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Executive Summary

The maritime industry is moving decisively toward full decarbonisation, driven by the need to mitigate
environmental impact and align with global sustainability goals. The primary focus is on the transition
to renewable energy sources and zero-carbon fuels, particularly hydrogen and ammonia. Extensive
research and real-world applications have already illustrated the feasibility of adopting hydrogen-rich
fuels—such as liquefied natural gas (LNG) and methanol—for marine use, especially in conjunction
with fuel cell (FC) technologies. However, the diversity of hydrogen-rich fuels and the range of power
generation technologies available make a single, standardised solution unfeasible. Instead, the
optimal selection of a power plant must be tailored to the specific type of ship and its operational
profile, considering whether internal combustion engines or FCs provide the most suitable option.
This careful customisation is essential to maximise greenhouse gas reductions for long-distance
navigation and to address emissions during port operations.

One of the critical areas of exploration involves combining FCs and batteries to enhance energy
efficiency indicated in Chapter 2. Current FC technology faces challenges in adapting to fluctuating
power demands, necessitating a hybrid approach that incorporates small-scale battery storage. This
integration is designed to stabilise energy output and increase overall efficiency, protecting the power
system from wear and optimising generator performance. Assessments use indicators such as fuel
consumption and emissions to identify best practices. Additionally, there is a need to analyse the
supporting machinery required for fuel handling, bunkering, and delivery, with the aim of configuring
the most effective engine room layout.

Energy optimisation efforts extend to enhancing the performance of main propulsion systems. A key
strategy includes the use of a variable-speed shaft generator system demonstrated in Chapter 3,
which can provide flexibility in energy management. The system can supply energy to the ship’s
electric grid or an energy storage unit, and alternatively, it can function as a propulsion booster to
improve the ship's efficiency and reduce its environmental impact. These innovations aim to achieve
a more sustainable energy profile for the maritime sector.

The integration of renewable energy sources, particularly through photovoltaic (PV) technology
depicted in Chapter 4, is another significant aspect of the decarbonisation strategy. The feasibility of
using solar energy has been evaluated according to ship type and specific operational needs. These
design studies are geared towards meeting emission reduction goals and enhancing the energy
efficiency of maritime operations.

The comprehensive approach to decarbonising the shipping industry requires a combination of
innovative solutions, hybrid energy systems, and renewable energy technologies. This multifaceted
strategy acknowledges the diversity of maritime operations and seeks to tailor solutions that optimise
environmental performance while maintaining the functionality and economic viability of the fleet.
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1 Introduction

Global warming, driven by increasing levels of greenhouse gases (GHG) in the atmosphere, is one
of the most urgent global challenges we face today [1]. The surge in extreme weather events has
drawn more attention to this issue in recent years [2]. Although shipping is the most efficient mode
of transporting goods, it significantly contributes to global warming and air pollution due to the
widespread use of heavy marine fuels and its extensive capacity [3]. Maritime transport accounts for
3% of global GHG emissions, including carbon dioxide (CO2), nitrous oxide (N20), and methane
(CH4) [4]. Besides GHGs, shipping also emits particulate matter (PM), volatile organic compounds
(VOCs), sulphur oxides (SOx), and nitrogen oxides (NOXx) [5]. These pollutants not only drive global
warming but also pose serious health risks, especially in coastal regions where air pollution from
maritime activities is more concentrated [6].

In response to these environmental concerns, the International Maritime Organization (IMO) updated
its targets in 2023 to further reduce the carbon footprint of the shipping industry [7]. The revised
goals aim for a 20% reduction in emissions by 2030, a 70% reduction by 2040 compared to 2008
levels, and achieving net-zero emissions by 2050 [8]. To meet these targets, the IMO introduced the
Energy Efficiency Existing Ship Index (EEXI) and the Carbon Intensity Indicator (Cll) to steer the
global fleet toward greater sustainability. To comply with these new standards, a variety of measures
can be implemented onboard ships. These include optimising traditional systems through engine
power limitations, hull cleaning, air lubrication, the use of energy-saving devices, and route or speed
optimisation to improve energy efficiency [9]. For deeper emission cuts, especially to meet the 2040
and 2050 targets, ships may adopt Photovoltaic (PV) panels, wind systems, batteries, inverter fed
electrical drives for pumps and compressors on board, Power Take Off (PTO) / Power Take In (PTI)
systems, waste heat recovery systems (WHRS), or retrofit to alternative fuels and technologies that
replace or complement traditional internal combustion engines (ICEs) [10].

Renewable energy-based designs targeting marine power distribution systems are particularly
suitable for early applications on large maritime vessels due to the lower and more steady power
demands of ship electrification system compared to the main propulsion plant [11]. Hybrid FC
configurations are especially recommended for reducing maritime emissions, as they are adaptable
to alternative fuels such as liquefied natural gas (LNG), ammonia, or hydrogen (H;). These systems
offer advantages like high modularity, efficiency, low air and noise emissions, the absence of moving
parts, and reduced maintenance needs [12]. Moreover, they are not well-suited for handling rapid
load variations and are typically paired with batteries to mitigate this limitation [13]. As a result, their
application in large marine propulsion systems can be challenging. However, they are more viable
for use in power generation plants focused on electrification [14].

Currently, commercially available FC technologies for power applications include proton exchange
membrane FCs (PEMFCs), alkaline FCs, direct methanol FCs, phosphoric acid FCs (PAFCs),
molten carbonate FCs (MCFCs), and solid oxide FCs (SOFCs). High-temperature FCs, such as
MCFC or SOFC have the advantage of enabling integrated fuel reforming, allowing them to produce
H2 directly from LNG or ammonia [15]. However, their elevated operating temperatures also lead to
slower start-up times and greater operational constraints [16]. PEMFCs stand out due to their high
electrical efficiency and advanced technological development [17]. Their shorter start-up time makes
them particularly suitable for transportation applications [18]. However, they require high-purity
hydrogen, which complicates their operation on ships [19]. Current FC technology encounters
challenges in adapting to fluctuating power demands, making a hybrid approach including a battery

2
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storage essential. This integration aims to stabilise energy output, enhance overall efficiency, protect
the power system from excessive wear, and optimise the plant performance [20]. Evaluations rely
on metrics such as fuel consumption and emissions to determine best practices. Furthermore, there
is a need to assess the auxiliary machinery required for fuel handling, bunkering, and delivery, with
the goal of designing the most efficient engine room layout [21].

WHRS can reduce waterborne GHG emissions by enhancing overall fuel energy efficiency. In large
two-stroke diesel engines only about 50% of fuel is converted to mechanical energy, while the other
50% is lost as waste heat through exhaust gases, cooling fluids, and thermal radiation. Similar
efficiency levels are expected for future engines using green fuels like methanol, indicating that
WHRS will remain relevant even if the maritime sector fully transitions to sustainable fuels [22].
Organic Rankine Cycle (ORC) systems have been identified as an effective technology for
recovering low-grade waste heat from ships. In recent years, ORC installations have begun to be
implemented, primarily utilising waste heat from jacket water and exhaust gases [23]. ORC systems
can convert waste heat from machinery into mechanical or electrical energy. This energy can be
utilised for additional propulsion power or to meet utility service demands, reducing fuel consumption
and CO, emissions [10, 24].

PTO and PTI systems, commonly called shaft generators, have been integrated on vessels as retrofit
solutions. These systems leverage the efficiency of the M/E for electrical power generation, known
as PTO, with conventional diesel engine generators. Alternatively, they function as supplementary
motors to enhance propulsion power, referred to as PTI. This integration allows for the incorporation
of energy storage solutions, shore-to-ship power, and other innovative energy sources within the
power and propulsion framework. During navigation, the PTI/PTO approach effectively addresses
electrical demands with improved efficiency [25]. Key advantages of PTO/PTI technologies include
reduced fuel consumption and emissions, enhanced operational flexibility, and lower maintenance
costs due to diminished reliance on separate auxiliary generators. However, it is important to note
that these systems do not generate electrical power while in port and below certain ship speeds and
may increase the load on the M/E, potentially leading it to instability, if not properly dimensioned.
Overall, PTO/PTI technologies represent a significant advancement in hybrid propulsion systems,
optimising energy efficiency and operational performance [26].

Another prominent candidate for supporting ship electrification has been PV panels, with their
application onboard dating back as far as 50 years. The applications of PV modules in shipping have
primarily involved supplying electric energy to motors used for propulsion in smaller recreational and
mainly inland watercraft. These vessels share common characteristics: smaller dimensions, stable
operation without rolling motion, and low service speeds, leading to minimal propulsion power
requirements. PV installations have also been, and continue to be, used on larger ships, but primarily
for charging batteries that power lighting and other electrical systems [27]. Although to date the use
of on-board PV systems has been limited, due to the need for large surfaces and high capital costs,
the IMO GHG strategy for 2050 is currently pushing stakeholders in the shipping industry to explore
the integration of on-board PV systems as a practical solution to reduce fuel consumption and
pollutant emissions[28]. Particularly, PV applications on cargo ships are growing [29, 30], supported
by research projects suggesting PV ship integration as a promising solution for assisting/relieving
auxiliary power generation from diesel gensets, thus reducing fuel consumption and polluting
emissions, [31, 32].0ne of the key factors to be considered is the selection of most suitable ships for
PV integration; by this standpoint, bulk carriers, with their large main deck areas, are particularly
well-suited for PV integration. Key challenges for wider adoption include the assessment of economic
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viability, optimising PV integration into ship power systems, and refining installation and operation
issues.

1.1 Aims and Objectives

This report aims to provide a comprehensive series of numerical analyses on technologies for
retrofitting ship electrification systems to reduce fuel consumption and resulting emissions. This
report aims to establish a framework for evaluating environmental benefits and onboard settlement-
related factors, offering insights into current challenges, regulatory frameworks, and potential
solutions through the perspective of the Poseidon Principles, European Union, and IMO
requirements.

The objectives to achieve the aim have been determined as:

= To develop a simulation framework for assessing the suitability of different FC types (PAFC,
PEMFC, and SOFC) in combination with batteries and WHRS using a scenario-based approach.

= To generate electrical energy on-board by integrating a shaft generator system that optimises
the main engine's operating point. The system can integrate an energy management, acting on
the proper charge or discharge of a storage system. During PTI operation, it can also boost the
main propulsion engine, enhancing energy efficiency and reducing the ship's environmental
footprint or permitting safe return-to-port.

= To assess the utilisation of PV panels into the ship's electrification system for evaluating the
potential for emission reduction. To explore the designs involving traditional and novice
technologies such as flexible PV panels.

1.2 Report Structure

This report is divided into five chapters, including this introductory chapter, which provides an
overview of the background, aims, and objectives.

= Chapter 2 focuses on the evaluation of FCs, batteries, and WHRS within the ship's electrification
system. It presents a detailed presentation of various power configurations utilising these
technologies, explains the working principles of each power system, and outlines the
mathematical foundations and modelling logic.

= Chapter 3 explores the application of PTO/PTI systems on marine vessels, examining potential
outcomes from their integration into ship electrification and propulsion.

= Chapter 4 covers the assessment of PV panel technologies integration within the power
distribution system of the case study vessel.

= Chapter 5 concludes the report, summarising the findings and work conducted within this
framework.

1.3 Case Study Vessel

This study utilises data gathered from the bulk carrier M/V KASTOR, which is owned and managed
by the project partner, LASKARIDIS SHIPPING CO., LTD. The data collection period spanned from
February 1, 2021, to February 10, 2023, with a sampling interval of one minute. Over this period, a
total of 1,064,161 data points were recorded.

The M/V KASTOR, constructed in 2020, has a deadweight (DWT) of 81,600 tonnes and a reference
speed (Vrwr) of 14.3 knots [33]. Comprehensive details about the vessel's specifications and a
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thorough analysis of the ship's electrification system are provided in the previous report of the project
(Deliverable 6.1), as outlined by Prousalidis, et al. [34].
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2 Fuel Cell/Battery and Waste Heat Recovery Systems

Hybrid system designs focused on ship electrification are especially well-suited for large maritime
vessels, where the power demands are lower and more consistent compared to the propulsion.
Significant innovations aimed at augmenting or substituting auxiliary engines include batteries [11,
35], WHRS [10, 36] and FCs [19, 37]. Hybrid FC configurations have proven effective in mitigating
waterborne emissions and are compatible with a range of alternative fuels [12].

This report evaluates three types of FCs: PAFC, PEMFC, and SOFC, all of which are commercially
available and provide suitable power outputs for the case study vessel. Each FC type has its own
strengths and limitations, which are analysed and compared in this section. Various power
configurations involving FCs, batteries, and WHRS have been identified and analysed from
environmental, regulatory, and space-requirement perspectives, including considerations for fuel
tank capacity.

2.1 Fuel Cells

A FC is an electrochemical device that converts chemical energy into electrical energy through a
reaction between a fuel and an oxidant. It consists of two electrodes: an anode (negative) and a
cathode (positive) separated by an electrolyte [38]. Hz fuel is supplied to the anode, splitting into
protons and electrons. Protons pass through the electrolyte to the cathode, while electrons travel
through an external circuit, generating an electric current [39, 40]. At the cathode, the protons,
electrons, and oxygen (O2) combine to form water and release heat, providing a continuous and
clean power source [41].

FCs, in contrast to batteries, generate power continuously if fuel is fed to the anode and an oxidant
(usually air) to the cathode. Unlike conventional power generation methods, they offer numerous
advantages, including high efficiency, high power density, compact size, low emissions, minimal
noise, and the production of high-quality power. Their modular nature allows them to maintain
efficiency even at smaller scales, making them particularly suitable for distributed power generation,
which helps reduce transmission and distribution losses [41].

Despite their advantages, FC technologies are still in development and face several challenges that
limit their viability compared to established systems. High costs for stationary electricity generation
make them economically uncompetitive with fossil fuels. The long-term durability of FCs, particularly
high-temperature variants suitable for power generation, remains uncertain. Additionally, Hz (a
primary fuel) remains expensive, and the infrastructure for its production and distribution is
underdeveloped. In maritime applications, the safe storage of H»in compressed or liquified way is
problematic due to its flammability and potential explosiveness [39]. Moreover, FCs have a slower
response to rapid load changes unless supplemented by supercapacitors or batteries. These
limitations currently prevent FCs from replacing traditional energy technologies [34]. Figure 1
indicates a diagram explaining the working principle of the FC.
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Figure 1: Schematic of the PAFC [41].

Inan FC, Hz is introduced at the anode, where it undergoes an electrochemical reaction. The process
is catalysed by platinum, splitting hydrogen gas into protons (H*) and electrons (e-). The protons
travel through an electrolyte which serves as both a proton conductor and an insulator for electrons,
ensuring a controlled flow [42]. Meanwhile, the electrons are directed through an external circuit,
creating current flow in the circuit. At the cathode, O; reacts with the incoming protons and electrons
to form water (H20), which is managed efficiently as a by-product. The system also integrates a heat
management mechanism to regulate the medium operating temperature, ensuring stable
performance. Hz2 and O supplies keep the reaction occurring continuously, while water management
systems handle the water produced. [43]. Equations (1) to (3) illustrate the reactions occurring at
the anode, cathode, as well as the combined system equation within the FC [41].

Anode: H,—2H"+2¢" (1)

Cathode: O,+4H"—H,0 (2)
1

Overall: H2+§Oz—>H20 + Heat + Electricity (3)

A description of the electrification plant includes a fundamental explanation of their operating
principles, relevant modelling equations and the specifications of the commercial FCs considered.
Each FC type is examined to highlight its advantages and limitations in a maritime context, with a
focus on how it integrates into the ship's power system. The modelling framework employed for
simulation is detailed, and key parameters from commercially available FCs are specified to provide
a basis for performance evaluation and comparison.

2.1.1 Phosphoric Acid Fuel Cells

PAFCs represent the most prevalent and commercially viable technology among H.-O2 FCs, with
over 500 power stations constructed and rigorously tested worldwide [43]. They are classified as
medium-temperature FC systems, operating within a temperature range of 150 to 220°C and utilising
liquid phosphoric acid (H;PO,) as the electrolyte [41]. Further advancements in PAFC technology
remain essential to improving power density, extending lifespan and lowering production costs [41].
The limited power density of PAFCs poses a major barrier to broader applications [44]. Recent
efforts, both experimental and theoretical, have focused on enhancing power density through
material innovations [45], deeper insights into electrochemical mechanisms and transport dynamics
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[46]. Performance optimisation at the stack [47] and system levels [48] have also been well studied.
The Doosan PureCell 400 has been used as a PAFC option in the analysis of ship electrification. Its
specifications are detailed in Table 1.

Table 1: Technical specifications of the PAFC unit used in the analysis [49].

Parameter Value Unit
Power 440 KW
Electrical Efficiency 45% -
LNG Consumption Rate (LNGparc) 98.4 Nm3/h
Heat Grade to 121 °C 162 kW
Heat Grade to 60°C 292 kW
NOx 0.009 kg/MWh
SOx 0 kg/MWh
PM 0 kg/MWh
VOC 0.005 kg/MWh
CO 0.005 kg/MWh
CO; 454 kg/MWh
Length/Width/Height 8.74/2.54/3.02 m
Length/Width/Height with Cooling Module 4.85/2.39/1.83 m
Weight 28.663 t

An LNG decomposition module has been incorporated into the PAFC system, enabling the
breakdown of methane through steam methane reforming to generate the hydrogen gas, needed to
fuel the FC. The emissions associated with this process are detailed in Table 1. Moreover, the
integration of LNG enhances the practicality of current implementations by diminishing the reliance
on hydrogen storage which holds a critical challenge for marine vessels.

The degradation rate of 0.5% per 1000 hours for the PAFC unit has been widely recognised [50] to
cause an increase in hydrogen production and a decrease in power generation. The health of the
PAFC is assessed using the ratio of actual efficiency (nact) to initial efficiency (ni). The efficiency
curve of the PAFC [51] unit has been used to detect ni. The unit's lifespan (LT) is defined as either
40,000 operating hours or 10 years, whichever is reached earlier [52]. Equations (4) and (5) outline
the calculations for LNG consumption and emissions for the PAFC plant [19].

(PPAFC x CEX tx nFC)
(h) (4)
n;
. Prcxtx0.0007% LNGPAFCX NEc
LNG Consumption (t)=
(h) (5)

n;

Eparc (D=

In the equations above, the power output of a single PAFC is denoted as Pparc determined in
accordance with the requirements of the electrification plant and the available power potential of
units. The variable Ce represents the emission coefficient for the FC, as detailed in Table 1, while t
is the operation time and nec signifies the number of active FCs. The LNG consumption is calculated
based on the LNGpagc coefficient presented in Table 1, t of the PAFC, ngc dictated by power demand
and a conversion coefficient of 0.007 used to convert Nm? into metric tons [19].
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2.1.2 Proton Exchange Membrane Fuel Cells

PEMFCs stand out among various FC types due to their simplicity, lightweight design, high
efficiency, superior mass power density, absence of waste production, low operating temperature
(around 80°C) and pressure yielding quicker startup, advanced technological maturity and relatively
reasonable cost [41, 53, 54]. Their efficiency ranges from 40% to 60% at power outputs exceeding
100 kW and is primarily influenced by size making them a reasonable option for the ship
electrification plant [55].

PEMFCs work well under partial load unlike ICEs, and they use water-based, acidic polymer
membrane. Recent advancements have led to high-temperature PEMFCs operating at 120-160°C,
addressing challenges faced by low-temperature PEMFCs such as water management and the need
for ultra-pure H> to prevent catalyst poisoning. However, they are more vulnerable to impurities
compared to other FC types [55]. In the analysis, the PowerCell Group Marine System 200 PEMFC
was employed. Its specifications are detailed as in Table 2.

Table 2: Technical specifications of the PEMFC unit used in the analysis [56]

Parameter Value Unit
Power 200 KW
Gross Output DC Voltage 580 V
Gross Output Current 400 A
Electrical Efficiency (Peak) 54% -
Heat Grade <320 kW
Fuel Quality Pure H, ISO 14687:2019 -
Length/Width/Height- One Module 0.73/0.9/2.2 m
Weight 1.07 t
Dimensions (width/depth/height) 0.73/0.9/2.2 m

The determination of PEMFC system dimensions and weight require distinct calculations due to the
absence of an integrated hydrogen production unit within the cell design. The overall weight and
dimensions of PEMFC systems are typically reduced, owing to their high efficiency and the lack of a
built-in hydrogen-cracking mechanism. To provide a reliable comparison of the spatial requirements
for FC systems, dimensions from an ammonia-cracking system providing high-purity H: referenced
in the literature [57] have been utilised. The efficiency and specific fuel consumption (SFC) values
have been interpolated using the curves in Figure 2.

0 60

(a) 58 (b)

N
2
)
o
%

y
n
3

SFC (g/kWh)
I3

2
Ef
£

s

n
s
S

0 50 100 150 200 250 0 50 100 150 200 250
Current (A) Current (A)

Figure 2: The Current — (a) SFC and current- (b) efficiency curves of PEMFC [56]
The current has been calculated based on the power output of a single PEMFC unit (Ppemrc) which
was derived from a comparison between the available power potential of all components and the
demand from the ship's grid within the mathematical simulation. The Ppevrc is divided by the ship
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grid voltage (Varig) set at 450 V [34] and then multiplied by the inverter's conversion efficiency (i)
set at 0.984 for the conversion from 800 V Direct Current (DC) to 450 V- Alternative Current (AC)
[58]. Equation(6) indicates the calculated PEMFC current (Ipemrc).

P__ (KW)xn_ x1000
I A)= PEMFC inv 6
pemrc(A) Vorg A) (6)

Using the lpemrc and curves illustrated in Figure 2, the niand SFCpemrc are obtained. Assuming a
degradation rate of 0.5% for 1000 h [50] the na«t has been updated. The H, consumption of the
PEMFC has been calculated by employing Equation (7).

SFCpemrc*tx P - NEC

(%)

The LT of PEMFC has been taken at 40,000 hours or 10 years whichever is reached first in the
configuration [52]. Operational emissions (OE) from the PEMFC utilising high-purity H, are
considered negligible and thus have been assumed to be zero.

2.1.3 Solid Oxide Fuel Cells

SOFCs are high-temperature FCs, operating in the range of 600 to 1000 °C, and utilise a ceramic-
based solid material as the electrolyte. Alongside PEMFCs, they are among the most efficient types
of FCs, with their efficiency further enhanced through the application of a WHRS [12]. Due to their
high operational temperatures, SOFCs can accommodate a wide range of fuels, allowing for the
integration of an on-board H. production unit through the reforming of methane, methanol, ammonia,
or even diesel [59]. They also exhibit greater tolerance to fuel impurities compared to PEMFCs,
potentially resulting in a longer lifespan. However, a significant limitation of SOFCs is their high
operating temperature, which not only increases the start-up time but also demands the use of
materials capable of withstanding extreme conditions [60]. A commercial SOFC from FuelCellEnergy
has been incorporated into the simulation, with its technical specifications outlined in Table 3.

H, Consumption (t)=

Table 3: Technical specifications of SOFC unit used in the analysis [61]

Parameter Value Unit
Power 250 kW
Output AC Voltage 480 V
Frequency 60 Hz
Electrical Efficiency (Peak) 65% -
Exhaust Temperature 167 °C
Exhaust Flow 1,780 kg/h
Fuel Consumption 129 Nm3/h
NOx 0.005 kg/MWh
SOx 0 kg/MWh
PMio 0.00001 kg/MWh
VOC 0 kg/MWh
GHG 0 kg/MWh
Length/Width/Height — One Module 10.66/2.43/3.04 m
Weight 10.2 t
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The SOFC unit can operate using both LNG and pure Hz, with the analysis focusing on the pure H:
scenario. The emission coefficients presented in Table 3 correspond specifically to this scenario.
Equation (8) has been employed to compute the H, consumption of the SOFC plant.

tx PSOFCX 3600 x Ngc
LHV % 100 (®)

The lower heating value (LHV) of H» has been set at 120,000 kJ/kg [62] and the nact is computed by
adapting the SOFC performance curves in the literature [63] adjusted to account for a degradation
rate of 0.5% over 1,000 hours of operation [50]. The calculation of the SOFC current follows the
same methodology applied to the PEMFC, as outlined in Equation 6. LT of the SOFC has been taken
at 60,000 hours [64].

2.2 Batteries

Batteries have been employed as a backup for FCs or actively integrated into certain configurations
to support the system's performance. Lithium-ion batteries were chosen for this research due to their
lack of memory effect, as well as their higher specific energy and voltage compared to other battery
types [65]. Table 4 shows the properties of the Panasonic NCR18650GA battery cell used to form

H, Consumption ()=

the stack.
Table 4: Technical specifications of the battery cell [66]

Parameter Value Unit
Capacity 3.45 (typical), 3.35 (minimum) Ah
Chemistry Lithium-ion -
Charging Method cCc-cv -
Typical Charging Current 1.475 Ah
Typical Charging Time 270 min
Gravimetric Energy Density 224 Wh/kg
Nominal Voltage 3.6 V
Length/Width/Diameter 65/18.5/9 mm
Weight 48 g

The properties presented in Table 4 refer to an individual battery cell. Based on the required battery
capacity and a ship grid voltage of 440V, battery packs have been constructed from these individual
cells. The charging process employed the Constant Current-Constant Voltage (CC-CV) protocol,
which has been also used to guide the battery pack modelling. The voltage drop of the battery during
operation has been simulated using the State of Charge (SoC) versus Voltage curves gathered from
the manufacturer's datasheet [66]. Figure 3 indicates the SoC and SoH curves.
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Figure 3: SoC-voltage curves (left) for (a) discharging, (b) charging and SoH curves (right) for (a) C-rate < 1

and (b) C-rate >=1 [66].
The State of Health (SoH) curves were derived from the manufacturer's datasheet, with the slope of
each curve varying according to the C-rate (charge/discharge rate). The voltage of the battery stack
is determined by fitting the curves shown in Figure 3. The Energy Management Strategy (EMS)
determines the operational state of the batteries based on the SoC, which represents the ratio of
available battery capacity, while using the fitted curves to calculate the voltage. The time dependent
SoC is computed using the conventional Coulomb counting method, as described in Equation (9)
[65, 67].

1> ne

t
SoC (t)=SoC (O)-j Cs (AN) 9)
0

The EMS maintains the battery's SoC within a range of 20% to 80% to minimise internal resistance,
thereby enhancing battery health and extending its lifespan. The coulombic efficiency (n,) is
assumed to be 1, with the charging or discharging current represented as lg(t) and the battery
capacity in ampere-hours denoted as Cg in the formula. A CC-CV charging protocol and CC
discharge method are employed to regulate the charging and discharging processes of the batteries.

The capacity reduction due to battery degradation is incorporated into the battery model to update
Cs using the SoH curves presented in Figure 4. The battery's capacity loss is calculated iteratively
during operation, with adjustments made based on the C-rate. The SoH determined using Equation
10, is defined as the ratio of the Cg after degradation to the initial capacity present (C;) at the start of
operation.

Cp (Ah)
C: (Ah) (10)

The battery power (Pyat) is derived from voltage calculations based on the State of Charge (SoC)
and the Ig. To integrate the DC output of lithium-ion batteries into the ship's AC distribution system,
AC/DC converters are employed. Considering an n;,, of 0.984, inverter/converter losses are
assumed to remain constant during both charging and discharging processes. The AC power from
the output of the inverter (Piw), is calculated using Equations (11) and (12) [68].

SoH (t)=
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Discharging: Piq,=n,, *Phpat (11)

Charging: Pg=n. . *Pgon (12)

2.3 Waste Heat Recovery System

The WHRS employs an organic Rankine cycle (ORC) to produce electricity from M/E exhaust waste
heat. The ORC operates based on the principles of the Rankine cycle, utilising an organic working
fluid with a low boiling point to recover heat from low-temperature heat sources. A basic ORC
configuration converts waste heat from exhaust gases into useful work, effectively enhancing energy
efficiency by utilising otherwise discarded thermal energy [69]. Figure 4 demonstrates the simple-
ideal ORC scheme.

Exhaust Gases

3
@ Pump M-
Wivsigs
1
4

Sea water

Figure 4. The simple-ideal ORC [70]

ORC consists of four key components: an evaporator, turbine, condenser, and pump. The evaporator
recovers waste heat from sources, heating the working fluid and converting it from a compressed
liquid to saturated vapor. The high-pressure vapor expands in the turbine, generating electrical
energy (Wyurs) Via a connected generator. The condenser then cools the fluid, releasing heat to the
environment, while the pump increases the fluid's pressure, completing the cycle [69]. In the analysis,
the M/E exhaust gases, as provided in the manufacturer data shown in Table 5, are used as the heat
source for the evaporator.

Table 5: Exhaust gas data of M/E

Load Power Speed SFOC Mgy Tin, ex
% kW r/min g/kWh kg/s °C
25 2483 56.9 175.9 8.7 190
35 3476 63.7 172.8 10 194
50 4965 71.8 167.7 13.9 217

71.6 7110 80.9 166 15.1 205
75 7448 82.1 167.7 19.4 208
100 9930 90.4 172.6 23.7 235

The waste heat sources for the WHRS were the exhaust gases from the M/E after the exhaust gas
boiler. The M/E power, RPM, and load were collected from the case study vessel and the exhaust
gas amount (rh.,) and evaporator inlet temperatures (T, .x) were interpolated from the data.

Equation (13) indicates the calculation of Wyyyrs.
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V'VWHRS (kW)= mexx (Tin, ex'Tout, ex)x Cp,exx HORC (13)

The ORC evaporator exhaust outlet temperature (T, x) after the heat transfer in evaporator has
been taken to be 100 °C. C, ., is the amount of thermal energy that, a mass of exhaust emits or
absorbs with an alteration in temperature and is taken at 1.089 kJ/kg at stable pressure [71]. The
efficiency of ORC (norc) has been taken to be 13.2% with a working fluid of R1336mzz(Z) by
thermodynamic modelling of the system conducted by Konur, et al. [23]. This ngrc efficiency value
has been obtained at an evaporator pressure of 8 bar. The working fluid has a low global warming
potential (GWP) and low flammability.

2.4 Internal Combustion Engines

Marine diesel engines (MDEs) are used when the demand exceeds the available FC/Battery and
WHRS power. Every hybrid configuration also includes at least one ICE as a backup. Table 6
indicates the properties of the conventional ICE used in ship electrification. Figure 6 illustrates its
SFC and power curves with varying engine loads.

Table 6; ICE technical specifications

Parameter Value | Unit
Model YANMAR )
6EY22LW
Bore 220 mm
Stroke 320 mm
Cylinders 6 -
Rated Power 800 kW
Transmitted Power 720 kW
Engine Speed 720 rem
Fuel Heavy Fuel Qil
(HFO)
Total Weight 8.416 t
Length/Width/Height | 4.478/1.682/2.211 m
310
290
2270 RN
= 250 +
%230 RN -
§210 __________
% 190
170
1506.ﬁcm e e ecr e e e
Load (%) B

Figure 5: The SFC curve of the marine diesel engine
In terms of fuel requirements, SFC represents the amount of fuel consumed per unit of time to
achieve a specific engine output [72]. The curve shown in Figure 6 is used to calculate the fuel
consumption of the MDE operating on heavy fuel oil (HFO). The variable load of the diesel generators
(D/Gs) is determined through simulation, with the corresponding SFC values applied.
I

"
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The model calculates the required engine power (P ~.) and the number of active generators (n,;g)
for each time interval (t = 1 min). The load and power of each generator were determined in the
simulation. Load sharing has been decided using the logic conducted in the study by the Yuksel and
Koseoglu [11]. Fuel consumption of the ICEs (F,cg) for each time interval was then calculated using
Equation 14.

Pice X SFCice X t X nice
Fice (= 1000000

(14)

2.5 Modelling Approach

The EMS algorithm and simulation have been designed to manage load-sharing, determine the
number of generators or FCs required, and set battery charging/discharging conditions. The
simulation, developed in Python, uses the same code infrastructure to evaluate various powertrain
options for a hybrid marine power distribution plant. At the start, the user can adjust the
configurations and capacities of the FC, battery, and WHRS implementations. The algorithm begins
by importing data and necessary libraries, setting initial conditions, and preparing empty lists for data
iteration. The simulation operates over grid power data collected for 17,170 hours and sampled at
one-minute intervals.

The program first checks if WHRS has been selected as a support option and calculates its power
output based on ME power. After determining WHRS involvement, the algorithm decides the number
of operating FCs, battery charge/discharge status, and engine load. FC and battery capacities are
adjusted according to the hybrid scenario and FC type, while WHRS power availability influences
the determination of parameters. Battery performance is managed by the EMS based on
charge/discharge status, keeping the SoC between 20% and 80% to maximise battery lifespan.

In scenarios involving FCs, the FCs handle battery charging, using previously established SoC-
voltage curves to account for voltage drop and available battery power. Simultaneously, the SoH is
calculated. Next, the required engine power is determined to identify the number of operational D/Gs,
and HFO consumption is estimated using the curve in Figure 5.

The calculated parameters during each loop are stored in pre-initialised lists, which are then exported
to spreadsheets for analysis at the end of each iteration, before being cleared for the next round.
After determining the total fuel consumption for each hybrid scenario, additional assessments are
performed, including fuel tank capacity design, well-to-tank/tank-to-wake (upstream/operational)
emissions calculation, and EEXI evaluation.

2.6 Emission Calculation

The operational emissions from ICEs have been determined by multiplying the operational emission
coefficients for HFO provided by the Fice. Similarly, the upstream emissions associated with the fuels
used in ICEs and FCs were calculated using the upstream emission coefficients. This approach
ensures consistency in evaluating both operational and upstream emissions based on the
coefficients and consumption values specified in the dataset. Table 7 indicates the operational and
upstream emission coefficient values.

Table 7: Operational and upstream emission coefficients.

Operational emission coefficients of conventional fuels (g emission/ g fuel) [73]
Fuel CO, N.O CH, NOx SOx PM voC
HFO 3.114 0.00015 | 0.00006 0.903 0.025 0.00278 | 0.00308
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Upstream emission coefficients of fuels used in the configurations (g UE/ g OE) [14,
74, 75]
Fuel CO, N.O CH, NOx PM SOx
HFO 0.147 0.004 0.879 0.010 0.022 0.102
LNG 0.131 0.004 0.879 0.007 0 '0.158
H> 110.902 0.000 0.000 0.191 1.145 0.141

"Unit is g/kWh in these coefficients.

Using the operational CO,, the EEXI calculations have been ensured for the case study bulk carrier
using the framework presented in Spiteri, et al. [33], Prousalidis, et al. [34].

The equivalent CO, (CO2.q) indicating 100 years of GWP has been calculated for considering both
operational and upstream GHGs by using Equation15 [76].

COj.0q = CO,+265 x N,O+28x CH, (15)

The increased GWP potential of NoO and CH4 has been indicated by employing the coefficients
presented in Equation 15 provided in IMO Life Cycle Assessment guidelines [76].

2.7 Integration of Hybrid System

The conventional marine power distribution system comprises of three D/Gs with a 720-kW power
output capacity working in parallel. The vessel's electricity demand determines the number of
generators in operation [11]. The case study has evaluated the implementation of FCs (i.e. SOFC,
PEMFC, and PAFC), batteries and WHRS combined and individually. Their suitability, sizing, and
application scenarios have been analysed with respect to environmental impact and space
requirements in maritime contexts. The operation of the D/G and its power capacity distribution has
been assessed across different scenarios combining FCs, batteries and WHRS, considering both
full electrical demand and partial load-sharing between the D/G and alternative systems. Table 8
presents the system configurations for load-sharing scenarios involving MDEs and FCs, as well as
the associated equipment weights and volumes. Figure 6 demonstrates a schematic of the simplified
system for the assessed hybrid electrification systems.

Table 8: Hybrid configurations.

Battery WHRS Equipm
Numbe | Numbe FC Capaci Power Weig ent
Equipment r of r of Power t (kW) @ ht(t) | Volume
AEs | FCs | (kW) (kvzh) 75% ()
Load
Base: MDE 3 0 0 0 0 25.25 49.96
Case 1:
MDE/SOFC/Batteries/W 2 1 250 273.00 197 28.62 43.87
HRS
Case2:
MDE/PEMFC/Batteries/ 2 2 400 123.00 197 19.69 35.61
WHRS
Case 3:
MDE/PAFC/ 2 1 440 83.00 197 45.98 62.08
Batteries/\WWHRS
Case 4:
MDE/WHRS/Batteries 3 0 0 600 197 11.90
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Figure 6: The investigated hybrid designs for marine power distribution unit.

The layout schemes for the FC-integrated hybrid scenarios have been created using CAD software
by assuming a 1.8m distance between each equipment to determine the total required space and
volume. Due to the significantly high dimension requirements of the FC system, only their layouts
have been presented. The base scenario, battery/WHRS, and sole WHRS scenarios have been
calculated directly based on the dimensions provided in the technical data sheets of the respective
equipment. Figure 7 illustrates the layout plans for scenarios incorporating FCs.
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Figure 7: FC layout schemes.
For the PEMFC, the dimensions of an example H. production unit have been used for calculations.
PAFC and SOFC applications utilise a single FC due to space constraints. Conversely, two FCs are
employed in PEMFC configurations.
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3 Shaft Generator/motor (PTO/PTI)

The PTO/PTI, also called the shaft generator/motor, technologies are one of the most promising
solutions for reducing fuel consumptions. PTO/PTlI is a key feature of the hybrid propulsion paradigm
[78-80].

The main advantages of these retrofitting technologies are more efficient electric power generation
due to higher efficiency and lower SFC of the M/Es compared to the auxiliary ones, and the
associated reduced maintenance costs.

The main motivations leading to the adoption of PTO/PTI technology are the following:

= |t reduces the need to burn extra fuel to power electrical systems through separate diesel
gensets.

= Fuel savings are significant, especially when coupled with improved operational flexibility.

= The system can drastically decrease the operating hours of auxiliary generators and their need
for maintenance.

= |t helps the M/Es s to run at a more efficient operating point with lower fuel consumption.
The main benefits are listed as follows:

=  Small space requirement

* Low installation cost

= Low noise levels

= High reliability

On the contrary, the main drawbacks are:

= No electric power generation while in port

» |ncreased load on the M/E of the ship

The mechanical connection of an electrical machine on the shaft of the M/E, typically by dual-
in/single-out reduction gearbox, can be exploited to fulfil the tasks described hereinafter.

In PTO generator, commonly known also as a shaft generator, part of the mechanical power from
the propulsion engines is transformed into electrical power and transferred into the shipboard power
grid by a gearbox and an electric generator. Such a configuration has proven to be, the most efficient
way to produce the electrical power, instead of running an additional engine to produce it (auxiliary
generators). PTO systems are coupled to the main propulsion engine and generate electricity
supplied either directly to the main ship grid or to specific loads onboard. For frequency variations
and voltage matching, a complete drive chain is required for utilising the energy.

The main advantages of these systems lie in more efficient electric power generation due to the
higher efficiency of the M/Es compared to the auxiliary ones, as well as the associated reduced
maintenance costs. Furthermore, via this operation, PTOs can improve the efficiency of the main
propulsion engine, as they can shift its operating point closer to its minimum consumption region.
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3.1 PTO/Gear Constant Ratio (PTO-GCR)

The configuration shown in Figure 8 is called PTO/gear constant ratio (PTO-GCR) [81]. In such a
configuration the electric frequency of the generator is proportional to the speed of the propulsion
engine, implying that constant frequency production is only possible when the ship navigates at sea.
If constant frequency is to be generated, either a controllable pitch propeller should be installed, or
an induction generator used. A different way to obtain constant frequency is the so-called
PTO/constant frequency mechanical (PTO/CFM). In such a configuration, a speed controlled
planetary gearbox is integrated in the system, permitting constant speed of the generator to be
achieved within a certain speed range of the propeller. This enables parallel operation with the ship’s
D/Gs.

Auxili | Mer,
Concumers uxiliary Diesel Generators

Board busbar

Coupli
" umg Shaft generator /motor

Main Diesel Engine

Ge;l r; box

Figure 8: Typical PTO schemes: PTO-CGR system with power flows (red: mechanical, green: electrical)

3.2 PTO/Constant Frequency Electrical (PTO-CFE)

An improved configuration is called PTO/constant frequency electrical (PTO-CFE) [81], as shown in
Figure 9 Such a configuration is based on a step-up gear, generator and electrical control equipment
decoupling the shaft generator from the on-board grid frequency. Finally, the gearbox can be avoided
by using a slow-running generator, directly mounted on the front end of the M/E shaft as shown in

Figure 10.
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Consumers Auxiliary Diesel Generators

19

Shaft generator /motor

Main Diesel Enging

: Propeller
Gear-box

Figure 9: Typical PTO schemes; PTO-CFE system with gearbox

Auxiliary Diesel Generators

Consumers

Board busbar

Coupling

Main Diesel Engine

Shaft generator /motor
Propeller

Figure 10: Typical PTO schemes; PTO-CFE system with low-speed generator
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In PTI, i.e., propulsion electrical motor mode of operation, the shaft generator is operating as a
synchronous motor (electrical power being supplied by the vessels auxiliary diesel generator sets).

It can either provide a boost in power, working alongside the M/E to increase vessel speed, or allows
the main engine to reduce power, thereby lowering fuel consumption and wear on the M/E. In this
PTI mode of operation, the shaft generator does not require a self-starting capability, because under
normal circumstances, it will already be spinning as an alternator before switching over to motor
mode. It can be exploited for electrical propulsion for several options of utilisation, as shown in

Figure 11.

Electrical mode is typically adopted during periods of low power demand. for Examples of these
periods include sailing out from harbour or running the vessel in emission-free sea areas where
specific restrictions are valid (if energy storage is used as a source of energy). Hybrid mode is
typically adopted either to improve propulsion engine performance or to boost the speed/ or thrust
of the propulsion drive train to the maximum amount. This mode reveals a very interesting option, in
terms of vessel design, whereby the operation profile contains short time intervals of full power, as
harbour tugs often do, or in cases involving a small propulsion engine.

A further operation mode, typically adopted in the case of an absence of the M/E to increase the
redundancy of the propulsion system, is the so-called power-take-home (PTH); which is schematised
in Figure 12. The shaft generator is operating as a synchronous motor. In this case, it provides for
100% of the ship’s propulsion power. Unlike PTlI mode, in PTH the shaft generator requires a self-
starting capability to operate as a motor from zero speed. There are different methods that can be
employed for starting the shaft generator when it is used in the PTH mode as a motor, the most
common of which are: the pony motor start, the autotransformer start, the excitation start, and the
variable frequency drive (VFD) start. In the last case the shaft generator is controlled through a VFD
unit, which gradually rotates the generator shaft, ensuring that the correct amount of shaft torque is
delivered while limiting the current, until the synchronous speed is achieved.

Consumers Auxiliary Diesel Generators

Board busbar

Shaft generator /motor

Main Diesel Engine

. Propeller
Gear-box

Figure 11: PTI system with power flows (red: mechanical, green: electrical)
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Consumers Auxiliary Diesel Generators

Board busbar T
!

Coupling |

Main Diesel Engine L
: Propeller
Gear-box

Figure 12: PTH system with power flows (red: mechanical, green: electrical)

3.3 Ship Types Suitable for PTO/PTI Integration

The PTO/PTI technique is commonly used as a retrofitting measure on various types of ships,
particularly those aiming to optimise energy efficiency and operational flexibility. Below are the main
categories:

Cruise ships are among the primary users of PTO/PTI technologies because of the need to manage
a high electric energy demand for passenger comfort (air conditioning, lighting, and services). This
system allows on the one hand, the generation of electrical power through PTO by utilising excess
energy produced by the M/Es. On the other hand, increased power for propulsion is available when
needed through PTI, using electric motors as support.

Even merchant ships exploit PTO/PTI technologies. Among merchant ships, there are:

e Container ships: They benefit from the PTO/PTI system to efficiently manage energy
demands, particularly the energy required by onboard cranes and container cooling systems.

e Bulk carriers and tankers: These use PTO/PTI to optimise fuel consumption, as they at
reduced speeds on long routes.

Offshore support vessels, such as mobile platforms and pipe-laying ships, frequently use PTO/PTI.
This allows them to power specific onboard equipment without relying exclusively on D/Gs and
enhances manoeuvrability and precision during anchoring or installation operations.

Military ships, such as frigates or destroyers, integrate PTO/PTI into hybrid propulsion systems to
reduce fuel consumption during low-speed operations as well as to provide sufficient power for
weapons and radar systems without needing to start dedicated generators.

Ferries and Ro-Pax Ships combine the transport of passengers and vehicles. The PTO/PTI system,
in this specific case, is used to power onboard systems, especially when docked at the port and
offers greater flexibility in power management during voyages.
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Oceanographic and scientific research ships often require flexible energy configurations, that are
made possible by PTO/PTI. They can adapt energy production to scientific equipment without
compromising propulsion performance.

Finally, electric ships or hybrid electric propulsion ships greatly benefit from PTO/PTI to maximise
efficiency between diesel engines, gas turbines, and electric motor as well as to optimise range and
fuel savings.

The specific application of PTO/PTI technologies on bulk carrier ships, as the Kastor ship, which is
investigated in the RETROFIT55 project, offers interesting opportunities to improve energy
efficiency, but there are also some limitations to consider. The main advantages for integrating
PTO/PTI in bulk carrier ships are the improved energy efficiency, the operational flexibility, and the
environmental sustainability.

As for the improved energy efficiency, such technology permits the optimisation of the available
energy, given that bulk carriers often operate on long routes at constant speeds. The PTO system
allows excess energy from the M/Es to be converted into electricity to power onboard systems,
reducing reliance on auxiliary generators. At the same time, a reduced fuel consumption can be
achieved from the PTI operation, because electric motors can assist propulsion during manoeuvres
or loading/unloading phases, optimising fuel use.

During manoeuvres requiring rapid power changes, the system may not respond as effectively as a
traditional diesel-electric setup for operation at reduced speeds without fully engaging the M/E, which
is useful when entering ports or navigating ecologically sensitive areas. Moreover, it permits an
increased adaptability to energy loads, given that excess energy can be used to power auxiliary
systems, such as machinery for cargo handling (cranes or conveyors).

As for the environmental sustainability, the adoption of PTO/PTI permits the reduction of emission
in terms of optimized use of the M/Es and reduced reliance on generators that lower CO, emissions
and other pollutants. Moreover, the system helps bulk carriers meet strict international regulations
(such as MARPOL and IMO 2020) on emissions.

The main drawbacks arising from the adoption of PTO/PTI on bulk carrier ships are the system
complexity, the dependence on operating conditions, the added weight and space requirements. As
a matter of fact, implementing a PTO/PTI system requires significant upfront investment and
specialized maintenance, and the integration of the system necessitates a highly skilled crew to
manage and maintain the equipment. In addition, the effectiveness of the PTO depends on the load
and operational regime of the M/E. At low loads, the energy available for the PTO might be
insufficient for power auxiliary systems. In addition, during manoeuvres requiring rapid power
changes, the system may not respond as effectively as a traditional diesel-electric setup. As for the
space requirements, adding a PTO/PTI system, along with its components (such as alternators,
converters, and cabling), can increase the ship's overall weight and reduce the space available for
cargo. The added weight might lead to a slight increase in fuel consumption during certain phases
of the voyage.

The following examples of existing bulk carriers utilising PTO/PTI systems demonstrate how the
technology enhances energy efficiency and environmental performance:

» Hagland Hybrid Bulk Carriers: These 5,000 DWT self-discharging hybrid bulk carriers (see Figure
13) incorporate battery systems alongside PTO/PTI technology. During long-distance transit, the
system enables peak shaving through electric motors, reducing fuel consumption. It also allows
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for zero-emission operations in ports and environmentally sensitive areas like fjords. The vessels
comply with IMO Tier lll regulations, significantly lowering CO, and NOx emissions.

= ECO-Ship 2020 Concept. Developed by Oshima Shipbuilding and DNV, this innovative open-
hatch bulk carrier (Figure 14) integrates a flexible propulsion and power generation system,
including a PTO/PTI. It features LNG-fuelled engines, waste-heat recovery to power the PTl and
energy-efficient designs. These features aim to achieve fuel savings of approximately 5% and
CO. emission reductions of up to 50% compared to traditional bulk carriers.

LCO-SHIP

| LN G PTO/PTI

LNG-FUELED ENERGE-EFFICEVEN
i T GIES A

Figure 14: ECO-Ship 2020 Concept
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3.4. Integrating the PTO/PTI Technology in the Kastor ship

With specific regard to the bulk carrier, Kastor, the vessel that is being investigated in the
RETROFIT55 project, the M/E propelling the ship is the MAN B&W S60ME-C8.5-TII [82]. Figure 15
shows the engine cross section, with reference to the turbochargers mounted on the exhaust side.

The service range is limited by four lines: 4, 5, 7 and 3 (9), shown in Figure 16. The propeller curves,
overload limits and lines 1, 2 and 6, in the load diagram are also described below.

M: Specified MCR (Maximum Continuous Rating) point

Line 1: Propeller curve through point M (i = 3) - (engine layout curve)

Line 2: Propeller curve, fouled hull and heavy weather — heavy running (i = 3)
Line 3: Speed limit

Line 4: Torque/speed limit (i = 2)

Line 5: Mean effective pressure limit (i= 1)

Line 6: Propeller curve, clean hull and calm weather — light running (i = 3), for propeller layout.
The hatched area indicates the full recommended range for LRM (4.0-10.0%)

Line 7: Power limit for continuous running (i = 0)
Line 8: Overload limit

Line 9: Speed limit at sea trial
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Figure 15: Engine cross section, turbocharger(s) mounted on the exhaust side.
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Figure 16: Engine shaft power vs engine speed (from MAN [82]])

The recommendation provided by MAN [82], useful for the integration of PTO/PTI technologies, are
the following. The area between lines 1, 3 and 7 is available for continuous operation without
limitation. The area between lines 1, 4 and 5 is available for operation in shallow waters, in heavy
weather and during acceleration, i.e. for non-steady operation without any strict time limitation. The
area between lines 4, 5, 7 and 8 is available for overload operation for 1 out of every 12 hours.

After some time in operation, the ship’s hull and propeller will be fouled, resulting in heavier running
of the propeller, i.e. the propeller curve will move to the left from line 6 towards line 2, and extra
power is required for propulsion to keep the ship’s speed.

In calm weather conditions, the extent of heavy running of the propeller will indicate the need for
cleaning the hull and polishing the propeller.

As for the electricity production on board, the MAN B&W S60ME-C8.5-Tll engine is already designed
for integrating the PTO/PTI technology, see section 4.01 in [82],. Several standardised PTO systems
are available, see Figure 17 from [82],:

= PTO/RCF (Power Take Off/Resonant Constant Frequency): Generator giving constant
frequency, based on mechanical/hydraulic speed control.

= PTO/CFE (Power Take Off/Constant Frequency Electrical): Generator giving constant frequency,
based on electrical frequency control.

» PTO/GCR (Power Take Off/Gear Constant Ratio): Generator coupled to a constant ratio step/up
gear, used only for engines running at constant speed.
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The DMG/CFE (Direct Mounted Generator/Constant Frequency Electrical) and the SMG/CFE (Shaft
Mounted Generator/Constant Frequency Electrical) are special designs within the PTO/CFE group
whereby the generator is coupled directly to the M/E crankshaft or the intermediate propeller shaft,
respectively, without a gear. The electrical output of the generator is controlled by power converters.

Within each PTO system, several designs are available, depending on the positioning of the gear:

=  BW I: Gear with a vertical generator mounted onto the fore end of the diesel engine, without any
connections to the ship structure.

= BW II: A free-standing gear mounted on the tank top and connected to the fore end of the diesel
engine, with a vertical or horizontal generator.

= BW IV: A free-standing step-up gear connected to the intermediate propeller shaft, with a
horizontal generator.

Based on the desiderata of the case study ship, the PTO/CFE configuration with the DMG solution
has been chosen, since it permits the highest controllability and flexibility in the use of the shaft
generator as well as the highest capability to minimise the fuel consumptions and polluting
emissions. As for the positioning of the gears, this issue has not still been tackled. Figure 18 shows
the engine preparation for PTO, as reported in the manual of the MAN B&W S60ME-C8.5-Tll engine.
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Figure 18: Engine preparation for PTO (taken from [82])
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4 Exploitation of Integrated Photovoltaic solutions

This section describes the results obtained as part of the analysis aimed at evaluating the potential
for integrating PV generation systems on the cargo ship chosen as a case study, namely the bulk
carrier M/V KASTOR, operated by LASKARIDIS SHIPPING CO., LTD., whose main features are
described earlier in this deliverable. Following an introduction which outlines the most relevant
features of PV generation and highlights the pros and cons of its use in the maritime environment,
the following points are addressed:

= The available surfaces on the ship under study are evaluated and a selection of PV panels
suitable for such application is proposed.

= The maximum installed PV power on the case study ship is determined using an automatic PV
panel configurator, specifically designed to optimise the installed power based on the given
geometric and electrical characteristics of the PV panels.

» The main balance of plant's (BOP) components is identified by pointing out their relevant
properties.

= Challenges in evaluating actual PV power production and possible outcomes from the synergistic
use of PV and other electrical efficiency-oriented technologies are addressed.

4.1 Introduction to the use of PV on ships

The primary role of PV in the global transition towards a low carbon energy mix has been
consolidated over the past two decades. PV power generation reached 945.7 GW at the end of 2021
and currently contributes to reducing annual global emissions by about 3% [78]. The year 2022 was
a milestone year for PV, with cumulative installed global capacity exceeding 1 TW. Indeed, PV
represented 56% of newly installed global electricity generating capacity for 2022, the second year
in a row that this metric exceeded 50% [83].

The growing competitiveness of PV systems, along with the potential to integrate solar generators
with storage systems, loT devices, advanced monitoring, communication, and EMS, is facilitating
the shift towards smart grid electricity systems. Additionally, the rising electrification of transportation
and the demand for green hydrogen production are accelerating the incorporation of PV generation
into vehicles, infrastructure, buildings, and various other sectors that consume energy [84-86].

Despite such an extensive use of PV in terrestrial applications (e.g., at utility scale), the shipboard
integration of PV generation systems is limited so far. Indeed, the requirement of a large surface
area on board for installing PV panels, has made the use of solar-assisted power generation on
ships quite uncommon [87].

Currently, the need for implementing the mandatory measures encouraging the adoption of energy-
saving technologies in ships, according to IMO GHG strategy to 2050 [88], is pushing players of the
shipping industry toward considering the integration of on-board PV systems as a viable solution
contributing to fuel consumption and pollutant emission reduction [28].

The PV technology is considered a suitable solution for ship retrofitting. According to [89], PV
systems can operate as an ideal additional source of auxiliary power, since they feature all the
following main properties:

= electrical power production not involving transfer of gas or liquid fuel,
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= electrical power production not implying gas and noise emission,
= practical absence of mechanical moving parts,
= simplicity, ease of installation and fast replacement in case of aging or degradation,

= possible installation on surfaces with no practical use and/or on preexisting structures (e.g.,
roofs, walls, hold covers, etc.),

* Jlong lifetime and low maintenance cost.

The main drawback of PV solar power is the high capital cost of these plants that have not yet
benefited from large scale economies in the maritime sector. Cargo vessels present at least the
following two advantages that make them suitable for the implementation of PV modules:

= they have little equipment installed on top of their deck,

= they have a relatively large surface area that is only used to store goods, i.e., the hold, upon which
PV modules can be appropriately integrated [84].

Cruise ships are also under consideration for photovoltaic application, notwithstanding the limited
availability of space on the hull. Given the large number of cabins and balconies, the possibility of
installing conventional PV panels on such structures was evaluated in Schwager, et al. [90], where
the effects of partial shading were considered, and different string configurations were evaluated.

Some studies on shipboard PV integration have also been conducted with a focus on naval vessels
[91]. These investigations revealed a dual benefit—both economic and environmental—despite the
drawback of an increased infrared signature, which makes the ship more detectable. Additionally,
PV integration is gaining attention in the Ro-Ro marine vessel sector, where a recently developed
design/layout approach showed a 7.38% reduction in fuel consumption for the case study vessel
[89].

The growing interest in implementing PV generation in the marine environment is reflected in the
development of numerous scientific and industrial projects focused on demonstrating innovative
solutions for the rapid and effective decarbonisation of shipping. Ongoing industrial and scientific
research is exploring shipboard PV generation, including its installation in hybrid configurations.

A survey of industrial solar ship projects developed in the last two decades is presented in Paulson
and Chacko [28].

A further example worth mentioning is the maritime industry’s first installation and commissioning of
a hybrid power system including a PV generator on board a bulk carrier vessel, described in [30];
particularly, the use of Flettner rotors in combination with PV panels on bulk carriers is analysed to
determine the contribution of renewables to the propulsion and to assess their impact on the attained
EEDI through calculation using IMO’s guidelines. In addition, a joint venture comprising of a ship
design company, a shipping company and wind propulsion specialists is developing a project to
retrofit a 203,000 DWT Newcastlemax bulk carrier having a Cll rating of Category D so as to make
it compliant with EEXI and CIlI and raise it to category C [29]. This project involves the on-board
installation of a PV/battery generation system to reduce the hours in service for the auxiliary engines,
while taking advantage of the free area on deck. The CO, emission reduction is estimated to be
around 6%, which is equivalent to about 3.300 tons of CO; reduction per year for the considered
case study.

Figure 19 shows an example of shipboard PV panels installed on a car carrier ship.
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Figure 19: PV panel installation example on a car carrier ship [92].

The EU-funded Engimmonia, project, for example, is promoting the transfer of clean energy
technologies like renewables, that have been successfully demonstrated in terrestrial applications,
to the maritime sector. In particular, the installation of PV composite surfaces easily installable on
vessel structural parts is under consideration for three different kinds of vessels (i.e., an oil tanker, a
ferry, and a container ship) [32].

The application of solar PV technology on board vessels is still in its early stages, and many countries
are actively working on its development and enhancement. There is still much progress to be made
in this area. Furthermore, due to the variations in the structure, purpose, and operational routes of
different ship types, it is not feasible to arbitrarily select a ship as a simple platform for solar panel
installation [93].

The selection of the target ship type should be based on a thorough evaluation and analysis,
considering factors such as capital cost, safety regulations, and optimal use of space. Additionally,
the efficiency and reliability of PV generators must be carefully considered, including potential issues
such as corrosion and the impact of vibrations on solar panels in marine environments.

In summary, shipboard PV systems present unique challenges due to the distinct characteristics
that differentiate them from land-based PV systems. However, they offer promising potential as a
valuable option for supplementing auxiliary power generated by diesel-electric systems, thereby
improving energy efficiency, and promoting environmental sustainability in the maritime sector.

4.2 Application to the case study ship (M/V Kastor)

This section examines the integration of a PV system on the M/V Kastor ship as an electrical
retrofitting solution, specifically as an additional auxiliary power source. The focus is on installing a
PV array using highly efficient panels, previously tested in maritime applications. The study considers
best practices for PV panel installation on ships and explores effective strategies to maximise
installed power, considering the electrical and geometric characteristics of both the PV panels and
the ship itself.

4.2.1 Assessment of available spaces for panel installation

The first step in evaluating the potential power production of an integrated PV system is to assess
the available surfaces on board the ship that can be dedicated to PV panel installation. To obtain
this crucial information we used the technical/constructive data of the ship provided by the ship owner
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(Laskaridis Shipping Co., Ltd.) in particular, we referred to the general arrangement plans of the ship,
whose longitudinal section and top view are shown in Figure 20.

Figure 20: Longitudinal section and top view of M/V KASTOR ship.

It was observed that most of the available surfaces are located on deck A on which there are seven
hatch covers and several walkways. The total area of deck A is about 6,770 m?, but it is obviously
not completely usable.

The hatch covers are divided into two equal sections and open by sliding along a horizontal plane.
The side walkways allow crew passage even when the hatch covers are open, while the walkways
between the hatches are occupied by mechanical devices and are not considered as usable for PV
panel installation. In this situation, two possible configurations for the installation of PV panels on
board can be envisioned: the first involves installing PV panels exclusively on the hatch covers
(either including or excluding the cover used as helipad, marked with the letter H); the second
involves installing PV panels, in addition to those on the hatch covers, also on the side walkways,
while still ensuring free passage for the crew.

It is assumed that the entire surface of the hatch covers and about 80% of the width of each half-
hatch cover on the side walkways can be utilised.

Of the seven hatch covers on board, five have the same dimensions, measuring 17.3 m x 15 m; the
remaining two have dimensions of 15.57 m x 15 m and 14.7 m x 12.8 m, respectively. Under these
conditions, the possible configurations, and the respective areas available for PV panel installation
are summarized in Table 9.

Table 9: Configurations for PV installations and related available areas.

Configuration Description Available area [m?]
PV panels installed on both
“config_1_1” hatch covers (helipad 3,091
included) and side corridors
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PV panels installed only on

“config_1_2" hatch covers (helipad 1,719
included)
PV panels installed on both
“config_2_1" hatch covers (helipad 2,858

excluded) and side corridors
PV panels installed only on
“config_2_2" hatch covers (helipad 1,486
excluded)

Configurations “config_1_1" and “config_1_2" are illustrated in Figure 21, as an example. It is worth
noting that each configuration exhibits its own peculiarities. When adopting “config_1_1", the solar
panels are all in use during normal navigation. Since the cargo hatches are all closed during
loading/unloading operations, the cargo hatches split into two parts, This covers the solar panels on
the sides, thus, disabling their operativity.

On the other hand, when adopting “config_1_2”", the PV system produces the same power both at
sea and in port; in this case power produced at sea is lower than in the previous configuration. Once
the available surface on board is evaluated for a given configuration and suitable PV panels are
selected, according to the criteria indicated in the following subsection, a dedicated software tool is
used to define the maximum installable peak power of the integrated shipboard PV system, as
described hereinafter.
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Figure 21: Schemes of configurations “config_1_1" and “config_1_2"
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4.2.2 Selection of PV panels

The choice of PV panels potentially installable on the M/V KASTOR ship is done considering the
most critical criteria to ensure optimal performance, durability, and reliability of the PV plant in a
marine environment. These factors are listed hereinafter:

1. Efficiency and power output: it is crucial to choose PV panels with high efficiency, ensuring that
they generate maximum power. Monocrystalline silicon panels, known for their higher efficiency,
are the preferred choice for the application considered in this study.

2. Temperature coefficient. the temperature coefficient of a PV panel is a measure of how its
performance changes with temperature. In a marine environment, where temperatures can
fluctuate widely, panels with a low temperature coefficient are preferable, as they maintain better
performance under heat and cold, preventing significant drops in power production during hot
weather or in tropical climates.

3. Durability and resistance to harsh marine conditions: the marine environment is tough on
equipment due to constant exposure to saltwater, humidity, UV radiation, and temperature
fluctuations. It is crucial to choose PV panels that are specifically designed for marine use, such
as those made with corrosion-resistant materials and enhanced encapsulation technology.
Panels that can withstand saltwater, extreme temperature, and degradation will ensure longevity
and reduce maintenance needs.

Rigid PV panels for onboard installation

Rigid PV panels are a common choice for solar installations on ships, offering a range of advantages
but also presenting certain challenges. They typically exhibit strong performance in terms of power
efficiency (especially the monocrystalline types), and offer durability, longevity, and technology
maturity, making them a reliable and proven option for ships that can accommodate their size and
weight. As a matter of fact, rigid PV panels are especially suitable for larger vessels, such as the
case study ship, where space is not as constrained and where high-power output is essential.

On the other hand, in general, rigid PV panels require flat, stable surfaces for installation, which may
not always be available on a ship, especially if the vessel has a curved or irregular structure. While
they can be mounted on flat roofs or decks, installation in areas with less ideal surfaces can be
challenging and may require additional mounting solutions. This can make installation more
complicated and time-consuming compared to flexible panels, which are more adaptable to different
shapes and surfaces.

Finally, although rigid PV panels are generally durable, they can be more sensitive to extreme
conditions, such as high winds or heavy impacts. For example, they may be more prone to cracking
or breaking if subjected to sudden impacts or rough handling during installation or maintenance.

In this study we considered the following two monocrystalline silicon rigid PV panels:

= The PS335M-24/T Premium panel, produced by Phono Solar Technology Co. Ltd
= The PANDA YL265C-30b panel, produced by Yingli Solar

The PS335M-24/T Premium panel is characterised by high efficiency (17.26%), high performance in
weak-light conditions, excellent temperature coefficient giving higher yields in the long term, and
durability due to the salt mist corrosion resistance guaranteed by the manufacturer. This PV panel
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model has been already successfully used in maritime applications for the setup of a 427 kW, solar
array installed on a Ro-Ro type marine vessel [89].

The PANDA YL265C-30b panel is manufactured with N-type silicon. This means that energy losses
over the years are lower than other modules, due to the use of three electrodes for conduction; it is
characterised by high efficiency. In addition, they are distinguished by better performance under
conditions of low irradiation and exposure to heat. This panel model has been used for the setup of
a 143 kW, PV system successfully integrated into the electrical power grid of a car and truck carrier
[94]. Both rigid PV panels considered are suitable for shipboard integrated PV plants regardless of
it being utilized for off-grid applications or connected to the grid.

Flexible PV panels for onboard installation

Flexible PV panels offer several advantages, making them a versatile and appealing option for a
variety of applications. One of the primary benefits is their lightweight and flexible nature, which
allows for easy transport and installation, especially in non-traditional settings. These panels can be
curved or shaped to fit various surfaces, making them ideal for off-grid applications or portable
energy solutions. Additionally, their durability is a notable feature, as many flexible panels are
designed to withstand harsh environmental conditions like solar radiation, temperature fluctuations,
saltwater, and mechanical stress, which enhance their longevity in challenging environments.
However, despite their benefits, flexible PV panels do come with some trade-offs.

One of the major drawbacks of flexible PV panels is their typical lower efficiency as compared to
traditional rigid panels, meaning that larger surface areas are typically required to generate the same
amount of power. This can make them less suitable for situations where space is limited or where
high energy output is critical. Furthermore, flexible panels tend to have a higher cost per watt of
energy produced due to the specialised materials and manufacturing processes involved in their
production. While some flexible panels are designed to be durable, they may still have a shorter
lifespan compared to their rigid counterparts, and they may be more vulnerable to physical damage
if not handled carefully. In addition, flexible PV panels often struggle in low-light conditions, reducing
their performance when exposed to cloudy weather or partial shading. While their aesthetic
integration into buildings and ease of installation are major advantages, the overall variety and
availability of flexible panels remain more limited than traditional rigid options.

Despite these challenges, the unique attributes of flexible solar technology make it an attractive
choice for applications where flexibility, portability, and adaptability are essential, such as in remote
locations, on vessels, or for seamless integration into architectural designs.

In the landscape of flexible PV panel manufacturers, Solbian has been identified as a specialised
manufacturer in products designed for marine applications. This manufacturer employs an advanced
cell encapsulation technique enabling the realisation of solar panels with varying power and features.

The SB (SunBender) series is designed to be compatible with any off-grid installation and is a
standard product. It exhibits high efficiency (minimum declared efficiency: 24%) and low temperature
coefficient. Moreover, using cells made with a solid copper base, PV panels belonging to SB series
are significantly resistant to cracks and corrosion [95].

The SP series utilises back-contact monocrystalline silicon cells, capable of converting over 25% of
sunlight into electricity, combined with the encapsulating materials that make panels lightweight and
flexible. Designed for extreme conditions, the flexible PV modules can be used in harsh
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environments and withstand mechanical stress, such as in extreme ocean races. They combine high
efficiency with durability against temperature changes, fog, saltwater, solar radiation, and impacts
(they are walkable), therefore they are ideal for shipboard integration. The above-described modules
are made with specialized techno-polymers, and the technology is patented [95]. Figure 22 shows
the appearance of this type of panel installed on a recreational boat.

With large surfaces available on the M/V KASTOR ship, we decided to focus on the panels from the
SB and SP series with the highest nominal power, specifically the SB 47 and SP 44 panels.

Table 10 summarises the nominal data of the rigid and flexible PV panels considered in this study.

Figure 22: Flexible PV panels installed on a recreational boat.

Table 10: Nominal data of the selected PV panels

Panel Vendor Phono Solar Techn. Yingli Solar Solbian

Panel Model Premium PS335M-24/T | PANDAYL265C-30b SB 47 SP 44
Panel Current, at Max Power STC (Impp) [A] 8.72 8.55 5.7 5.6
Panel Current, at short circuit (ls) [A] 9.04 8.93 6 6
Panel Energy Management MPPT MPPT MPPT MPTT
Panel length [m] 1.956 1.65 1.054 1.49
Panel width [m] 0.942 0.99 0.8 0.546
Panel thick [m] 0.04 0.005 0.0015 0.002
Panel Voltage, at Max Power STC (Vi) [V] 38.4 31 28.8 26.8
Panel Voltage, at Open Circuit STC (Vo) [V] 47.2 39 34.1 32
Panel Power (W) [W] 335 256 164 150
Cell Efficiency (%) 17.26 16.2 24.4 25.5
Cell Number Tot 60 60 47 44
Cell Technology Monocrystalline Monocrystalline Monocrystalline | Monocrystalline

General considerations on the tilt angle of the PV panels

The tilt angle refers to the angle at which PV panels are positioned with respect to the surface of
installation, typically adjusted to capture the most sunlight throughout the day.

The tilt angle significantly affects PV production. In PV panels for land-based applications, the tilt
angle is typically set to maximise exposure to sunlight based on the location’s latitude and seasonal
variations. When the tilt angle is aligned to optimise sunlight capture, the panels generate the most
electricity. As the tilt angle increases beyond the optimal setting, the energy yield generally
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decreases. In cases where the tilt angle is adjusted too high or too low, the cost-to -benefit ratio of
installing PV systems may suffer, as more panels or larger systems might be needed to compensate
for the lower efficiency.

In many real-world applications, such as in buildings or ships, fixing the tilt angle is the preferred
solution due to space or structural constraints, as shown in Figure 23. In such cases, finding the
optimal permanent tilt angle becomes crucial to maximising energy production while minimising the
costs associated with inefficient configurations.

For a moving platform such as a vessel, anyway, fixing the optimal tilt angle is nontrivial. A study
dedicated to defining the optimal tilt angle of a PV array installed on ships revealed that highest
amount of produced power is observed when PV panels are installed on a horizontal surface with a
loss of about 60% when the tilt angle is set to 45° [96]. This occurs also because of the variability in
the angle of incidence between the panels and solar radiation due to ship fluctuations in the sea
during navigation, caused by the ship movement along its route but also by roll, pitch and yaw. On
such a basis, in this study we only consider installing the PV panels horizontally on the identified
available surfaces of the ship.

Figure 23: PV panels installed on a ship according to different tilt angles [96].

4.2.3 Development of a configuration tool for defining the installable PV peak power
on-board

To define the peak power of a PV array installed on the M/V KASTOR ship a dedicated software tool
has been developed. The software tool has been designed using MATLAB programming and is
referred in the following as “R55” configurator. It uses the geometric and electrical characteristics of
the ship and the PV panels to define the geometric and electrical configuration of the PV array
through which the maximum power installable on board is obtained.

The flow chart in Figure 24 provides a view of the logic on which the “R55” configurator is based and
highlights the different levels (geometric and electrical) on which it operates to define the final
configuration and derive the corresponding peak power.

The “R55” configurator presents: a table (rapidly extensible) with the rating data of the selected solar
panels, various navigation configurations, and an automated algorithm to calculate the best
geometrical configuration and series/parallel arrangement of the solar panels to optimise the
installed power. From a geometric standpoint, the configurator evaluates the two possible
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orientations of PV panels with respect to the longitudinal axis of the ship. Both cases of the longest
side of the panel parallel and perpendicular to the longitudinal axis of the ship are considered when
choosing the arrangement that maximises the number of installable panels.

A table (rapidly extensible) with rating data of batteries can be easily added to the configurator for
assessing the footprint of storage systems associated with the PV generator. In our case study, the
data related to PV panels described in Errore. L'origine riferimento non é stata trovata.10 were
given as input to the configurator. The calculation of the installed peak power is performed with
reference to PV arrays installed according to the configurations described in sub-section 4.2.1.

Available

Voltage ratings surface on ship
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Figure 24: Flow chart describing operation of “R55” configurator.
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The area of the surface available on the ship was quantified according to the values obtained for the
configurations described in Table 9. The PV system voltage ratings were chosen as per an assumed
grid-connected system, thus considering the voltage at the ship's main switchboard, which is 440V
AC.

The results obtained for the four configurations described in Table 9, including relevant information
like the number of maximum installable PV panels, the electrical layout of the array, and the
maximum installable power, are synthesised in Figures Figure 25 and Figure 26.

# Vendor,Model,Power,Efficiency,Size,VoltageBar Area: 3091.16 (m2) 1719.27 (m2)

1 Premium PS335M-24/T 335W eff:17.26% 1.956me0.992m Vb:500V / cfg_11 \ / cfg 12 \
CONFIG-------------  —-——- 11 ------ 12 / \ / \
Cargo:TotArea (m2) 3091.16 1719.27 35 42 42 35 42 42
Cargo:TotPower (kW) 533.53 296.75 51 56 56 51 56 56
Cargo:TotPanels 1412 742 51 56 56 51 56 56
PvInst:Series|Prll 13|108 13|57 45 49 49 45 49 49
PvInst:TotNumber 1404 741 51 56 56 51 56 56
PvInst:TotPower (kW) 470.34 248.24 51 56 56 51 56 56

51 56 56 51 56 56

2 Yingli YL265C-30b 265W eff:16.2% 1.65m«@.99m Vb:500V / cfg_ 11 \ / cfg_12 \
CONFIG-------------  ----- 11 ------ 12 / \ / \
Cargo:TotArea (m2) 3091.16 1719.27 42 48 48 42 48 48
Cargo:TotPower (kW) 500.77 278.52 60 70 70 60 70 70
Cargo:TotPanels 1714 922 60 70 70 60 70 70
PvInst:Series|Prll 16|107 16|57 54 63 63 54 63 63
PvInst:TotNumber 1712 912 60 70 70 60 70 70
PvInst:TotPower (kW)  453.68 241.68 60 70 70 60 70 70
. 60 70 70 60 70 70

3 Solbian SB-47 164W eff:24.4% 1.054me@.8m Vb:560V / cfg 1l \ /  cfg 12\
CONFIG----mmmmmmmmm —mmm- 11 -~ 12 / N/ \
Cargo;TotArea (m2) 391.16 1719.27 78 108 108 78 108 108
Cargo:TotPower (kW) 754.24 419.50 112 147 147 112 147 147
Cargo:TotPanels 3424 1952 112 147 147 112 147 147
PvInst:Series|Prll 17|201 17]114 98 133 133 98 133 133
PvInst:TotNumber 3417 1938 112 147 147 112 147 147
PvInst:TotPower (kW) 560.39 317.83 \ 112 147 147 112 147 147
. 112 147 147 112 147 147

4 Solbian SP-44 150W eff:25.5% 1.49me0.54m Vb:500V / cfg_11 \ / cfg_ 12 \
CONFIG-------------  ----- 11 ------ 12 / \ / \
Cargo:TotArea (m2) 3091.16 1719.27 81 104 104 81 104 104
Cargo:TotPower (kW) 788.25 438.41 124 155 155 124 155 155
Cargo:TotPanels 3664 2038 124 155 155 124 155 155
PvInst:Series|Prll 18| 203 18113 112 140 140 112 140 140
PvInst:TotNumber 3664 2038 124 155 155 124 155 155
PvInst:TotPower (kW) 548.10 305.10 124 155 155 124 155 155

124 155 155 124 155 155
Figure 25: “R55” configurator output (for “config_1_1” and “config_1_2")
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# Vendor,Model,Power,Efficiency,5ize,VoltageBar

1 Premium P5335M-24/T 335W eff:17.26% 1.956ms+8.992m ShipVb:seev Joocfg 21 \ / cfg_22 Y
CONFIG------mmmmmm- R % R 22 / N A\
Cargo:TotArea (m2) 2857.61 1485.72 35 42 42 35 42 42
Cargo:TotPower (kW) 493.22  256.44 51 56 56 51 56 56
Cargo:TotPanels 1314 644 51 56 56 51 56 56
PvInst:Series|Prll 13| 181 13]49 45 45
PvInst:TotNumber 1313 637 51 56 56 51 56 56
PVInSt:TOtPONEr‘| (kW 439,86 213.48 51 56 56 51 56 56
. 51 56 56 51 56 56

2 ¥ingli YL265C-38b 265W eff:16.2% 1.65me.99m ShipVb:5e8Vv 7 cfg_21 A} / cfg_22 Y
CONFIG----mmmmmmmme  —mmooe 21 —oooeo 22 / A\
Cargo:TotArea (m2) 2857.61 148L.72 42 48 48 42 48 48
Cargo:TotPower (kW) 462.93  248.69 68 78 70 60 78 78
Cargo:TotPanels 1588 796 68 78 786 6O 76 78
PvInst:Series|Prll 16|99 16]49 54 54
PvInst:TotNumber 1584 784 68 7@ 78 6@ 78 78
PvInst:TotPower (kW) 419.76 287.76 68 7@ 78 6@ 78 78
. 68 7@ 78 6@ 78 78

2 Solbian SB-47 164W eff:24.4% 1.054me8.8m Shipvb:seev /o ocfg 21 \ f cfg_22 !
CONFIG--------mmmmm  ——-m-- 21 ------ 22 ! o A\
Cargo:TotArea (m2) 2857.61 1485.72 78 1e8 188 78 188 188
Cargo:TotPower (ki) 697.26 362.52 112 147 147 112 147 147
Cargo:TotPanels 3158 1686 112 147 147 112 147 147
PvInst:Series|Prll 17]185 17|99 98 98
PvInst:TotNumber 3145 1683 112 147 147 112 147 147
PvInst:TotPower (kW) 515.78 276.81 112 147 147 112 147 147
. 112 147 147 112 147 147

4 Solbian SP-44 158W eff:25.5% 1.49m+8.54m Vb:5eev / cfg_21 \ / cfg_22 it
CONFIG------------- [, 4 22 / \ / Y
Cargo:TotArea (m2) 2857.61 1485.72 81 1e4 184 81 184 184
Cargo:TotPower (kW) 728.69 378.86 124 155 155 124 155 155
Cargo:TotPanels 3384 1758 124 155 155 124 155 155
PvInst:Series|Prll 18|188 18|97 112 112
PvInst:TotNumber 3384 1746 124 155 155 124 155 155
PvInst:TotPower (kW) La7.60 261.986 124 155 155 124 155 155

124 155 155 124 155 155

Figure 26: “R55” configurator output (for “config_2_1” and “config_2_2”)

The results illustrated in Figure 25: “R55” configurator output (for “config_1_1" and
“config_1_2")show that, depending on the chosen PV panel model, the maximum installable PV
power ranges from about 454 kW to about 560 kW for the configuration “config 1 _1”. The
corresponding power ranges from about 242 kW to about 318 kW for the configuration “config_1_2".
Similarly, from the results shown in Figure 26: “R55” configurator output (for “config 2 1" and
“config_2_2”) it is observed that the maximum installable PV power ranges from about 420 kW to
about 516 kW for configuration “config_2 1" and from about 208 kW to about 276 kW for
configuration “config_2_2.” In any case, the obtained values highlight the potential of a PV plant
installed on the ship to provide a non-negligible contribution to the generation of auxiliary power and
encourages a deeper analysis of the costs and benefits of this electrical retrofitting solution.
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4.2.4 Considerations on the BOP

The BOP in a PV system refers to all the supporting components and infrastructure required for the
proper operation of the system, excluding the solar panels themselves. BOP includes items like
inverters, transformers, wiring, switchgear, mounting structures, electrical protection systems,
energy storage (batteries) and other auxiliary equipment necessary for the generation, conversion,
storage and distribution of electricity.

The design, installation and maintenance of the BOP components can significantly impact the overall
cost of a PV system. While the solar panels are often the most expensive part, the BOP can account
for a significant portion of the total cost. However, investing in high-quality BOP infrastructure can
lead to better performance, lower operational costs, and increased energy savings over the lifetime
of the system.

The most relevant components from an electrical standpoint are undoubtedly the energy storage
systems (ESSs), typically relying on batteries, and the power electronic converters for interfacing the
PV source with the load or the onboard.

The intermittency of power output from the PV system and its dependence on location, shipping
routes and time zones, makes the use of an ESS essential, even in grid-connected shipboard PV
systems, to regulate any power surplus or shortfall. This implies an additional capital cost, weight
and availability of suitable spaces on board. A more in-depth discussion of battery sizing in relation
to the type of PV array operation in the ship, namely off-grid or grid-connected, power system is
developed in deliverable D6.3.

The downward trend in the capital costs of PV modules and batteries registered in the last decades
has led to an increased importance of some costs related to BOP. As an example, according to [97],
PV inverters contribute around 8-12% of the overall lifetime cost of a PV plant. The choice and sizing
of the converters used to interface the PV system to the on-board load/grid is discussed in deliverable
D6.3 along with an indication of some commercial converters suitable for the purpose.

Notwithstanding the relevant capital cost of an on-board PV system, a recent techno-economic
analysis of a ship-PV grid-connected power system on a car/truck carrier, operating on different
routes, demonstrated the implemented solution with a high financial feasibility, in addition to large
environmental benefits [98]. This result also encourages pursuing the use of onboard PV generators
to meet the efficiency and sustainability requirements set by regulatory bodies in the maritime sector.

4.2.5 Challenges in Evaluating and Managing PV Power Generation on Board

Key challenges for a wider adoption of PV systems on board include:

* Bridging the gap between the installed power and the actual generation,
» Effectively managing onboard power balance.

With regards to the first challenge, the specificity of shipboard PV integration related to the fact that
the ship is a moving platform should be noted. Indeed, the shipboard PV plants are in general more
prone to partial shading than land-based installations. Therefore, the use of effective maximum
power point tracking (MPPT) techniques, such as distributed MPPT (D-MPPT) and static/dynamic
reconfiguration strategies, are promising in this technical area to fill the gap between the installed
power and the actual generation[99].
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As for the second aspect, the accurate PV power prediction is essential to properly handle power
balance and management on board, considering the uncertainty and stochastic volatility, typical of
renewable sources. By this standpoint, accurate calculation of PV power (Ppv) according to
Osterwald’s method, as in Equation (16), requires an effective forecasting of solar radiation G [100].

Ppy=Npy X S * G x(1-0.005(T s¢y-25)) * N (16)

In Equation (16) n,,, and n, are the efficiencies of the PV field and the power converter interfacing

the power source with the loads or the power grid. S is the surface of the PV field and Tc. is the PV
cell temperature in Celsius degrees, obtained using Equation (17):

NOCT-20
Teat=Tet (g0 —) * G (17)
where T, is the ambient temperature, NOCT is the operating cell temperature under G=800 W/m?,

Te= 20 °C and wind speed is taken to be 1 m/s.

Itis crucial to observe that the PV forecasting task in vessels is much more challenging than in land-
based applications. Indeed, fluctuations caused by weather variations and the motion of the ship
increases the uncertainty of PV power output. Therefore, accurate PV forecasting in ships implies
spatial-temporal statistical or data-based modelling, as described in Lan, et al. [101] with reference
to the day-ahead horizon and a given navigation route.

The use of machine and deep learning approaches, also combined into hybrid and ensemble
formulations, is worth considering as a promising method for accurate prediction of shipboard PV
generation.

4.2.6 Outline of possible improvements from the synergistic use of various retrofitting
solutions including PV

PV generation, used as an auxiliary power source on a ship like the one under study, can be
envisioned as an electrical retrofitting measure that can be easily combined with others. Among
these measures, the use of shaft generators, possibly supported by batteries, is relevant to the
project, since both PV and shaft generators are mature technologies which fit very well with
retrofitting concepts. Furthermore, both these solutions enable measurable improvements in design
energy efficiency indices established by international regulatory bodies. In detail, the attained EEXI
formula [102]includes a term specifically referring to the presence of shaft motor/generator solutions
on board. At the same time, PV cells’ impact on EEXI is formulated in IMO document
MEPC.1/Circ.896 [103] where such a solution is explicitly contemplated as an efficiency-oriented
technology implying a saving of auxiliary engine power. This is shown in Figure 27: Classification of
energy efficiency technologies according to IMO MEPC.1/CIRC.896 [103], where fer stands for the
availability factor of each innovative energy efficiency technology. Based on these considerations,
once the power provided by the above-mentioned electrification technologies has been quantified,
the contribution of the same technologies to EEXI reduction can be directly calculated.

The integration of PV panels and shaft generators on board ships represents a forward-thinking
approach to enhancing energy efficiency, reducing operational costs and minimising environmental
impact.

PVs, as already evidenced, offer a renewable and clean power source that can reduce reliance on
traditional fossil fuels. By providing supplementary power for auxiliary systems, PV panels help lower
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fuel consumption. This not only cuts operational costs but also decreases GHG emissions,
supporting the maritime industry’s transition towards greener operations and compliance with
international environmental regulations such as the IMO’s decarbonisation targets. A discussion on
the issues related to PV integration on the shipboard electrical microgrid as well as the quantitative
assessment of PV use on the ship efficiency design indices are provided in D6.3.

Innovative Emrq_y Efficiency Technologies
Reduction of Main Engine Power Reduction of Auxiliary Power
Category A Category B-1 | Category B-2 Category C-1 Category C-2
Cannot be Can be Irealed separately from the : ? Depending on
separated fom | overall performance of the vessel | Checiveatalltime § oo o onvironment
overall
performance of fer=1 far<l fer=1 far<1
the vessel
- low friction = hull air - wind assistance | - waste heat - photovoltaic cslls
coating lubrication (sails, Flettner- recovery system
- bare system (air Rotors, kites) (exhaust gas heat
optimization cavity via air recovery and
injection to conversion to
- rudder reduce ship electric power)
resistance resistance)
(can be
- propeller design | _switched off)

Figure 27: Classification of energy efficiency technologies according to IMO MEPC.1/CIRC.896 [103]

Shaft generators, in contrast, have been framed as a solution playing a key role in converting
mechanical energy from the ship’s M/E into electricity. They ensure a stable and efficient power
supply for onboard systems, particularly during navigation, while also allowing the need for additional
auxiliary engines under certain conditions. When paired with energy storage solutions, such as
batteries, shaft generators can further optimise energy use by managing load fluctuations and storing
excess power for later use.

The combination of PV panels and shaft generators in a retrofitting perspective is expected therefore,
to create a synergistic effect from the standpoint of energy efficiency and environmental friendliness
of ships.
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5 Conclusion

This report presents a comprehensive analysis of retrofitting solutions designed to achieve a 55%
reduction in greenhouse gas emissions from maritime operations by 2030. It highlights the potential
of integrating advanced technologies, such as FCs, batteries, WHRS, PTO/PTI and PV to
significantly enhance energy efficiency in ship electrification operations. By leveraging these
technologies, vessels can optimise their energy management, reduce fuel consumption, and lower
their environmental impact. The report underscores the importance of customising solutions to fit the
specific operational profiles of different ship types, ensuring compliance with stringent environmental
regulations while maintaining operational viability.

The findings indicate that hybrid configurations incorporating these innovative systems can lead to
substantial improvements in operational performance and sustainability. As the maritime industry
faces increasing pressure to decarbonise, the adoption of these retrofitting technologies is essential.
By transitioning to renewable energy sources and implementing zero-carbon solutions, the industry
can significantly mitigate its environmental footprint. Ultimately, the successful integration of these
advancements will not only contribute to global decarbonisation targets but also position the maritime
sector as a leader in sustainable practices, fostering a cleaner and more efficient future for marine
transportation.

Future research should focus on the design and optimisation of combined systems that integrate
introduced technologies in the ship electrification plant. This holistic approach will allow for a more
effective synergy among these technologies, enhancing overall energy efficiency and performance
in the plant. Comprehensive field studies are needed to evaluate the long-term reliability and
operational effectiveness of these integrated systems under diverse conditions, ultimately identifying
best practices for the case study vessel.

In addition to performance optimisation, future studies should incorporate detailed investigations into
the environmental impacts of these combined systems. This includes assessing reductions in GHG
emissions, particulate matter, and other pollutants resulting from the implementation of these
technologies in various maritime contexts. Furthermore, design and size optimisation of the systems
concerning the vessel's load profile is crucial.

Safety considerations must also be prioritised; research efforts should analyse how different load
conditions affect the performance and efficiency of integrated solutions, enabling the design of
systems that are not only effective but also safe and tailored to the specific energy demands of the
ship. Collaborative efforts among industry stakeholders, regulatory bodies and research institutions
will be essential to develop standardised guidelines that facilitate the widespread adoption and
optimisation of these innovative retrofitting solutions, paving the way for a more sustainable maritime

future.
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