efficiency (see Table 1). Furthermore, HY strategy shows
an increase in auxiliary boilers’ operating hours with respect to the base case (BC), while in HY -S — as already explained — this
value is equal to zero. Equivalent hours of compression chiller do not show any changes, as expected, referring to strategies
from BC to HY-S. Finally, for HY-S-AC, due to the use of absorption chiller, a reduction of electrical load occurs. This fact
clearly results in a reduction of the operational equivalent hours for compression chiller, with a consequent decrease in the use
of auxiliary engines. Furthermore, a slightly increase in the operational equivalent hours of main engines is observed.

5.2 Economic and Environmental Analysis

In Figure 19 the yearly operating costs, accounting for fuel consumption and maintenance costs, are presented.

The calculation has been made considering the assumption [56-57] listed in Table 3.

From Figure 19 it can be noted that the main contribution to the total variable costs is attributed to the fuel costs. The total
maintenance cost value varies between 550°000 € and 580°000 €, representing a small percentage (around 7 %) of the total
variable costs. Based on this consideration, it can be said that the maintenance costs can be considered quite constant with the
considered strategy. Furthermore, with reference to the figure, it can be noted that OL-S involves a performance improvement
in terms of yearly variable costs (around 13 % reduction) with a moderate investment for its application. Compared to the
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current layout of the ship, the engines configuration remains the same, while the main change is represented by the installation
of a tank for the thermal energy storage.

Relating to HY-S and HY-S-AC, instead, a further reduction on the annual variable costs can be reached (around 18 % and
20 % for HY-S and HY-S-AC respectively, with reference to the fuel cost reduction). In this case, however, it has to be
considered not only the storage tank installation, but also a reconfiguration of the engines from the traditional to the hybrid
operation. Furthermore, HY-S-AC strategy needs an absorption chiller unit installation.

With reference to Figure 19, it can be determined the annual money saving for each developed strategy compared to the base
case, considering the differential cash flow.

A simplified economic analysis has been carried out based on the Net Present VValue (NPV), defined as:

(1+7)
where 1, represents the total initial investment cost, r is the discount rate, assumed equal to 7 %, N is the time horizon, and

CF; is the net cash inflow during the period t.
Setting NPV = 0, the maximum investment cost sustainable to pay back the expenditure in N years can be determined:

5 CF,
NPV = —I, + Z
i=1

N
_ CF,

I, = :
O L+t
i=1

The maximum investment cost, calculated for each developed strategy and evaluated considering periods of 2 years (red
columns) and 5 years (blue columns), is shown in Figure 20.

From the figure, it can be noted that for the OL strategy the investment costs are relatively low, ranging from around
10007000 € to around 3°000°000 €. Increasing the complexity of the adopted strategy, the sustainable maximum investment
increases up to 7°000°000 € (HY-S-AC).

In the following Table 4, the emissions factors of the main pollutant — such as Carbon Oxide (CO), Carbon Dioxide (CO,),
Nitrogen Oxides (NOy), Sulphur Oxides (SOy), Particulate Matters (PMs) and Non-Methane Volatile Organic Compounds
(NMVOC) - have been reported according to the Third IMO GHG study [8]. These values — representing the average
emissions related to the specific naval sector — refers to marine diesel oil (MDO) considered as input fuel used for all the
energy systems: main engines, auxiliary engines and boilers. It has to be noted that these values depend on the engines speed;
in this case, as aforementioned, the engines can be classified as medium-speed engines (see Section 2.2).

It has to be specified that the following analysis is a simplified evaluation carried out considering the average values of the
emissions factors and neither pollutant control system or strategies nor the corresponding legislation have been taken into
account.

Starting from these emissions factors values, the corresponding emissions quantities — for each developed strategy — have been
calculated and reported in Figure 21.

From Figure 21a it can be noted that, for what regards the CO, emissions, they vary from a maximum of about 30°000
toncoo/year to a minimum of about 24°000 tonco,/year, corresponding to the Base Case and the HY-S-AC strategies,
respectively. Because of these high values, the dioxide carbon can be considered the main pollutant emission.

Another significant emission is represented by the Nitrogen Oxides (NOx), shown in Figure 21b. These pollutant emissions,
indeed, range from about 650 kgnoyx in HY-S-AC strategy to quite more than 800 tonye,/year in the base case (BC).

Other minor but significant pollutant emissions, such as the PMs, CO, NMVOC and SOy, have been presented in Figure 21c.
In this figure it can be observed that moving from BC strategy to the HY-S-AC, the Particulate Matter varies from around 8 to
10 tons/year; the SOy, instead, ranges from about 20 to 25 tons/year; the CO from 21 to 26 tons/year and, finally, the NMVOC
varies from 23 to 29 tons/year. On the whole, it can be observed that the standard configurations (from BC to OL-S) can reach
a maximum decrease of the pollutant emissions equal to 14 %; with the hybrid configurations, these emissions further decrease
up to 20 % (from BC to HY-S-AC).

6. CONCLUDING REMARKS

One of the major challenges that world has to face today consists of new strategies development in order to improve energy
efficiency and to reduce pollutant emissions. In particular, the contribution of the maritime transport to greenhouse gases
emission cannot be neglected and more than 40 % of the total shipping costs is attributed to fuel consumption.

In this paper five different strategies to improve the energy efficiency of a medium size cruise ship have been developed and
compared to actual cruise operation. In more detail, two general main configurations have been considered: the standard
configuration, which is the current engine system of the vessel without any substantial change except for the storage tank
application — i.e. base case (BC), optimized load (OL) and optimized load with storage (OL-S) strategies — and the hybrid
configuration, which considers a different engines equipment and, in some case, the storage tank introduction — i.e. hybrid
(HY), hybrid with storage (HY-S) and hybrid with storage and absorption chiller (HY-S.AC) strategies.
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For each of the developed strategies, energy, economic and environmental analyses have been conducted. For what concerns
the energetic evaluation, a parametric analysis on the storage volume has been carried out to minimize the annual amount of
both the auxiliary boilers fuel consumption and heat losses. From this analysis, the optimal and the maximum storage volume
have been identified. Furthermore, the equivalent hours of operation for each of the considered strategies have been evaluated.
The results show that the developed strategies allow to reach both a yearly fuel consumption and dispersed thermal energy
decrease compared to current engines operation. These advantages become significant if a thermal storage tank is considered.
As regards the standard scenario, the optimal volume has to be considered between 11.5 m? and 61 m?; for the hybrid scenario,
instead, the minimum and maximum values are 22.7 m® and 69 m?®, respectively. On the whole, the total annual operational
equivalent hours, to which are associated the maintenance costs, decreases for those strategies that include the thermal energy
storage.

For what regards the economic analysis, a simplified Net Present Value evaluation, based on the differential cash flow has
been made, in order to investigate the maximum investment cost to pay back the expenditure of each strategies in 2 and 5
years. The annual variable costs of each strategy and in particular the maintenance and fuel costs have been considered,
highlighting the strong influence of the fuel cost on the total outlay.

Finally, a simplified environmental analysis has been carried out considering the main pollutant emissions, such as CO, CO,,
NOy, SOx, PMs and NMVOC. From the results appear that the maximum reduction of the pollutant emission can be reached
applying the HY-S-AC strategy (about 20 %). In terms of CO,, a yearly reduction of about the 20 % can be achieved (HY-S-
AC).
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Table(s)

Table 1 — Internal combustion engines design performance [44—45]

Model

| Wartsila 6L.46

Model

| Wartsila 6L.32

Mechanical Power [KW]
Thermal Power [kW]
Mechanical Efficiency [-]
Thermal Efficiency [-]

5850
6081
0.44
0.46

Table 2 — Auxiliary components efficiencies [53-55]

Electrical Power [KW]
Thermal Power [kW]
Electrical Efficiency [-]
Thermal Efficiency [-]

Component Ndes
Gearbox 0.98
Generator 0.97
Electrical Engine 0.96
Frequency converter 0.98
Shaft 0.98

Table 3 — Specific variable costs [56-57]

Costs €/kWh
Fuel 0.0843
Main Engine maintenance 0.0150
Auxiliary Engine maintenance 0.0150
Auxiliary Boilers maintenance 0.0060
Compression Chiller maintenance 0.0050
Absorption Chiller maintenance 0.0025

Table 4 — Emissions factor for MDO [8]

Emission E.F.

substance [ka/kg fuel]
Cco 0.00277
CO, 3.20600
NOy 0.08725
SO« 0.00264
PMs 0.00102
NMVOC 0.00308

2760
3049
0.43
0.47
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