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Abstract:
The objective of this research is to develop knowledge by examining the current state of
affairs and provide, accordingly, abstract implementation guidelines for green
transformation through vessel/ferry electrification.
A comprehensive study on the electrification of vessels, in industry as well as in
academia, is performed.
A comparison of various pure electric and hybrid vessels in terms of certain
performance attributes, such as battery capacity, passenger and cargo capacities, and size
(length) of the vessel, is performed.
Moreover, the distribution of vessels according to different countries and manufacturers
is provided.
Finally, certain technical, operational, and legislative challenges are explored.
Key Words: energy storage systems; electrification; electric ferries; green energy;
maritime industry

Introduction
The transportation of commodities (consumer goods) is important, and
almost 80 percent of this transportation is carried out using vessels (ships)
The maritime industry has an impact on climate change, especially near
coastal areas
Europe has approximately 900 ferries (including freight and passenger
transport), which accounts for more than 70% of the world’s journeys
Fossil fuels are used in most of the ferries and cause emissions such as
CO2, SO2, and NOX. These emissions have a direct effect on human
health when the ferry is berthed
The above explanation urged the international marine organization (IMO)
to implement certain emission regulations

European ferries and vessels do not have the required specifications to counter
growing environmental concerns.
Furthermore, there is an increasing trend towards the electrification of ships
through a hybridization process
Despite the great importance of ferry electrification, there are certain challenges
preventing the successful implementation of this technology
Ferry crews require training in order for them to be familiarized with the
technical, operational, and safety issues of the new system

State of the art:
The state-of-the-art to address the aforementioned technical, operational,
legal, and human challenges has been reviewed and summarized in Table

Limitations in the existing surveys
various review articles that have been recently published on different
aspects of an end-to-end green transformation system.
These aspects include onboard electric propulsion systems, micro-grids,
energy storage systems, fuel cell-battery hybrid/full battery powered
ships, and zero-emission ships. Even though the review articles on these
aspects have provided great insights in terms of knowledge development
for a dedicated or particular aspect of the system, the implementation of
these systems (electrification for green transformation) may generally
require an abstract implementation guide that can briefly provide an
overview (end-to-end knowledge) of the complete system.

Contributions
In order to address the identified limitations, this article has reviewed
the state-of-the-art in ferry electrification by examining various aspects
of different available commercial vessels (through the internet).
systematic data collection, a comprehensive analysis has been
performed to extract the useful information. The extracted information
allows us to depict various trends such as the countrywide electrification
of vessels, leading companies, hybridization versus pure electric ships,
size (length) and speed of vessels, passenger and car carrying capacities,
battery type and capacity, and so on.
The knowledge developed in this article provides a holistic view of the
current state of affairs to researchers and practitioners of the domain.

An Eco-Friendly Hybrid Propulsion System
The purpose of this section is to provide fundamental concepts related to the
electrification of ferries for green transformation.
charging system at the port that is used to charge the batteries of the vessel
from the grid during docking.
Several renewable energy sources which include: (1) wind energy, (2)
photo-voltaic (PV) energy, (3) and energy from surface waves. The energy
can be stored in an ESS (consisting of battery banks) when the supply is
greater than the demand.

Case example from the literature
24 m long ferry with a capacity of 48 passengers is provided, using the
data from case study, a fixed speed of 10 knots is used in each case
(hybrid/pure electric). The parameters (such as battery capacity, cost,
weight, charging requirements) may vary and will depend upon a
particular scenario/application. In either case (pure electric or hybrid),
the battery discharge is considered to be up to 80% to ensure the battery
life. In the first example, a full electric vessel that is equipped with a
500 kWh Lithium-ion (Li-ion) battery is considered. The vessel can
travel up to 44 nautical miles (nm) on a single charge [32]. Hence, the
pure electric vessel provides a good solution for green transformation

Second examle
In the second example, a hybrid vessel is considered with a medium
sized 300 kWh Li-ion battery that can be used to travel up to 27 nautical
miles (nm) on a single charge. Furthermore, to cover a larger distance,
the support of gen-set is required.

Research Methodology
Mixed method approach
The research framework model in this article consists of three steps: (1)
design research, (2) conduct research, (3) data analysis and conclusion.

Conduct Research
These three steps are: (1) search keywords, (2) case selection, and (3) data collection.

Case selection: Vessels sesearch from 2008-2019, aiming for a holistic
vision of the vessel, parameters: ship name, country, company, year, power
train, types of battery used, battery capacity, passengers and cargo
information, speed, and size, 26 vessels and 10 case studies for R&D
purpose. Reason for 26 vessels selection?
Data collection: comprehensive review of papers, reports, websites, and
online surveys, and a mixed method research approach. Documents were
collated, and the relevant data extracted in an MS Excel spreadsheet in
different columns. Subsequently, the target parameters were presented
using tables. Limitations?
Data analysis: Graphical analysis, Material was clustered, and data
organization and formatting according to the coding of the framework.
Data is divided into the qualitative and qualitative as numeric and nonnumeric values. Data is statistically analyzed in order to find the trends.

Results:
Data Extraction: Data from Websites of manufacturer

Research Case Studies
Last table provides the data, extracted directly from the websites of
manufacturers, Below Table summarizes some important R&D projects.

Data Synthesis:
Based on the data presented in the tables, interprets/synthesizes of the
data to reveal some meaningful information.
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The battery capacity used in pure electric vessels is in the range of 50–500
kWh, with a median value of 140 kWh, while, in hybrid ships, the range is 500–
5000 kWh, with a median of 1000 kWh.
From the analysis, it is clear that hybrid technology (used in 69% of the vessels)
has an almost 10 times larger battery capacity compared to the pure electric
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the passenger capacity of pure electric vessels is in the range of 75–1250, with a
median value of 200 persons.
It is important to note that only some of the vessels (and not all the vessels) can
also carry up to 240 cars. On the other hand, the hybrid vessels can transport 16–
2000 passengers with a median value of 150 personnel, but in addition they can
also carry 23–364 cars depending upon their size.
The speed of pure electric vessels is in the range of 7–21 knots, with a median
value of 9.5 knots, while hybrid ships use 8–30 knots with a median value of
14.25 knots.
From the analysis, it can be seen that the speed of hybrid vessels is almost 1.5
times greater than that of pure electric vessels.

Classification four: three categories: (1) Transportation, (2) Tourism, and (3)
Other.
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Transportation the widest use (65% of the total vessels).

In addition to the transportation of passengers, another major use of vessels
is in the tourism sector. It has been found that 23% of the total vessels in the
last ten years have been particularly designed for tourism.
Finally, the remaining 12% of vessels are used for miscellaneous applications such as a multi-purpose use or the offshore supply of oil and gas.

From the study of state-of-the-art commercial vessels in Table 2 and the
case studies in Table 3, we found that battery technology has moved from
lead-acid to Li-ion One of the major reasons for this is the cost, which has
declined from USD 917 to USD 135 in the last decade and is expected to be
reduced to USD 100 in 2021
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operating temperature; therefore, proper cooling is required for battery life
as well as for safety. Popular methods include (1) air cooling, (2) liquid
cooling (direct and indirect), and (3) fin cooling. Each has trade-offs that
include cost, complexity, and power requirements.
From an implementation point of view, air cooling is the most inexpensive
and simplest technique and depletes the most parasitic power. Liquid cooling
is more effective but is also more complex and costly; however, maximum
temperature difference can be achieved using indirect liquid cooling.
Finally, fins are used for heat removal with uniformity, but extra weight is
added in the system compared with the above two methods
The heat dissipated by the battery requires suitable ventilation, otherwise the
battery system gets overheated, which not only provides poor performance
but also becomes a safety concern.

Discussion:
It is based on Current state of affairs, Challenges and emerging trends
Norway, Denmark, and Scotland are the leading countries for green energy transformation and
have designed at least one ferry per year over the last five years.

The market share of pure electric ferries is 31% compared to hybrid, i.e., 69%.
Pure electric ferries can only travel for short distances due to battery charging requirements,
hybrid vessels use battery technology at lower speeds and in urban areas, especially during
docking.
Batteries are heavy and have a large volume, the length of pure electric vessels is small (in the
range of 21–39 m), with an average length of 22.5 m compared to the hybrid vessels, which are
long (from 40–160 m), with an average length of 84.5 m.
The speed of electric ferries is 7.5–30 knots, with an average speed of 9 knots, while the speed
of hybrid vessels is from 7–21 knots with an average speed of 14.75 knots.

The battery capacity of pure electric vessels is 50–500 kWh, with an average of
140 kWh, while hybrid vessels have 500–5000 kWh, with an average of 1000
kWh.
From the analysis it is clear that the maximum range in terms of the battery
capacity of pure electric vessels is equal to the minimum range in terms of the
battery capacity of hybrid vessels, while the average value is also seven times
larger; however, both types of vessels use Li-ion battery types, mainly because of
economic constraints.
The passenger capacity of pure electric ferries is 75–600, with an average of 100
persons, while the capacity of hybrid ferries is 16–2000 persons, with an average
of 360 persons.
In addition, they can carry several cars in the range of 23–364. The main use of
electric and hybrid vessels is in transportation and tourism, i.e., 65% and 23%,
respectively, while

Challenges: several challenges associated with the technology, and these can be
classified as technical, operational, and legislations.
Technical: Grid reinforcement or the setting up of a specialized grid station that can be
utilized for charging purposes is required. The grid station design depends upon several
factors, e.g., the type and energy requirements of the vessel and duration of stay at the
port, as well as the distance between two ports.

It is quite possible that the energy from renewable resources would be being generated
but not consumed completely. Therefore, high-capacity battery banks could be used to
store renewable energy in different intervals of time at a constant low power.
Although the stored power (in battery banks at the port area) can be supplied to the
ships’ ESS for rapid charging, investment is required to set up renewable energy
resources and ESS at the port area
Suitable insulation is required between these charging systems and the ESS.
Appropriate firefighting systems would also be needed to handle emergency situations.

Operational:
Battery technology has improved in the last few years, but the energy
density is still too low.
Increasing the number of batteries in a vessel is not a practical solution due
to size and weight limitations.
Although the materials to design the Li-ion battery are available, scientists
have concerns about the availability of materials to design Li-ion batteries;
however, this scarcity can be covered by the recycling/waste management of
these batteries at the end of life, but this is still a challenge
During disassembling and crushing, the physical materials and chemicals
may cause bad effects on human health and, therefore, standard recycling
methods should be followed for this purpose in order to get maximum
economic value with minimum environmental impacts.

Legislations:
Green transformation through electrification of vessels is a relatively new
technology, suitable education and the training of crew members is also
required for better performance and safety.
The cost (economic) issues are critical and must be addressed to drive ship
owners (operators) to go for green transformation,
There are certain areas where legislation from concerned authorities is
required. Typical examples of these areas are environmental impact,
investment payback time, modification of existing/design of electric ferries,
use of renewable energy, grid station setup, charging mechanisms and
energy storage systems in port areas, recycling of batteries, and so on.

Conclusions:
From the results, it is clear that Norway and Denmark are the leading countries
in ship electrification; however, there are several worldwide companies
working on electrification.
Currently, almost two-thirds of the electrified ships operate in hybrid mode,
while the remaining are pure electric.
In addition, pure electric ships are not being used for larger distances due to
frequent charging requirements, while the hybrid ships are still used for longer
distances.
Due to the smaller size of pure electric ferries, their passenger capacity is less
compared to hybrid ships.
Moreover, the major use of electric vessels is in transportation and tourism.
Although significant inroads have already been made towards green
transformation, a lot still needs to be done.

The knowledge developed in this article can serve as one of the steps in
implementation guide for policymakers, academia, and other stakeholders
for green energy implementation in the maritime sector by reducing
emissions and noise while improving performance and comfort.
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