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Abstract: The main objective of this paper is to select the optimal configuration of a ship’s power
system, considering the use of fuel cells and batteries, that would achieve the lowest CO, emissions
also taking into consideration the number of battery cycles. The ship analyzed in this work is a
Platform Supply Vessel (PSV) used to support oil and gas offshore platforms transporting goods,
equipment, and personnel. The proposed scheme considers the ship’s retrofitting. The ship’s original
main generators are maintained, and the fuel cell and batteries are installed as complementary sources.
Moreover, a sensitivity analysis is pursued on the ship’s demand curve. The simulations used to
calculate the CO, emissions for each of the new hybrid configurations were developed using HOMER
software. The proposed solutions are auxiliary generators, three types of batteries, and a proton-
exchange membrane fuel cell (PEMFC) with different sizes of hydrogen tanks. The PEMFC and
batteries were sized as containerized solutions, and the sizing of the auxiliary engines was based on
previous works. Each configuration consists of a combination of these solutions. The selection of the
best configuration is one contribution of this paper. The new configurations are classified according
to the reduction of CO, emitted in comparison to the original system. For different demand levels,
the results indicate that the configuration classification may vary. Another valuable contribution
of this work is the sizing of the battery and hydrogen storage systems. They were installed in 20 ft
containers, since the installation of batteries, fuel cells and hydrogen tanks in containers is widely
used for ship retrofit. As a result, the most significant reduction of CO, emissions is 10.69%. This is
achieved when the configuration includes main generators, auxiliary generators, a 3,119 kW lithium
nickel manganese cobalt (LNMC) battery, a 250 kW PEMFC, and 581 kg of stored hydrogen.

Keywords: fuel cell; ship power systems; diesel engine; Li-ion battery; hybrid power systems;
hydrogen storage

1. Introduction

In recent years, greenhouse gas (GHG) emissions from the shipping sector have
concerned the international community. In 2018, the United Nations’ International Maritime
Organization (IMO) agreed to reduce their GHG emissions of global shipping by 50% before
2050 compared to their levels in 2008 [1].

Even the Paris Agreement and the Kyoto Protocol, which did not directly set any
objectives to reduce emissions, have brought up shipping emissions in discussions [2].

Energies 2022, 15, 2184. https:/ /doi.org/10.3390/en15062184

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15062184
https://doi.org/10.3390/en15062184
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8818-5809
https://orcid.org/0000-0002-2746-1582
https://orcid.org/0000-0002-3929-3926
https://orcid.org/0000-0002-5403-6901
https://orcid.org/0000-0002-3233-6778
https://orcid.org/0000-0001-5236-4592
https://orcid.org/0000-0002-2486-7026
https://doi.org/10.3390/en15062184
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15062184?type=check_update&version=1

Energies 2022, 15, 2184 2 of 34

Figure 1 shows a comparison between the CO; emissions for the years of 2018 [3] and
2015 [4]. Considering that Germany is part of the European Union, this ranking includes
the fifteen largest emitters in the world, where the shipping sector stands in the eighth
place. Furthermore, this sector also had the seventh-largest increase (more than 6%) from
2015 to 2018. Regarding the fact that the emissions from countries are covered and analyzed
by the agreements mentioned, this work aims at analyzing possible solutions to reduce the
CO; emissions of ships.
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Figure 1. Global CO; emissions ranking comparing the emissions data from 2018 [3] with the data
from 2015 [4].

Figure 1 shows a comparison between the CO; emissions for the years of 2018 [3] and
2015 [4], of the fifteen largest emitters in the world. Since Germany’s emission are already
included in those of the European Union, the shipping sector alone is the eighth largest
CO, emitter in the world. Furthermore, the sector also had the seventh largest increase
(more than 6%) from 2015 to 2018. Regarding the fact that the emissions from countries are
covered and analyzed by the agreements mentioned, this work aims at analyzing possible
solutions to reduce the CO, emissions of ships.

The emission data presented in annual reports [3,4] show that there is still a great
effort to be made regarding the reduction of GHG in the shipping sector. In this sense,
the use of different hybrid technologies in ship power systems is essential to guarantee a
more ecological future. There are many feasible solutions available that could be employed
in shipboard power systems and potentially reduce GHG emissions: biofuels [5], batter-
ies [6,7], fuel cells [8], and direct current (dc) distribution [9], among others. Considering
that the IMO aims at reducing the emissions related to ships, and these emissions may
have a limit that when reached can implicate in taxes, the use of hybrid power systems
is attractive to shipbuilders and ship companies to increase their profit by reducing their
costs related to fuel and possibly avoiding paying taxes due to an excess of emissions.

Ship emission estimation methods are described in [10-14]. These methods may have
drawbacks based on how the emissions are measured. In [12], it is mentioned that the
more realistic approach would be to estimate emissions based on a ship’s actual speed.
For ships with only main engines, the relationship between ship speed and power output
of the generators is simple [15]. When auxiliary generators, fuel cells, and batteries are



Energies 2022, 15, 2184

3o0f34

considered, this relationship is much more complex. More detailed models, tools, and
studies are needed to be able to more accurately measure the effects that ship power
systems” hybridization will have on the GHG emission levels. Currently, there are very
few simulation and design optimization tools available for hybrid power systems in the
shipping sector [16]. General applications frequently use HOMER software for the optimal
design of hybrid power grids [17-20], but HOMER can also be used for maritime appli-
cations [7,21-25]. As seen in previous works [7,23], HOMER can be used to estimate the
CO, emissions of ships. Moreover, the main and auxiliary engines’ load factors will be set
according to the software’s optimal energy-dispatch algorithm.

As the main objective, this paper selects an optimal configuration of a ship’s power
system, considering the use of fuel cells and batteries, that would achieve the lowest CO,
emissions, also taking into consideration the number of battery cycles. HOMER PRO is
used to calculate the emissions and the battery cycles of various configurations and three
different levels of demand. Then, the best configuration that can be composed of fuel
cells, batteries, and main and auxiliary generators is found based on these criteria. The
ship analyzed in this work is a platform supply vessel (PSV). One main concern is that
the solutions applied to ship power systems usually require a new ship to achieve the
reductions estimated. This requires a higher amount of money and may take a long time
to present benefits. For this reason, the solutions analyzed in this paper are designed
for a ship’s retrofit. Therefore, this method can be used to assess if the CO, reductions
achieved can pay for the cost of installation and the loss of space required for the new
equipment. Another important contribution is the sizing of the battery and hydrogen
storage systems. This work sizes them for an installation in 20 ft containers commonly used
in PSVs. Moreover, the proposed method performs a sensitivity analysis considering the
variation of the ship’s demand curve. We considered that the PSV has a fixed scheduled
routine, which means that, independent of the weather conditions, the ship must arrive
on time. The variation in weather and sea condition interferes with the power demand
required. When there is a rough sea with bad weather conditions, the demand will be
higher. In a calm sea with good weather conditions, the same ship would require a lower
demand to arrive on time.

The remaining sections of this paper are organized as follows. Section 2 describes the
power system dispatch strategy and CO, emissions calculation in the HOMER software.
Section 3 presents the main characteristics of the PSV under study, as well as the demand
curve during a typical mission. Section 4 presents the alternative power generation com-
ponents considered in this work. In Section 5, data on the fuel cell, diesel generator and
batteries are presented together with hydrogen-storage-sizing and battery-system-sizing in-
formation. Section 6 presents the results of the CO, emissions estimations. Finally, Section 7
summarizes the main contributions of this work and presents the conclusions.

2. Dispatch Strategy and CO;, Emission Calculation

The simulations were performed with HOMER, a commercial software with a propri-
etary derivative-free optimization method that provides an optimal dispatch of the energy
available to supply the demand. The objective function of HOMER'’s optimal dispatch
is the system’s net present cost, i.e., the sum of the costs of installing and operating all
the system’s components over the project’s lifetime. As HOMER'’s optimization is used
to determine the impact that each configuration will have on the emissions, most of the
costs that would have the highest impact on emissions were set to zero. Battery costs
and hydrogen costs were set to zero to force HOMER to use them as much as possible.
The aims to use these sources with no emissions as long as possible, in order to ensure
as much emission reduction as possible, no matter the cost. Furthermore, the operations
and maintenance (O&M) cost of the converters was also set to zero, and HOMER's default
diesel fuel price of 1$/L was maintained.

Beside the costs, HOMER has other inputs, such as fuel consumption curves for the
generators, battery round-trip efficiency, converter efficiency, battery initial state of charge



Energies 2022, 15, 2184

4 0f 34

(S0C), minimum SoC, and the set-point SoC that is the maximum SoC allowed during the
simulation. The choices of the minimum and maximum SoC values were made according
to the impact that the depth of discharge (DoD) can cause in a battery’s life. The DoD is the
difference between the maximum and the minimum SoC that the battery can reach during
charge and discharge, respectively.

In [26], there is a study investigating which would be the optimum DoD for a 24 kWh
battery. The optimization method determined a DoD of 70.1%, considering a premise that
the system would have 100% availability. In [27], the DoD that would provide the lowest
total cost for a battery installed in a round-trip electric bus route was determined through
convex programming (CP).

When battery degradation is considered, the DoD estimated is 53.1%. Without the
degradation, the DoD moves to 46.6%.

The optimal DoD values obtained in [26,27] were, respectively, 70.1% and 46.6%. Based
on this variation, considering cost reduction and availability, the DoD chosen in this paper
is 60%, and the maximum and minimum SoCs are set to 80% and 20%, respectively. The
present study considers a new and fully charged battery at the beginning of the simulation.
Therefore, from the simulation start until the moment that the battery SoC is under 80%,
no charge is allowed. Moreover, the battery is not allowed to discharge more if the SoC
reaches 20%. The battery dispatch is chosen according to the cycle-charging dispatch of
HOMER, in which a set-point SoC is applied to the cycle-charging strategy. The value
applied for this set-point is 80%, which is the same used for the maximum SoC. In this way,
the SoC will always be below the set-point during the simulation, and, if in a previous time
step, the battery was not feeding the primary load, in the current time step HOMER will
avoid discharging the storage. During the charging cycle, a generator needs to produce
enough energy to serve the primary load and charge the storage bank. When a charging
cycle starts, the battery is charged until it reaches the set point state of charge. In short,
when the battery starts to discharge, it does so until its SoC reaches 20%. When it starts to
recharge, it does so until the SoC reaches 80%.

Since HOMER optimizes the net present cost over its lifetime, it requires yearly
demands to perform the simulations. In this work, the demand lasts for only 113 h, which
is the ship’s mission duration, and, thus, the yearly demand curve is filled with zeros after
the 113th hour. Since HOMER requires a load to dispatch a controllable power source,
generally, there is no emission in the first hour with a demand level equal to zero. An
exception is when the battery is charging in the previous time-step; then, the next hour
after the end of the demand can be used to assess the battery until the set-point.

The calculation of CO, emissions by HOMER is divided into three steps that are
run internally by the software. Firstly, before the simulation, HOMER determines the
emission factor of CO,, representing the amount of CO, emitted in kilograms per unit of
fuel consumed in liters. The user directly specifies the carbon monoxide and unburned
hydrocarbons emissions factors. Then, HOMER assumes that all the carbon in the fuel
that was not emitted as carbon monoxide or unburned hydrocarbons will be emitted
as carbon dioxide. The default emissions factors of diesel fuel given by the HOMER
software and considered in this work are shown in Table 1. In the second step, HOMER
performs the simulation and evaluates the fuel consumed. After that, in the third step,
HOMER multiplies the fuel consumed by the emission factor to obtain the amount of
pollutant emitted.

Table 1. Emissions Factors.

Pollutant Unit Value

Carbon monoxide (g/L) 6.5
Unburned hydrocarbons (g/L) 0.72
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Power Demand (MW)

3. General Characteristics

This section describes how the demand was designed and highlights the importance of
pursuing a sensitivity analysis on the demand curve. Moreover, this section also describes
the main components of the PSV power system in the base case and how the solutions
analyzed in this work can be connected to the system.

3.1. Demand Design

The demand curve used in this paper is presented in Figure 2, highlighted as a
continuous red line and represents a standard PSV routine based on [28]. This normal
demand profile has been used in many works [7,29,30]. The variation of +10%, depicted in
dashed black line, and the variation of —10%, presented in dotted blue line, are performed
to pursue the sensitivity analysis. Besides that, the three levels of demand analyzed in this
paper have five major parts, which are divided by vertical lines in Figure 2: loading in port,
laden voyage, dynamically positioned (DP) operation, partial load voyage, and stand-by.

Demand | ¢ == Demand 10% Higher =~ - --------- Demard 10% Lower
Loading Laden DP Operation Partial Standby -
in Port Voyage y Load
\r \ Voyage |

ly

\1
I\/\ i

|
20 40 60 80 100

Hours

Figure 2. Standard PSV power demand considering different parts of the mission pursued (red curve)
and variations considered for the sensitivity analysis (+10% original power demand—dashed black
line, —10% original power demand—dotted blue line).

The average demands of each part of the PSV mission described hereafter refer to the
red line in Figure 2. The vessel starts the trip being loaded at the port with an average
demand of 482 kW. Once it is fully loaded, it starts the voyage towards the platform with
an average demand of 6100 kW. Then, the ship stops by the platform to move its loads
to the platform and receive some loads from the platform; this operation is named DP. It
is the most dangerous operation that a ship performs, and the average demand power



Energies 2022, 15, 2184

6 of 34

required during DP operation is around 1250 kW. The voyage back to the port with the
ship partially loaded is named the partial load voyage, and its average demand is 5040 kW.
The last part, called standby operation, describes the demand when the vessel needs to
wait for the port to be ready. The standby operation has an average power of 335 kW and
could also represent when the ship waits to begin a DP operation.

In this paper, a sensitivity analysis is pursued, varying the demand curve by £10%. It
aims to represent the impact that variations on speed, cargo loaded, wind direction, and
wave force may cause on the demand curve. This sensitivity analysis will help investigate
the amount of CO, emission reduction that each configuration can obtain, considering
different demand levels. The demand curve varies due to sea and weather conditions.
Considering that the ship’s mission has scheduled hours to arrive on each platform, moving
the ship from one point to another in a rough sea with bad weather conditions would
require a higher demand. On the other hand, a calm sea with good weather conditions
allows a ship to travel with a lower demand.

The strength and direction of the wind, the force of the waves, and how the operator
drives the ship are three important factors that will determine the power demand. The
sensitivity curve shown in Figure 2 aims at covering possible variations that the demand
curve may have. As shown in Figure 2, the demand curve highlighted in red is considered
the normal demand. This curve was increased by 10% and reduced by 10% to produce
the variations.

3.2. PSV Power System

The alternative solutions used in this paper to reduce CO, emissions consist of fuel
cells, batteries, and auxiliary diesel engines, as presented in the diagram of the PSV power
system in Figure 3. The base case is displayed in black and consists of four C280-6 Caterpil-
lar 1820 kW diesel generators [31], one 750 kW base load, one 300 kW service load, two
900 kW bow thrusters, and two 2 MW azimuth thrusters. The alternative solutions to
reduce CO, emissions are highlighted in different colors in Figure 3. The two auxiliary
generators are shown in red and consist of two C18 Caterpillar 480 kW [32]. The advanced
battery system is presented in green. It can represent any of the batteries analyzed in this
work: lithium titanate-oxide (LTO), lithium iron phosphate (LFP), or lithium nickel man-
ganese cobalt oxide (LNMC). Finally, Figure 3 depicts in blue a 250 kW proton exchange
membrane fuel cell (PEMFC), which is fed with pure hydrogen.

The alternative solutions to reduce CO, emissions used in this work consist of fuel
cells, batteries, and auxiliary diesel engines. The power system from [33] is used as the base
case and highlighted in black in Figure 3. The basic configuration consists of four C280-6
Caterpillar 1820 kW diesel generators [31], one 750 kW base load, one 300 kW service load,
two 900 kW bow thrusters, and two 2MW azimuth thrusters. The alternative solutions to
reduce CO, emissions are highlighted in different colors in Figure 3. The two auxiliary
generators are shown in red and consist of two C18 Caterpillar 480 kW [32]. The advanced
battery system is presented in green. It can represent any of the batteries analyzed in
this work: lithium titanate-oxide (LTO), lithium iron phosphate (LFP), or lithium nickel
manganese cobalt oxide (LNMC). Finally, Figure 3 depicts in blue a 250 kW proton exchange
membrane fuel cell (PEMFC), which is fed with pure hydrogen.

This study was performed under the assumption that the power system in Figure 3
has control systems that are installed to allow the operation in DP with the bus-tie breaker
closed. In this way, the engines can operate at a more efficient level. Without such control
systems, the operation with the bus closed may lead to a major problem in the case of a
failure or a fault [34].

Based on Figure 3, the set of configurations used in this work can be with or without
the PEM fuel cells, with or without one of the batteries (LNMC, LTO, and LFP), and with
or without auxiliary generators. All the power system’s configurations are compared with
the base case that includes only the four 1.82 MW main generators. The analysis neither
considers the batteries” aging nor the energy required by the PEMFC cooling system.
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Figure 3. Schematic three-phase diagram of the PSV power system.

4. Technical Solutions
4.1. Auxiliary Diesel Generators

One of the main reasons for using auxiliary generators on ships is their level of
technological maturity. The use of auxiliary generators can be seen as the more mature
solution, since they are also operated by diesel, and there is a strong background in diesel
engine maintenance in the shipping sector. Furthermore, as seen in Figure 2, the PSV
demand curve has a considerable variation in its power level. Since the diesel engines’
highest efficiency is usually achieved at 80% of their power output, main diesel generators
are not the best alternative to power the ship during a low load operation. Therefore, the
use of auxiliary generators with reduced rated power (480 kW) is more efficient during
low loads, leading to a reduction in fuel consumption and, consequently, in CO, emissions.
Auxiliary generators will typically operate with more than 40% of their capacity even
when the ship is in loading in port and on standby, reducing ignition problems and poor
combustion [35].

4.2. Batteries

This paper analyzes the impact of three types of lithium-ion batteries: (a) lithium
titanate-oxide (LTO), (b) lithium iron phosphate battery (LFP), and (c) lithium nickel
manganese cobalt oxide (LNMC). A comparison of these types of batteries is portrayed in
Figure 4. Although LTO batteries present the best numbers for the number of cycles and
round-trip efficiency, they have the smallest specific energy and consequently weigh more
to have the same energy as the LFP and the LNMC batteries.
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Energy installation
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Figure 4. Comparison of LFP, LTO, and LNMC considering Maximum and Minimum Temperature
of Operation [36], Energy Installation Cost [37], Specific Energy [38], Number of Cycles [36], and
Round-trip Efficiency [37]. The number of cycles is considered to be the number of charges and
discharges that will reduce the battery capacity to 80% of its rated capacity. The values for Minimum
and Maximum Temperatures, Round-trip Efficiency, and Number of Cycles do not start from 0
because of graphical limitations.

The fast response and the possibility of operating the battery as a load or as a generator
according to its charge and discharge cycle, respectively, are the main points increasing the
interest of shipbuilders and ship operators in energy storage systems. The fast response
can help to quickly re-energize the ship after a blackout, and optimizing the batteries’
charge and discharge cycles may result in more efficient use of the generators. Moreover, in
low load operation cases, the diesel generators may be disconnected, and the ship power
systems can be fed by batteries for some hours or minutes, depending on their storage
capacity and SoC. Batteries are usually kept in 20 ft containers with converters and other
thermal and dispatch management equipment.

Battery costs are still falling, due to the increase of the battery market and the use of
high energy density cathodes. As such, a constraint that should be discussed is their life
expectancy. Operating the battery with a lower depth of discharge DoD is an excellent
alternative to increase its life expectancy and reduce its capacity loss [39,40]. Another way
of analyzing the relationship between cost and life expectancy is through the Levelized Cost
Of Energy (LCOE), which measures the average net present worth of the energy generated
over its lifetime. According to [41], the LCOE for lithium-ion batteries has fallen by 35%
since the first half of 2018, reaching $187 per megawatt-hour. In terms of battery price,
considering a battery cell or a pack, the price has fallen 87% reaching $ 156/kWh in 2019.
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Moreover, the projection is that this price will reach $100/kWh by 2023 [42]. The battery
market’s growth, the future developments of battery management systems and high energy
density batteries may reduce the LCOE of batteries even more. Therefore, batteries are
turning into a strong competitor for power generation in ship power systems.

One important parameter is the battery’s state of health (SoH), which reflects its
general condition, and is given by:

C
SoH = 100——Neydles )
Chew battery

where Cpycles is the available capacity after Ncycles battery cycles and Cyey pattery 18 the
nominal capacity. A new battery has a SoH of 100%, which begins to fade once the battery
starts cycling. According to [43], when the SoH decreases to 80%, the battery is no longer
indicated for vehicle application. This number of cycles after which the battery reaches the
end of its useful life depends on various factors, such as temperature, DoD, and C-rate.
As shown in Figure 4, the cycles for LNMC, LFP, and LTO are 3000, 3400, and 15,000,
respectively. In [36], it is shown that these cycles are determined for a DoD of 100% and a
temperature of 25 °C; the c-rate varies for each battery.

4.3. Fuel Cells and Hydrogen Storage

Unlike batteries, which are rechargeable and independent energy storage devices,
fuel cells (FCs) only perform energy conversion and require a continuous fuel supply to
generate electricity. The energy in this case is stored in the form of the fuel itself. Therefore,
when considering the use of FCs in hybrid maritime power systems, the fuel type and also
the fuel storage solution must also be taken into account.

Among the different types of FCs, the proton-exchange membrane fuel cell (PEMFC) is
one of the most suitable for maritime transport applications [44]. This is the type of FC with
the greatest variety of applications, and it is trendy in vehicular applications [45], thanks to
its solid electrolyte and operation at low temperatures (below 100 °C) [46]. The PEMFC
can be fueled with pure hydrogen gas, which can be stored in high pressure [47] or metal
hydride tanks [48,49], or by a natural gas reformer [50]. If natural gas is used as fuel, there
would be CO and CO, emissions, while pure hydrogen allows an emission-free operation.
This work considers using a PEMFC supplied with pure hydrogen, so the proposed design
allows an emission-free operation of the FC system.

The most popular method of hydrogen storage in the industry is in high-pressure
cylinders. Typically, steel cylinders are used to store and transport compressed gas at
ambient temperature. It is a simple method and does not require any power to consume
the stored hydrogen gas. However, it has disadvantages, such as the power consumed
during the gas compression process and, mainly, safety-related concerns, since there is a
risk of explosion due to high-pressures [51].

More recently, the chemical storage of hydrogen in the form of metal hydrides has
become a promising solution [49]. In this method, the storage is based on hydrogen’s
reversible reaction with different metals, alloys, and other metallic compounds. The
main advantages of metal hydrides over compressed hydrogen are their energy density
(kWh/m3) and safety. The energy density of metal hydride tanks is higher than that of
pressurized hydrogen and comparable to that of liquid hydrogen [52]. However, liquid
storage has the disadvantage of energy costs to liquefy hydrogen [51]. In terms of safety, in
metal hydride tanks, hydrogen is not stored at very high pressures. Therefore, there is no
risk of an abrupt and dangerous discharge, as in the case of pressurized hydrogen.

Despite having a higher energy density (kWh/m?), metal hydride tanks have a specific
energy (kWh/kg) lower than that of pressurized hydrogen tanks [52]. Thus, they are
suitable for applications where there are usually not so many weight restrictions, but there
are significant space restrictions, as in ships. For this reason, in addition to the high level of
safety, in this paper, hydrogen storage using metal hydrides is compared with hydrogen
stored in high-pressure cylinders.



Energies 2022, 15, 2184

10 of 34

Efficiency

60%

50%

40%

30%

20%

10%

0%

(V]
0%

10%

5. Components Configuration

Containerized solutions are commercially available for fuel cells [53,54], batteries, and
hydrogen. Therefore, each of the technical solutions evaluated in this paper was sized
to be installed in 20 ft containers. The battery sizes analyzed in this paper are related to
commercial cell size, as is further explained in Section 5.4. The sizing of the hydrogen
container is detailed in Section 5.2.

The fuel cell was sized to 250 kW. In [55]; two 250 kW fuel cells were analyzed to
reduce the pollutant emissions of an offshore platform supply vessel. In this paper only one
250 kW fuel cell is considered, because batteries and auxiliary generators are also evaluated.
Reducing the number of fuel cells impacts on the number of containers installed.

Auxiliary generators were sized to 480 kW because of the demand curve and the
size of the main generators. Considering the standard PSV configuration with only main
diesel generators, the ship operates in low-load (<40%) during the whole loading in port
and standby operations. With the use of auxiliary engines, the ship operates in low-load
only 28.6% of the time during loading in port and 12.5% during standby for the worst
case scenario in which loads above the rated power of one auxiliary engine would not be
divided equally between two auxiliary generators. Beside that, the use of two auxiliary
engines can cover the maximum demands during loading in port and standby, operation
with only the main engines would also cover the demand during these two parts, but the
engines operate in low-load as mentioned before.

5.1. Fuel Cell Efficiency

The efficiency of a FC is calculated as the ratio between the electrical energy generated
and the chemical energy supplied to the FC, which is equivalent to the heat that would be
produced if the hydrogen were burned [52]. Figure 5 displays an efficiency curve that has a
profile based on data from NREL's Advanced Vehicle Simulator [56,57], which states that
the maximum efficiency is achieved in around 40% of the rated power. Additionally, the
maximum efficiency value was obtained in [45], which states that the maximum efficiency
for PEMFC can reach up to 60%. The PEMFC connects via an inverter to an ac bus of the
ship. This study considers that the inverter’s efficiency is constant and equal to 98%.

20% 30% 40% 50% 60% 70% 80% 90% 100%

Rated Power

Figure 5. Efficiency curve of the PEMFC used in this work. The efficiency curve is drawn based on
the profile found in [56] and on the values found in [45].
5.2. Hydrogen Storage Sizing

This work considers two types of hydrogen storage technology: metal hydrides and
compressed hydrogen in high-pressure tanks. Table 2 presents the technical characteristics
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of the different hydrogen storage tanks analyzed in this study. Tank A consists of a
lanthanum-nickel hydride (LaNisHg) tank [58], which is an ABs-type intermetallic alloy.
These alloys are one of the most popular hydride materials in hydrogen storage applications,
since their hydrogen sorption properties can be adjusted through small variations in their
composition [49]. In this way; it is possible to align the material’s operating temperature and
pressure depending on the application. Moreover, despite their lower gravimetric hydrogen
storage density when compared to other metal hydrides such as the magnesium hydride
(MgH>), ABs5 alloys can operate at low temperatures (below 30 °C) [49,58]. Magnesium
hydride requires higher temperatures (around 300 °C) to decompose and release hydrogen,
which typically restricts its application to systems that can be thermally integrated with a
high-temperature heat source, such as a SOFC [59].

Table 2. Technical characteristics of the different types of hydrogen storage tanks considered.

Tank A B C
Metal Compressed Compressed
Technology hydride hyd}z‘ogen hydliogen
Type LaNisHg IV (700 bar) IV (500 bar)
Hydrogen capacity (kg) 0.63 1.78 11
Diameter (mm) 169 308 531
Length (mm) 1460 827 2424
Energy density (kWh/m?) 641 962 683

In addition to hydrogen storage in metal hydrides, this study examines two options
for compressed hydrogen storage pressure: 700 bar [47] and 500 bar [60], presented in
Table 2 as tanks B and C, respectively. Both B and C tanks consist of composite cylinders
with a polymer liner, known as a Type IV tank. Such tanks have an operating pressure in
the range of 350 to 700 bar. Therefore, such a container can transport more gas. Tank C, in
Table 2, is a tank with optimized dimensions for transporting hydrogen in containers [60,61].
Despite its operating pressure of 500 bar, it stores more hydrogen than a 700-bar-capacity
container, due to its optimized dimensions. However, considering the energy density, tank
B outperforms tank C, which has an energy density closer to that of tank A.

The analysis carried out in this work considered the possibilities of accommodating
the hydrogen tanks in a standard 20 ft container (5.90 m x 2.35 m x 2.39 m). Assuming
the tanks can be positioned side by side in the vertical position inside the containers
according to the representation shown in Figure 6, the total number of tanks that can be
accommodated in each container will be given by:

W, L
T=17ll3l 2
where T is the number of tanks; W and L are, respectively, the width and length of the
container; d is the hydrogen tank diameter; and |- | denotes the floor function, which takes
as input a real number and outputs its integer part (greatest integer less than or equal to
that real number).
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Figure 6. Representation of the arrangement of the hydrogen cylinders inside a container.
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The number of tanks from Table 2 that can be accommodated in a 20 ft container, and
the total hydrogen storage capacity, is listed in Table 3. Considering tank A, the number of
tanks stored in a container was calculated directly by (2). In the case of tank B, the number
of tanks per container considered was twice that given by (2), since the length of the tank is
only 827 mm. Therefore, it was considered that the container can accommodate twice the
number of tanks if they are stacked. In the case of tank C, the number of tanks that can be
accommodated in a 20 ft container was provided by the manufacturer in [61].

Table 3. Hydrogen storage capacity in a 20 ft container.

Tank Nb of Tanks Hydrogen Stored (kg)
A 442 278
B 266 486
C 52 565

Table 3 demonstrates that, using metal hydrides, a standard 20 ft container can store
up to 278 kg. Despite tank B’s higher energy density, a 20 ft container can store less
hydrogen than tank C, mainly due to the tanks” dimensions. In the studies carried out with
HOMER presented in this work, the three amounts of stored hydrogen listed in Table 3 are
considered. It is important to remark that this study considers that the tanks are full at the
beginning of the mission, and they are not refilled during the mission.

5.3. Diesel Generators

Figure 7 shows the efficiency curves of the main and auxiliary generators. The main
generators have a rated power of 1.82 MW and consist of C280-6 diesel generators manu-
factured by Caterpillar [31]. The auxiliary generators have a rated capacity of 480 kW and
consist of C18 diesel generators [32] from the same manufacturer. As shown in Figure 7,
both have higher efficiency when they operate closer to their rated power. The data of the
efficiency curves of both generators were obtained from [31,32].

In the base case, only the four 1.82 MW generators are considered. In this configuration,
they must operate with a minimum power output of 10% each, i.e., none of the generators
will be connected unless there is a minimum load of 182 kW. Therefore, the operation can
be guaranteed when the load is lower (loading in port and standby). The use of auxiliary
diesel engines reduces the emissions mainly during the low-load operation as described
in [7]. With auxiliary diesel engines, the minimum power output of all diesel engines
can be increased to 40%. This power corresponds to 728 kW in the main generators and
to 192 kW in auxiliary ones, which is in accordance with the minimal demands required
during loading in port and standby. When fuel cells and batteries are inserted in the ship
power system, the minimum level of diesel engines can be set as 50%. In this configuration,
batteries and fuel cells can cover loads that are under 225 kW and cannot be covered by
auxiliary diesel engines.
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Figure 7. Efficiency curve of the main and auxiliary diesel engines, these curves were obtained
from [31,32], respectively.

5.4. Battery Sizing

The batteries were sized as described in [7]. Firstly, the volumes occupied by the cells
in a pack and by packs in a container were determined to be 57% and 34%, respectively.
Then, commercial cells were considered. Although all the cells evaluated in this work once
existed, due to the cell development, some cells were not available commercially at the
time that this paper was written, so they have no citation.

The volume of each pack was evaluated based on cell dimensions and their electrical
parameters, and considering the system voltage fixed at 1000 V. Since the container volume
occupied per pack was 34%, a simple division provides the number of packs in each
container. Finally, power and energy ratings are given considering that the battery is
operating with a C-rate of 1. When the simulations were performed, the C-rates respected
the maximum limits indicated by the "recharge rates" column in Table 4. These values were
taken from the cells” datasheet.

Table 5 shows the volume in m3 that one battery pack would occupy according to each
cell’s volume. Table 4 shows the battery parameters used to calculate the energy and the
power of the batteries used in this work.

It was considered that filters, controllers, converters, energy management systems,
and the equipment used to control the temperature of the container would occupy the
remaining 66%.

The round trip efficiency (RTE) was kept as the values of the table. The efficiency of
the battery inverter was considered constant and equal to 98%.
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Table 4. Container of battery parameters.

" . Recharge Container % of the .Conte.uner Effective Total Packs Power Pack Pow.e N Ener.gy
Parameter RTE Cycle Life Rates Volume (m?) Occupied with Volume (m?) Container (W)/Energy Container Container
Batteries Pack (Wh) (kW) (kWh)
LTO 948 kW 96 10,000 3C-1C 33.19 34 11.28 862.147 1100 948.362 948.362
LTO 1121 kW 96 10,000 3C-1C 33.19 34 11.28 862.147 1300 1120.79 1120.79
LFP 1510 kW 92 2500 2C-1C 33.19 34 11.28 1208.01 1250 1510.01 1510.01
LFP 1284 kW 92 2500 2C-1C 33.19 34 11.28 1605.68 800 1284.5 1284.5
LNMC
2410 KW 95 2000 3C-1C 33.19 34 11.28 964.159 2500 24104 2410.4
LNMC
3119 kKW 95 2000 3C-1C 33.19 34 11.28 623.8 5000 3119 3119
* Round trip efficiency.
Table 5. Battery pack parameters.
Parameter Diameter Height Cell Volume Nominal Cell Capacity Cell Energy System Number of % of Cellsin ~ Pack Volume
(mm) (mm) (m3) Voltage (V) (Ah) (Wh) Voltage (V) Cells in Series a Pack (m?3)
LTO 948 kW 18.7 65.5 1.79 x 107 24 1.1 2.64 1000 416 57 0.0131
LTO 1121 kW [62] 18.7 65.3 1.79 x 107 24 1.3 3.12 1000 416 57 0.0131
LFP 1510 kW 18.2 65.6 1.71 x 1072 3.2 1.25 4 1000 312 57 0.0093
LFP 1284 kW [63] 18.1 499 1.28 x 1072 3.2 0.8 2.56 1000 312 57 0.0070
LNMC -5
2410 KW [64] 22 65 247 x 10 3.7 2.5 9.25 1000 270 57 0.0117
LNMC 26.9 65.5 3.72 x 1072 3.6 5 18 1000 277 57 0.0181

3119 kW [65]
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6. Results

In the following subsections, the results of the configurations analyzed are shown
according to the demand level. For the following analysis, the minimum loads for main
generators vary according to each configuration. For configurations including only main
generators, main and auxiliary generators, main generators and PEMFC, main and auxiliary
generators, and PEMFC, the minimum load set is 10%. For configurations including the
battery, the minimum load set is 40%.

In figures that shows the emission results, as Figure 8, the bar colour represent the
amount of hydrogen stored in the tanks, and the illustrated rectangles represent the bat-
teries. The figures are divided in four parts, each part represents the configuration results
discussed in them, the configurations are named above the group of bars. The first box
on the left shows the base case that includes only main generators. In this first box, the
reduction obtained by the connection of fuel cells is also shown. The numbers, inside
the bar, represent the percentage reduction that is achieved by the use of fuel cells when
compared to the case written above the bars. The numbers above the bars represent the
percentage reduction obtained by the configuration that includes the equipment names
written above the bars and the PEMFC in comparison to the base case. In the first box, the
numbers inside and above the bars are the same.

The second box from the left to the right shows the results of the configuration in-
cluding the main generators and auxiliary generators. The reduction obtained by the
comparison between this configuration and the base case is shown inside the larger rectan-
gle. The bar above the rectangle in this second box shows two pieces of information. Firstly,
inside the bar, we can see the reduction obtained from the use of fuel cells in comparison to
the case including main and auxiliary generators. Secondly, above the bar, the total percent-
age reduction obtained by the configuration including main and auxiliary generators and
PEMFC in contrast to the base case including only main generators is shown.

The same discussion did for the second box occurs for the third and the fourth boxes.
For the third box, the larger rectangle represents the reduction obtained for the configura-
tion, including the main generators and batteries. In the fourth box, the larger rectangle
shows the reduction obtained by the configuration, including the main and auxiliary
generators and batteries in relation to the base case.

6.1. 10% Lower Demand

Figure 8 shows the emission percentage reduced for all configurations related to
the base case that has only four 1820 kW diesel generators. This percentage is shown in
the vertical axis, and lines are traced through the figure to help readers to evaluate the
emission reduction.

As can be seen, the most representative emission reduction is achieved for the configu-
ration including main and auxiliary engines, a fuel cell with a hydrogen tank of 565 kg, and
a LNMC-3119 kW battery. This configuration achieved an emission reduction of 10.69%,
when the 10% lower demand is analyzed.

When configurations without auxiliary engines are analyzed, the configuration includ-
ing main generators, a fuel cell with 565 kg of hydrogen, and the LNMC-3119 kW battery
achieves the highest emission reduction. This configuration achieved a reduction of 9.98%.
If the hydrogen storage is reduced to 486 kg, this same configuration also achieves the
highest reduction, around 9.19%. For a hydrogen storage of 278 kg, this configuration also
achieves the highest emission reduction, around 7.33%.
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Figure 8. Total emission reduction results obtained from the configurations operating at 10% lower demand.
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The results in Figure 8 demonstrate that, for a demand equivalent to the 10% lower
demand, the emission reduction achieved by configurations including main and auxiliary
generators and batteries simultaneously is not much higher than the emission reduction
achieved by configurations including main and auxiliary generators or a main generator
and batteries.

The same analysis can be performed in configurations including PEMFC; the emission
reduction obtained in configurations including main generators, PEMFC, auxiliary genera-
tors, and batteries is close to the one obtained by configurations including main generators,
PEMFC, and auxiliary generators or configurations with main generators, PEMFC, and
batteries. Therefore, if only the emission reduction perspective is analyzed, it may not be
worth the investment in both auxiliary generators and batteries.

A cost analysis considering the relationship between the amount invested and the
reduced CO; ($/tCO,) emissions must be carried out later for a definitive choice between
batteries or auxiliary generators. Despite the small influence of auxiliary generators in
reducing total emissions, their use allows a reduction in the number of battery cycles. This
discussion will be presented later.

Figure 8 also demonstrates the impact that the connection of fuel cells can cause in
emission reduction. The reduction achieved by connecting a fuel cell, for the same hydrogen
amount, is very close, regardless of the configuration. If we compare the emission reduction
achieved by the connection of the three solutions (auxiliary engines, battery, and PEMFC)
individually, we can see that batteries and auxiliary generators present a higher reduction
than the use of the PEMFC with 278 kg. Hydrogen tanks with 486 kg and 565 kg achieve a
higher emission reduction than batteries and auxiliary generators when connected to the
base case. Additionally, a comparison between the emission reduction achieved using the
hydrogen tank with 486 kg and the one obtained using 565 kg of hydrogen shows that the
difference is not representative. Therefore, depending on the cost involved in storing more
hydrogen, the use of 486 kg could have a higher cost-benefit relationship.

Figure 8 also shows the amount of CO, emitted for configurations without PEMFC.
As can be seen, the use of batteries can provide a small emission reduction when connected
in configurations including main and auxiliary engines. The best configuration without
PEMEC is the configuration including main and auxiliary generators and the LNMC-
3119 kW battery. Moreover, if configurations without PEMFC and auxiliary engines are
evaluated, the highest emission reduction is achieved by the configuration including main
generators and a LNMC-3119 kW battery. It is interesting to note that the configuration
including only main engines and batteries presents a higher emission reduction than the
configurations including only main and auxiliary engines and the configurations including
only a main generator and PEMFC with 278 kg.

Finally, reductions of configurations with PEMFC and without a battery can also be
measured in Figure 8; for configurations including only main generators these reductions
goes from 2.66% to 5.06%. Moreover, for configurations including main and auxiliary
generators, these reductions change from 6.51% to 9.09%.

Figure 9 shows the number of cycles that these batteries have in each configuration
when the 10% lower demand is considered. This figure also shows that there is a connection
between the number of cycles and the battery capacity. Moreover, the use of auxiliary
engines provides a considerable reduction on battery cycles.

LFP batteries achieved the minimal number of cycles with the configuration, includ-
ing main and auxiliary generators and without the PEMFC. The LFP-1284 kW achieved
12 cycles, and the LFP-1510 kW achieved 11 cycles.

In terms of cycles, for all configurations, the best and worst batteries were LNMC-
3119 kW and LTO-948 kW, respectively. Configurations with auxiliary engines also pre-
sented a smaller difference, in terms of cycles, between the best and the worst battery.
For the configuration including only main generators and batteries, this difference was
24 cycles. For the configuration including main and auxiliary generators and batteries, this
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difference was reduced to 14 cycles. The use of auxiliary engines in this example reduced
10 battery cycles.
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Figure 9. Number of cycles that each battery required in each configuration for a 10% lower demand.

The use of the PEMFC does not present a significant reduction of cycles in configura-
tions with auxiliary engines. In fact, for LFP batteries, the use of the PEMFC increased the
number of cycles in configurations including main and auxiliary engines. For LTO batteries,
on the other hand, the PEMFC helped to lightly reduce the number of cycles. Beside that, in
configurations with only main generators and batteries, the highest reduction was achieved
through the use of PEMFC with a hydrogen tank containing 278 kg. This reduction reached
at least 3 cycles.

Figure 9 also shows that the size of the hydrogen tank plays no part in reducing
the number of cycles. Compared to the case with main and auxiliary generators and
batteries, the use of the PEMFC achieved, for LTO-948 kW and LTO-1121 kW batteries, a
reduction of 2 and 1 cycles, respectively, for the best case with 565 kg of hydrogen storage.
The LTO-948 kW charged and discharged 21 times, whereas the LTO-1121 kW charged
and discharged 18 times. For LNMC batteries, the use of the PEMFC did not cause a
considerable reduction in terms of cycles. The use of fuel cells with a hydrogen tank
containing 565 kg of hydrogen reduced 1 cycle for the LNMC-3119 kW but did not reduce
the number of cycles for LNMC-2410 kW battery. The LNMC-2410 kW had 9 cycles during
the mission, whereas the LNMC-3119 kW cycled 7 times.

Based on the cycles’ limitation shown in Figure 4, the number of missions that each
battery can pursue is easily calculated. This number of missions is considered for a battery
operating at a temperature of 25 °C and a DoD of 100%. The number of cycles increased
with the decrease of the DoD. The DoD used in this work was 60%, so, the number of
missions calculated can be higher for a real case. It is important to mention that aging is
not considered here, so a real battery would see a reduction in capacity across the battery’s
cycle life, which would probably lead to an increase in the number of cycles per mission;
this effect is not estimated in this paper.
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Considering that, when the battery reaches this theoretical maximum number of
cycles, the battery should be replaced, we can estimate the number of missions for each
battery. The highest number of missions is achieved by LTO batteries. In a PSV with the
LTO-948 kW, the number of missions varies from 405, for the configuration with main
engines and batteries, to 714, for the best configuration in terms of cycles in which main
and auxiliary engines power the ship with the PEMFC and 565 kg of hydrogen. With the
LTO-1121 kW, these numbers vary from 468 to 833 for the same configurations. For this
battery, this maximum number of missions is also reached for a configuration including
486 kg of hydrogen. In terms of years that the PSV can operate for, the PSV can operate for
between 5.2 and 9.2 years with the LTO-948 kW before replacing the batteries, and from
6 to 10.7 years with the LTO-1121 kW. The calculation in years assumes that one mission
starts just after the other during the whole year.

LNMC batteries achieved the lowest number of cycles in the same configuration as
the LTO batteries. The number of missions for these batteries varied from 187 to 333 for the
LNMC-2,410 kW battery. In terms of years, this represents a variation from 2.4 to 4.3 years.
For the LNMC-3119 kW battery, the numbers vary from 230 to 428 missions and from 3 to
5.5 years.

LFP batteries lasted for the lowest number of missions. As these batteries have their
lowest number of cycles achieved in the configuration with main and auxiliary engines and
without fuel cells, the highest number of missions will be mentioned for this configuration.
LFP-1284 kW have the number of missions varying from 128 to 300. In terms of years, these
numbers vary from 1.65 to 3.9. The LFP-1510 kW would be able to pursue from 144 to
327 missions, depending on which configuration they were installed. In terms of years the
numbers would vary from 1.8 to 4.2.

Beside the analysis of emission and battery cycles for each configuration, an analysis
in terms of energy generated also can be traced. A comparison of the energy generated
by the main generators in all configurations can be made to determine the contribution of
these generators to the total energy generated. This is important, because reducing this
participation can lead to a broader period between maintenance services.

Considering the 10% lower demand, with only main generators, generators 1, 2, 3, and
4 are responsible for 60.6%, 22.4%, 15.5%, and 1.4% of the demand, respectively. When two
auxiliary generators are included, the contribution of the four main generators is reduced
by 19.2%. If fuel cells are used instead of auxiliary engines, the reduction of the energy
generated by the four generators is lower and varies from 2.8% to 5.6% for 278 kg to 565 kg
of stored hydrogen. The configuration with auxiliary generators and fuel cells connected to
the main generators reduces the energy generated by the main engines in a variation from
19.4% to 24.6%. As can be seen, this reduction does not simply sum the reduction caused
by the insertion of auxiliary generators to the one caused by fuel cells.

In the configurations including only main generators and batteries, there is an increase
in the energy generated by the main generators to charge the batteries. Even though the
energy generated increases, Figure 8 shows that the configurations including only the main
generators and batteries present an emission reduction. It is important to mention that
the use of batteries allows for the increase of the generators” minimal point of operation
from 10% to 50%. It helps the generators to operate closer to their optimal point, reducing
the consumption [66], and, therefore, reducing the emissions even with an increase in
energy generation. In terms of energy generated, the increases were 3.24%, 2.89%, 2.44%,
2.43%, 2.09%, and 1.99% for configurations including LFP-1510, LFP-1284, LNMC-2410,
LNMC-3110, LTO-1121 and LTO-948, respectively.

For the configuration with main and auxiliary engines and batteries, considerable
reductions in the energy generated by the four main generators can be seen for all battery
types. The reductions were 19.8%, 20.5%, 21.0%, 21.4%, 30.9%, and 31.4% for LNMC-
3119 kW, LTO-1121 kW, LNMC-2410 kW, LTO-948 kW, LFP-1510 kW, and LFP-1284 kW,
respectively. The reductions for LFP batteries were the most significant found, with a 10%
lower demand.
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For configurations including main generators, the PEMFC, and batteries there were
minor reductions regarding energy generated. For configurations with 278 kg of stored
hydrogen, the reductions were around 0.55% for LNMC and 0.85% for LTO batteries. With
LFP batteries, increases of approximately 0.25% were seen. These numbers are much lower
when compared to the reduction brought by the same configuration without batteries,
in which the reduction reached 2.7%. With an increase in hydrogen storage capacity,
reductions around 2% and 3% with batteries and 4.7% and 5.5% for configurations without
battery for 486 kg and 565 kg of hydrogen were observed, respectively.

For configurations including main and auxiliary engines, batteries, and the PEMFC,
the reductions are substantial; for these configurations, the reductions vary from 18.7%, in
the worst case that comprises a LNMC-3119 kW battery and 278 kg of hydrogen, to 25.2%,
in the case comprising the same battery with 565 kg of hydrogen.

Finally, it is important to discuss about the contribution of the equipment in each part of
the mission. This is shown in Table 6. Since the discussion would be very long if we pointed
out the participation of each piece of equipment in each configuration analyzed, Table 6
only shows the data for the configuration including the main and auxiliary generators,
LNMC-3119 kW battery, and a 250 kW PEMFC with 565 kg of hydrogen that achieved the
highest-emission reduction for a 10% lower demand. The 565 kg of hydrogen finishes in
the middle of the DP operation, which is the reason the PEMFC does not appear in the
dispatch of Partial Load Voyage or Standby:.

Table 6. Energy contribution in percentages for generators and the batteries that compose the
configuration that achieved the highest-emission reduction for a 10% lower demand.

Generators Equipment Used Battery
L o One auxiliary generator o
Loading in Port 69.83% PEMFC 30.18%
Three main generators
Laden Voyage 95.52% Two auxiliary generators 4.49%
PEMFC
One main generators
Dynamic Positioning 77 11% Two auxiliary generators 22.89%
PEMEFC
Partial Load Voyage 95.92% Three rr.w.un generators 4.08%
Two auxiliary generators
Standby 51.60% Two auxiliary generators 48.40%

6.2. Normal Demand

Figure 10 presents the total emission percentages related to the base case obtained
from the configurations operating at normal demand. The results demonstrate that the
increase of the hydrogen capacity increases the emission reduction. Moreover, the most
significant reductions are achieved with the LNMC-3119 kW in configurations with main
and auxiliary generators, PEMFC and batteries with 565 kg of stored hydrogen. This
configuration achieved a reduction of 9.32%. With 486 kg and 278 kg of hydrogen, the
reductions are 8.64% and 7.08%.

Figure 10 presents the total emissions of configurations without the PEMFC written
horizontally. As can be seen, auxiliary engines provided a better reduction of emissions
in configurations without batteries and fuel cells. In that case, the reductions were close
to those achieved in configurations with main generators and batteries. A comparison
between configurations including main generators and LFP batteries and those including
main and auxiliary engines shows that auxiliary generators can provide better results in
terms of emissions if the normal demand is evaluated. In that case, shipowners must decide
between batteries and auxiliary engines as configurations with main and auxiliary engines,
and batteries do not provide much better emission reduction.
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Contrasting the results in Figure 10 with those presented in Figure 8, it can be observed
that the emission reductions obtained for the lowest demand are higher than those obtained
for the normal demand. Beside that, for normal demand, the configuration including main
and auxiliary generators achieved more emission reductions than configurations including
main generators and LFP batteries, which did not occur for the 10% lower demand.

Considering the configurations including main and auxiliary diesel engines, PEMFC,
and batteries one may see that the battery that provided the highest reduction is the LNMC-
3119 kW. This occurs at all levels of hydrogen amounts. Comparing Figure 8 and Figure 10,
it can be seen that there is a change in the battery that provides the second largest emission
reduction. For normal demand, the battery is the LTO-1121 kW, whereas for a 10% lower
demand it is the LNMC-2410 kW.

Regarding the impact of fuel cells in each configuration, when the same amount of
hydrogen is considered, it presents emission reductions very close to each other for all
configurations. The only configuration that presented lower reductions was the configura-
tion including only main generators. It also happened when the 10% lower demand was
considered. With 565 kg of hydrogen, the reductions vary from 4.4% to 5.13%; for 486 kg,
the variation is from 3.83% to 4.44%; for 278 kg, the numbers go from 2.22% to 2.76%. The
highest impacts were found in configurations including main and auxiliary generators, fuel
cells, and the LFP-1510 kW battery with 278 kg and 486 kg of hydrogen. With 565 kg, the
most significant reduction is found in the configuration including main generators, fuel
cells, and the LNMC-2410 kW battery.

An evaluation of the battery impact in emissions can also be made based on the
results in Figure 10. Batteries presented a more significant impact in configurations without
auxiliary engines. For all levels of hydrogen, LNMC-3119 batteries are those which present
the largest difference in terms of emissions when configurations including only main
generators are analyzed with and without a fuel cell. Even though the reduction is much
smaller, for configurations including auxiliary generators, the LNMC-3119 kW battery also
results in the highest emission reductions.

From Figure 10, it is clear that, in terms of emissions, the use of auxiliary generators
combined with a battery is not indicated for normal demand levels; apart from requiring
more capital to buy the auxiliary generator, these engines do not present a considerable in-
crease in emission reduction. Further discussions will highlight the importance of auxiliary
generators in reducing the number of battery cycles.
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Figure 11 shows the number of cycles of each battery in all configurations analyzed
in this work when the normal demand is considered. As in the previous case with the
10% lower demand, the lowest numbers of cycles of LFP batteries are also achieved in
the configuration with main and auxiliary engines and batteries. The number of cycles is
exactly the same 12 and 11 cycles for LFP-1284 kW and LFP-1510 kW, respectively. The
lowest number of cycles for LTO-948 kW and LNMC-2410 kW batteries was achieved with
the configuration including main and auxiliary engines and fuel cells with 278 kg and
486 kg of hydrogen, 20 cycles for LTO-948 kW, 17 cycles for LTO-1121 kW, and 8 cycles for
LNMC-2410 kW. With the LNMC-3119 kW battery, the lowest number of 7 cycles is obtained
with the configuration with main and auxiliary generators and with the configuration that
also included the fuel cell and all amounts of hydrogen.

Different from what happened with the 10% lower demand, the largest amount of
hydrogen did not achieve the lowest number of cycles in any configuration with a normal
demand. Moreover, with the normal demand, the increase from 485 kg to 565 kg caused an
increase in one cycle of LTO-1121 kW and LNMC-2410 kW.

The variation from the 10% lower demand to the normal demand leads to an increase
in the number of cycles for some batteries. For the LTO-948 kW batter, the number increases
in configuration with the main engines and fuel cells with 278 kg and 565 kg of hydrogen.
For the LTO-1121 kW battery, the increase happens when the configuration with main
engines and fuel cells with 486 kg and 565 kg of hydrogen. The configuration with main
engines and fuel cells with 278 kg and 486 kg of hydrogen presents an increase in the
number of cycles for LFP-1510 kW, whereas for configuration including LFP-1284 kW the
cycles’ increase is seen only in configurations including main generators and fuel cells with
565 kg of hydrogen. LNMC batteries presented a lower or identical number of cycles for all
configurations. For the configuration including only main generators, the increase of the
demand reduces the number of cycles for LTO-948 kW and both LNMC batteries; for the
remaining batteries the number of cycles remains the same.

50
Normal Demand X LTO 948kWh
B LTO 1121kWh
o 40T ¢  LFP1284kwh
B x x x X LFP 1510kWh
33k - n m " LNMC 2410kWh
kS M Py ¢ +  LNMC 3119kWh
)
Q0
[ 20 - ; X X :
= . ¢ & o
ol + + + + ,
+ X X +
PTTO © o o 0 © © o
N R R S I SR S e
A S G A S S
) O O ) ) O
®‘< ®<< ®<< 0‘< 0‘< ®‘<
YN oA &

v
®C9 ®C9 QCQ

Configurations with Batteries

Figure 11. Number of cycles that each battery required in each configuration for normal demand.
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As was completed for the 10% lower demand, the number of missions and the number
of years can be calculated based on the number of cycles that each battery can pursue.
LTO-948 kW can accomplish a number of missions that vary from 428 to 750; in terms of
years, the numbers vary from 5.5 to 9.7. LTO-1121 kW can last from 6 to 11.4 years; in terms
of missions, the numbers vary from 238 to 441. LFP-1284 kW would be able to pursue
from 128 to 300 missions; in terms of hours, these numbers vary from 1.6 to 3.9 years.
LFP-1510 kW can last from 1.8 to 4.2 years and pursue a number of missions that varies
from 144 to 327. LNMC-2410 kW can accomplish a number of missions that varies from
187 to 375, in years, the numbers vary from 2.4 to 4.8. The number of missions vary from
250 to 428 and the number of years from 3.2 to 5.5 for the LNMC-3119 kW battery.

A comparison between each configuration analyzed and the base case which comprises
only main generators can also be traced in terms of energy generated. Considering the
normal demand curve, for the configuration with only main generators, generators 1, 2, 3,
and 4 are responsible for 58.2%, 20.3%, 17.3%, and 4.2%, respectively. When two auxiliary
generators are included, the contribution of the four main generators is reduced by 17.8%.
If fuel cells are used instead of the auxiliary engines, the reduction of the energy generated
by the four generators is lower and varies from 2.4% to 4.9% for 278kg to 565 kg. The
configuration with auxiliary generators and fuel cells connected to the main generators
reduced the energy generated by the main engines in a variation from 17.8% to 22.4%. As
can be seen, this reduction does not simply sum the reduction caused by the insertion of
auxiliary generators to the one caused by fuel cells.

In the configurations including only main generators and batteries, there are no
reductions, because, in those cases, energy is generated by the main engines to charge the
batteries. However, the relationship between energy generated and emissions must be
discussed. As shown in Figure 10, the configurations including only main generators and
batteries provide a reduction of emissions. This happens, because, for the configuration
with only main generators, there is energy generated from 10% to 40% of the generator
rated power, whereas the insertion of batteries allows for a change of the minimum load of
generation from 10% to 50%.

For the configuration with main and auxiliary engines and batteries, considerable
reductions in the energy generated by the four main generators can be seen for all battery
types. The reductions are 17%, 17.3%, 18.7% and 18.8%, 25.4%, and 26% for LNMC-
3119 kW, LNMC-2410 kW, LTO-1121 kW, LTO-948 kW, LFP-1510 kW, and LFP-1284 kW.
The reductions for LFP batteries are the highest found for the normal demand. These
levels of reductions are not seen in configurations including main generators, fuel cells,
and batteries. For configurations with 278 kg of hydrogen, there are minor reductions for
LNMC and the LTO-948 kW batteries. For other batteries, minor increases are seen. With
486 kg and 565 kg of hydrogen, reductions around 2% and 3% are found, respectively.
For configurations including main and auxiliary engines, batteries, and fuel cells, the
reductions are substantial. In these cases, the reductions vary from 17.9%, in the worst
case that comprises LNMC-2410 kW battery and 278 kg of hydrogen, to 22.9%, in the case
comprising LNMC-3119 kW with 565 kg of hydrogen.

The same discussion pursued at the end of the subsection of the 10% lower demand
will be performed here for the normal demand. The data of the generators and battery
participation to fed the demand is shown in Table 7. For normal demand, we have the
same configuration analyzed for a 10% lower demand, this configuration includes main
and auxiliary generators, a LNMC-3119 kW battery, and a 250 kW PEMFC with 565 kg
of hydrogen. This configuration achieved the highest emission reduction for the normal
demand. The 565 kg of hydrogen also finishes during DP operation and, for normal
demand, the PEMFC does not participate in the dispatch of Partial Load Voyage or Standby.
Comparing Table 6 to Table 7, we can see that the increase of the demand requires four
main generators instead of three for a laden voyage.
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Table 7. Energy contributions in percentages of the generators and the battery that compose the
configurations that achieved the highest emission reductions for the normal demand.

Generators Equipment Used Battery
. o Two auxiliary generators .
Loading in Port 71.70% PEMEC 28.30%
Four main generators
Laden Voyage 96.10% Two auxiliary generators 3.90%
PEMEC
One main generator
Dynamic Positioning 80.60% Two auxiliary generators 19.40%
PEMEC
Partial Load Voyage 94.30% Three main generators 5.70%
Two auxiliary generators
Standby 55.80% Two auxiliary generators 44.20%

6.3. 10% Higher Demand

Figure 12 shows the emission reductions obtained from the different power system
configurations operating with a 10% higher demand related to the base case including only
four main diesel generators. The most significant emission reduction was approximately
8.33% and was achieved with the configuration including main, LNMC-3119 kW batteries
and PEMFC with 565 kg of hydrogen. On the other hand, in configurations including
auxiliary generators, the same battery also achieves the highest reduction, which is very
similar to the highest emission reduction achieved (around 8.32%).

Figure 12 also shows the emission reduction obtained by configurations without fuel
cells. It is interesting to note that LNMC batteries presented better results in configurations
without auxiliary engines. For other batteries, the use of auxiliary engines presented a small
reduction. The configuration including only a main generator and a LNMC-3119 battery
presented a reduction of 4.08%, whereas the configuration including auxiliary engines
achieved an emission reduction of 3.77%.

Figure 12 also shows the impact of battery connection in configurations with main
generators, as well as main and auxiliary generators. In configurations with only main
generators, batteries can provide reductions of ship emissions that vary from 2.65% to 4.08%,
depending on which battery is chosen. On the other hand, in configurations including
main and auxiliary generators, this reduction achieved by the connection of batteries is not
significant. Depending on the battery chemistry, the emission reduction numbers compared
to the configuration including main and auxiliary generators vary from 0.12% to 1.06%.
Considering that the configuration including main and auxiliary generators achieved an
emission decrease of 2.75%, the costs of the auxiliary generators and of each battery should
be investigated before a final decision is made.
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Figure 13 shows the number of cycles that each battery pursues for all configurations
analyzed in this work for a 10% higher demand. In this case, the lowest number of cycles
is achieved for the configurations including main and auxiliary engines for every battery
analyzed. It is important to note that the use of fuel cells in the configuration including
auxiliary and main engines led to an increase in the number of cycles in all amounts of
hydrogen stored. Whereas for LNMC and LTO batteries, the numbers do not differ much,
for LFP batteries the insertion of fuel cells cause an increase of 25% in the number of cycles.
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Figure 13. Number of cycles that each battery required in each configuration for a 10% higher
demand.

Considering the three demand levels, in a 10% higher demand, the insertion of fuel
cells brings about, for the first time, an increase in the number of cycles in configurations
without auxiliary generators. Here, the configuration including main engines and a fuel
cell with a hydrogen tank of 565 kg increased the number of cycles for all batteries, except
for the LNMC-2410 kW and the LFP-1284 kW batteries. With these batteries, the number of
cycles was kept the same as presented in the configuration with the main engines.

The variation of the demand level from normal demand to a 10% higher demand
implies an increase in the number of cycles for all batteries in configurations with main
and auxiliary engines and fuel cells with all sizes of hydrogen tanks. For configurations
with main and auxiliary engines, the number of cycles increased for LTO-948 kW batteries,
for other batteries this configuration did not change the number of cycles.

The impact that the demand variation can cause on configurations with only main
generators and batteries varies from one battery to another. From the 10% lower demand
to the 10% higher demand, LTO-948 kW reduces the number of cycles from 37 to 33, LTO-
1121 kW reduces it from 32 to 29, LFP-1284 kW from 28 to 26, and LFP-1510 kW from 25 to
22. The reduction in LNMC-2410 kW was from 16 to 15 and in LNMC-3119 kW from 13
to 11.

In terms of missions, when a level of power is required such as a 10% higher demand,
the numbers vary from 441 to 714 for LTO-948 kW. For LTO-1121 kW, it varies from 500
to 833. LFP-1284 kW and LFP-1,510 kW have the same maximum number of missions as
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presented for a 10% lower demand and normal demand, 300 for LFP-1284 kW and 327 for
LFP-1510 kW battery; the lowest number on the other hand is higher than other levels of
demand, 138 and 156 for these batteries, respectively. For LNMC-2410 kW, the numbers
vary from 200 to 333, and, for, LNMC-3119 kW, the numbers vary from 250 to 428. In terms
of years, the minimal and maximum values of years are 5.7 and 9.2 for LTO-948 kW. For
LTO-1121 kW, they are 6.4 and 10.7. For LFP-1284 kW, they are 1.8 and 3.9 and 2 and 4.2 for
LFP-1510 kW. For LNMC-2410 kW and LNMC-3119 kW, the minimal numbers of years are
2.6 and 3.2, whereas the maximum numbers are 4.3 and 5.5, respectively.

Moving to the electrical analysis, in configurations with only main generators, gen-
erators 1, 2, 3, and 4 are responsible for 56.1%, 18.8%, 17.5%, and 7.6% of the energy
generated, respectively. The connection of auxiliary generators reduces the amount of
energy generated by the main generators to 14.5%. When fuel cells are used instead of
auxiliary generators, these reductions vary from 2.2% to 4.5%. For configurations including
main and auxiliary generators and fuel cells, the reductions vary from 14.8% to 16.9%.

For configurations including only main generators and batteries, there is an increase in
energy generation from the main generators. The increases are 1%, 1.5%, 1.5%, 1.7%, 2.4%,
and 2.5% for LNMC-3119 kW, LNMC-2410 kW, LTO-948 kW, LTO-1121 kW, LFP-1284 kW,
and LFP-1510 kW, respectively.

For configurations including main and auxiliary generators and batteries, the reduc-
tions in energy generation from the main generators are 14.8%, 15.4%, 15.5%, 16.1%, 23.5%,
and 23.8% for LNMC-2410 kW, LTO-1121 kW, LNMC-3119 kW, LTO-948 kW, LFP-1284 kW,
and LFP-1510 kW, respectively. As mentioned previously, LFP batteries have the largest
difference between energy charged and discharged; for this configuration, this energy does
not come from main generators but from auxiliary generators. For configurations including
LFP batteries, the energy from auxiliary generators is around 70% higher than that of the
configuration without a battery.

Using the hydrogen tank with 278 kg in configurations with only main generators
and batteries provides almost no change in energy generation from main generators. With
486 kg, the reductions in energy generation from the main generators are 1.5%, 1.6%, 2.2%,
2.5%, 2.5%, and 2.9% for LFP-1510 kW, LFP-1284 kW, LTO-1121 kW, LTO-948 kW, LNMC-
2410 kW, and LNMC-3119 kW, respectively. With 565 kg, the reductions for LFP-1284 kW,
LFP-1510 kW, LTO-1121 kW, LNMC-2410 kW, LTO-948 kW, and LNMC-3119 kW are 2%,
2.3%, 2.8%, 3% 3.1%, and 3.5%, respectively.

For configurations including main and auxiliary generators, fuel cells, and batteries,
the use of 278 kg of hydrogen leads to reductions of 14.3%, 15.4%, 15.5%, 15.8%, 16.4%, and
16.5% for LNMC-2410 kW, LNMC-3119 kW, LFP-1510 kW, LTO-1121 kW, LFP-1284 kW,
and LTO-948 kW, respectively. With 486 kg, the numbers are 15.3%, 16.9%, 16.9%, 17.2%,
17.6%, and 17.6% for LNMC-2410 kW, LFP-1510 kW, LTO-1121 kW, LTO-948 kW, LNMC-
3119 kW, and LFP-1284 kW, respectively. With 565 kg, the numbers for LNMC-2410 kW,
LFP-1284 kW, LFP-1510 kW, LNMC-3119 kW, LTO-1121 kW, and LTO-948 kW are 15.8%,
17.2%, 17.2%, 17.5%, 17.6%, and 17.6%, respectively. As can be seen, an increase in the
amount of hydrogen stored does not produce a reduction in the energy generated by the
main generators for all batteries. Moreover, for LFP batteries, the increments in the energy
generated from the auxiliary generators are, on average, 21%, 18%, and 13% for 278 kg,
486 kg, and 565 kg, respectively.

The discussion about energy contributions should also be completed for a 10% higher
demand. For a 10% higher demand, the configuration that achieved the highest emission
reduction is composed by main generators, a LNMC-3119 kW battery, and a 250 kW PEMFC
with 565 kg of hydrogen. The contribution percentages of the generators and battery are
shown in Table 8. The 565 kg of hydrogen also finishes during DP operation and, for normal
demand PEMFC, does not participate in the dispatch of Partial Load Voyage or Standby.
Comparing Table 8 to Tables 6 and 7, we can see that the absence of auxiliary generators
led to a higher participation of batteries. Moreover, the increase of the demand requires
four main generators instead of three for partial load voyage.
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Table 8. Energy contributions in percentages for generators and the batteries that compose the
configurations that achieved the highest emission reductions for a 10% higher demand.

Generators Equipment Used Battery
L o Two auxiliary generators o
Loading in Port 54.9% PEMEFC 45.1%
Four main generators
Laden Voyage 92.6% Two auxiliary generators 7.4%
PEMEFC
One main generator
Dynamic Positioning 73.2% Two auxiliary generators 26.8%
PEMEFC
. Three main generators
Partial Load Voyage 91.0% e 9.0%
Two auxiliary generators
Standby 20.5% Two auxiliary generators 79.5%

6.4. Emission Results Summary

Figure 14 compiles the results obtained in this work. For each configuration, the
highest levels of reduction are achieved for the 10% lower demand. As mentioned before,
this demand level can result from a ship-speed reduction or from a load disconnection. This
demand may also represents a ship with the same characteristics that attend a platform
closer to the port. The lowest reductions were achieved by the configurations without
batteries, and the highest reductions were achieved by configurations including a LNMC-
3119 kW battery.

Summarizing the results, the five best results for each demand level can be discussed.
For the 10% lower demand, four of these five highest emissions were achieved with the
same configuration that included main and auxiliary engines, batteries, and fuel cells with
565 kg of hydrogen. The third highest emission reduction of these five was achieved with
the same configuration but with 486 kg of hydrogen.

With the normal demand, among the five best results were two configurations in-
cluding main generators, fuel cells, and batteries, while the other three also had auxiliary
generators. With the 10% higher demand, the configurations that achieved the five highest
emission results are the same as those presented for the normal demand. However, the
ranking order was different. For the normal and the 10% higher demand, the use of 486 kg
of hydrogen did not achieve one of the five largest emission reductions.

The five lowest emission reductions for the three levels of demand can also be analyzed.
For the 10% lower demand, apart from the configuration including only main generators,
there is also one including main generators and the PEMFC with 278 kg of hydrogen,
one comprising main and auxiliary generators only, and two including main generators
and batteries.

The same analysis can be performed for a normal demand. For this demand level, the
configurations that achieved the five lowest emission reductions are the same configurations
that were presented for a 10% lower demand. Nonetheless, the ranking order is different.
For the 10% higher demand, the ranking order is the same as that obtained for normal
demand. The configuration including only main generators and a PEMFC with 486 kg of
hydrogen achieved the second lowest reduction for all levels of demand.

It is possible to see that, comparing the lowest and the highest emission reductions for
the same configuration, these numbers decrease with the increase of the demand, i.e., from
4.52% to 4.08% for main generators, from 1.64% to 1.04% for main and auxiliary generators.
For main and fuel cells the variation goes from 4.66% to 4.12% for 278 kg kg of hydrogen,
from 4.76% to 4.30% for 486 kg, and from 4.92% to 4.22% for 565 kg. For configuration with
main and auxiliary engines and PEMFC, the difference between the highest and the lowest
varies from 1.66% to 1.14% for 278 kg, from 1.75% to 1.24% for 486 kg, and from 1.60% to
1.29% for 565 kg.
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Figure 14. Compilation of the emission reductions achieved by configurations analyzed in this paper,
except those including 278kg and 486kg of hydrogen. The highest and lowest emission reductions
are highlighted, numbers are shown as percentages.

As can be seen, for a normal demand and for a 10% lower demand, the use of auxiliary
generators always increases the emission reduction obtained from a configuration without
auxiliary generators. For a 10% higher demand, there are configurations in which the use
of auxiliary generators will not increase the emission reduction.

7. Conclusions

This work presented a study to assess the CO, emission reductions obtained from the
connection of different solutions in a platform supply vessel (PSV). The power systems
studied consisted of auxiliary diesel generators, three battery chemistries, and a 250 kW
proton exchange membrane fuel cell (PEMFC). The CO, emissions for each possible config-
uration, considering these technologies, were estimated by simulations performed using
the HOMER software.

The reductions achieved numbers higher than 10%. A configuration with main and
auxiliary generators, a fuel cell with 565 kg of hydrogen stored, and the LNMC-3119 kW
battery reduced 10.69% of the CO, emissions for a 10% lower demand. Considering
the same demand level and this configuration without a battery, the emission reduction
achieved was 9.09%.

The configuration with LNMC-3119 kW also achieved the highest emission reduction
for a normal demand and for a 10% higher demand. For normal demand the reduction
was 9.33%, for a 10% higher demand it was 8.32%. For configuration without a battery, the
reductions were 8.01% and 7.03% for normal demand and 10% higher demand, respectively.

This paper also presents a discussion about the number of cycles pursued by each
battery in each configuration and for each demand level. It can be seen that the increase in
the demand level from a 10% lower demand to a 10% higher demand leads to a decrease
in the number of cycles in configurations without auxiliary generators. In configurations
with auxiliary generators, the variation is minimal with the increase of the demand. For
some configurations, there was an increase of one cycle, for others, there was a reduction
of one cycle. Beside that, we discussed the importance of auxiliary engines in reducing
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the number of battery cycles. On average, the use of auxiliary engines reduce in 40% the
number of cycles.

From the point of view of emission reduction, the results demonstrate that batteries and
auxiliary diesel engines may not present a financially viable solution when used together.
The connection of batteries provided a higher emission reduction than the connection of
auxiliary engines, but, as mentioned before, the use of only batteries without auxiliary
generators has a much higher number of cycles, which will heavily impact costs.

It is important to mention that fuel cells with 565 kg of hydrogen present the largest
emission reduction in comparison to batteries and auxiliary engines when these three
solutions are analyzed alone. Due to its maturity level, the cost to implement it in a ship is
very high.

This paper also discusses the reduction of the participation of main generators in
energy dispatches when each solution is connected to the ship’s power system. For the
three levels of demand, the best solution to reduce the amount of energy generated from
main generators is the use of auxiliary generators combined with LFP batteries.

We also discussed the participation of the equipment for the configuration that
achieved the highest emission reduction at each level of demand, it can be seen that
the configuration without an auxiliary generator relied more on batteries in all parts of the
mission. Moreover, it is interesting to note that the absence of two auxiliary generators led
to the use of four main generators for partial load voyage.

The main contributions of this paper are the discussion about the influence of each
component of battery cycles, the discussion about the influence of each solution on emission
reduction, the discussion about the energy reduced in main generators by the connection
of each solution, and how each solution behaves depending on the demand level.

Future work should include an economic analysis that would guide the decision
related to buying batteries, auxiliary generators, or fuel cells. This economic analysis
should also evaluate the fuel reduced by the connection of those solutions. Beside that,
future work should also considers the variation of the DoD, i.e., the reduction of the DoD
that leads to an increase in the maximum number of cycles. An increase in the power of the
PEMEFC should also be analyzed, one of the cited papers describes the installation of two
250 kW PEMEFC.
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