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Abstract: Solar energy is one type of clean energy resource, and currently the IMO, EU and UK are
targeting net zero carbon emissions by 2050. This paper delves into the integration of photovoltaic
(PV) systems into hybrid vessels in order to meet their strategies and targets. The technical challenges
that come with designing such systems as well as their economic and environmental impacts are
examined. By optimizing the usage of harnessed solar energy, we discover the operational strategy
that provides maximal benefits through day-to-day savings as well as over the 25 year lifespan of
solar panels. It demonstrates impressive economic viability, with cost savings of up to GBP 4.55 per
day and a payoff period as short as 9 years. It also displays a modest emission reduction of up to
8.002 kg of CO,, which serves as proof for a pathway to greener practices in the maritime industry.
This report highlights the operational flexibility that a hybrid vessel possesses once paired with a PV
system through the ability to withstand regulatory and market changes. Also, when looking ahead,
further adoption of PV technology creates opportunities for innovation in adopting renewable energy
solutions in maritime transportation.

Keywords: hybrid ship; PV system; marine environment protection

1. Introduction

The focus of this project was to research and determine how solar panels can be
integrated into existing and new hybrid ships. It covers key areas related to this topic and
addresses this process’s technical, economic and environmental concerns.

This paper aims to evaluate the following;:

How effectively can PV systems be adopted for existing hybrid ships?

How much will it cost to integrate these systems, and how economically beneficial
can they be?

How effective will these systems be at reducing emissions for the ship?

How efficient can these systems be on ships?

The answers to each of these questions will influence shipbuilding companies and
contractors when deciding if they want to adopt solar panels for their current and future
hybrid vessels. It will also benefit future research, informing them of the benefits and
downsides of solar energy in the given context.

The world is currently facing a global environmental crisis with climate change. It is
areal, pressing issue that everyone is aware of currently. The effects of climate change have
started to show over the last few decades, with rising temperatures melting the polar caps,
causing sea levels to rise, and the increased frequency of natural disasters which have been
catastrophic across the globe. The United Nations stated that the world’s emissions must
be cut in half by 2030 to meet their target of keeping warming under 1.5 °C, yet under the
current regime, it is expected that this value may be closer to 3 °C by 2030 [1].

One of the main contributors to this environmental change is the maritime sector. As
most ships are powered by diesel engines, it is obvious that there is going to be a large
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amount of greenhouse gases emitted by ships. It is estimated that 3% of the world’s
greenhouse gases are emitted by the maritime sector, which if it were a country would
make it the eighth highest emitting country in the world [2].

The slowing of global warming is a goal that much of the world is working toward,
with different countries applying different strategies. However alternative green energy
sources seem to be at the forefront of these plans. The World Economic Forum stated that
it expected to see total clean energy investments reach USD 1.4 trillion by 2022 stating
that since 2020, the amount of money being invested has been increasing by 12% per year,
which shows extreme promise. However, due to rising costs, the amount of energy being
produced is not increasing proportionally with the money being spent. Another real issue is
that most of the money being invested is coming from first-world countries, and emerging
market investments into clean energy are still around 2015 levels, proving that only the
more developed countries are contributing and benefitting from this [3].

When looking into renewable energies, there is a wide variety of sources and methods
for using all the world’s natural sources. Wind, sun, water and geothermal energy are
all renewable sources, with nuclear energy also contributing, even though it is defined as
a low-carbon energy and not renewable. Hydropower leads the way. With it being the
oldest method, it accounts for over 60% of the energy produced by renewables, followed
by wind and solar power and any other sources [4].

From the graph in [4], it is evident that solar power is the youngest and most rapidly
expanding renewable energy of them all. This can be attributed to the falling costs of
installing solar panels and the benefits of installing them for one’s home. Between 2010
and 2019, it is estimated the price of purchasing PV systems dropped by 82% [5]. While
this sounds drastic, the number one reason for people deciding to not install solar panels
for their properties is the startup costs. A survey completed by Forbes presented that
36% of the 48% of people who took part in the survey and wanted to install solar panels in
the future stated that the upfront cost was the main reason for their hesitance, which made
it the most stated reason for not installing solar panels [6].

By the end of 2022, it was reported that the total globally installed photovoltaic capacity
reached 1177 GW, with 239 GW being installed that year [7]. While this is a substantial feat,
unfortunately, to meet the net zero emissions goal, the production and installation of these
systems still require improvement.

By 2050, solar power is expected to amount to 25% of all the total energy being
generated. This would most likely make it the primary energy source for the world and the
most abundant renewable energy, according to the International Energy Agency (IEA) [8,9].
It is evident that solar power will play a key role in the future and is going to be a tool that
will be adopted by many industries across the globe.

PV systems have an intricate design where there is ‘more than meets the eye’, and to
harness the energy from the sun, one needs more than just a solar panel. To install a PV
system, in a house or onto a ship, as well as solar panels, one will need solar inverters
to convert the current from the sun’s energy (DC) into a usable alternating current (AC),
a battery so that one can store the energy due to solar power’s intermittent nature, a charge
controller to make sure the battery is charged at the right voltage, maximizing the battery
life, monitoring equipment to ensure the panels are working and staying efficient, and
finally mounting equipment to set up the panels in a reasonable area and direction. The
photovoltaic cells in the panels convert sunlight into DC electricity. This occurs when the
photons from the rays of the sun knock electrons off atoms in the panel, which creates
a flow of electrons otherwise known as electricity. Usually, silicon plates are used in the
panel as they are non-metal semiconductors. They create a junction where each plate is
doped to create a negative and positive plate, which allows an electric field to be created
and the electrons to flow through the wires [10].

While solar power is quite promising in the search for clean energy, unfortunately, it
does have some drawbacks. The end-of-life treatment for solar panels needs to be improved,
as currently there are few regulations or systems in place to ensure solar panels are being
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disposed of safely or correctly. Some of the materials used in constructing solar panels are
hazardous, which makes the recycling process tougher than one might think. In addition to
this, there is no second-hand market currently available, therefore leading to unnecessary
waste. A research paper on end-of-life treatment for solar panels revealed that by 2050,
it is estimated that there will be 78 million tons of waste related to solar PV [11]. This
presents clear information on why there needs to be an upgraded system in place to ensure
these systems do not undermine the positive impact they currently make and create an
additional environmental problem.

The current applications of solar panels across the globe are far-ranging. However,
a portion of the global application of solar panels happens to be in the maritime sector.
Floating solar farms account for most of this application, but there are also onboard PV
systems, with countless ships integrating solar panels into their onboard electrical systems
to aid their auxiliary power consumption.

However, some ships have also been adapting the technology to supplement their
engine power. Now, it is extremely rare that ships are fully powered by solar power due to
the significant amount of energy required, but it exists for smaller ships that do not need to
travel at substantial speeds and are only traveling short distances. It is a requirement that
these ships are electrically powered or, more commonly, hybrid-powered, meaning they
are powered by both a diesel engine and an electric motor. The electric motor is usually
only used at lower speeds or when docking or undocking. It is powered by a battery that is
charged by the excess energy provided by the diesel motor or by external sources like an
onshore grid or onboard renewable systems. The electric motor and battery are essential in
utilizing solar power, as they are what allow the electricity provided by solar energy to be
used to power the ship. While this form of hybrid propulsion is somewhat new, it provides
an answer in the search for green ship propulsion. In November 2020, it was estimated that
there were around 250 ships fitted with battery systems, with half of them being ferries [12].
This number has risen since 2020 to a much larger number. However, the application of
solar panels in supplementing engine power remains a rudimentary problem.

A real-world example would be the Ttiranor PlanetSolar (Figure 1), which is the largest
fully solar-powered ship to date. It is 31 m long and 15 m wide, weighing in at 85 tons.
Covered by 537 m? of solar panels, it produces a max power of 93.5 kW [13]. It has set
numerous records and is one of the trailblazers in the world of solar-powered ships.

Figure 1. Tranor PlanetSolar [13].

2. Literature Review

The maritime sector plays a key role in the global trade sector. However, it is also a key
contributor to environmental pollution. With the increasing emphasis on sustainability, the
integration of solar panels on ships has gained researchers” attention due to its extremely
green and sustainable nature. However, at present, a comprehensive understanding of the
economic and environmental implications of such integration is lacking. This literature
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review aims to establish the current and past research on this subject and demonstrate why
there is a need for focused study on this subject.

2.1. Economic Implications

Solar panels are expensive in initial costs, making them impractical to invest in for
the maritime industry. In fact, for smaller systems, the installation costs can even exceed
the price of the panels themselves [14]. This cost barrier is further amplified in the case of
marine solar panels, as these need to be waterproof.

A 200 W system for a small boat can cost upwards of GBP 600 to purchase and
install [15]. This is exemplified by the case of Auriga Leader, one of the pioneering ships to
use solar power, which contains 328 solar panels only covering a mere 10% of the electricity
usage [16].

In a recent study [17], the economic feasibility of residential solar photovoltaic (PV)
systems in College Park, Maryland was assessed. The analysis considered local weather
patterns as well as the federal solar investment tax credit, which provides a 30% reduction
in initial costs and gradually decreases until 2023, revealing a potential ROI of 23.6% and
a payback period of approximately 4.25 years for consumers.

In the ever-evolving world of ship operations, high fuel consumption has been
a persistent challenge. To tackle this problem, the authors of [18] delved into the pos-
sibility of using solar panels and wind turbines as alternative energy sources for lighting
on a 2000 GT roll-on/roll-off ferry. Through their comprehensive study, they found that
these renewable sources could generate a whopping 55.68 kW and 17.48 kW of power,
respectively, resulting in annual fuel savings of 17.53%. Moreover, a thorough feasibility
analysis revealed that the system would reach its break-even point in a mere 3 years and
10 months of operation.

2.2. Environmental Implications

Solar panel integration has been extensively studied, with the primary goal of reducing
greenhouse gas emissions. Various methods of integration, from PV systems connected
to the grid to those used on ships, have been thoroughly explored. The core principle,
however, remains unchanged. In fact, the IMO has recently released a strategy to combat
GHG emissions from ships, highlighting the importance of alternative fuels and energy
sources such as solar panels in achieving their goals [19].

In their paper, the authors of [20] unveiled a control strategy for the hybrid power
systems of ships. This system incorporates a diverse set of power sources such as diesel
generators, solar panels and battery packs, with the goal of achieving optimal efficiency and
minimal emissions. The team harnessed the power of microgrids to intelligently combine
these sources, giving top priority to renewable energy. Through rigorous simulations
using MATLAB 2018a and experiments on real-life rigs, this strategy has been proven to
significantly reduce CO, emissions by a staggering 3 x 10° kg over the ship’s lifespan.
This exemplifies the crucial role that solar panels can play in mitigating greenhouse gas
emissions. Further exploration into the reduction of all forms of GHGs and not just CO,
would further validate the efficacy of solar panels in achieving this crucial goal.

In [21], the authors explored the rapidly evolving landscape of concentrated photo-
voltaic (CPV) technologies, with a specific focus on both high-concentration photovoltaic
(HCPV) and low-concentration photovoltaic (LCPV) systems. The analysis revealed that
CPV modules are significantly more efficient than traditional silicon-based panels, owing
to the use of concentrator optics. In addition to discussing recent advancements in multi-
junction solar cells and tracking systems, the authors also investigated the environmental
impact of CPV systems through a comprehensive life cycle assessment. They carefully
considered important factors such as the energy payback time and CO; footprint. By
conducting this assessment, they found that while concentrated photovoltaic systems offer
much greater efficiency compared with average PV systems, the use of materials to create
the focusing optics may lead to a higher carbon footprint.
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2.3. Optimization and Efficiency

Unlike on-shore PV systems, PV systems on ships have many more constraints and
operate in more extreme conditions. Optimization of the actual panel itself is important, but
optimization of the space and areas one can place the panels on a ship is equally important.
There are various factors to consider when optimizing the placement of the panels, such
as information about the orientation and routes of the ship or shading on the boat. For
the panels, the technology is constantly improving at a faster rate. The higher the panel’s
efficiency, the more energy can be harnessed in a given timeframe. This could reduce the
number of panels required for a ship or mean more power can be supplemented, leading
to a greener form of propulsion for ships.

In a recent study [22], the potential for solar energy in Iraq was examined by identifying
the optimal tilt angles for solar panel placement. By analyzing 19 years of data collected
across 18 cities, the researchers determined that the best tilt angle ranged from 0° to 64°,
with variations depending on the season and location. This study highlights the crucial role
of the tilt angle in maximizing solar irradiance and its effect on system efficiency. However,
finding the ideal tilt angle can pose a challenge due to seasonal changes. To address this,
adjustable frames rotating on an axis can be installed to allow for tilt angle adjustments as
needed. However, without automation of the tilt change, it would become quite a chore to
manually adjust the angle of the tilt for every panel. Nevertheless, this would all come at
an additional cost and may not be a feasible solution for all installations.

In their recent research, the authors of [23] explored an innovative strategy for boost-
ing energy production from solar photovoltaic panels. Their work presents a new spatial
optimization problem, the maximal PV panel coverage problem (MPPCP), which utilizes
geographic information systems (GISs) to identify suitable areas for panel installation. By
considering various orientations and alignments, the model effectively addresses instal-
lation constraints. Notably, when tested on a limited rooftop space, the model was able
to increase energy production by up to 6%. Although this methodology has not yet been
applied to ship installations, this concept can easily be adapted and applied in this context,
as limited space is a common factor.

In their paper, the authors of [24] examined the effect of sea salt soiling on the perfor-
mance of solar photovoltaic (PV) panels, with a specific focus on coastal and marine areas
such as fishing villages. Through their research, they discovered that the deposition of sea
salt can significantly decrease the electrical output of PV panels. Their simulation results
showed a difference of 2.09 W in power generation between normal and sea salt-soiled
settings. Additionally, their experiment, which involved floating a PV panel above brack-
ish water for 29 days, confirmed that sea salt buildup can deteriorate a panel’s electrical
properties over time. This issue is especially concerning for solar panels integrated onto
ships, as they are constantly exposed to seawater. This could ultimately lead to the panels
needing to be replaced sooner than expected, resulting in higher costs and raising questions
about the feasibility of such systems.

2.4. Research Gaps

The existing literature on the integration of solar panels in maritime transport shows
promising environmental benefits but leaves many questions unanswered. Some gaps that
were identified from each section are given below.

2.4.1. Economic Implications

Existing research establishes a clear understanding of solar panels and the costs
surrounding them. It looks at the cost-saving ability of solar panels, their lifespan and
end-of-life solutions and especially their application on ships for powering lighting systems.
However, a clear gap in the current literature is their application for propulsion on hybrid
ships. It would be extremely interesting to investigate and see how much of the required
power for propulsion can be provided by PV systems.
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2.4.2. Environmental Implications

The presented literature examines the environmental impact of solar panels and shows
an evident understanding of how integral they can be in reducing the release of GHGs. It
shows that the use of solar panels is extremely effective in reducing the release of CO,, and
their efficiencies are constantly increasing, resulting in an improvement in the reduction
of these harmful gases. However, the literature does not show how well all GHGs can be
reduced and only presents data on CO,. It also provides information which shows that
increased efficiency in solar panels does not necessarily mean that they are better for the
environment. With all this information gathered, it is evident that there is a clear gap in
the research on all forms of GHG reduction and the trade-off between efficiency and being
environmentally beneficial.

2.4.3. Optimization and Efficiency

The literature presented delves into some interesting topics that provide valid methods
for optimizing the energy provided by PV systems. The literature provides some useful
information on optimizing the tilt and placement of solar panels in a given space and shows
how effective these methods can be. However, with the tilt, it struggles to convey how
to keep the panels at a constantly changing optimal tilt angle and what costs come along
with this. The other paper on layout space optimization provides a rather applicable and
relevant method, and even though it is not specialized for ship application, it would transfer
over quite effectively. Finally, the last paper on sea salt spoiling shows the detrimental
effect of salt on solar panels. It provides an active challenge in the application of solar
panels on ships, and research to quantify how much salt can affect solar panels on ships is
an interesting gap that could also be researched.

3. Materials and Methods
3.1. Techno-Economic and Environmental Analysis

This methodology analyzes a topic from three dimensions. It allows the user to cover
all bases when researching a topic. The technical side can be addressed by looking at
elements such as efficiency and recent advancements in technology as well as how the
technology can be applied in different environments, such as solar panels on seagoing
ships. This can include a theoretical design of a system to help the reader have a greater
understanding of the technology. The economics can be covered by looking at the money
involved in constructing and installing the technology, but it also covers the money that can
be made back by implementing this technology. Finally, the environmental impact can be
studied to see how beneficial or non-beneficial the technology can be for the environment,
and this can be quantified by how many emissions are released in production as well as
how much the emissions can be reduced by the implementation of such technology.

For this study, a theoretical design of a PV system for the case study was created which
took the space, orientation and type of solar panel into consideration so that the system
could be as efficient as possible. With this design, a strategy was be defined to calculate
how much the system would cost to install and run, alongside calculations to figure out
how much fuel the solar panels would save a ship and the economic repercussions of this.
Finally, the reduction in emissions for the ship was quantified, and all this information will
provide valuable insight into how effective solar panels can be for hybrid ships.

Since this ship possesses a hybrid system, the calculations were split up into two
different parts, where the electrical energy production and expenditure were accounted
for and then the diesel energy production was accounted for. The electrical side included
the energy produced from the solar panels alongside the net battery usage to evaluate the
economic and environmental impacts as well as consider the best strategy to distribute the
energy so that the system was as efficient as possible. The mechanical side focused on the
engine operations and quantified the cost to run the engine and how many emissions were
released in doing so.
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For the solar panel energy output, the followed equation was adopted [25]:
Wpy = va(W) XnXtpy X1 @)

where Wpy is the daily energy output of the solar panel system (in Wh/day); Ppy is the
maximum power rating of a given solar panel (in W); n is the number of solar panels in
the solar array; tpy is the number of solar panel system operational hours in a day (in h);
and 7 is 0.75, which accounts for the losses in the system through inverters, cables, the
environment and temperature.

The solar irradiance of the sun averages at least 1000 W/m? per hour. This parameter of
the maximum power rating was much more convenient for calculations, as solar irradiance
varies largely over a day and does not have sufficient data for specific locations. The values
for this parameter were obtained from an online source [26] which used data from the
National Renewable Energy Laboratory PVWatts Calculator to calculate the number of
solar hours based on the location, azimuth angle and tilt angle. The azimuth angle is the
angle of the direction in which the solar panel faces with respect to due north. This angle
was already decided by the placement onboard the vessel, and therefore an optimum angle
could not be used. The tilt angle is the angle at which a solar panel tilts toward the sky,
with 0° implying the solar panel is lying flat on the floor. This angle was optimized using
a similar website created by the same person, in which the optimum tilt angle was gauged
by just one’s location [27].

Regarding the battery energy usage, Equation (2) below will be used:

Wg (kWh) = Pp (kW) X tg 2)

Here, Wp is the energy used from the battery (in kWh); Pp is the power demands of
the ship (in kW); and t; is the operational hours of the ship (in h).

This equation covers a simple energy equation which would aid the report in deter-
mining how much battery capacity is used at the three different phases of the crossing and
allow an optimization process of where and when the battery is best used. This would also
be used for the energy consumption of the engine as the exact same principle applied. The
power demands are available from the CMAL Hybrid Ferries report.

To estimate the fuel consumption of the ship, the main engine data were retrieved
from the engine manufacturer, and the engine load was estimated as follows:

Loadyg = Pp/ Py 3)

where Loadpr is the main engine load as a percentage and P is the installed main engine’s
power (in kW).

This would indicate the amount of available power being used which is mandatory to
be able to find out the specific fuel consumption (SFOC) from the engine data, therefore
assisting in the fuel and emission calculations using the following equations:

FC = SFOC x WME/pfuel (4)

where FC is the fuel oil consumption of the ship in liters; SFOC is the specific fuel oil
consumption of the main engine (in g/kWh); Wy, is the energy demand from the main
engine (in kWh); and pf,,; is the density of the fuel (g/L).

The amount of fuel used would be determined through this simple method. The SFOC
was found in the engine data [28] alongside the density of the fuel (840 g/L), which can be
seen in the above equation. This would directly be used for fuel costs and to evaluate the
amount of CO, emitted as followed:

Ecop = FC X pgyer ¥ EFy ®)
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where Ec(; is the quantity of the CO, emissions from the burnt fuel (in g) and EFyis the
fuel-based CO, emission factor (in g CO, /g of fuel) [29].

For the engine onboard MV Hallaig, the value for marine diesel oil (MDO) was used.
This value, alongside a conversion to kilograms, provided an estimated answer for how
many kilograms of CO, were released.

Regarding NOx emissions, MV Hallaig is labeled as a tier II vessel, meaning it was
constructed on or after 1 January 2011. The total weighted cycle emission limit was also
determined by the vessel’s RPMs. The vessel’'s RPMs fells in the 130-1999 RPMs range,
which allowed the equation below to be identified [30]:

Enoy = (44 x RPM—0~23) x Wik ®)

where Enoy is the quantity of NOx emissions from burnt fuel (in g) and RPM is the speed
of the main engine (in RPMs).

Regarding SOx emissions, the sulfur content of the fuel was considered to estimate
the SOx emissions using the equation below:

Esox = FC X Pfuel XS )

where Egpy is the quantity of the SOx emissions from burnt fuel (in g) and s is the sulfur
content based on the type of fuel (in ppm).

To calculate the quantity of SOx released, the sulfur content (parts per million, ppm)
for the stated fuel is identified considering the engine in the case study. From the engine
data, it was revealed that EN 590 was the preferred fuel choice [28]. This fuel is identified
as ultra-low sulfur diesel and therefore has an extremely low sulfur content of 10 ppm [31].

3.2. Case Study

The selected case study ship for this methodology was the CalMac short-route ferry
MYV Hallaig, shown in Figure 2 and Table 1. It is a notable example of a series of hybrid
short-route ferries designed by CalMac. It was launched in 2012 by Ferguson Marine and
cost around GBP 20 million to construct. It was the first passenger-carrying Ro-Ro vessel to
equip a hybrid powering system, making it an important milestone in the maritime world.

Figure 2. MV Hallaig [32].
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Table 1. MV Hallaig’s specifications [33].

Type of Vessel Ro-Ro Ferry
Gross tonnage 499 t
Deadweight (DWT) 135t
Length 43.5m
Beam 122 m
Draught 1.73m
Speed 9 kts
Capacity 150 passengers, 23 cars, 2 HGVs

It boasts 3 Volvo Penta marine diesel generators that provide 360 kW each, and the
SFOC is available from the manual published by the engine manufacturer (Table 2). They
are accompanied by 2350 kWh lithium-ion batteries, which under the current operational
strategy are either charged by onshore power overnight or by the engine in periods of low
power demand to ensure that the engine operates at increased efficiency. Both components
provide power to the electric propulsion motors, which drive the propellers to provide
propulsion.

Table 2. Engine performance and fuel consumption.

Engine Load SFOC
50% 197 g/kWh
75% 190 g/kWh
100% 191 g/kWh

MYV Hallaig operates 6 days a week between the ports of Raasay and Sconser on the
Isle of Skye, as shown in Figure 3. It is roughly a 30 min, 5 km journey, and the ship
performs 9 round trips per day (Monday-Friday), with reduced service on Sundays.

Clachan

p Raasay

sh

&
595

P
&) Half'ofi6)

Gedintailor
& 25 min

%%

Peinchorran

Sconser Isle Of Skye] =S
Ferry Terminal "" Q

Figure 3. Operational route.
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The journey is split up into three sections: transit, maneuvering, and slip, when the
ship is stationary (Table 3). The transit section is when the ship is traveling at service
speed between ports, which takes roughly 20 min to complete. The maneuvering section is
the time allowed for the ship to dock at each port safely. Finally, when the ship is at slip,
this is the section that allows the current passengers to alight the vessel and allows new
passengers to board. For some trips, this section may be longer. This is assumed to account
for the changeover of staff or any breaks required.

Table 3. Operational hours.

Hours/Day Power Demands
Transit 7 354 kW
Maneuvering 0.7 152 kW
Atslip 4.01 104 kW

The current 2024 summer timetable for the case vessel is shown in Figure 4. Each trip
is split up into the previously described sections, and the time for each section is totaled for
the day. Sunday was discounted due to the abnormality of its trips per day.

Sconser Raasay Raasay Sconser
Depart Arrive Depart Arrive
- - 0755 0820
0825 0850 0855 0920
0925 0950 0955 1020
1025 1050 1055 1120
1130 1155 1215 1240
MON - 1300 1325 1330 C 1355 C
SAT 1400 C 1425C 1430 1455
1500 1525 1530 1555
1615 1640 1700 1725
1735 1800 1805 1830
1845A 1910 A 2030B 2055B
2100B 2125B - -
- - 1000 1025
1030 1055 1215 1240
SUN
1300 1325 1630 1655
1700 1725 -
CODE
A Saturdays: This sailing will depart Sconser 15 minutes earlier at 1830, arriving Raasay 1855
B Operates Saturdays only
Cc This sailing operates on Fridays only during the following school term dates: 19 April - 21 June and 23
August — 11 October 2024

Figure 4. Sconser to Raasay summer timetable [34].

To accompany the hybrid system, an alternate fuel source in the form of renewable
energy was required. With solar energy being the chosen renewable energy source, for
this ship, a photovoltaic system was therefore to be designed and configured to integrate
seamlessly into the existing framework of the ship. There was much more than just solar
panels that needed to be thought through, and this provided numerous challenges along
the way.

Before starting the design stage, some key points were defined to focus on as they
played a large role in defining how effective the system could be. These were as follows:

e  Orientation: This determines how much sunlight can be harnessed over a day. This
includes the direction in which the panels are facing as well as the tilt angle of the
panels. With the case study ship operating in the Isle of Skye, which is in an extremely
northern part of the hemisphere, the solar panels would need to be south-facing with
a relatively large tilt angle.
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e  Location: This is an important decision in maximizing the efficiency of the system.
Mainly to avoid shading, in a ship setting, things like saltwater spoiling and wind
loads need to be considered.

Available Space: This is the main restrictive parameter onboard ships.
Electrical Integration: This provides how the new PV system connects to the existing
system onboard the ship.

o  Type of Vessel: This is a double ended roll-on roll-off (Ro-Ro) ferry. This means the
ship never turns around, and the solar panels are required to be south-facing. Then,
no solar panels can be placed on the front half of the ship without being shaded, and
only around half of the available space is actually available.

In this section, the selected components for the PV system will be presented. An explana-
tion of their role in the system alongside some specifications for the precise model chosen
will be provided and explained.

3.3. Solar Panels

This component is pivotal in harnessing solar energy and converting it into usable
electricity. Solar panels, also known as photovoltaic (PV) panels, consist of numerous
solar cells made of semiconductor materials like silicon. These cells absorb sunlight and
generate direct current (DC) electricity through the photovoltaic effect. They come in
many variations with varying power and sizes. The average lifespan of solar panels is
approximately 25 years [35].

The authors of [36] showed the selected solar panel for this project. It was a monocrys-
talline panel produced by LG. The further specifications are listed below in Table 4.

Table 4. LG 360 W Mono Neon R Prime V5 Black specifications.

LG 360 W Mono Neon R Prime V5 Black

Rated Power 360 W
Weight 17.5kg
Length 1.7m
Width 1.016 m
Depth 0.04 m

Efficiency 20.8%

To store the energy harnessed by the solar panels, a battery is mandatory. The sun
only shines for so many hours a day, and therefore if one wants to use the energy outside
of these hours, then one must use a battery.

The role of a charge controller in a PV system is to regulate the flow of electricity
between the solar panels and the battery, making sure the battery is overcharged or under
too high of a voltage. This is to protect the battery and prolong its life. It also optimizes
the charging process by maximizing the efficiency and performance of the battery through
charging it as fast and as safely as possible. The selected charge controller was the SmartSo-
lar MPPT RS 450/100 model [37], which has an operating voltage range of 80-450 V and can
handle PV arrays of up to 7200 W (450 V x 20 A). It uses maximum power point tracking
to continuously adjust the electrical operating point by altering the current and voltage
received from the source to provide the most optimal amount of power to the battery and
protect the battery.

The current that is created by the solar panel when the sun’s energy is harnessed
is in the form of DC. An inverter is applied to convert between DC and AC. In [38],
the inverter chosen was the one for this PV system. It can handle PV arrays of up to
9 kW and has a voltage operating range of 90-520 V, making it more than capable for the
proposed system.
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Due to the limiting factor of space onboard the vessel, mounting brackets are
an essential component for the installation of solar panels. Two different types of corrosion-
resistant brackets would be used for this system as the panels would be rail-mounted [39]
and wall-mounted [40]. Both brackets provided sufficient space and support to hold the
chosen solar panels.

A 2D line diagram presents how the PV system was integrated into the hybrid system
in Figure 5. A 2D general arrangement CAD drawing shows how the solar panels were
positioned on the exterior of the vessel in Figure 6.

No.1 No.2 No.3 No.4
PV system Diesel Diesel : Diesel Diesel gUHSS_I\E(
Generator Generator : Generator Generator
| i i : | | [
( k ( ( \ ( ( kr
| S R
SHIPS : EMERGENCY
SERVICE | = NO.1 NO.2 | SWITCHBOARD
T . T
LITHIUM-ION Z |[VARIABLE SPEED DRIVES | 2 LITHIUM-ION
BATTERY 1 — : — BATTERY 2
(350kWh) 9 / g \ Q (350kWh)

MOTOR 1 MOTOR 2
375kW § 375kW

- - ;
PROPELLER 1 PROPELLER 2

Figure 5. New hybrid system 2D line diagram.

The 2D diagram line diagram shows the PV system connecting to the AC bus. One
of the considerations was whether to connect the PV system directly to the battery or to
the AC bus. When connecting it into the battery, this removes the need for an inverter, as
the battery is charged with DC electricity. This would result in a cost reduction for the
initial installation, which would reduce the payoff period. However, when connecting
to the AC bus, this allows for flexible power distribution, meaning the electricity can be
distributed to other onboard systems when the battery is fully charged or, in the case of an
emergency, when the generators are shut off. This would further reduce the reliance on
fossil fuels for electricity generation and further reduce emissions. The solar panel layout
in the orthographic drawing shows how each panel is connected to either the wall or the
railings on the bridge of the ship.

The costs of each component were found using online stores (Table 5). These prices
were quoted at the time of our research, may have been subject to change and did not
include delivery costs. The installation costs (Table 6) included an extra day for the
estimated time from the information source to allow for the complex nature of installation
onto a ship. The maintenance costs are listed in Table 7.
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Figure 6. A 2D general arrangement solar panel layout drawing.

Table 5. Component costs.

Component No. of Units Cost/Unit (GBP) Total Cost (GBP)
Solar panels [36] 17 185.60 3155.20
Rail brackets [39] 13 79.99 1039.87
Wall brackets [40] 4 65.37 261.48
Charge controller [37] 1 1288 1288
Inverter [38] 1 553.88 553.88

Table 6. Installation costs.

Cost Per

Installation Cost  No. of Laborers No of Days Total Cost (GBP)
Day/Laborer
Labor [41] 3 4 300 3600
Table 7. Maintenance Costs [42].
. cr e Total Lifetime
Maintenance Cost Lifetime (Years) Cost Per Year (GBP) Cost (GBP)
Yearly service 25 150 3750
Yearly maintenance 25 161.50 4037.50

3.4. Assumptions

To simplify some calculations and reduce the sensitivity of certain values, some
educated assumptions were made. They were made with the aim to keep the results as
accurate as possible without making them too detailed and intricate. The following list
summarizes the assumed scenarios and values:

e  The batteries had the capability to charge and discharge simultaneously.



Energies 2024, 17, 2303

14 of 22

o  The results were determined as the average solar hours per day over a given year, and
therefore the real daily value would vary depending on the season.

o  The fuel prices utilized in the calculations were based on last year’s average from
GlobalPetrolPrices [43], but fuel prices are constantly changing, and the provided
results are subject to change based on this price difference.

e  The same applied to the electricity prices. These prices were assumed from numerous
sources [44-46].

e  The emissions from grid electricity were taken as the current value from varied sources
and may reduce in the coming years as the world moves toward cleaner production of
electricity [47,48].

o  The required power loads at the transit, maneuvering and slip stages are available
from the CMAL report [49].

Zero shading was assumed.

The majority of the crossing was on the north-south axis. Therefore, the azimuth angle
of the solar panels for determining the solar hours was assumed to be when the ship
was traveling on this axis.

e  The operational profile was determined by the current route and timetable, which is
subject to change in the future.

Battery and solar panel degradation were accounted for.

Additional wind loads resulting from solar panels being in place were accounted for.
An operational week was defined as 6.25 days, with Sunday’s reduced service being
accounted for.

e An operational year was defined as 363 days, with Christmas and New Years Day
being taken out.

e  The emissions reduction value for analysis was taken to mean CO; reduction, as other
emissions stayed relatively constant and were too insignificant to sum up.

3.5. Strategies

To evaluate the economic and environmental impact of integrating a PV system on-
board MV Hallaig, a strategy was formed to discover which way the solar energy harnessed
was best spent, namely by using some form of energy management scheme to decide when
the battery power should be utilized and how much of the battery capacity should be used.
Multiple scenarios needed to be created so that the most efficient and impactful strategy
could be found. This needed to include a mix of economic and environmental benefits and
not just one or the other. For this case study, two operational strategies were defined, and
calculations using these strategies were completed to verify which one provided a more
positive outcome. Both strategies had many similarities but had a minute difference that
separated the two.

3.5.1. Strategy 1

After looking at the operational loads for each phase of the passing from port to port,
it became obvious that operating on only battery power was not possible. However, when
thinking about emission reduction, a key area for reduction was in and around each port.
If the ship was still utilizing engine power when parked or when maneuvering, then the
resultant emissions and efficiency would be greatly increased due to operating at lower
and less efficient engine loads. Therefore, for this strategy, it was decided that for the
maneuvering and slip phases, all the required power would be supplied by the battery and
PV system. This focuses on reducing emissions in and around the port as well as improving
the air quality for locals, which will greatly benefit the local environment and community.

For charging the battery, it was determined that shore power would be utilized to
charge the battery to full at the start of the day, and solar power would minimally replenish
the battery’s charge throughout the day. This was decided based on evidence that the solar
panels did possess the ability to supply sufficient energy to charge the battery enough in a
day. Using the engine to charge the battery was also investigated, but due to the economic
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and environmental implications of using fuel to create energy compared with utilizing grid
energy in Scotland, this idea did not prove to be worthwhile.

3.5.2. Strategy 2

This strategy came to fruition as an extension of the previous strategy. When analyzing
the results from the previous strategy, a small issue was evident with the engine load in the
transit phase, where the engine was operating extremely close to 100%. This is an issue,
as the fuel consumption at this load is not optimal and results in an increase in emissions.
However, the battery still had available capacity. Therefore, to reduce the engine load, it
was decided that the spare battery capacity would be consumed to aid with the engine in
powering the ship for the transit phase.

4. Results

This portion of the report will reveal the numerical outcomes of this research project.
Then, through a meticulous and measured analysis, the provided values will be used
to provide an explanation and insight into whether PV systems can make a positive or
negative impact on hybrid vessels. Table 8 shows the costs and emissions of the hybrid
ship under the two designs and two operation strategies. With the support of a solar panel
system plus a battery (Table 9), and by adopting the second strategy, the operational cost
was the lowest, as well as the emissions following the same assumed operational profile
and changing intervals (Tables 10 and 11). In Table 12, a comparison of the total cost for
four cases is conducted, considering the operational cost and initial investment at the end
of life of the service.

Table 8. Engine costs and emissions.

First Strategy Second Strategy
Propulsion system e(iléi:reilc diesel electric + solar e(ilfiei:filc diesel electric + solar
Phase of crossing transit: 9 knots transit: 9 knots transit: 9 knots transit: 9 knots
Daily hours 7 7 7 7
Number connected 1 1 1 1
Installed ME power (kW) 360 360 360 360
Estimated ME power demand (kW) 354 354 339.77 338.07
Main engine load )%_ 98.33 98.33 94.38 93.91
SFOC (g/kWh) 190.7 190.7 190.1 190
Energy consumption (kWh) 2478 2478 2378.37 2366.49
Fuel consumed (liters) 562.57 562.565 538.25 535.25
Fuel cost (£) 860.73 860.73 823.52 818.97
Emissions produced (kg CO;) 1515.01 1515.01 1449.52 1441.52
Emissions produced (kg NOx) 20.28 20.28 19.46 19.37
Emissions produced (mg SOx) 4725.55 4725.55 4521.28 4496.32

Table 9. Battery capacity.

Battery Capacity (kwh) Battery DOD Available Capacity (kwh)
700 80% 560
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Table 10. Maneuvering and slip energy demands.

Man. Slip
Power demand (kW) 144 87
Hours of operation 00:42 04:08
Energy usage (kWh) 100.8 359.57
Total energy usage (kWh) 460.37
Table 11. Battery charging.
First Strategy Second Strategy
Propulsion Dlesgl Diesel electric + solar Dlese.l Diesel electric + solar
system electric electric
Charging energy
produced (kWh) 0 11.89 0 0
Net battery usage
at end of day (KWh) 460.37 448.49 560 560
Cost to recharge
battery for next day (GBP) 131.76 128.36 160.27 160.27
Emissions produced in 99.90 97.32 121.52 121.52

recharging (kg CO;)

Table 12. Comparison of two strategies: emissions and savings.

First Strategy Second Strategy
Propulsion system Diese.l Diesel electric Diese.l Diesel
electric + solar electric electric + solar

Total daily emissions (kg CO;) 1614.91 1612.33 1571.04 1563.04
Total daily cost (GBP) 992.48 989.08 983.79 979.25
CO; reduction per year (kg CO,) - 833.06 - 2584.77

Cost savings per day (GBP) - 3.40 - 4.55
Cost savings per year (GBP) - 1098.72 - 1468.49

Total profit at EOL (GBP) 11,032 20,276.26

4.1. Economic Analysis

After inspection, the cost savings from fuel costs showed a stark difference between the
two strategies, due to the fact that strategy 1 did not alter any engine operations. However,
the results from strategy 2 highlight the impact of utilizing solar panels to power the vessel,
especially when they are used to help power the transit phase. Cost savings of GBP 4.54
per day may not sound like much, but when it accumulates for a year, it proves to be
substantial savings.

Then, when the battery charging costs are dissected, strategy 1 shows its dividends,
where at the start of the day it requires less charging due to the excess energy from the day
before. While it reduced costs, it did not prove to be as effective as the second strategy.

The payback period (Figure 7) and EOL profits highlight the impact of strategy 2, with
strategy 2 breaking even almost 3 years before strategy 1 and creating almost double the
profit at the end of the solar panels’ 25 years.



Energies 2024, 17, 2303 17 of 22

PAYBACK PERIOD

40,000

35,000

30,000

25,000

20,000

15,000

Cost and savings (£)

10,000

5,000

’

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Years of operation

e SAVINGS 1 (£) e COST (£) SAVINGS 2 (£)

Figure 7. Payback period.

Strategy 2’s upper hand can be attributed to the reduction of a more expensive energy
source compared with strategy 1.

Strategy 1 could prove to reduce costs more easily if the PV system were based
onshore at the port, where a larger, more efficient array could be designed to supply
onshore electricity to the vessel.

4.2. Environmental Analysis

Like the economic results, strategy 2 proved to be the more beneficial method of
operation. Strategy 2 reduced emissions by more than three times the amount strategy
1 did. Overall, the emission reduction was not major, with only a reduction of 0.5% with
strategy 2, which is not amazing. However, the ship was already made with the intention
of being a greener ship. Therefore, maybe the PV system could create more of an impact on
emissions for a different ship.

4.3. Further Considerations

A key factor for PV systems is the amount of available sunshine. For this project, the
case study operated in the northern parts of Scotland. This part of the world is not exactly
notorious for its sunshine and is more known for its extensive rain. Therefore, further
work to evaluate the impact of this factor would provide insightful information into how
important the location is for the operation of such systems.

Figure 8 was created using calculations to show how much of a difference the location
makes. These results were created with the assumption that everything was the same
(e.g., ship, operational profile, route apart from the solar hours, fuel cost, electricity cost
and generation were altered for the respective locations) (Table 13). Strategy 2 was applied
to provide the optimal results.
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Figure 8. Impact of PV systems in varying countries.
Table 13. Location information.
Location Isle of Skye Southampton Rotterdam Singapore Athens
Solar panel tilt angle (degrees) 38 35.8 36.2 3 30.6
Daily solar energy (Wh/day) 11,885.4 13,875.3 13,597.2 21,586.5 22,594
Fuel price (GBP/liter) 1.53 1.53 1.563 1.507 1.484
Electricity price (GBP/kWh) 0.286 0.286 0.07 0.247 0.162
€O, from electricity 0.217 0.217 0.421 0.406 0.136

generation (g/kWh)

5. Conclusions, Recommendations and Future Work

Overall, this report shows clear evidence of PV systems making a positive impact on
board the chosen hybrid vessel. It reveals numerous benefits that underscore the potential
of renewable energy in the maritime sector.

Economically, these systems proved themselves to be cost-effective and highlighted
themselves as a profitable gateway for shipowners to strive toward a more eco-friendly
operation of their vessels while not compromising their finances.

The chosen case study ship does not truly show the magnitude of environmental
benefits these systems offer, but it does pave the way for positive findings, as it showed it
makes a difference, regardless of its amount.

By harnessing the power of the sun to promote a shift away from traditional propulsion
systems, hybrid vessels can reduce their reliance upon fossil fuels, in turn reducing the
emission of harmful pollutants and striving toward greener practices in this sector.

It also provides an avenue of operational versatility for hybrid systems equipped
with renewable energy sources, as it serves as a strategic advantage in being flexible with
ever-changing market conditions and regulatory changes.

The use of advanced mounting techniques has proven that integration of these systems
can be a relatively seamless transition with any vessel possessing the capability to produce
solar power, therefore hurdling any sort of prerequisites for the feasibility of designing
these systems for existing vessels. The design process for systems onboard new vessels
proves to be even easier with the opportunity to designate areas of open space for this
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exact purpose, which would further the potential for energy production using solar panels
even more.

Proven integration of such systems holds promise for further innovation and techno-
logical advancements within the maritime industry. With investors scouring the world for
renewable energy solutions, the opportunity for increased optimization for hybrid vessels
becomes ever so attainable as the sector moves forward.

Based on the findings, some recommendations for optimal application and further
research have been developed:

1. When looking at where PV systems would be best deployed onto hybrid ships, many
factors contribute toward what the ideal scenario would look like. The first is the
geological location, as PV systems heavily rely on available sunlight. These systems
would be most effective in areas where the solar irradiance is greater, which is most
likely to occur in equatorial areas. This is not to say that they cannot be beneficial
in regions where solar irradiance is not optimal but that these systems will not be
as effective.

2. Another factor that heavily impacts how effective these systems can be is the available
deck space. The availability of sufficient deck space is essential for installing PV panels
on ships. Larger deck areas provide more surface area for solar panel installation,
allowing for greater solar energy capture. The layout and design of a ship’s deck
space must be considered to ensure the optimal positioning and orientation of PV
panels for maximum sunlight exposure.

Regarding further research, some key areas have been identified where research could
be extremely beneficial in informing industry stakeholders and accelerating the adoption
of these systems globally:

1. Research efforts should focus on analyzing market trends and regulatory frameworks
to identify opportunities and barriers to the widespread adoption of PV systems in
the maritime sector. This includes looking at financial incentives, subsidies and policy
mechanisms that promote renewable energy integration.

2. In addition, research on a lifecycle analysis of a PV system would greatly benefit the
understanding of the environmental and economic attributes for extracting the raw
materials and manufacturing the components, as well as the end-of-life procedure.
This would give a more conclusive understanding of how beneficial or harmful these
systems are for the world.
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Abbreviations

2D Two-dimensional

AC Alternating current

CAD Computer-aided design

CALMAC Caledonian Macbrayne

CMAL Caledonian Maritime Assets Limited

CO, Carbon dioxide
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CPV Concentrated photovoltaics

DC Direct current

DoD Depth of discharge

EFf Emissions-based fuel factor

EOL End of life

GHG Greenhouse gases

GIS Geographic information system
GT Gross tonnage

HCPV High-concentration photovoltaics
IMO In my opinion

kg Kilogram

kW Kilowatt

LCPV Low-concentration photovoltaics
ME Main engine

MDO Marine diesel oil

MPPT Maximum power point tracking
MPPCP Maximum PV panel coverage problem
MV Merchant vessel

MW Megawatt

NOx Nitrogen oxides

PPM Parts per million

PV Photovoltaic

RPM Revolutions per minute

ROI Return on investment

Ro-Ro Roll-on/roll-off

SFOC Specific fuel oil consumption
SOx Sulfur Oxides
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