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Abstract: In order to promote low-carbon fuels such as hydrogen to decarbonize the maritime
sector, it is crucial to promote clean fuels and zero-emission propulsion systems in demonstrative
projects and to showcase innovative technologies such as fuel cells in vessels operating in local
public transport that could increase general audience acceptability thanks to their showcase potential.
In this study, a short sea journey ferry used in the port of Genova as a public transport vehicle is
analyzed to evaluate a ”zero emission propulsion” retrofitting process. In the paper, different types
of solutions (batteries, proton exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC))
and fuels (hydrogen, ammonia, natural gas, and methanol) are investigated to identify the most
feasible technology to be implemented onboard according to different aspects: ferry daily journey
and scheduling, available volumes and spaces, propulsion power needs, energy storage/fuel tank
capacity needed, economics, etc. The paper presents a multi-aspect analysis that resulted in the
identification of the hydrogen-powered PEMFC as the best clean power system to guarantee, for this
specific case study, a suitable retrofitting of the vessel that could guarantee a zero-emission journey.

Keywords: fuel cells; decarbonization; total cost; short-sea navigation; battery; hydrogen

1. Introduction

In recent decades, the escalating environmental challenges posed by traditional fossil
fuel-powered maritime transportation have stimulated a global pursuit of eco-friendly
alternatives. Also, they were stimulated by the International Maritime Organization’s
(IMO) ambitious targets and challenges in 2018 [1] which aim to reduce the total annual
greenhouse gas (GHG) emissions by at least 50% by 2050 compared to 2008. These targets
are boosted in the revised 2023 IMO strategy [2] to achieve net-zero emissions from ships
by or close to 2050 with suggested milestones for lowering GHG emissions by 20-30%
in 2030, and 70-80% in 2040, both in contrast to levels in 2008. Regarding other ship
emissions, Annex VI of MARPOL [3] poses limitations on nitrogen oxides (NOx), sulfur
oxide (SOx), and particulate matter (PM), obliging maritime operators (ship owner, ship
manager, ship craft, etc.) to engage in deep thought about current/future fuel choice and
propulsion/power generation system technology [4]. The only approach to ensure a cleaner
future for the maritime industry appears to be to look at alternative fuels and clean power
systems rather than simply acting on an exhaust after-treatment system [5].

Particularly looking at vessels operating in coastal areas and maritime urban envi-
ronments, emissions reductions are becoming more and more important [6], where nearly
70% of pollutant emissions are estimated to occur within 400 km of coastlines and where
45% of the world’s population resides [7].

In order to reduce vessels’ emissions and decarbonize the shipping sector [8,9], dif-
ferent measures could be put in place [10,11], acting at different levels of the vessels. The
ship emission reduction measures include optimizing the efficiency of the ship engine by
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using waste heat recovery [12,13], working on alternative propulsion technologies such
as wing sails [14] or electric hybrid propulsion [15], reducing ship resistance via trim opti-
mization [16] or an enhanced vessel design [17], and using voyage optimization measures
such as onboard energy management [18] or slow steaming concept [19,20].

Nevertheless, in order to achieve relevant emissions reduction as targeted by the IMO,
it is crucial to promote alternative fuels for vessels such as natural gas [21,22], biofuels [23],
and hydrogen-based e-fuels [24].

The identification of the most suitable alternative fuels in shipping depends on many
aspects, technical (fuels” own thermo-physical properties that pose a limitation on fuel stor-
age onboard and need for a specific on-board /on-shore bunkering/refueling infrastructure)
and non-technical (safety, regulatory, classification, etc.) with impacts on economic (fuel
price, investment, and operational costs), environmental (emissions, well-to-tank life cycle
performance) and social (availability, politics, public opinion, etc.) aspects [25-28].

At the same time, the choice of energy and power propulsion systems depends on
the type of vessel, its journey profile, and its own shipbuilding /environment features
(space and volumes onboard, buoyancy needs, etc.) [8,29]. In order to solve this multi-
aspect problem, different tools and approaches have been promoted to guide shipping
operators in the identification of the most relevant and sustainable options when looking at
a retrofitting /newly built vessel construction project targeting low emissions [30]. The goal
of these approaches is to identify the most suitable /worthy-of-investigation technological
solution, looking at both the vessel and targeted clean power system/fuel peculiarities [31].

Particularly looking at inland waterways and short sea shipping segments [32], and
thanks to demonstrations driven by different EU-funded research projects [33-35], fuel
cell (FC) systems are gaining more and more interest as a promising solution for maritime
applications, as they are characterized by a high efficiency and low level of emissions,
noise, and vibrations [35]. For all of these reasons and in accordance with the FC main
peculiarities presented in [36,37], the authors already reviewed the recent research develop-
ment/commercial products of FC systems [35] and investigated the use of FCs onboard
different types of vessels, from cruise ships [38] to research vessels [39-41].

Research Novelty

Starting from these previous research works, as well as inspired by other FCs equipped
vessel R&D (research and development) works targeting different types of FC [7,42,43]
and different fuels [44,45], in the current paper the authors will investigate the possibility
of retrofitting an existing small-scale ferry operating in the port of Genova as a public
transportation vehicle for citizens.

While different R&D studies investigated the possibility of applying different fuels [27]
towards zero emission vessels also looking at batteries [46], different types of FCs [47], and
hydrogen-based energy systems onboard vessels [48], this paper targets a small-scale vessel
used for urban transport. As well as this paper highlights the uniqueness of the application
by studying the possibility of installing different energy systems (also looking at different
types of FC) and fuel types both from an economic, energy, and onboard integration point
of view, proposing a multi-aspect retrofitting methodology and step-by-step approach.

The choice of targeting this type of vessel, as already highlighted in previous research
work [49], for the proposed retrofitting project has been driven by three reasons: (1) the
fact that small ferries/vessels and short sea journey vessels looking at their journey profile
would require a limited power capacity of the propulsion system and fuel volumes to be
stored onboard, thus overcoming main limitations related to a large hydrogen tank needing
to be integrated onboard; (2) the fact that this type of vessel, looking at their journey
profiles, have very frequent and precise scheduling, thus enabling potential recurrent and
easy-to-plan refueling (thus further reducing the amount of fuel to be stored onboard);
(3) the fact that this type of vessel operates in the urban environment where emission
limitation is more urgent and where the showcase of the effectiveness of FC technologies
onboard ferries could have a higher social impact in terms of public awareness.
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For this purpose, this research paper delves into the application of alternative zero-
emission power systems onboard small vessels used for public transport working on short-
sea navigation. In this paper, different solutions will be investigated such as full battery
systems and FCs fed by different fuels like pure hydrogen, ammonia, liquified natural gas
(LNG), and methanol (MeOH). The paper aims to present a retrofitting case study that
will be analyzed by studying multi-aspect reasons that could favor one technology instead
of another. The technical feasibility aims to look at the vessel’s journey, energy needs,
available volume/weights onboard, and potential daily refueling opportunities. Moreover,
the paper will study the impact of applying clean power systems on the overall design of
the case study from the system’s weight and size perspectives.

The multi-aspect analysis involves the economic feasibility of using clean power
systems to achieve the decarbonization of ships working on short-sea navigation. This study
will identify the most economically viable clean power system through cost assessment
indicators such as net present value (NPV), levelized cost of energy (LCOE), return on
investment (ROI), and marginal abatement cost (MAC).

2. Case Study Description

The proposed case study is one of the passenger ferries working in short-sea navigation
through Genoa city in Italy as part of the public-transport offering of the municipality. This
type of vessel can be seen as an entry point/showcase for clean propulsion solutions as
they do not require large storage onboard, and they have a large audience impact thus
potentially increasing public awareness of clean maritime technologies. The ship is called
“Rodi Jet—NaveBus” which navigates between the west side of Genoa (Pegli) and the
ancient port in the city centre (the old port—Porto Antico) [50]. The maximum capacity of
the ship is 362 passengers and access to the ship is guaranteed through a ramp 2.2 m long
and 85 cm wide. The main specifications of the NaveBus are summarized in Table 1 [51].

Table 1. Characteristics of the case study (NaveBus).

Parameter Unit Value
Maximum number of passengers ) 362
Length overall (m) 28.6
Breadth (m) 6.92
Depth (m) 2.34
Draught (m) 1.14
Maximum displacement (tons) 84.3
Maximum design speed (knots) 20
Service speed (knots) 10.2
Main engine type ) 2 x Caterpillar 3412
Main engine power (kW) 2 x 895
Fuel tank capacity (tons) 7.4

The NaveBus is propelled by using two fixed-pitch propellers (FPP) powered by two
diesel engines from Caterpillar 3412, each one has a maximum rated output power, footprint
volume, and weight equal to 895 kW, 2.45 m3, and 1.9 tons, respectively. Moreover, there is
an engine room with dimensions of 6.1 m (L) x 6.5 m (W) x 2 m (H) where the following
components are located: two Caterpillar main engines, two gearboxes, a control panel, and
two auxiliary generators (rated 18 kW and 6 kW) for hoteling and service generation.

Next to the engine room, there is a room containing two diesel storage tanks to be
filled with 7.2 tons of marine diesel oil (MDO) at a maximum, each tank has the following
dimensions (2.9 m (L) x 1.24 m (W) x 1.21 m (H)) with a footprint volume equal to 4.4 m3.

The ship is designed to operate at a maximum speed of 20 knots, but the actual service
speed (as understood thanks to an interview with the local crew) for the investigated
journey and route is approximately 10.2 knots in sailing mode as a maximum. This service
speed at normal weather conditions can be achieved by using approximately 40% of the
installed engines’ rated power (approximately 715 kW).
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The NaveBus is characterized by having a specific navigational route for its trips
which start in Porto Antico and sail along the Ligurian coast to Pegli, in a sea area protected
from heavy winds and waves by the port of Genova Coastal Dam. The navigational route
is described in Figure 1. The distance between the two ports/terminals area is 6 nautical
miles (nm).
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Figure 1. Navigational route of the NaveBus between Porto Antico and Pegli. (A-B) maneuvering at
Porto Antico terminal, (B-C) crossing Porto Antico channel, (C-D) Sailing mode, (D-E) entrance of
Pegli terminal, (E-F) maneuvering at Pegli terminal.

As previously mentioned, this ferry is part of the public transport offering of the city
of Genova and it works integrated with other modes of public transportation such as buses
and metro as it sails eight times every day during rush hours as follows: three consecutive
morning trips, two trips in the afternoon, and three consecutive trips in the evening.

The operational profile of the NaveBus is characterized by different modes: passenger
loading at Porto Antico port, maneuvering the ferry away from the Porto Antico terminal
area (A-B), crossing the Porto Antico Channel to the west side (B-C), sailing through the
Ligurian Sea (C-D), entrance of the Pegli terminal (D-E), maneuvering at the Pegli terminal
(E-F), and passenger unloading. The operational profile for one day is described in Figure 2a
by plotting the relation between the ferry speed and actual time in a day (daily scheduling
of the NaveBus), while the operational modes of one round trip are described in Figure 2b
in terms of ferry speed versus the time spent at each mode.

As shown in Figure 2, the trip that takes off from Pegli and ends in Porto Antico is
quite like the other trip from Porto Antico to Pegli in terms of spending time and ship
speed. Moreover, the recorded energy requirement for the two trips is the same (thanks to
an interview with the local crew).

Based on the limitation of the available weight and volume onboard the ship, the
current study will design a clean power system for the implementation of three consecutive
trips without refueling (or recharging in the case of a full battery electric system). This is
acceptable according to the daily journey profile as shown in Figure 2a; therefore, three one-
way trips (OWTs) can be considered as a functional unit of the current study, to evaluate
the power capacity needs and fuel needs. Looking at the daily scheduling, there is indeed
the possibility to foresee two refueling/recharging periods in Porto Antico at midday
and another one in the evening according to the ship’s operational schedule depicted
in Figure 2a.
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Figure 2. The operational profile of the NaveBus for (a) one day, (b) one round trip.

The paper aims to investigate the feasibility of replacing conventional diesel engines
with alternative clean power systems based on FC and battery technologies. Figure 3 pro-
vides a schematic illustration of the different clean power systems (and different potential
options in terms of fuel per each power system considered) taken into consideration for
this study and the potential component combinations.

As shown in Figure 3, there are five categories: fuel storage system, fuel process-
ing equipment, power generation system, power conditioning equipment, and propul-
sion/auxiliary system. For the power generation system, three different technologies are
considered (proton exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC), and
battery system), while looking at the fuel storage system onboard, the following fuels are
considered: hydrogen, ammonia, LNG, and MeOH, with related fuel processing equipment.
The power conditioning equipment is composed of a DC/DC converter, and a DC/AC
inverter, while the fuel-processing equipment is based on the fuel type and consists of an
ammonia cracker, natural gas reformer, and MeOH reformer. Regarding the propulsion
system, the electric motor is selected to exist in all the proposed cases to deliver the required
power to the FPP.
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Figure 3. Conceptual diagram for clean power systems design considered in the current study.

3. Feasibility Assessment Method

The paper presents a multi-aspect analysis to determine the most feasible clean power
system to be implemented onboard the case study according to different aspects: ferry daily
journey and scheduling, available volumes and spaces, propulsion power needs, energy
storage/fuel tank capacity needed, economics, etc. Different types of clean power systems
(batteries, PEMFC, and SOFC) are proposed to be investigated to assess and evaluate their
effectiveness onboard from an economic and design perspective. Therefore, this target
can be investigated and accomplished by using the following methodology as shown
in Figure 4.

Ship specifications, daily journey and
scheduling, ship operational profile

g

Fuel cell system <:| Clean power system boundaries Full battery system
scenario determination scenario

U

Energy Analysis for clean power scenarios
(Energy requirements, fuel mass)

Design Feasibility Economic Feasibility
(technical aspects) (Total cost: CapEx — OpEx — VOyEXx)

4 g

Systematic comparison process

System’s weight and size perspectives [Cost Assessment Indicator (CAI)]

Determination of the best clean
power system scenario

Figure 4. Overview of the steps applied in the assessment methodology.
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The first step is to consider the input data at the start of the assessment procedure
including the ship design specifications (available volumes, surface, weights), the ship
operational profile based on voyage details, daily journey/scheduling, and the power
requirements. Second, the power system boundaries in terms of its power capacity needs
and fuel needs must be determined and it must be identified whether it is a FC-based
system or a full battery electric power system. This step includes the identification of
the methods to evaluate the energy requirement and fuel mass for the identified power
system. The energy requirements for each potential clean power system scenario are then
determined using an energy analysis. After that, the feasibility assessment is divided into
economic and design aspects, the latter one intends to look at volume/spaces onboard and
assess the clean power system’s weight and volume, while the economic feasibility aspect is
applied to the case study considering the total costs that contain capital expenses (CapEx),
operational expenses (OpEx), and voyage expenses (VoyEx). Followed by a systematic
comparison process that will be studied by using cost assessment indicators (CAI) as shown
in Figure 5.

Cost assessment indicator

measure

(CAl)
Net present Levelized cost of Return on Marginal abatement
value (NPV) energy (LCOE) investment (ROI) cost (MAC)
I/_ ______ \ I/_ ______ \ l/_ ______ \ '/__._____\
| Profitability Energy cost | Cost- | EnV|r.on.rr.1entaI [
l viability )|

Figure 5. Identification of cost assessment indicators and their impact categories.

These indicators are used to quantify and reflect the performance of the power system
from an economical perspective such as NPV, LCOE, ROI, and MAC. The last step of the
assessment methodology is to present the results of the multi-aspect analysis and identify
the best clean power system to guarantee a suitable retrofitting of the vessel and pledge a
zero-emission journey to the ferry.

3.1. System Boundary Determination

System boundary determination is considered the crucial step in the methodology
as it includes the methods that must be followed to calculate energy capacity and fuel
consumption. This procedure is divided into two different subsections based on the applied
power system (FC system and full battery system).

3.1.1. Fuel Cell System Scenario

The first step in system boundary determination is to calculate the required power
capacity for the propulsion system and auxiliary system covered by using the FC system
that will enable the definition of the number of FC modules/systems to be installed and
foreseen onboard the ship while also looking at the typical commercial FC module/system
power capacity. It is assumed that the current vessel’s power requirement for propulsion
and auxiliary systems (diesel-powered ferry) can be considered constant for the new clean
energy system under investigation, except for the additional load related to auxiliaries
when using the FC system by adding an extra factor.

Using the same approach, fuel consumption can be calculated by considering the FC
efficiency, the type of fuel, and additional equipment for fuel processing. The FC efficiency
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(ngc) depends on the FC technology type and the required load factor. Also, the quantity of
fuel depends on the fuel type which differs in the lower heating value (LHV) measured in
kWh/kg. The required fuel mass by using the FC system (FMgc_¢) to perform the identified
functional unit (three OWTs) can be calculated as shown in Equation (1).

]cowt:3 OM
FMpc ¢ =
Jowt=1OM=s

(1+fsef) *POM,owt*TOM,owt

1

where FMgc_¢ is measured in kg, f.e ¢ is the extra factor for the supplementary equipment
(se), subscript (f) refers to the fuel type, Pom owt is the average required power for each
operational mode (OM) in the particular trip measured in (kW), Jow¢ is the number of OWT
considered in the calculation, and Topm owt is the duration of the operational mode at each
trip measured in hours. The operational modes can be classified into several modes (s)
such as maneuvering, sailing, etc., as presented in Section 2.

If ammonia is used as a hydrogen storage media onboard, more equipment for fuel
processing such as a cracker and purifier have to be considered for ammonia’s catalytic
decomposition and the purification of residual ammonia to deliver pure hydrogen into the
PEMEFC [52]. Thus, the efficiency of the auxiliaries has to be considered once calculating
the ammonia consumption as shown in Equation (2).

Jowt=3 OM (1 + fserf>*POM,Owt*TOMf0Wt

Jowi=1OM=s TIFC *Mer¥MNpu *LHVy, Xy

()

FMpEMEC-NH3 =

where 1, and n,, are the efficiencies of the cracker and purifier that are assumed to be
80% and 90%, respectively, while (Xy) refers to the hydrogen content in ammonia, i.e.,
17.8% [43,53].

Once investigating FC integration onboard, the start-up period has to be considered
too, particularly for SOFC [54,55]. For this purpose, it is proposed to install a battery rack
onboard the ship to cover the heating-up energy required for the FC during the start-up
period. The function of the battery rack is to heat up the system to reach its operating
temperature; after that, the FC generates the required electricity to propel the ship. For
PEMEFC, the heating-up energy depends on the fuel used, since the utilization of ammonia
as a hydrogen carrier requires more heating energy than using pure hydrogen due to the
presence of a cracker and purifier. Therefore, the formula in Equation (3) can be used to
determine the battery energy capacity required during the starting-up period for covering
the heating-up energy of the FC system.

HECBT’f = 1'5*PFC *HEFFC,f (3)

where HECgr is the required battery energy capacity in kWh, subscript BT refers to the
battery, Pgc is the installed power of the FC, and HEFgc ¢ is the heating-up energy factor of
the FC system measured in kWh/kW; its value varies with the FC type as shown in [43,56].
The capacity is proposed to be increased by 50% for considering the safety and battery’s
state of charge issues.

3.1.2. Full Battery System Scenario

The battery rack is the key component of the power system under investigation, and
its capacity must be adequate to ensure that the ship can travel a specific path. The lithium-
ion battery type is proposed to be investigated in the current study as it has unmatched
qualities compared to other types such as a high-energy capacity, lowered self-discharging
rate, quick charging capability, and high number of battery cycles [57,58]. The installed
battery rack’s energy capacity must be raised by 20% due to slow battery deterioration,
which causes a capacity drop of up to 20% of its original capacity [59]. Additionally, the
installed battery rack’s energy capacity has to be raised by an additional 30% (10% for safety
and 20% to keep the minimal level of capacity) [59]. Consequently, the battery rack’s energy
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capacity (ECgr) has to coincide with the energy requirement of the ship to perform the
functional unit and has to be raised by an overall percentage equal to 50% for the reasons
listed before. Thus, it can be calculated as shown in Equation (4).

Jowt=3 OM

ECBT = 2 Z 1'5*POM,OWt*TOM,OWt (4)
Jowt=1OM=s

Since the battery lifetime can be given and expressed as the number of battery cycles,
the batteries are replaced several times based on the ship’s lifetime and the number of trips
per year. The number of replacements (NRg pr) can be calculated as shown in Equation (5).

LTship *] owt,ann

-1
3*YBC (5)

Nggpr =
where LTy, is the lifetime of ship in years, Joytann is the number of OWT annually (ann),
and Yp, is the number of battery cycles. The first part of Equation (5) is divided by three as
each battery cycle is assumed to cover three consecutive trips as a functional unit for the
case study. Moreover, a subtraction of one exists in Equation (5) that indicates the initial
installation of batteries in the investment phase.

3.2. Total Cost Assessment Method

The economic evaluation of different power systems can be performed by using the
total cost assessment which considers the total costs of a power system configuration during
the ship’s lifetime. In this study, the total costs have been divided into three terms CapEX,
OpEx, and VoyEx.

Firstly, the CapEx represents the investment and installation costs of the power system.
The OpEx includes the maintenance/operating and replacement costs. Moreover, VoyEx
denotes the costs of fuel consumption/electricity onboard the ship annually. Therefore, the
total cost of the clean power system can be calculated as shown in Equation (6).

LT LT
TCeps = CapEx s + ) OpEX s + ) VOyEX s (6)
n=1 n=1

where TCps is the total cost of a clean power system (cps) over its lifetime, and (n) is the
number of years in the ship’s lifetime (LT).

3.2.1. Capital Expenses (CapEx)

The CapEx is the total investment cost of the clean power system. The proposed clean
power system is composed of five categories which are the power generation system, fuel
storage system, power conditioning equipment, fuel processing equipment, and electric
motors. The power generation system can be PEMFC, SOFC, or battery racks. The fuel
storage system cost is an important component of a clean energy system’s CapEx because
the fuel is different from conventional marine fuels, especially in the case of a power
system’s replacement like the current study. The cost of power conditioning equipment
includes the cost of a DC/DC converter and DC/AC inverter. The formula that is used to
calculate the CapEx of the proposed clean power system is shown in Equation (7).

CapEXx s = CFps X Pps + CFrss x FCrcf + (Z CFpce X Pps> + CFem X Pps + (Z CFoc X Pps> 7)

pce oc

where Py is the rated power of the proposed power system measured in kW in the case
of PEMFC or SOFC and measured in kWh in the case of full battery electric system. In
Equation (7), there are cost factors (CF) that vary with the components as follows: CFps
is the cost factor of the power system measured in EUR/KkW or EUR/kWh, CF is the
cost factor of the fuel storage system measured in EUR/kg-fuel, CFpe is the cost factor of
the power conditioning equipment measured in EUR/kW, CFep, is the cost factor of the
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electric motor measured in EUR/kW, and CF,. is the cost factor of other components such
as the reformer and cracker measured in EUR/kW. The cost factors of the power system
components and their major technical parameters are shown in Table 2.

Table 2. Investment cost factors and technical parameters for power system components.

Component Cost Factor (CF) Technical Parameter Reference

PEMFC 1500 EUR/kW Npeak = 55%; Zpc = 20,000 h [60]
SOFC 5000 EUR/kW Npeak = 60%;, Zpc = 20,000 h [60]

Battery 210 EUR/kWh Ypc = 5000 [58,61]
DC/DC converter 120 EUR/KW 1N = 98%, LT = 25 years [62]

Electric motor 250 EUR/kW 1N = 96%, LT = 25 years [48,63]

Hydrogen tank 480 EUR/kgmn LT =25 years [64,65]
LNG reformer 370 EUR/kW LT = 25 years [66]
MeOH reformer 475 EUR/KkW LT = 25 years [62]
Ammonia cracker 250 EUR/kW LT = 25 years [67]

The cost factors for storage tanks of ammonia, methanol, and LNG can be calculated
by using the mathematical equations available in [30] that correlate the required storage
capacity with the cost of the storage tank.

3.2.2. Operational Expenses (OpEx)

The second term in the total cost is the OpEx which includes the maintenance cost of
the power system annually and the replacement cost of some parts of the power system
over its lifetime. For all power systems, it is assumed that maintenance costs are associated
with a growth rate of 2% annually. The maintenance cost of an electric battery power
system is taken as 1% of its CapEx per year [62]. While the batteries must be replaced a
certain number of times during the ship’s lifetime as calculated before in Equation (5), the
cost of this can be calculated based on the forecasted average price in [61].

Similarly, the operational expenses of the FC system include maintenance costs and
replacement costs. The annual maintenance cost of PEMFC and SOFC is assumed to
be 2% of their CapEx [62]. The crucial parameter in the FC power system’s OpEx is
the replacement cost as it is dependent on the FC lifetime and the forecasted number of
replacements over the ship’s lifetime. Based on the literature review [56,68], the lifetime
of FCs is approximately 20,000 h and their stacks must be replaced after implementing
these operational hours, while the Balance-of-Plant (BoP) system of FC racks demonstrates
a prolonged lifespan compared to its stack; therefore, only the replacement of FC stacks
will be considered. As a result of the forecasted development in the market size of FCs in
the transportation sector, the FC prices may be reduced to about half of today’s price [64].
Hence, the replacement cost of FC stacks is set to be 50% of its CapEx [64]. The number of
replacements of the FC power system (NRg rc) can be calculated as shown in Equation (8).

LTShip *] *Towt

NRrgrc = OZV;?M -1 ®)

where LT is the lifetime of the ship in years, J,yann is number of OWTs per year, Towt
is the duration of OWT in (h), and Zgc is the lifetime of FC in hours. In the formula, there
is a subtraction of one indicating the initial installation of FC in the investment step.

For the power conditioning equipment and the electric motor, there is no replacement
required due to the high expected lifetime, but the annual operation and maintenance cost
could be taken as 1% of its CapEx [62,69].
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3.2.3. Voyage Expenses (VoyEx)

In the current paper, the VoyEx is based on the annual consumption of the energy
carrier and its type. To estimate the annual VoyEx, it must be calculated by multiplying
the energy carrier (fuel or electricity) consumption per trip by its price (EUR/kWh), then
making a summation over all the trips per year as shown in Equation (9).

]owt,arm
VOyEx s = ) ECCeps,owt*CFec )

Jowt=1

where VoyEx; is the annual VoyEx in EUR/year, ECC is the energy carrier/fuel consump-
tion measured in kWh, and CF. is the cost of the energy carrier measured in EUR/kWh.
The cost of hydrogen, ammonia, LNG, and methanol based on the recent prices are 100, 81,
58, and 61 EUR/MWHh, respectively [56,70,71], while the electricity cost is assumed to be
226 EUR/MWh based on the average price in the last five years in Italy [72]. Due to the
lack of information available regarding the bunkering operation fees of alternative fuels,
these fees have been neglected in the current study.

3.3. Cost Assessment Indicators

By bringing the entire expenses of various power systems down to the Net Present
Value (NPV), it is possible to compare their total costs with each other. According to
Equation (10), the NPV of the proposed clean power system (cps) is evaluated.

LT OPEXpsn N f VOyEX o n
= a+d" = (1+d)"

n

NPV ps = CapExCps + (10)

where d implies a discount rate that is set at 5%, and n is the number of years. Furthermore,
LCOE can be used to compare different alternative power systems in terms of the energy
cost measure on a consistent basis. LCOE depends mainly on the NPV of the clean power
system and the total energy generated from it. LCOE can be calculated as shown in
Equation (11) [73], in which Eowtn is the total energy generated in MWh during OWT
through the year (n).

NPV ps

EJ owt,ann E
Jowt=1__oWtn

LT
Yn=1 (1+d)"

LCOEps = (11)

Additionally, the return on investment (ROI) may be calculated in order to gain a
sense of the cost-effectiveness of the clean power system, as presented in Equation (12).

ZEE%O (OpEXDP,n - OpEchs,n) + Zﬁi%o (VOyEXDP,n - VoyEchs,n) - CapEXCps
ROlps = = (12)
apEchs

As shown in Equation (12), the ROI is based on the difference between the operational
and voyage expenses of each clean power system and the diesel-powered system (DP). The
annual operational costs of diesel power systems are assumed to be 5 EUR/kW (2% of
CapEx per year) as reported in [62], while its VoyEx is based on the recent price of diesel
fuel (1.85 EUR/Liter) in Genoa refueling stations [74].

Moreover, MAC is a crucial indicator in the economic and environmental assessment,
specifically in the case of evaluating the financial rationale for pursuing and investing in a
clean power system [75,76]. The MAC is defined as the ratio between the costs or savings
that would be incurred from the retrofitting process of the vessel’s power system and the
abated emissions over the lifetime of the ship that could guarantee a zero-emission journey
to the ferry [77]. This indicator can be calculated for each power system by considering
the total capital costs and the annual costs/savings discounted over the lifetime of the
clean power system. The total capital costs and the annual costs discounted to the present
value are expressed as NPV which can be calculated by using Equation (10). For the case
study of retrofitting process, the savings result from the removed OpEx and VoyEx of the
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diesel-powered system discounted to the present value. In this study, the formula shown
in Equation (13) can be used to calculate the MAC [78].

LT OpExpp,+VoyExpp.
NPVep, — (X7, A

YL, (Eco,pp— ECOZ,cps>

MACcps = (13)

where Eco, pp is the annual carbon dioxide (CO,) emissions displaced from the diesel-
powered system that is proposed to be replaced and Eco, cps is the annual CO, emissions
resulting from the clean power system, if available. The displaced annual CO, emissions
from the diesel-powered system can be calculated by multiplying the annual diesel fuel
consumption by the CO, emission factor (3.206 kg-CO, /kg-fuel) [79]. On the other hand,
there are no CO; emissions from all power systems that are proposed in the paper except
the SOFC system powered by natural gas: its emission rate is equal to 308 kgCO, /MWh,
(per each electricity unit produced) as reported in the datasheet of Bloom Energy [80].
Moreover, the SOFC system powered by methanol has a significant CO, emission resulting
from the methanol reforming process that can be calculated as shown in [81,82].

Since cost-assessment indicators depend on various assumptions such as the costs
of fuel energy and electricity, sensitivity analysis is proposed to be applied for discussion
regarding the credibility of the results. In the sensitivity analysis, the fuel and electricity
costs are proposed to be varied by £30%, with an increment of 10%.

3.4. Design Feasibility Assessment Method

The feasibility assessment based on the design perspective intends to evaluate the
weight and volume of the clean power system to assess its viability to be installed onboard.
Similar to the economic feasibility, the weight and volume of the proposed clean power sys-
tem is based on the weight/volume of each component as shown in Equations (14) and (15).

W — TP L Pes ), Pes gy (14)
cps GDps fss = GDpce GDom oc
Pps Pps Pps
Veps = — +V P P v 15
cps VDps + Viss + (}% VDpce> + VDem + Voc ( )

where W¢ps and Vps are weight in (kg) and volume in (m?) of the clean power system.
The weight and volume of each component is expressed in terms of its gravimetric power
density (GD) and volumetric power density (VD) as (GD) is measured in kW /kg, while
(VD) is measured in kW/m3. As shown in Equations (14) and (15), the weight and volume
are based on the rated power of the proposed power system (Pps).

Regarding the fuel storage system, its weight and volume (W and Vi) can be
calculated based on the mathematical functions in [30] that correlate the required storage
capacity with the weight and volume of the storage tank. These functions were created
using extensive market research, literature studies, and confidential discussions with the
authors’ research group’s industry partners. There are mathematical functions for storage
tanks of hydrogen, ammonia, LNG, and MeOH; moreover, there are other functions for
fuel-processing equipment to calculate its weight (W) and volume (V).

Based on the technical specifications gathered by the authors in [35] for the commer-
cial products of PEMFC and SOFC, there is a suitable PEMFC commercial product from
Ballard [83] called Fcwave, which is designed for maritime applications and certified by
DNV to be employed in marine environments. For the SOFC, there is a commercial system
available from Bloom Energy called Energy Server 5 [80] which is utilized for stationary
applications and not certified yet to be employed in marine environments. Regarding the
full battery scenario, there is a commercial product available in the market from Corvus
that is called Corvus Dolphin Energy [84], and it can be selected for the design feasibility as-
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sessment of the case study. The technical specification of the selected commercial products
is shown in Table 3 with a focus on the volumetric density and gravimetric density.

Table 3. Technical specifications of commercial products for PEMFC, SOFC, and battery.

Parameter PEMEC [83] SOFC [80] Battery Pack [84]
Supplier Ballard Bloom Energy Corvus
Rated power (kW) 200 330 132.5 kWh
Voltage range (V) 350-720 480 576-797
Physical dimensionsL x W x H(m) 1.21 x 0.74 x 2.2 55 x26x21 1.85 x 0.5 x 0.67
Weight (kg) 1000 15,800 782
Volumetric density (kW / md) 101.4 11.12 214 kWh/m3
Gravimetric density (kW /kg) 0.2 0.021 0.169 kWh/kg

The weight and volume of the electric motor can be calculated based on the com-
mercial products available from ABB [85] that are fulfilled with classification societies’
requirements. Furthermore, the weight and volume of the power conditioning equip-
ment such as DC/DC converters can be calculated based on a commercial product avail-
able in [86]. It is considered to use the same power condition equipment for all clean
power systems.

4. Results and Discussion

This section investigates the feasibility results of replacing the conventional diesel
power system onboard the NaveBus by using three alternative power system scenarios.
The section is divided into three subsections, the first one is related to the energy analysis
results based on the alternative power system scenarios, while the second and third subsec-
tions represent the feasibility assessment results from the economic and design points of
view, respectively.

4.1. Energy Analysis Results

The energy analysis is a critical investigation, especially in the replacement of a con-
ventional system with a clean one such as that proposed in this paper, because the number
of installed FC/battery modules depends on the required power/energy to accomplish the
identified functional unit. Moreover, energy evaluation is crucial for designing a suitable
fuel storage system, especially by using alternative fuels characterized by a different volu-
metric density compared to conventional diesel fuel. Based on the collected data onboard
the ferry and the operational profile described in Figure 2, the electric power and energy
requirements for the case study are shown in Table 4.

Table 4. Electric power and energy requirements to perform a one-way trip.

Operational Mode Time (min) Rated Power (kW)  Energy Consumption (kWh)
A-B 1.46 258 6.3
B-C 6.28 458 47.9
C-D 25.16 750 3144
D-E 3.10 681 35.2
E-F 1.02 169 2.9
Total 37 407

In fact, the FC efficiency varies with the rated power and the load factor for each
operational mode. For the current study, this variation can be between 46.5% and 53.5% for
PEMEFC, while the efficiency varies between 51.5% and 58.5% for the SOFC scenario. On the
other hand, the energy capacity of the full battery scenario must be increased by 50% more
than the estimated energy at each operational mode as presented in Section 3.1.2. The
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results of the electric energy requirements based on the FC system and full battery scenarios
are shown in Figure 6.
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Figure 6. The required electric energy capacity (left side) and fuel mass (right side) to perform
three OWTs based on different scenarios for each operational mode.

As shown in Figure 6 (left side), the total electric energy capacity to accomplish
the functional unit of the case study (three OWTs) by using PEMFC and SOFC must be
2579 kWh and 2333 kWh, respectively, while the total battery capacity must be 1830 kWh.
The sailing operational mode (C-D) contributes about 78% of the total required energy
capacity for all scenarios.

The required fuel mass can be calculated for the PEMFC and SOFC scenarios by
considering the LHV of each fuel. The results of fuel mass are shown in Figure 6 (right side)
after adding a design margin of 10% for all cases.

As shown in Figure 6 (right side), the total required fuel mass to accomplish three
trips in the case of the PEMFC powered by hydrogen and ammonia is 86 kg and 673 kg,
respectively. Furthermore, in the case of SOFC scenario, the required mass of LNG, MeOH
and ammonia is 190 kg, 463 kg, and 489 kg, respectively.

4.2. Economic Feasibility Assessment Results

In this subsection, the results of the economic feasibility for the alternative power
systems are presented based on the methodology discussed in Section 3. The results of the
total cost of alternative clean power systems are presented in Figure 7, in which different
options are assessed based on different cost categories that include the capital cost of the
power system. Moreover, it includes the total expected OpEx and VoyEx over the lifetime
of the ship (that is assumed to be 20 years).

As shown in Figure 7, the VoyEx expenses have the highest contribution to the total
cost over other expenses for all PEMFC scenarios and the full battery scenario; this is
because of the high expenses of the fuel/electricity. The ammonia-powered SOFC system
demands a significant quantity of ammonia; hence, its VoyEx costs are greater than the
SOFC systems operated by LNG or methanol. Although SOFC power systems have a
higher efficiency than PEMFC and require less fuel to generate electricity onboard the ship,
the CapEx of SOFC systems powered by different fuels is higher than the CapEx of PEMFC
systems and full battery systems. On the other hand, the OpEx of the full battery system
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is quite similar to the PEMFC systems, while it is lower than the OpEx of SOFC systems.
The OpEx of SOFC systems is constant when using different fuels, as it depends on the
replacement cost and maintenance cost that is independent of the type of fuel.

Full Battery PEMFC(H2) PEMFC(NH3) SOFC (LNG) SOFC (MeOH) SOFC (NH3)

W CapEx 7 OpEx mVoyEx
Figure 7. The cost assessment results of different alternative power systems.

To figure out the profitability of the clean power system, the total costs are converted
to the NPV to compare the alternative options with each other as presented in Figure 8.
The results show that the hydrogen-powered PEMFC system is the best option in terms of
NPV for the replacement of the existing power system onboard the NaveBus, as its NPV is
equal to EUR 5.8 million which is lower than other clean power systems. Moreover, the
NPV of ammonia powered PEMFC system and full battery system is EUR 6 million and
6.2 million, respectively. Due to the high VoyEx of the full battery system, the NPV of a full
battery system is greater than that of a PEMFC system.

Full Battery PEMFC(H2) PEMFC(NH3) SOFC (LNG) SOFC (MeOH) SOFC (NH3)

Figure 8. Total cost comparison between clean power systems in terms of the net present value.

The NPV of SOFC systems depends on the fuel type and ranges from around EUR
8.1 million to 8.8 million. When a hydrogen PEMFC system is compared to SOFC power
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systems in terms of NPV, it is lower than them by about EUR 2.4-3 million depending on
the type of fuel used inside the SOFC. This is mainly because of the high capital expenditure
of the SOFC power system and the low OpEx of the PEMFC power system.

Furthermore, it is important to assess the energy cost level of the different clean power
systems that can be determined by calculating the LCOE as presented in Section 3.3. The
results reveal that the LCOE of the full battery system is equal to 427 EUR/MWh, while
the LCOE of the PEMFC powered by hydrogen and ammonia is 396 EUR/MWh and
410 EUR/MWh, respectively. On the other hand, the LCOE of the SOFC power system
varies between 558 EUR/MWh and 600 EUR/MWh based on the fuel type. Therefore,
the hydrogen-powered PEMFC system is the most economically feasible option for the
retrofitting process onboard the NaveBus as it has the lowest cost of energy, followed by
the full battery system scenario.

The cost-effectiveness of retrofitting the conventional diesel power system onboard the
NaveBus with a clean power system is evaluated by using the concept of ROl as discussed in
Section 3.3. The ROl is calculated based on the operational and voyage expenses difference
between the diesel power system and the proposed clean power system over the lifetime of
the ship. The results are shown in Figure 9.

211%

20%  40% 60% 80% 100% 120% 140% 160% 180% 200% 220% 240%
Return on Investment (%)

BWSOFC (MeOH) = SOFC (LNG) mPEMFC(NH3) mPEMFC(H2) m Full Battery
Figure 9. Return on investment of different clean power systems.

As shown in Figure 9, the ROI varies with the power system whether it is a PEMFC,
SOFC, or full battery system. The results show that the full battery system scenario has
the greatest profitability trend over other alternatives, as its ROI equal to 211% with an
annualized ROI equal to 5.8%, while the ROI of a PEMFC operated by hydrogen and
ammonia is 170% and 140%, with an annualized ROI equal to 5.1% and 4.5%, respectively.
The PEMFC system and full battery system accomplish a high profitability because of their
low CapEx at the initial investment and the low OpEx compared to the high diesel fuel
costs that were eliminated by the retrofitting process. On the other hand, the SOFC system
operated by ammonia has a negative ROI that proves that the system will not accomplish a
profit over the entire lifetime of the ship due to its high CapEx and VoyEx.

The environmental viability of an alternative power system must be assessed when
considering the retrofitting of a ship’s power system and investing in a clean power system
as an emission reduction option. Therefore, the MAC of each scenario is calculated to figure
out its environmental viability and ease the investment decision. The MAC is based on
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the NPV results and the expected displaced CO, emissions when applying the alternative
power system. Figure 10 shows the MAC results of different power systems on the y-axis,
while the total CO; emissions abated over the lifetime are shown on the x-axis. The negative
values of MAC indicate the amount of cost-saving that was achieved to abate 1 ton of CO5,
while the positive values refer to the cost required to abate 1 ton of COs.
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Figure 10. Marginal abatement cost for reducing CO, emissions by using different alternative clean
power systems.

A total of 18,255 tons of CO, are expected to be displaced over the lifetime by using
a full battery system, a PEMFC operated by hydrogen or ammonia, and an SOFC system
operated by ammonia. As shown in Figure 10, the hydrogen-powered PEMFC system has
the highest environmental viability, as it abates a high amount of emissions at the lowest
price. Moreover, the hydrogen PEMFC will guarantee a saving equal to 60 EUR per ton of
CO; abated; therefore, this scenario should be prioritized for the retrofitting process. This
scenario is followed by PEMFC operated by ammonia and the full battery system, as they
also guarantee a saving equal to 49 and 35 EUR/ton-CO,, respectively.

Although the capital cost of the SOFC system operated by different fuels is almost the
same and their MAC has a positive value, the MAC when using ammonia (103 EUR/ton-
COy) is better than for SOFC operated by LNG and methanol (115 and 169 EUR/ton-CO,).
The SOFC system operated by LNG and methanol displaces an amount of CO, emissions
equal to 11,041 and 8516 tons, respectively, over the entire lifetime which is equal to 60% and
47% of the abated CO, emissions by other systems.

The variation in clean power system energy carriers (fuels and electricity) costs has
impacts on VoyEXx, of course. Such variations may arise due to uncertainty in their market
prices (both quite volatile in recent years); therefore, it is crucial to discuss the credibility
of the results by applying a sensitivity analysis. The effect of changing fuel and electricity
costs on LCOE for each clean power system is shown in Figure 11.

As shown in Figure 11, by increasing the prices of energy carriers/fuels for different
systems, the LCOE value is increased by a significant amount, especially the full battery
and PEMFC systems as their LCOE increases by about 24% and 18%, respectively, when
their energy carrier/fuel costs increase by 30%. This significant increasing trend resulted
from the higher contribution of the VoyEx parameter in the total costs of the full battery
and PEMFC systems. On the other hand, the LCOE of SOFC systems is increased by about
7-9% when fuel costs rise by 30%, as their VoyEx parameter has a lower contribution to
their total costs when compared to their CapEx.
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Figure 11. Sensitivity analysis results focusing on the effect of energy carrier/fuel costs on the LCOE
of the considered system.

Moreover, the sensitivity analysis proves the credibility of the baseline case results,
which show that with increasing or decreasing fuel costs as shown in Figure 11, the
hydrogen-powered PEMFC has the lowest LCOE (468 EUR/MWh with a fuel cost change
of +30%), followed by ammonia-powered PEMFC (483 EUR/MWh with a fuel cost change
of +30%), and the full battery system (529 EUR/MWh with an electricity cost change of
+30%), while the LCOE of the SOFC system powered by LNG, methanol, and ammonia
(with a fuel cost change of +30%) is 595, 608, and 651 EUR/MWh, respectively.

4.3. Design Feasibility Assessment Results

This subsection investigates the feasibility results of replacing the conventional diesel
power system onboard the NaveBus by using three alternative power system scenarios
from the design point of view. For the retrofitting process of the NaveBus, there are some
components that will be removed such as two diesel main engines, two gearboxes, two
auxiliary generators, and two diesel fuel tanks. The estimated weight and volume of these
removed parts is 16 tons and 26 m3.

By looking at the power and energy analysis results, the required power for the Nave-
Bus at the maximum service speed reaches 750 kW, while the required battery energy
capacity to perform three OWTs is 1830 kWh based on the full battery system scenario.
Therefore, the weight and volume of the different power generation systems can be eval-
uated as discussed in Section 3.4. Moreover, the fuel mass has been calculated as shown
in Figure 6 and by applying the mathematical formulas in [30], the weight and volume of
the storage tanks can be calculated. The weight and volume of the different clean power
systems are described in Figure 12 after applying the formula in Equations (14) and (15).

As shown in Figure 12, the most feasible scenario to guarantee a suitable retrofitting
of the vessel in terms of weight and volume is the hydrogen-powered PEMFC system
followed by the full battery system and the PEMFC system powered by ammonia. The
ferry’s power system can be retrofitted by a hydrogen-powered PEMFC system without
issues, as its weight and volume (11 tons and 17 m®) are lower than the removed parts’
weight and volume by a considerable percentage (31.3% and 34.6%). Moreover, the weight
of the full battery system and PEMFC system powered by ammonia is 15 tons, while their
volume is 11 m? and 25 m?, respectively.

Although the SOFC has the advantage of fuel flexibility and higher electrical efficien-
cies than the PEMFC systems, the results showed that the power system based on SOFC is
not feasible from the design point of view to be fitted inside the NaveBus as a propulsion
system because of the limitation in volume and weight. The total weight of the SOFC
system fueling by different fuels varies between 49 tons and 51 tons, while its volume is
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88 m>, where the power generation unit contributes about 75-80% of the total weight and
83% of the total volume.
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Figure 12. Weight and volume results of different power system scenarios.

For the hydrogen-powered PEMFC scenario (the most feasible scenario), the required
power for the NaveBus can be covered using four modules of Ballard Fcwave [83] that can
deliver a rated power of up to 800 kW. Therefore, Figure 13 shows the block diagram of the
propulsion system including the main components such as the FC modules, battery rack,
DC/DC converters, DC/AC inverter, electric motor, and FPP. The four PEMFC modules
are distributed through the engine room. Each PEMFC rack supplies power to the DC bus
main switchboard (SWBD) through a DC/DC converter. The propulsion power is delivered
to the electric motor through a DC/AC inverter.

FC rack
Battery rack 200 kw
1
= = = = = DC/DC
= = = = = | Converter
‘ | DC Bus Main SWBD

— = _ DC/AC
Inverter
n M ~
. : Electric
Ship service motor
: SWBD T
FPP

Figure 13. Design of propulsion system electrical architecture block diagram based on PEMFC.

Moreover, the ship service switchboard is supplied with electric power through a
DC/AC inverter to deliver the required power for hoteling services such as lighting, fans,
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pump, etc. There is a small lithium-ion battery rack to support the PEMFC system during
the transient loads and to cover the heating up energy required for the FC during the
start-up period. The battery rack can be charged when the FC racks provide the load to
propel the ship.

Furthermore, for the full battery system, based on the technical specifications of the
battery rack available from Corvus [84] and that mentioned in Table 3, the required energy
capacity of 1830 kWh can be covered by using 14 packs (each pack includes 16 modules,
while the capacity of each module is 8.3 kWh).

Figure 14 shows the block diagram of the full electrical battery propulsion system
including the main components such as the battery racks, DC/DC converters, DC/AC
inverter, DC bus main switchboard, electric motor, and FPP. There are seven racks installed
on each side of the ship to keep its stability and connected by the main SWBD through a
DC/DC converter.

Battery racks Battery racks
7 racks (918 kWh) 7 racks (918 kWh)

— = DC/DC
— — | Converter

| | DC Bus Main SWBD

DC/AC
Inverter

Electric

Ship service motor

SWBD

FPP

Figure 14. Full battery power system electrical architecture block diagram.

5. Conclusions

The current paper investigates the feasibility of replacing the conventional power
system by using alternative clean power systems onboard one of the passenger ferries
belonging to the short-sea navigation fleet. The case study is a ferry implementing a
short sea journey and used in the port of Genova as a public transport vehicle. The ferry
is analyzed to evaluate a “zero emission propulsion” retrofitting process. This type of
ship is considered a suitable case for examining the viability of innovative technologies
in the maritime industry because of their low energy consumption, their large audience
impact, and their navigational routes which are close to the ports and the shore. The
investigated clean power systems include fuel cell technologies and a full battery electric
system. PEMFC, a low-temperature FC technology, and SOFC, a high-temperature FC, are
both examined in this paper. The PEMFC is proposed to be operated by using alternative
clean fuels such as hydrogen and ammonia, while LNG, MeOH, and ammonia are evaluated
to power the SOFC.

The paper assesses the feasibility of installing the alternative clean power system
instead of the diesel-powered system from the energy, design, and economic perspectives.
The design assessment approach includes the assessment of the system’s weight and size
with an emphasis on defining the system components, while cost-assessment indicators
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were employed to assess the viability of the power system from an economical perspective.
The following is a summary of the study’s major results:

e  The total fuel energy capacity to accomplish the target three OWTs by using PEMFC
and SOFC must be 2579 kWh and 2333 kWh, respectively, while the required battery
energy capacity is 1830 kWh for the full battery system scenario.

e Among the options taken into consideration, the PEMFC system fueled by hydrogen
and ammonia has the lowest total costs at EUR 8.4 million and 8.6 million, respectively.
However, due to its high voyage expenses (electricity cost), the full battery system
scenario has a total cost of roughly EUR 9.6 million.

e  Despite the fact that the SOFC is more fuel-efficient and takes less fuel to produce
electricity, the total cost assessment showed that the power system based on SOFC has
higher total costs than other solutions.

e  The results showed that the LCOE of the PEMFC system powered by hydrogen and
ammonia is 396 EUR/MWh and 410 EUR/MWHh, while the full battery system’s LCOE
is 427 EUR/MWh. On the other hand, the LCOE of the SOFC power system varies
depending on the fuel type and its value is between 558 and 600 EUR/MWh.

e  The results indicated that the cost-effectiveness of retrofitting the conventional diesel
power system onboard the NaveBus by the full battery system scenario is viable and
achieves an ROI equal to 211%. Moreover, the PEMFC system operated by hydrogen
and ammonia has a high profitability trend, as the ROI is 170% and 140%, respectively.

e The PEMFC system powered by hydrogen has the best environmental viability over
other options, since it achieves a high reduction in CO; over the lifetime of the ship
with a saving of 60 EUR/ton-CO»; hence, this scenario should be given priority during
the retrofitting process.

e  From a weight and volume perspective, the hydrogen-powered PEMFC system is con-
sidered the best clean power system to guarantee, for this specific case study, a suitable
retrofitting of the diesel power system This is because its weight is lower by 31.3%
compared to the removed parts’ weight, and its volume is lower by 34.6% compared
to the removed parts” volume.

o  The performed design feasibility study indicated that the power system based on
SOFC technology could not be fitted inside the case study because of the limitation in
volume and weight that is available onboard. The total weight of the SOFC system
fueling by different fuels varies between 49 tons and 52 tons, while its volume is 88 m>.

Even though the paper primarily focuses on the NaveBus as a case study, the technical
and economic feasibility assessment methodology that has been developed is generally
applicable to other short-distance passenger ferries to achieve the decarbonization of ships
working on short-sea navigation. For larger vessels, particularly looking at economic
methodology, it would be important to consider savings in terms of CO, taxes (as the vessel
could be subject to ETS) and externalities (e.g., savings form sanitary systems expenses due
to lower NOx, SOx, and PM emissions in urban environments).
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Nomenclature

Abbreviations

BoP Balance of plant

CAI Cost-assessment indicators

CO, Carbon dioxide

DC Direct current

DNV Det Norske Veritas

ETS Emission trading system

EU European Union

FC Fuel cell

FPP Fixed-pitch propellers

GHG Greenhouse gases

IMO International Maritime Organization
LCOE Levelized cost of energy

LNG Liquefied natural gas

MAC Marginal abatement cost

MARPOL International Convention for the Prevention of Pollution from Ships
MDO Marine diesel oil

MeOH Methanol

NOx Nitrogen oxide

NPV Net present value

OWT One-way trip

PEMEC Proton exchange membrane fuel cell
PM Particulate matter

ROI Return on investment

R&D Research and development

SOFC Solid oxide fuel cell

SOx Sulfur oxide

Variables

CapEx Capital expenses (EUR)

CF Cost factor (EUR/kW or EUR/kWh or EUR/kg-fuel)
d Discount rate (%)

E Electricity energy generated (kWh)
EC Energy capacity (kWh)

ECC Energy carrier consumption (kWh)

f Extra factor for the supplementary equipment (-)
M Fuel mass (kg)

GD Gravimetric density (kW /kg)

HEC Heating up energy capacity (kWh)
HEF Heating up energy factor (kWh/kW)
J Number of one-way trips (-)

LHV Lower heating value (kWh/kg)

LT Lifetime (years)

n Number of years (year)

N Number of replacements (-)

P Rated power of fuel cell (kW)

OpEx Operating expenses (EUR)

T Operational time [hour]

\Y% Volume (m?)

VD Volumetric density (kW / m?)

VoyEx Voyage expenses (EUR)

W Weight (kg)

Xy Hydrogen content in ammonia (%)
Y Number of battery cycles (-)

Z Lifetime of fuel cell (hours)

n Efficiency (%)
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Subscripts
ann Annual
BC Battery cycles
BT Battery
cps Clean power system
cr Cracker
Dr Diesel-powered system
ec Energy carrier
em Electric motor
f Fuel type
FC Fuel cell
fss Fuel storage system
oc Other components
OM Operational mode
pce Power conditioning equipment
ps Power system
pu Purifier
se Supplementary equipment
RE Replacement
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