‘ energies

Article

Innovative Power Generation System for Large Ships Based on
Fuel Cells: A Technical-Economic Comparison with a
Traditional System

Alessandro Ruvio !, Stefano Elia 1'*, Manlio Pasquali 2, Roberto Pibiri 3, Stephen McPhail 4

and Matteo Fontanella 1

check for
updates

Academic Editor: Felix Barreras

Received: 23 January 2025
Revised: 3 March 2025
Accepted: 10 March 2025
Published: 16 March 2025

Citation: Ruvio, A.; Elia, S.; Pasquali,

M.; Pibiri, R.; McPhail, S.; Fontanella,
M. Innovative Power Generation
System for Large Ships Based on Fuel

Cells: A Technical-Economic

Comparison with a Traditional System.

Energies 2025, 18,1456. https://
doi.org/10.3390/en18061456

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Astronautics, Electrical and Energy Engineering (DIAEE), University of Rome “Sapienza”,
00184 Rome, Italy; alessandro.ruvio@uniromal.it (A.R.); matteofontanella97@gmail.com (M.F.)

ENEA, The Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
00193 Rome, Italy; manlio.pasquali@enea.it

Carnival Maritime GmbH, 20457 Hamburg, Germany; roberto.pibiri@carnival-maritime.com

Kiwaltaly, 40057 Granarolo dell’Emilia, Italy; stephen.mcphail@kiwa.com

Correspondence: stefano.elia@uniromal.it

Abstract: At present, shipping companies are aiming to meet better energy and envi-
ronmental requirements when designing large cruise ships, thus decreasing emissions,
increasing efficiency and reliability and greatly reducing maintenance time and costs. This
paper provides a technical-economic comparison for a real case study, including a complete
feasibility study regarding the sizing of a generation system to supply base hotel loads, be-
tween two power plant architectures focused on fuel cells and diesel generators for a cruise
ship. The paper describes, in detail, an innovative solid oxide fuel cell (SOFC) generation
system, which offers high efficiency and low emissions, assessed for its technical, economic
and environmental performance. This study examines generators for hotels, requiring
continuous service at constant load and a 1 MW power supply. The work relates to ships
with a tonnage of more than 100,000 tons. Subsequently, considering that, in the case study,
the diesel generators are powered by LNG (liquefied natural gas), there will also be a com-
parison with a case where both systems are simply powered by LNG. The main technical
specifications required by shipbuilders for choosing the most suitable system for on-board
generation (weight, volume, maintenance intervals and operations, as well as investment
and operational expenses) are analyzed and described. The economic comparison is based
on two extreme assumptions of the purchase and operating costs of the fuel cell system
and returns a different result depending on the assumption adopted. The usefulness of the
proposed solution based on fuel cells is demonstrated on the basis of an accurate technical,
energetic and economic comparison with the conventional technologies based on diesel
generators. The work is completed by evaluating the overall power-generating reliability
improvement achievable with the new technology, in comparison with the traditional
system. The comparison between the fuel cell system and the diesel system shows that the
former has a higher weight (+40%), volume (+75%) and initial investment cost (3—6 times
higher). However, the lower LNG consumption reduces the annual operating cost and
the size and weight of the on-board tanks or, with the same tank capacity, increases the
system’s range. The overall reliability of the fuel cell system is significantly higher than
that of the traditional system.

Keywords: naval power plant; fuel cell; maintenance costs; power management reliability;
on-board generation system
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1. Introduction

Combining energy efficiency and renewable energy plays an essential role in the energy
transition. In September 2020, the Commission adopted a proposal to reduce greenhouse
gas emissions by at least 55% by 2030 and put the EU on a responsible path to become
climate neutral by 2050. To achieve climate neutrality, a 90% reduction in transportation
emissions is required by 2050. All modes of transport, including maritime transport, will
need to contribute to this reduction [1] and also to support industry [2].

With the initiative of the EU Maritime European Commission (Fuel EU Maritime), the
maritime sector has been included in the “Fit for 55” package [3].

The Fuel EU Maritime initiative aims to promote the use of sustainable alternative
fuels in European shipping and ports by addressing the following issues:

e  Market barriers preventing their use;
e  Uncertainty about which technical options are ready for commercialization.

The initiative is part of a package aimed at aligning the sector with the EU’s goal of
achieving climate neutrality by 2050. Updated scenarios for 2030 and actions to control
climate change, following the Paris accord, imply new energy investment approaches [1].
Driven by environmental constraints and concerns related to the need for “clean” and sus-
tainable energy, particularly in the maritime sector, fuel cells are taking a central role. Fuel
cells (FCs) have all the attributes to become a potential source of clean electricity on board
ships, but the technology applied to the maritime environment is still in the experimental
phase and state-of-the-art knowledge is the result of on-going funded projects [2].

A comprehensive review on the basics of fuel cell technology implications in the
maritime environment and experience from funded projects prior to 2016is given in the
literature [4]. Since then, the European projects “MARANDA” [5], on the use of proton-
exchange membrane fuel cells (PEMFCs), “SHIPFC”, on the use of ammonia as a fuel in
SOFCs [6], “NAUTILUS”, based on the use of LNG in SOFCs hybridized with batteries [7],
and “eShyps”, on the normative framework for an effective introduction of hydrogen in the
maritime passenger transport sector, make up the most important sources for development
in this application area [8].

In naval applications that require high power (several tens of MWs), such as cruise
ships, it will be difficult for fuel cells alone to completely substitute diesel generators
on board. A more realistic vision, today, could see the use of fuel cells for auxiliary
power generation in uninterruptible power supplies or as a support to primary generation.
Auxiliary power generation refers to constant and invariable loads, such as rooms and
hotel services whose demand is known but not associated with propulsion. The next step
in the maritime shipping industry will include the use of cleaner fuels on board, leading to
further innovations of propulsion and electrical systems on board.

This paper includes a brief description of the generation and distribution grids on
board large cruise ships and, based on the fuel cell technologies that are available today;,
identifies the most suitable architecture for the case study. The innovative contribution
of this work consists of a multifactorial assessment of the sizing of fuel cells and their
comparison with a traditional generation system of a cruise ship, based on weight, volume,
cost and reliability. The case study focuses on an LNG-fueled cruise ship with an installed
electrical power on board of between 40 and 60 MW [9]. The sizing of the components
follows strict guidelines (RINA regulations) on both fuel bunkering and the minimum
power to be guaranteed in case of failure on board ships, e.g., the minimum time that
essential cargo loads need to be ensured is 18 h, and consequently, the sizing of the
emergency power unit will be determined based on this datum. Section 2 reports the state
of the art of FCs and their topologies, and Section 3 highlights the two basic architectures
analyzed: a traditional layout of an on-board power system and a modular FC system.
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Section 4 reports the case study of a cruise ship and the design of FCs considering the
number of stacks, as well as their weight and footprint. Section 5 describes a techno-
economical comparison between the two generation systems, both powered by liquefied
natural gas (LNG). The paper ends with an analysis on reliability between the old and the
new system through the Reliability Block Diagram (RBD) method by identifying the most
suitable series/parallel layout to ensure continuity downstream.

2. State-of-the-Art FC—Topology

FCs utilize an electrochemical process to obtain clean electrical energy. This energy
can be used to power vehicles, for electronic appliances or as a distributed generation
source [10]. During operation, the cells use hydrogen and oxygen in separate electrodes,
the anode and cathode, respectively, generating electricity and water directly from the
chemical energy of fuel [11] without combustion [9]. Thus, unlike batteries, a fuel cell
converts fuel into electricity so that the amount of electrical energy that can be generated
depends solely on the amount of fuel stored, not on the size of the system [10]. FCs are
characterized by high power density, small size and high efficiency [12].In the shipping
industry, fuel cell power production can eliminate NOX, SOX and particle matter(PM)
emissions and reduce CO, emissions, especially when compared with emissions from
diesel engines [13].Nowadays, there are seven main fuel cell technologies, and they are
alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells
(MCECs),solid oxide fuel cells (SOFCs), proton-exchange membrane fuel cells (PEMFECs),
high-temperature PEMFCs (HT-PEMFCs) and direct methanol fuel cells (DMFCs) [11].
The main characteristics of these FC types are well known, as are their implications for
maritime applications [4,14,15]. The main challenges for FC systems are still manufacturing
costs, which are also related to the lack of mass production, and the availability of valuable
materials to build FCs. Furthermore, the application of FCs requires specialized harnessing
of heat recovery [16], fuel treatment [17], control [18] and degradation of membrane perfor-
mance [19]. Typically, fuel cells systems have an electrical efficiency of between 40% and
60%, but in combined heat and power (CHP) systems, they can achieve efficiencies of up
to 90% [11]. Authors are able to identify the ideal type of FC based on its size and related
reliability [18].

The two technologies most suitable for the cruise ship case study are PEMFCs and
SOFCs. PEMFCs in preferred because it has the highest power densities and respond well
to changes in loads; however, they require high power densities on board, and storing
large quantities of hydrogen is a problem [20]. The selection of LNG fuel represents a
substantial advantage, leading to the choice of SOFC technology. The SOFC-type system
for use on board sea-going vessels has already been studied in various projects, as reported
in the Introduction. Regarding dynamic response, reference is made to [21], where a model
of an SOFC engine and system is presented. Moreover, SOFC systems have begun to be
investigated in the automotive industry [20]. This technology, compared with PEMFCs,
offers greater power flexibility, lower sensitivity to impurities and a fair lifetime.

3. The Two Architectures Analyzed

Over time, naval electrical systems have evolved to meet increasing power demands,
serving in both propulsion and on-board services [22]. Innovative systems are proposed to
improve the environmental impact of a ship; using fuel cell generation for on-board services
moreover eliminates the problematic pollution that large ships bring to port cities. From
the operational point of view, shipboard power systems are similar to islanded terrestrial
microgrids [23].The traditional layout of on-board power systems consists of LNG-fueled
diesel generators, usually located in a pair of engine rooms (one forward and one aft) on
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the ship, and a distribution system that supplies power from the main switchboard via
cables to all the end users scattered along the ship [11]. The overall electrical system must
comply with the main standards and ensure the following basic requirements [24]:

Reliability and operational safety;
Contained weights and volumes of electrical machines;
Limited mechanical vibrations;

Reduced possibility of fire.

The voltage level of the primary and secondary distribution depends on the gross
tonnage of the ship. However, on average, a cruise ship has a tonnage between 80,000
and 150,000 tons; the largest ships can weigh up to 225,000 tons. The total average power
consumption by the base hotel loads (services), for this case study, is about 2 MW; the FC
system can be divided into two sections (right and left), each sized for a 1 MW nominal
load. Figure 1 describes the section of the architecture analyzed; it is located upstream of
the MV busbar, i.e., in the area for generation of on-board services. The propulsion system
is equipped with LNG combustion motor generators, as shown. On-board generation on
cruise ships is carried out with two propulsion power generators in the tens of MW size for
each power plant. There are two generators for on-board services that need a continuous
supply. All generators in the on-board power plant are LNG-fueled, as well as the FC.
Instead, the scheme described upstream of the MV busbar shown in Figure 2 is related to
the innovative FC generation system proposed to substitute the service generators (“port
gen for services”) and port connections [25].
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Figure 1. Overview representation of MV generation currently adopted (half a ship).
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Figure 2. Outline representation of MT generation with implementation of FCs (half a ship).
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Starting from the scheme in Figure 1 (the traditional one), the goal is to eliminate the
generators used for base hotel loads and replace this with a 1 MW modular FC system.
The generators used for propulsion remain unchanged. To increase the reliability of the
system, however, an auxiliary generator will be retained as a back-up that will not be used
under ordinary conditions and therefore is not dealt with here. Starting from the scheme in
Figure 1, with two power generators and two generators for hotel loads, the system shown
in Figure 2 can be obtained. In this model, 1 MW of the hotel loads will be replaced by the
FCs, and two generators are added for back-up power (hot or cold) [26].

The scheme in Figure 2 allows high degrees of reliability to be achieved. The system
is a redundant system with two inverters and n FCs connected to form the power stack
we need.

Moreover, better than the traditional system, the architecture with FCs guarantees
a good fault tolerance, with the possibility to switch to a back-up component or group
by introducing redundancy. The prerequisite for practical redundant operation is an FC
modular system that can be maintained or repaired during regular operation of the ship.
The weak point of the system is the electronic inverter. For this reason, the generating
system is connected to two inverters in parallel, both of which are sized for the maximum
power (1 MW); as a result, the electronic converters turn out to back up each other. In
the event of a cell stack failure, only a small percentage of generation may be lost; there-
fore, the generation system is divided into several FC stacks connected in parallel. The
whole generation system, studied in this work, allows replacement and maintenance opera-
tions to be conducted with the system in operation, introducing some benefits, including
the following:

Increased operational reliability and safety;

Containment of the weights and volumes of electrical machines;
Limits on mechanical vibration;

Reduced possibility of fire;

Reduced port pollution.

4. Case Study: Introduction and Scope

The cruise ship under study utilizes an 11 kV AC-60 Hz power system, which is
consistent with the majority of cruise ships. If a power converter is needed, it is advisable
to install it onshore, as suggested in reference [27]. A voltage level of 690 V AC will be
chosen for the secondary distribution throughout the ship, except for in the kitchens, which
use the 440 V value.

On board the ship, two power stations for the production of electrical energy are
installed (each power station usually has three synchronous generators), as well as one
emergency power station, usually sized for about 1 MW.

Overall, the generation power is about 60 MW, which is divided as follows: about
10 MW is used to power the on-board services (hotel loads) while the remainder is used for
propulsion [27].

In this paper, only the electric generation part associated with continuous base hotel
loads is included in the sizing, leaving the electric propulsion part unchanged. Moreover,
only the base hotel load power of half a ship is considered (the target size is 1 MW), and
only one of the two power plants on board is designed. For the economic comparison
between the two systems and in component sizing, a very constant and predictable load
profile is assumed [1].

The sizing of the components follows strict guidelines both on fuel bunkering and
on the minimum power to be guaranteed in the event of a breakdown on board. RINA
and SOLAS (Safety Of Life At Sea) regulations have also been taken into account to size
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the emergency generator [28]. All recommended regulatory inputs for increased safety are
then used as a basis in technical design choices. There are usually four generators on board
a ship for each side:

e  Two for propulsion;
e  Two for on-board services (hotel loads).

A comprehensive comparison between two equivalent power generation systems, a
diesel generator and a fuel cell system, both fueled by LNG is presented below.

The comparison is structured into three main aspects. The first evaluates the volumes
and weights of both systems, including the storage tanks. The second is an economic
analysis, considering both purchasing and operating costs. Finally, the third aspect focuses
on the reliability of the two solutions.

5. Comparison Between Traditional Generators and FC System

This section shows the comparison between the two systems previously illustrated: the
SOFC system and the conventional electric generation system. Both systems are compared
on the basis of weights and volumes and are powered by the same LNG fuel.

5.1. Weight and Volume Evaluation of Traditional Generator Tank
Table 1 reports the main features used for sizing the LNG 1 MW generator.

Table 1. This datasheet of LNG traditional generator.

. kVA Emission Length  Width Height Weight

Model Engine  gind-By  Standards WH Y mml meml [kl

C32 1100 C32 1100  Low Emissions 2432 4795 1695 2162 6668

C321250 C32 1250 Low BSFC 2524 4874 1695 2162 6985

C32 1400 c32 1400 Low BSFC 292 4551 2231 2175 8099

C32 1500 c32 1500 Low BSFC 314 4551 2231 2175 8099

3512TA1400 3512 1400 Low BSFC 2978 5248 1974 2367 9072
3512BTA 1500 3512 1500  Low Emissions 3315 5237 1975 2342 12,594
3512BTA 1600 3512 1600  LowEmissions 3235 5358 1975 2367 12,89
3512BHDTA 1750 3512 1750  Low Emissions 3552 5469 2286 2367 12,642
3512BHDTA 1875 3512 1875  LowEmissions 3955 5395 2286 2367 12,642
3516TA 2000 3516 2000 Low BSFC 4209 6329 2286 2410 16670
3516BTA 2250 3516 2250  LowEmissions 4951 6373 2286 2494 155535
3516BHDTA 2500 3516 2500  LowEmissions 5427 6373 2286 2494 155535
3516CHDTA 2750 3516 2750  Low Emissions 572 7542 2569 3096 19,750

Taking into account Table 1, the 3512BTA 1500 generator with a power of 1500 kVA
has been considered. Table 1 can be used if the reader wishes to extend the analysis to
other systems.

The following main technical features can be summarized for an LNG system:

e  Generator weight (12,594 kg) and fuel/h weight;
e  Generator volume (24 m3).

The generator has an hourly consumption of 331.5 L per hour. The volume of the tank
is 0.33 m3 (1).
Vtank = C =3315L (1)

where Vi, is the volume of the tank andCy, is the hourly consumption of the unit.
Considering that natural gas has a density ranging from 0.42 kg /L to 0.47 kg/L [29],

VING = dING X Crank= 042 x 3315 = 129.23 kg @)
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This is the hourly mass that must be added to the weight of the generator; assuming
that the density is 0.47 kg /L, the result would be 155.81 kg. Continuing with FC tank sizing,
a 1 MW system operating for 1 h will deliver the following:

EkC = Paverage X t=1 MW x 1h =1 MWh = 3600 MJ 3)

Considering an SOFC and remembering that LNG has an energy density of
5.8 kWh/L [30] and the SOFC system has an efficiency rating of at least 60% [20],

E[M]] 3600 MJ

VinGg = =
Energydensity{%} X 1FC 5.8 x 3.6 x 0.6

—=287L (4)

The amount of LNG that is needed on board is directly proportional to the expected
number of hours of operation. Therefore, the tank sizing is proportional to the amount of
LNG needed. In a similar way to the previous case, it is possible to calculate the weight of
the LNG for the fuel cell application.

042 kg

MING — dLNG X VLNG = x 287 L = 120.54 kg (5)
Opting for LNG density values of 0.42 kg /L or 0.47 kg /L, the resulting weights are
120.54 kg and 135 kg, respectively. This is for continuous operation at 1 MW power.

5.2. Sizing of Power Generators for On-Board Services

As previously mentioned, an FC system is compared with a diesel generator withthe
same power. Single SOFCs generate around 10 W depending on the fueling conditions
and the electric load, and these are connected in series to form stacks. The size of these
stacks can vary depending on optimal power as well as fluid and thermal management
for the specific cell architecture. Stacks are then usually integrated in stack modules that
provide the plug-and-play interface with the overall system. To obtain the power of 1 MW,
any configuration of stacks or stack modules can be employed, e.g., 1000 modules of 1 kW
stacks or 10 modules of 100 kW stacks. This depends entirely on the engineering approach
selected by the SOFC stack technology developer, and both stacks within the module and
the modules themselves can be connected in parallel or in series. Usually, series connection
is preferred to crank up the system voltage. The voltage generated by single fuel cells has a
low value (0.6 to 0.8 V); therefore, full series connection is suggested, leading to an output
voltage between 6 kV and 8 kV, very close to the desired 11 kV in MV.

Although SOFCs respond fairly well to load variations, in this case study, they are used
for continuous base hotel loads. Electric propulsion powered by conventional generators
is maintained as they are better suited to provide peak power in transients and can better
safeguard the SOFC, preventing more rapid degradation of performance. LNG can be used
in both natural gas engines and fuel cells and is characterized by 15% higher efficiency than
diesel [20]. The FC modules are completed by the entire electrical system known as the
Balance of Plant (BoP). The BoP includes all the facilities necessary for the operation of the
plant (electronic control system, heat recovery system and the auxiliary equipment). The
size of the BoP depends on the chosen FC technology.

Market surveys suggest adopting, for stacks of this type of cell, a power density of
0.073 kW /kg and 0.37 kW /L. With these data, the volume and weight of a 1000 kW system
can be calculated. The result is that the SOFC modules weigh 12 tons and occupy a volume
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of 2.75 cubic meters. Similar systems, including the Balance of Plant (BoP), are housed in
containers with the following dimensions:

6m x 24m X 2.5m =33 m°>

The authors make the assumption that the Balance of Plant (BoP) weighs approx-
imately 7 tons or less. They envision a real “container” that houses all the necessary
equipment for supplying, conditioning and controlling reagent flows (such as fuel and air),
managing heat exchange, regulating power and incorporating safety devices. This con-
tainer, including both the Balance of Plant (BoP) and its associated accessories, is estimated
to have a total weight of 10 tons.

5.3. Weight and Volume Comparison Between Old Generators and New FC System

A comparison of the weights takes into account both the weight of the systems and
the weight of the fuel for each hour of operation. A summary of the data associated with
the weights and volume of the two systems, powered by LNG, is shown in Table 2.

Table 2. Summary of weights associated with the two systems.

Tank
Volume Weight Volume Weight
[m?] [t] [m>/h] [kg/h]
Generator 24 12.5 0.33 129.23
FC + Accessories 33 22 0.28 120.54

The volume and weight of the generator can be obtained from the datasheet of the
generator reported in Table 1.

To assess the suitability of the two systems from a weight perspective, Figure 3 has
been evaluated.

Weight comparison trend
500
450

400
350

150
100
50

o
o

Weight [ton]
NN w
o wn
o O

® 1661
<.1812
® 1963
2265
2416
2567
2718
2869

22114

—Tradizional Genera
SOFC

Figure 3. Weight comparison trend between the two systems with the same LNG fuel (generators
and tanks included).

Comparing the tank volumes of the systems reveals that the fuel cells (FCs) require
a volume of 0.28 m3, while the generator, during hours of service, needs a volume of
0.33 m>. The trend of the graph is that of two straight lines represented by an equation of
the following type:

y=mx+q 6)
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where m is the angular coefficient and represents, as well as the slope of the line, the
hourly consumption (in kg), so it will be, in one case, 139.23 and, in the other, 120.54, and q
represents the point of intersection with the y-axis and the weight of the two systems with
the “empty” tanks, i.e., 50 and 12.5 tons in the two different cases. The point of intersection
is equal to 2001.4 h.

The result obtained and shown in Figure 3 suggests that the fuel cell system is more
convenient for operating times above 2001.4 h, while for generation with operation below
2001.4 h, the conventional generator is more convenient. This is under the assumption that
there is no intermediate refueling in the cruise ship route.

From a technical point of view, the weight and volume assume a principal role to be
taken into account in maritime application. The weights are important as the ship cannot
load too much over the limit, in which case the waterline would go below the set level,
compromising optimal navigation and increasing consumption. The graph also shows that
both technologies are comparable in terms of weight, so the proposed new system appears
to be absolutely viable.

6. Technical and Economic Comparison Between Old Generators and
New FC Technology

Between the two different solutions, it is useful to evaluate the expenses incurred
to determine which, among its solutions, is more cost-effective. Thanks to the previous
section, the hourly consumption of the two systems, expressed in [kg/h], is known. The
price of LNG fuel is 0.8 EUR/kg (11/2024 Source: Carnival Corporation).

6.1. Purchase Cost and Initial Investment

An initial investment of EUR 400,000 is assumed for the 3512BTA caterpillar gener-
ator shown in Table 1. The capital cost of investment for the SOFC system is between
1500 EUR/kKW and 3000 EUR/kW: for the 1 MW system, an initial investment for the FC
system of EUR 1.5-3 million is expected.

6.2. Maintenance and Operation Costs

Relevant for comparison purposes are the annual expenses related to maintenance and
fuel. Maintenance costs for the generator follow very specific protocols, and, in particular,
the following expenses will need to be addressed (case of Carnival Corporation):

e EUR 15,000 for annual maintenance of the engine and alternator;

e EUR 60,000 every 5 years;

e EUR 15,000 over 5 years in various expenses not included in previous expenses;
e  Total for 5 years: EUR 150,000.

For the assessment of FC-related maintenance costs, it will be difficult to have concrete
estimates given that they are an innovative technology. Evaluating the state of the art
(current—2024) with an estimated performance life until 2027, the following costs will have
to be incurred:

e 1% per year of total invested capital: EUR 15-30,000;
e  15% of annual capital invested for stack replacement: for this study, we consider the
constant value of EUR 450,000.

Due to aging during operation, the SOFC stack should be replaced after 40,000 to
70,000 h. An important consideration is therefore the number of annual hours of use.
Considering the high investment, especially in the SOFC system, we assume a minimum
operation of 5000 h per year and a maximum of 8000 h. Table 3 reports all features described
for the two systems fueled with the same LNG.
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Table 3. Economic/cost comparison between the two systems with the same LNG fuel.

Fuel Cell Traditional
Initial cost [KEUR] 1500/3000 400
LNG price [EUR/kg] 0.8 0.8
Hourly consumption of LNG [L/h] 287 3315
[kg/h] 120.54 139.23
Hourly consumption [EUR/h] 96.432 111.384
Annual hours [h] 5000-8000 5000-8000
Maintenance Fuel cell Traditional
Annual maintenance [EUR/year] 30,000
Maintenance 5 years [EUR/5years] \ 150,000
Maintenance every 40,000-70,000 h [EUR] 450,000 \

Below, the investment and operating costs for the two systems will be compared over
a 40-year period, in the two scenarios where they operate for 5000 or 8000 h per year.

6.3. Estimation and Prediction

In order to conduct an investment analysis, a comparison between the purchase,
operation and maintenance costs of the diesel generation system and the fuel cell system is
made. It is assumed that both systems operate at a fixed point, generating part of the ship’s
hotel load. This implies that fuel consumption remains constant throughout the service
duration. Since the ship is never completely shut down (except for newly installed cold
ironing systems, which are currently not widespread), very long operating periods can be
assumed, which are interrupted only by maintenance stops. For the investment comparison,
it is assumed that both systems operate for 5000 or 8000 h per year (one year = 8760 h). In
the case of the diesel system, fuel consumption and its associated cost, as well as purchase
and maintenance costs, and the number of operating hours after which maintenance is
performed are known. For the fuel cell system, the extreme cases of cost/maintenance
intervals presented in the previous tables need to be considered.

The following graphs show the total investment and operating costs of both systems,
considering the annual operating time and the number of operating hours of the fuel cell
stack before it is replaced with a new one.

Figure 4 presents the costs in the condition assuming the stack replacement every
40,000 or 70,000 h and with both systems operating for 5000 h/year; the initial cost of the
FC system is KEUR3000.

3 x10* 5000 hly ion 3000 kE FC Initial Cost
T T T

Dies

FC 40000 h
FC 70000 h

Cost [KE]
o

L
0 5 10 15 20 25 30 35 40

Figure 4. Costs under the conditions of both systems running for 5000 h/year; initial cost of FC
system is KEUR3000.
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From the graph shown in Figure 4, by running both systems at 5000 h per year and
replacing the stack every 40,000 or 70,000 h, it is evident that the traditional generation
system always pays off. It is evident that whatever the annual operating time of the cells
is, it is always worthwhile, over the 40-year period of analysis, to opt for the conventional
generation group. Now, the case is considered where the systems operate for 8000 h per
year, and the stack cost is kKEUR3000. The results are represented in Figure 5.

4 <104 . B‘ODO hly operation 30‘00 kE FC Initial Cos‘!

Diesel
FC 40000 1
FC 70000 b

x22

ost [KE]

[¢

1 1
30 3 @

Figure 5. Costs under the conditions of both systems running for 8000 h/year; initial cost of FC
system is KEUR3000.

Even in this case, the investment in the fuel cell system does not seem very appealing,
as it pays off in approximately 22 years and only if the stack is replaced after every 70,000 h
of operation. The analysis is repeated under the most favorable conditions for the fuel
cell, namely considering initial construction costs of KEUR1500. Figure 6 is analogous to
Figure 4.

x10* 5000 hly operation 1500 KE FC Initial Cost
T T T

——— Diesal

FC 40000 h
FC70000 h

x2
e Y 138497

—

ost (KE]

C

X 13
Y 8028.08

/‘

1 1 1 1 1
15 20 2 0 £ a0
Year

0

0

Figure 6. Costs under the conditions of both systems running for 5000 h/year; initial cost of FC
system is KEUR1500.

Now the scenario has changed: the investment in the FC stack proves to be advanta-
geous if it is replaced every 70,000 h; otherwise, the two systems are practically equivalent
after 19years of operation. Now, the most favorable case for the FC system is examined,
namely investment costs of KEUR 1500 and 8000 h of operation per year (Figure 7).

In the extreme case, the FC system pays off in 13 years, is practically the same after
9 years, remains equivalent to the diesel system until 18 years, and becomes advantageous
thereafter. However, with a stack replacement every 40,000 h, the investment is not
very significant.
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5000 hly operation 1500 KE FC Initial Cost
T T T

Diesel
FC 40000 1
FC 700001

Cost [KE]

x13
Y 8028.08

Y 139497

X 18
Y 11491

x 23

o
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15

Year
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3

0

Figure 7. Costs under the conditions of both systems running for 8000 h/year; initial cost of FC
system is KEUR1500.

6.4. Results Discussion

The comparison just presented highlights that the real economic advantage of the fuel
cell system lies in its higher efficiency compared to diesel. However, its investment and
operating costs are significantly higher than those of diesel.

Table 4 summarizes the observations made up to this point. The number of years
provided as the return on investment is the point at which the costs of the two systems are
at least practically equivalent or the cost of the fuel cell system is definitively lower than
that of the diesel system.

Table 4. Payback times for investment/operating costs of the fuel cell system.

Initial Stack Replacement Maintenance Years
Cost [KEUR] [h] [h/year] [yl
3000 40,000 5000 >40
3000 70,000 5000 >40
3000 40,000 8000 >40
3000 70,000 8000 22
1500 40,000 5000 30
1500 70,000 5000 19
1500 40,000 8000 24
1500 70,000 8000 9

The simplified analysis indicates that the advantage of the fuel cell will emerge only
with mass production and, potentially, an increase in the costs of the fuel gas.

7. Reliability

The traditional generation system, with the innovative one characterized by the ad-
dition of FCs, are compared in terms of reliability. For more in-depth analysis related
to control logic and their strategies, reference is made to [18]. The comparison is used
to identify and illustrate the optimal arrangement of SOFC systems, with the associated
connection between the various complete systems, in order to ensure adequate reliability
for the required utilization. The two systems are compared from the perspective of overall
failure rates. The method used is the RBD (Reliability Block Diagram) method. Follow-
ing SOLAS regulations, “a passenger ship must be designed so that essential systems remain
operational after an accident. Vital systems must be contained within a watertight zone”. The
basic requirement for ships is SRTP (safe return to port). It is planned to install one SOFC
system for each fire zone. Remembering that there are five to eight fire zones in new ships,
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it is possible to cover the base load. Another advantage achieved is the equal distribution
of weights on board a ship. The concepts of reliability, availability and MTBF have been
calculated as reported in [31-34]. As follows, the probability of failure A and the mean time
to fault are defined in (7) and (8). In (7), Aayg is the average value of the failure rate, NF is
the quantity of failed components, N is the total quantity of components in the analysis, T
is time, MTTF is mean time to failure, MTBF is mean time between failures and MTTR is

mean time to repair.
NE

A = — 7
AVG = NXT )

1
MTTF = (8)

Aave
The equations for calculating MTBF and availability are given in (9) and (10):

MTBF = MTTR + MTTF )

MTTF
A= MTTR + MTTE (10)

The RBD method is a tool for describing the effect of component failure in a complex
system [35]. In order to apply the RBD method, it is important to make the assumption
of constant failure rate over time and a non-repairable system. Having a system that is
not repairable but is quick to replace means having an MTTR = 0. In the RBD method, the
following basic rules were applied:

e each component of the system is represented with a block;

e different system configurations are considered, essentially to compare the traditional
system with the proposed one.

For the innovative FC system, reference is made to the MTBF of the 1.5 kW stack
alone [31]. The SOFC system, while having multiple components, is now characterized by
the stack alone. The MTBF of the stack is between 100kh and 200kh. The other data were
obtained accurately from [31] based on statistical data obtained over several years. The
data chosen to make the subsequent calculations are presented in Table 5.

Table 5. Average MTBF for components in a circuit to ensure absolute continuity [33].

Component Symbol MTBF [h]
Circuit breaker CB 229,991
UPS system UPS 72,574
Control unit CU 750,000
Fire-related risk factor FRF 438,000
Inverter INV 50,000
Switchgear busbar SBB 923,068
Stack of FCs FC 100,000

To ensure reliable results, a study of reliability is conducted based on tests that must
follow stringent compliance. Valid scientific data are mainly collected in the laboratory
environment through monitoring performed by [36].

7.1. Reliability of Conventional Generator

Starting from the IEEE Gold Book data [37], an estimate of the reliability of the
conventional generating set is made. Continuous operation of the synchronous generator is
considered. The overall system, involving the generator pack plus all auxiliaries that make
up the Balance of Plant, is taken into account.
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The values of MTBF and MTTF reported in Table 6 refer to the operation of the
generator for 8760 h/year. The reference MTBF value used in this analysis is 1997 h.
However, it appears that the selected MTBF value of 1997 h is relatively low compared
to the MTBFs listed in Table 6. This is attributed to the various potential failures that
could affect the generator. Furthermore, the 1997 h MTBF includes all the auxiliaries of the
generator. The most common failures of a generator are as follows [36]:

e  Control instrument failures;

e  Breaker failures;

o  Cooling system failures;

e  Engine failures (here, there will be many possible failure events related to the large
number of mechanical components);

o  Exhaust system-related failures;

e  Fuel-related failures (starting from the fuel tank and going to the filters, pumps, any
valves and injectors);

e  Failures related to the generator itself;

e  Failures related to oil lubrication.

Table 6. MTBF and MTTR values of a traditional generation group.

Auxiliary Generator
Failures (per unit year) 3.9 4.3
MTBF [h] 2233.5 1997
MTTR [h] 2.9 6.4

Each type of failure contains within it multiple causes, and this would make the
study of the overall MTBF of the system very long and complex. The symbol “FRF” refers
to the risk of fire-related failure. A generator can be reliable for 15-20 years if routine
and extraordinary maintenance are carried out. Quarterly maintenance of a synchronous
generator is carried out after about every 2190 h of operation. If this quarterly maintenance
results in “zeroing out” the possible causes of a failure event, then it could be argued that
since 2190 h is greater than the MTBF of 1997 h, we could consider the system to be reliable
overall. The value of the overall MTBF is quantified considering that there is always a
medium-voltage switch downstream of each generator. The meaning of the acronyms
reported from Figures 8-16 are as follows:

e (B is circuit breaker;
e  SBBis switchgear busbar;
e GENis generator;
e  FREF is fire risk factor;
e INVisinverter;
e FCis fuel cell.
SBB
-
N CB L
| e {1
AN —
—F

Figure 8. Traditional generation system scheme.
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[GEN—] cB |—{FRF

Figure 9. Block diagram traditional generation system.

SBB
GEN1 CB1 —
—
GEN2 CB2
—
GEN3 CB3
—

Figure 10. Traditional generation half-ship system scheme with three generators.
IGEN1—CB1
GEN2——{CB2| FRF SBB

GEN3——|CB3

Figure 11. Black diagram of a complete traditional generation system.

SBB
INV SN
—CB |,
FC —o—
~ —
—>

Figure 12. DC generation system of half a ship.

FC —{INV — CB —FRF—sBB}

Figure 13. RBD model diagram of DC generation by an FC.

INV1

= CB1 SBB
Fo1 A
—
CB3 [m] INV2 >
— /]1CB2 —

FC2
~

Figure 14. Power generation system divided across two redundant inverters (half a ship).

Figure 15. Block diagram of generation system with generators divided across two redundant
inverters (half a ship).
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Regarding the analysis concerning control logic and its strategies, reference is
made to [18]. The calculation of the total MTBF of the circuit is represented in the
following equation:

1

MTBFr, = = 1966 h = 0.22 years (11)

1 1 1 1
MTBFozy |~ MTBFcs T MTBFre | MTBEsps

As expected, the MTBEF value is very similar to the 1997 h value of the synchronous
generator alone. This is not a problem considering the very stringent maintenance protocols.
Within the two shipboard power plants, as mentioned above, there will be a protocol
based on redundancy. Usually, the redundancy is obtained with three generators for each
independent power plant. This definitely raises the MTBF value and allows for continuity
of generation when one or two of the three generators are under maintenance. Figure 10
reports the presence of three synchronous generators for each power plant, as is generally
the case for cruise ships.

The calculations to assess reliability are reported below:

1

1 1 1

MTBFr,: = n n
MTBFgeNcB12s @ MTBFprp © MTBFspp

= 3521 h = 0.4 years (12)

where MTBFGgNcB represents the three generator blocks and the switch in series:

1

MTBFgencE = — —— =1979.8h (13)

MTBFoey |+ MTBEcs

The MTBF value of the two systems in parallel is represented below:
MTBEscans = | Recencaizs dt = 35637 h (14)

where

Rcencpi2 = Rgencsl + Rgence2 — Reencait * Rgenca2 (15)

The reliability value of the third branch put in parallel with branches 1 and 2 has been
calculated in the same way, as follows:

R = ¢~ mrwr ! (16)
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MTBEp,; =

The total system with the three generators will have an MTBF value of 3521 h, which
corresponds to 0.4 years. The MTBF value is a statistical value, and since the generator is
subject to stringent maintenance protocols, it is considered reliable and safe.

7.2. Reliability of FC System

It is important to evaluate the complete reliability of the system from the stacks up to
the 11kV busbar from which the different loads branch off. Figure 12 shows instead the
scheme used for the RBD method. The symbol “FRF” refers to the risk of fire-related failure.

The calculation of the total MTBF of the circuit is represented in (19):

1

T i =26,515h = 3.02 years 17)

1 1 1
MTBF;c T MTBENy | MTBEc; + MTBExr T MTBFsgs

These values are purely statistical data, and MTBF should therefore not be mistaken for
the lifetime of a system. A given system may not fail during its operating life, while others
perhaps may fail several times. The proposed circuit model definitely involves the presence
of one or more UPS given the absolute continuity requirement. One might think that
downstream of the SOFC system, there is a “no-break” load. The case study with UPS is not
considered since a UPS is not present in the generation. For reliability, there is the concept of
fault tolerance, and it is possible to switch to a back-up component or group by introducing
the concept of redundancy. The prerequisite for practical redundant operation is a system
that can be repaired. One could think of exploiting the SOFC system by dividing the 1 MW
power into two or more systems and also dividing the related inverter by creating a link,
which, as illustrated later, in the RBD model is a parallel connection. Systems, both fuel cells
and inverters, can be connected in parallel. Increasing the number of components in parallel
will increase the probability of failure but it will also tend to increase the MTBF value. The
reason for parallel connection is the introduction of a redundant component. Redundancy
increases reliability and the value of the MTBEF. In an n + 1 system, the redundant unit (+1)
must remain available for all remaining n units. The following figures report the presence
of the power split in two. CB3 is a disconnect switch that is normally open and will be
closed only if one of the two inverters goes out of service.

Assuming the same values for the MTBFs of both the inverter and the stacks, we can
obtain the total MTBF in this case:

1
MTBFTOt =

3 i = 38,073.32 h = 4.35 years (18)

1
MTBFrcinvi: | MTBFrrr |+ MTBFsgg

MTBFny represents the two FC blocks, inverter and its switch in series:

1

1 1

MTBFrciny =
MTBFrc T MTBEny

=29,113.78 h (19)

The MTBEF value of the two systems in parallel can be determined as follows:
MTBFPC]sz = / RFCINVIZ dt =43,670.7 h (20)
0

where

Rrcinvi2 = Recinvi + Recinve — Recinvi X Recinva (21)

recalling that
R = e msr <! 22)
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In this second case, the MTBF value has increased as expected and comes to 4.35 years.
Table 7 shows schematically the state of the three switches in case of failure.

Table 7. Summary of the status of the 3 switches in the case of a failed component.

Failed Component CB1 CB2 CB3 Energy Provided by
FC1 OPEN CLOSED OPEN 100% FC2
FC2 CLOSED OPEN OPEN 100% FC1
INV1 OPEN CLOSED CLOSED 50% FC1 +50% FC2

(INV1 sized on 100% of the ship power)
50% FC1 + 50% FC2

INV2 CLOSED OPEN CLOSED (INV2 sized on 100% of the ship power)

Figure 16 reports the block diagram where the fuel cell modules are divided into
10 blocks, fed by two inverters. The FCs can work in parallel or can be crossed to the
inverters thanks to the bypass CB3.

The value of the total MTBF can be expressed as follows:

1

1 4 1 4 1
MTBFpcinv1i2 ~ MTBEprpr ' MTBFspp

MTBFEp,; = — 43529.5h = 497 years  (23)

And in this case, the MTBFpciny of a single FC module block plus its series inverter
and its switch is equal to the following:

1
MTBFciny = — —— =34002.35h (24)

1
MTBFyrc + MTBENy T MTBFcp

The MTBF value of the two systems in parallel can be determined as follows:

[ee]
MTBFreinyy = / Recinvia dt = 510035 h (25)
0
where
Rrcinvi2 = Recinvi + Recinve — Recinvi X Recinve (26)
recalling that
R = ¢~ mrwr ! 27)

In this third case, the value of MTBF has increased as expected and is almost up to
5 years. With good management of parallel modules, it is possible to increase the MTBF
value of the overall system from 26,515 h to 43,529.5 h. With the presence of two inverters,
the power is divided. When testing one of the two inverters, one can choose to run the
system at half power or run the system at full power. In case of failure when running the
system at full power, the SOFC system will be oversized to compensate for the possible
maintenance loss of one or more FCs. So, in order to use the “N—1 safety criterion”, it is
necessary to oversize the SOFC system by twice as much power. Under ordinary conditions,
it will operate at a maximum of 50% power. The largest increase in the MTBF value occurs
from case 1 to 2, that is, with the introduction of a branch in parallel. From case 2 to 3, there
is always an increase, but only by about 5 thousand hours.

7.3. Reliability Comparison

In the study with the generators the simple one-generator system is initially used to
achieve a more real case than that involving three generators in parallel, to ensure increased
redundancy, obtaining a final MTBF of 0.4 years. In the FC case study, an initial MTBF value
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of 3 years is chosen and, with appropriate redundancies, can be increased to as high as
5 years. Considering these two values at first reading, it would seem that the SOFC system
is much more reliable than the traditional generation system. In reality, the traditional
generation unit has a low MTBF value because there are many more components that
make up the generation part than those that make up the innovative generation system
in the FC system. The MTBF value of the FC system is only that of the stack. The MTBF
values of the BoP are not available because it also consists of new technologies. From the
point of view of maintenance, the traditional generation group is characterized by a greater
commitment, both economically and also from the point of view of maintenance timing.
Generation with the SOFC system is characterized by lower maintenance expense. The
MTTR of FCs can be approximated to zero because there is rapid replacement (box type).
Redundant generation systems allow failures in individual modules without causing the
entire system to lose functionality and improving the general reliability as shown in Table 8.
The probability of a double fault that could cause load power failure increases as the MTTR
of the module increases.

Table 8. MTBF values of two generation systems.

MTBEF [h]

[h] Years

1 Generator 1997 0.22
2 Generators 2702 0.3
3 Generators 3521 0.4
1 FC 26,515 3.02

2 FCs 38,073.3 4.35

3 FCs 43,529 497

The main advantages obtained with the FC system stand out from the perspective
of both reliability and speed of repair. Generation with the SOFC system turns out to
have significantly better characteristics on reliability (as shown in Figure 17) than the
conventional generation system.

MTBF values of the two generation systems

000

MTBF [h)

Redundant system

Figure 17. Trend of MTBF values of the two generation systems.

8. Conclusions

The paper reports a technical-economic analysis for a real cruise ship, with a complete
feasibility study regarding the sizing of a generation system to supply 1 MW of base
hotel load, comparing two power plant architectures focused on fuel cells versus diesel
generators. Both electrical generation and distribution on board large cruise ships have
been considered and the fuel cell technology best suited to the case study (SOFCs) has
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been selected. The sizing of the fuel cell system and its comparison with a conventional
diesel-fueled generation system have been developed in relation to weights and volumes,
costs and reliability. Particularly in terms of reliability, the FC system proves its merits.
Installing one FC in each “fire zone” provides the base load with the dual advantage of
optimal weight distribution. In terms of volume and weights, the two studied systems are
comparable. Therefore, the FC system certainly is a feasible option. The cost-effectiveness
of an SOFC system over traditional systems emerges for operating durations longer than
9 years, but only when highly competitive pricing (1500 EUR/kW) and very challenging
lifetimes (70,000 h) of SOFC stack modules are considered. An advantage obtained is from
the environmental point of view since the emissions associated with fuel cells are lower
than those associated with conventional units. The biggest advantage is in port access
and operation, thanks to the highly modular nature of fuel cell systems and their lack
of rotating mechanisms. The FC system is very versatile and a similar application could
be to connect them to low voltages or create small DC islands to further cut down their
space and weight on board the ship. From a reliability point of view, we started from a
scheme without redundancy up to an advanced scheme with redundancy. Redundancy
is provided by the connection of multiple generators or through splitting the system into
variable stack modules. The traditional generation group is characterized by a lower MTBF
value than that of the FC system. This is related to the large number of components. The
generator is characterized by stringent maintenance protocols, and due to the presence of
multiple generators in parallel, continuity of operation will always be guaranteed. The
components that make up the FC system can be replaced very quickly because they have
no rotating parts inside them. On the other hand, from an economic point of view, the
FC system based on SOFC technology still does not appear to be competitive and that is
why it is not economically worthwhile. Strengths of the innovative SOFC system are in
terms of energy efficiency, autonomy, reliability in overall operation and pollutant-free
emissions. Except for the emergency generators that must always be present, the auxiliary
generators that power on-board services could be feasibly substituted by FC generators.
Future development of the technology and its adoption on board ships for hotel loads will
certainly encourage further elaboration of the assessment carried out in this work towards
power supply via FCs for propulsion as well. It is possible to further develop the presented
study by quantifying the reduction in pollutant emissions achievable through the use of
fuel cells, as well as the consequent decrease in the presence and cost of emission reduction
systems onboard modern cruise or transport ships [38].

Additionally, auxiliary systems for managing high-power stacks (BoP—Balance of
Plant) could be explored to reduce costs compared to current solutions, for example, by
using a single compressor for multiple stacks.

An interesting extension of the study would be to evaluate the possibility of utilizing
part of the heat generated by the fuel cell for LNG reforming, thereby producing hydrogen
to power PEM fuel cells. These cells are better suited for variable power operation, such as
during navigation, enabling the development of a hybrid propulsion system combining
SOFCs, PEMs and diesel technologies.
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