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Abstract: Growing environmental concerns have prompted the shipping industry to adopt stringent
measures to address greenhouse gas emissions, with fuel-powered ships being the primary source
of such emissions. Additionally, alternative forms of ship propulsion, such as internal combustion
engine hybridization, low-carbon fuels, and zero-carbon fuels, face significant challenges either in
terms of cost or emission-reduction capability at present. In order to decarbonize navigation, countries
are focusing the maritime industry’s transition towards low-carbon alternatives on transforming
energy consumption, with widespread attention on the electrification of ships. Therefore, this paper
provides a comprehensive review of the feasibility of fully electrifying ships, covering aspects such as
technological prospects, economic viability, and emission-reduction capabilities. Firstly, the current
state of research on ship electrification technology is summarized; the applicability of different
battery types to electric ship technology is compared. Subsequently, the economic viability and
emission-reduction capabilities of five different electric ship lifecycles are discussed separately. The
results indicate that ship electrification is a key pathway to achieving zero-emission shipping, with
lithium-ion batteries being the most suitable battery technology for maritime use currently. Short-to-
medium-range electric ship types have demonstrated economic advantages over traditional diesel
ships. As battery costs continue to decline and energy density keeps improving, the economic
feasibility of ship electrification is expected to expand.

Keywords: all-electric ships; battery technology; electric ship economy; shipping industry

1. Introduction

Shipping is one of the most significant modes of transportation in global trade, trans-
porting around 11 billion tons of goods annually, and accounting for approximately 90% of
the total global trade volume [1,2]. However, the shipping industry has also emerged as
one of the major contributors to global greenhouse gas emissions, increasingly becoming a
significant factor in air pollution [3] and global warming [4], and leading to considerable
damage including marine eutrophication, ecological toxicity, air pollution, and climate
change [5,6].

The International Maritime Organization (IMO) reports that greenhouse gas emissions
from the entire shipping industry increased from 977 million tons in 2012 to 1.076 billion tons
in 2018 [7], According to a recent study, carbon dioxide (CO2) emissions from the maritime
sector account for approximately 3.3% of global anthropogenic greenhouse gas (GHG)
emissions, as shown in Figure 1 [8]. It is projected that by 2050, emissions from maritime
shipping will constitute 17% of the global carbon dioxide emissions [9]. Emission Control
Areas (ECAs) impose stricter requirements for the control of SOx and NOx than other
areas [10], as approximately 15% of global anthropogenic emissions of nitrogen oxides
(NOx) and sulfur oxides (SOx) come from the shipping industry [11].
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In order to prevent further increases in greenhouse gas emissions from shipping, the 
International Maritime Organization has released the International Maritime Strategy to 
reduce emissions of greenhouse gases in line with the Paris Agreement. The latest strategy 
was formulated in July 2023, with the International Maritime Organization adopting the 
“2023 Ship Greenhouse Gas Emission Reduction Strategy” at the 80th session of the Ma-
rine Environment Protection Committee (MEPC 80). The strategy sets forth ambitious 
goals, including peaking international shipping greenhouse gas emissions as soon as pos-
sible and achieving net-zero emissions around 2050, taking into account different national 
circumstances. This demonstrates IMO’s ambitious efforts in addressing global climate 
challenges [12]. The introduction of IMO regulations aims to tightly regulate ship emis-
sions and guide the maritime industry towards significant reductions in fossil fuel con-
sumption and pollutant emissions in the future. 

In the short term, most ship operators have turned to energy-saving measures such 
as slow steaming (intentionally reducing the cruising speed of vessels to decrease fuel 
consumption), route optimization, and hull fouling management to comply with maritime 
organization regulations [13]. However, the emission reductions achieved through these 
measures, typically ranging from 10% to 15%, are insufficient to meet the forthcoming 
IMO efficiency regulations [14,15]. To achieve the greenhouse gas emission-reduction 
goals in shipping, the industry is currently exploring and applying feasible technological 
measures in areas such as clean energy, power devices, energy efficiency technologies, 
and onboard carbon capture. Energy efficiency technology measures are widely applied 
but have limited potential, while onboard carbon capture technology is not yet mature, 
lacking relevant regulations and sufficient industrial support; therefore, it is not condu-
cive to large-scale implementation. In this context, the primary pathway to achieve green-
house gas emission reduction in shipping will be through the use of low-carbon/zero-car-
bon alternative fuels and clean energy. Hybrid battery technology has been explored as a 
feasible short-term solution to reduce (though not eliminate) emissions from fossil fuel 
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In order to prevent further increases in greenhouse gas emissions from shipping, the
International Maritime Organization has released the International Maritime Strategy to
reduce emissions of greenhouse gases in line with the Paris Agreement. The latest strategy
was formulated in July 2023, with the International Maritime Organization adopting the
“2023 Ship Greenhouse Gas Emission Reduction Strategy” at the 80th session of the Marine
Environment Protection Committee (MEPC 80). The strategy sets forth ambitious goals,
including peaking international shipping greenhouse gas emissions as soon as possible
and achieving net-zero emissions around 2050, taking into account different national
circumstances. This demonstrates IMO’s ambitious efforts in addressing global climate
challenges [12]. The introduction of IMO regulations aims to tightly regulate ship emissions
and guide the maritime industry towards significant reductions in fossil fuel consumption
and pollutant emissions in the future.

In the short term, most ship operators have turned to energy-saving measures such
as slow steaming (intentionally reducing the cruising speed of vessels to decrease fuel
consumption), route optimization, and hull fouling management to comply with maritime
organization regulations [13]. However, the emission reductions achieved through these
measures, typically ranging from 10% to 15%, are insufficient to meet the forthcoming IMO
efficiency regulations [14,15]. To achieve the greenhouse gas emission-reduction goals in
shipping, the industry is currently exploring and applying feasible technological measures
in areas such as clean energy, power devices, energy efficiency technologies, and onboard
carbon capture. Energy efficiency technology measures are widely applied but have limited
potential, while onboard carbon capture technology is not yet mature, lacking relevant
regulations and sufficient industrial support; therefore, it is not conducive to large-scale
implementation. In this context, the primary pathway to achieve greenhouse gas emission
reduction in shipping will be through the use of low-carbon/zero-carbon alternative fuels
and clean energy. Hybrid battery technology has been explored as a feasible short-term
solution to reduce (though not eliminate) emissions from fossil fuel sources. One study
indicates that the optimal scenario for hybrid systems results in emissions reductions of
only 14% for bulk carriers (constituting 2% of global fleet emissions) [16], which is not
significantly better than existing energy efficiency measures. The use of liquefied petroleum
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gas, liquefied natural gas, methanol, and their bio-derivatives as medium-to-long-term
alternative fuels has garnered significant attention. However, recent studies have raised
doubts about whether these fuels have the potential to achieve cost parity and substantially
reduce lifecycle greenhouse gas emissions [17–19]. Clean energy sources, such as blue
hydrogen (produced by capturing and storing carbon from natural gas) are expected
to reduce greenhouse gas emissions by only 20% compared to liquefied natural gas [20].
While renewable ammonia and hydrogen offer feasible emission reductions, their inefficient
production processes make them unlikely to be cost-competitive enough to replace fossil
fuels compared to heavy fuel oil [21,22]. Against this backdrop, electrification of ships has
garnered significant attention, replacing traditional internal combustion engine propulsion
systems with battery-powered electric propulsion systems, namely battery-powered electric
vessels [23,24].

Electrification of ships is a practical and significant research topic, with some re-
searchers focusing on the optimization of electric power systems for ships [25] and the
energy management of these systems [26], while others primarily investigate the advan-
tages of electric propulsion. Reference [27] provides an overview of the design of all-electric
ships and the components of onboard electrical systems. Reference [28] summarizes the
applicability of control strategies used in hybrid and electric ships. One survey focused on
highlighting research and development efforts in all-electric ships, particularly emphasiz-
ing power service quality, onboard protection, and thermal management [29]. However,
this study provides a review of battery technology for electric ships, as well as the economic
viability and emission-reduction capabilities of electric ships, rather than focusing on a
single approach. This work will be of significant guiding importance for future research on
new energy ships.

The purpose of this article is to present the challenges and solutions of electrifying
ship propulsion systems. The main objectives of this paper are as follows:

(1) Based on the requirements of ships, the most suitable battery types for maritime use
are identified. Considering the diversity of battery technologies, this paper reviews
the characteristics of selected batteries in accordance with the demands of electric
vessels, including battery power, durability, and safety, to determine the most feasible
solution capable of meeting the power supply requirements of all-electric ships;

(2) This article selects five different types of vessels, including cruise ships, transport
ships, inland operation vessels, nearshore tugboats, and dry bulk carriers, to conduct
a full lifecycle economic evaluation, validating the economic feasibility of these five
different types of short-to-medium-range vessels;

(3) The study compares the greenhouse gas emission-reduction capabilities of selected
electric vessels relative to diesel vessels, summarizing previous research on the
emission-reduction capabilities of electric vessels.

The structure of the remaining parts of this study is as follows: Section 2 introduces
maritime energy storage technologies and identifies the optimal type of maritime batter-
ies. Section 3 conducts an economic analysis of the selected five different vessel types.
Section 4 discusses the emission-reduction capabilities of electric vessels. Section 5 presents
the conclusions.

2. Ship Electrification Technology

Electric vessels are ships that utilize electrical energy as their power source, converting
it into mechanical energy on the propulsion system through electric motors. In terms of
layout, they replace traditional shaft systems with propulsion motors to drive the vessel
forward. Their outstanding emission-reduction capabilities and more flexible interior
layout are driving the development of fully electric ships.

2.1. The Development History of Electric Propulsion Technology

The earliest attempts to apply electric propulsion technology to ships can be traced
back to the 1830s [30], as shown in Figure 2, where batteries were used to power DC motors
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installed experimentally on small boats. In 1836, Jacobi installed an electric motor on a
28-foot-long rowboat, which successfully crossed the Neva River in September 1838 with
14 passengers on board, marking the first recorded launch of an electrically powered vessel.
In 1882, the first batch of commercial inland electric boats produced by the Electrical Power
Storage Company operated on the River Thames in England, marking the first successful
commercial electrification of vessels. At that time, the vessels were equipped with a DC
distribution system.
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During the 20th century, the introduction of internal combustion engines slowed down
the development of electric propulsion technology. The first diesel–electric propulsion
system was successfully installed on the merchant ship Selandia in 1903 [31]. In 1960,
SS Canberra became the first cruise ship to utilize alternating current (AC) generators to
supply electrical power to propulsion engines. In the early 1980s, advancements in power
electronics and variable frequency drives led to new concepts in shipboard electrical system
design, resulting in a significant breakthrough in electric propulsion technology known
as Integrated Power Systems (IPS). The IPS architecture was first applied to the Queen
Elizabeth 2, a converted ocean liner equipped with nine diesel generators to provide power
for ship services and propulsion loads.

As we enter the 21st century, against the backdrop of global efforts toward decarboniza-
tion, the importance of electric propulsion systems has become increasingly pronounced,
rapidly displacing fuel-based propulsion systems. Electric propulsion technology has made
breakthroughs in areas such as maneuverability, reliability, operational efficiency, and
propulsion power, with its applications continually expanding. In 2015, the world’s first
battery-powered passenger ship, the MF Ampere, began operations, heralding the era of
zero-emission electric vessels [32]. Subsequently, electric vessels have gradually penetrated
various sectors such as ferries, cargo ships, and cruise ships.

2.2. Electric Propulsion System

The ship electric propulsion system is a modernized vessel power system that utilizes
electricity as its primary propulsion energy source. Compared to traditional internal
combustion engine propulsion systems, electric propulsion systems offer a higher efficiency
and lower environmental impact. As shown in Figure 3, the ship electric propulsion system
mainly consists of the following components:
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• Power Source: The power source of the ship’s electric propulsion system can be
generators, battery packs, or other renewable energy devices such as solar panels,
wind turbines, etc. These power sources convert energy into electricity to provide
power to the electric propulsion system.

• Power Conversion Equipment: The power conversion equipment is used to con-
vert the direct current (DC) generated by the power source into alternating current
(AC) required for ship propulsion. This typically includes inverters and frequency
converters.

• Propulsion Motor: The propulsion motor is the core component of the electric propul-
sion system, responsible for converting electrical energy into mechanical energy and
driving the ship’s propeller or other propulsion devices. Propulsion motors are
typically alternating current (AC) motors, and their types and specifications vary
depending on the size and purpose of the vessel.

• Propulsion Device: This includes propellers or other forms of propulsion devices,
which convert the mechanical power of the electric motor into thrust to propel the
ship forward.

• Auxiliary Equipment: The ship’s electric propulsion system may also include some
auxiliary equipment such as cooling systems, power transmission systems, safety
systems, etc., to ensure the safe and reliable operation of the system.
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The pure electric propulsion system is powered by a lithium-ion battery (LIB) pack,
converting the chemical energy in the batteries into mechanical energy to drive the ship
forward through the propellers. Its energy-saving feature lies in the pure electric propul-
sion system depicted in Figure 3, where all power loads derive their power from the LIB
pack. Integrated electric propulsion is established by installing generators driven by diesel
engines or gas turbine generators to produce electrical power at standard frequency and
voltage levels. This electrical power is fed into the main distribution board and distributed
throughout the ship via cables and power converters to accommodate propulsion motors
and all service loads. As electrical power typically operates at a constant voltage and fixed
frequency, variable speed drives adjust the speed of the propulsion motors to produce the
appropriate frequency corresponding to the desired speed. Compared to traditional propul-
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sion systems, the integrated electric propulsion architecture offers significant opportunities
in efficiency improvement and ship design [28,33], as illustrated in Figure 4.
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The voltage level, current rating, power rating, and frequency of a ship’s electric
propulsion system parameters are closely related to the ship’s electric propulsion system,
collectively determining the design, performance, and operational characteristics of the
power system. In marine electric propulsion systems, different voltage levels are commonly
used for transmitting and distributing electrical power. Common voltage levels include
440 V, 230 V, and 110 V, while larger ships may utilize higher voltage levels such as 6.6 kV,
11 kV, or even higher, as shown in Table 1. The current rating depends on the load and
transmission capacity of the power system. In marine electric propulsion systems, various
current ratings are typically used for different electrical equipment and systems, such as
propulsion motors, auxiliary equipment, etc. The power rating refers to the power that the
electrical system can transmit or generate. In marine electric propulsion systems, power
ratings can involve generators, propulsion motors, auxiliary equipment, etc. Common
power ratings can range from tens of kilowatts to several megawatts. The frequency of
marine electric power systems is typically 50 Hz or 60 Hz, depending on the electrical
standards of the region where the vessel operates.

Table 1. The key technical specifications of the electric propulsion system.

The Name of
the Ship Voltage Rating Current Type Rated Propulsion

Power Ship Parameters References

“Shen Kuo” - DC 2300 kW

Length: 63 m
Width: 23 m
Depth: 9.4 m
Displacement:

approximately 2194 tons

[34]

“Fincantieri” 11 kV DC 78 MW
Length: 330 m
Width: 38.4 m

Maximum draft: 8.55 m
[27]
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Table 1. Cont.

The Name of
the Ship Voltage Rating Current Type Rated Propulsion

Power Ship Parameters References

“Dianchi
Harmony” 750 V DC 150 kW

Length: 39.8 m
Width: 10 m

Passenger capacity:
150 people

[35]

“Jiazhou 07” - DC 400 kW
Length: 34.9 m

Width: 7 m
Designed draft: 0.8 m

[35]

“Guangzhou Star” 750 V DC 420 kW
Length: 43.5 m
Width: 13.5 m
Depth: 3.2 m

[35]

The advantages of marine electric propulsion systems include higher efficiency, lower
noise and vibration, reduced emissions, better flexibility, and controllability. With increasing
demands for environmental protection and energy conservation, the application of marine
electric propulsion systems is becoming increasingly widespread in commercial and public
maritime sectors.

2.3. Marine Energy Storage Systems for Electric Ships

As a newly emerging type of vessel in recent years, the main feature of electric vessels
is the adoption of Integrated Power Systems (IPS) onboard to supply energy to various
ship loads (such as propulsion, radar, anchors, air conditioning, etc.), effectively reducing
redundancy in ship equipment and improving vessel operational efficiency [36]. The energy
storage system, due to its ability to absorb/release energy, can serve as an energy/power
buffer to achieve energy balance between the generation and load sides of the onboard
IPS, thus offering promising applications in the full-time scale management of all-electric
vessels [37–39]. Energy storage systems comprise various types, each with distinct technical
characteristics, and their application varies across different scenarios. The core component
of an energy storage system is the energy storage device, which currently includes the
battery, flywheel, and supercapacitor, among others; refer to Table 2 for more information.

Table 2. Basic parameters of the selected battery technology [40–52].

Battery Type
Specific
Energy

[Wh/kg]

Specific
Power
[W/kg]

Lifetime
[Years]

Cycle Life
[Cycles]

Operating
Temperature
Range [◦C]

Efficiency
[%]

Response
Time

Pb-H2SO4 30–50 75–300 5–15 500–1000 −20 to +75 70–90 ms
Ni-MH 40–80 300–333 10–15 500–2000 −10 to +60 70–90 ms
Li-ion 75–250 200–2000 5–15 400–9000 −25 to +60 85–90 ms

Flywheel 10–30 400–1500 15–20 20,000+ - 93–95 <ms
Supercapacitor 2.5–15 500–5000 4–12 100,000+ −40 to +65 90–95 <ms

2.3.1. Marine Energy Storage Technology

Just like in the automotive industry, batteries are the primary storage medium used
on ships because they offer relatively high energy density and a cost-effective solution
compared to other storage mediums. The characteristic of maintaining high efficiency
under actual discharge currents is also attractive for marine applications that require
continuous operation.

A flywheel is an electromechanical device used to store energy in the form of kinetic
energy by accelerating a rotating rotor. The stored energy is released by decelerating
the torque over a relatively short period of time. Significant advantages of flywheels in-
clude a high power density and high cycling capability. However, in terms of long-term
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applications, they do not offer any advantages over batteries. Due to these characteris-
tics, flywheels are particularly suitable for mitigating power fluctuations and providing
propulsion over time frames ranging from milliseconds to several minutes [49].

Supercapacitors, also known as ultracapacitors or double-layer capacitors, operate
on the same fundamental principles as traditional capacitors. They store energy in the
form of an electric field and are renowned for their high symmetric charge–discharge rates.
Typically, supercapacitors have relatively low equivalent series resistance, allowing them
to efficiently deliver power. They are commonly used in applications requiring higher
power over shorter durations, such as camera flashes, filter applications, and reactive
power compensation. The key characteristics of supercapacitors include higher power
density, faster charge and discharge rates due to lower internal resistance, longer lifespan,
lower voltage, and higher cost per watt-hour (up to 20 times higher compared to lithium-
ion batteries). One of the main drawbacks of supercapacitors is their high sensitivity
to overvoltage and overcharging. Other disadvantages include relatively lower energy
density, linear discharge voltage, high self-discharge, and low cell voltage [53].

However, single-energy storage systems (ESS) still face critical issues such as the
inability to simultaneously achieve high power density and energy density, incompati-
ble high-temperature and low-temperature performance, and lack of synergy between
operational rate and cycle life. Hybrid-energy storage systems (HESS), leveraging the
endurance of energy-based storage and the rapid response of power-based storage, signifi-
cantly enhance the overall performance and cost-effectiveness of energy storage systems.
They provide an important solution for applications with complex operating conditions.
Typically, hybrid-energy storage systems are composed of devices with a high power den-
sity and high energy density, thereby satisfying both energy and power demands. One
challenge faced by electric ship propulsion systems is the large fluctuations in propulsion
loads, which can be effectively addressed using the characteristics of hybrid-energy storage.
Jun Hou et al. studied a novel configuration of hybrid-energy storage systems, specifically
combining batteries with flywheels, to assess the feasibility and effectiveness of mitigating
load fluctuations in ships. They compared this configuration with combinations involving
batteries and supercapacitors. Simulation results demonstrate that the battery/flywheel
hybrid-energy storage system is feasible and effective in mitigating load fluctuations in
all-electric ships, particularly under harsh sea conditions [54]. Jun Hou et al. investi-
gated a hybrid-energy storage system (HESS) combining battery packs and supercapacitor
packs, considering two real-time electromagnetic strategies: separating power demands
and treating HESS as a single entity. Simulation results indicate substantial benefits of
internal coordination within HESS in reducing fluctuations and losses [37]. Kyaw Hein et al.
focused on optimizing the range and multi-objective energy management of fully electric
ships with hybrid-energy storage systems, aiming to optimize vessel routes, operating
costs, emissions, and degradation of energy storage. Simulation results demonstrate that
considering sea conditions in navigation planning strongly influences the path and speed
of fully electric ships, thereby affecting propulsion power requirements [39].

Ships, due to their inherent characteristics, operate in different work environments
compared to land-based applications, with the main distinctions being as follows:

(1) The mobility characteristics of ships. The swaying and vibrations caused by move-
ment can introduce uncertainties in the operation of energy storage systems and
render some energy storage technologies unsuitable for maritime applications. For
example, flow batteries are not suitable for operation in environments with swaying
and vibrations.

(2) The isolated nature of ships. This characteristic brings about diverse and adaptable
load requirements for shipboard energy storage. For instance, due to the lack of a
main power grid support system like on land, energy storage systems on ships need
to play multiple roles during voyages, including but not limited to providing direct
propulsion power and assisting various operational loads. This necessitates shipboard
energy storage systems to possess both energy and power characteristics.
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(3) The operating environment of ships. Ships operate in environments characterized by
high temperatures, humidity, and salinity, and their operating ranges are wide. This
starkly contrasts with the excellent environmental control capabilities of land-based
energy storage systems. Consequently, higher reliability requirements are imposed
on shipboard energy storage systems.

With advances in battery technology, battery energy storage systems are increasingly
capable of meeting power and energy demands in a wide range of scenarios. In summary,
under current technological conditions, batteries serve as the primary means for supporting
the basic load of ships. Batteries possess high energy density, a wide temperature operating
range (0 to 35 ◦C), and relatively reliable safety management methods [55]. Therefore, the
subsequent sections of this paper primarily discuss battery energy storage systems.

2.3.2. The Types of Batteries Used in Electric Ships

Regarding the use of batteries onboard, there are three different types of electric vessels:
plug-in hybrid electric vessels, hybrid electric vessels, and fully electric vessels [56]. Plug-in
hybrid and hybrid electric vessels both combine traditional diesel engines with batteries.
In hybrid electric vessels, the batteries are charged by the surplus energy from the engine
and are used to absorb load fluctuations [16], whereas in plug-in hybrid electric vessels,
the batteries are charged from the grid and are fully utilized for specific conditions such
as port berthing [57]. Fully electric vessels solely rely on batteries as their power source,
charged by connecting to the grid. They do not have internal combustion engines and
require no fossil fuels during operation, resulting in no direct carbon emissions, making
them completely zero-emission [58].

Electric ships can also utilize batteries to replace traditional ballast tanks. Conventional
ships with internal combustion engines use ballast systems to distribute weight and offset
buoyancy by filling and draining water tanks according to cargo loads. Case studies on
fully electric or hybrid propulsion systems suggest that by distributing battery modules
throughout existing voids, machinery, and ballast water tanks, it is possible to partially or
entirely replace ballast systems with battery energy storage systems without significant
impacts on symmetry (trim) and balance [16]. Furthermore, battery systems can be installed
in various locations on the vessel to achieve more flexible and precise weight distribution
adjustments, thereby enhancing the stability of the ship [59,60]. When electric ships utilize
batteries, real-time adjustment and control of the batteries can be achieved through a
battery management system to meet various navigation requirements, whereas adjusting
ballast water is comparatively difficult and requires more time and labor. In terms of
environmental protection, the use of battery systems can reduce the environmental impact
of ships as they do not emit wastewater or other pollutants, aligning with the modern
shipping industry’s environmental requirements and trends. Below, an analysis is provided
on the characteristics of different types of batteries and their suitability onboard ships.

Technical Characteristics

Over the past decade, extensive research on batteries has rapidly improved their
characteristics [61,62]. The selection of batteries suitable for navigation is based on energy
density and power density since batteries need to ensure relatively long distances of travel
and manage necessary accelerations [49]. However, other characteristics of batteries, such
as lifespan, cycle count, operating temperature range, efficiency, safety, and cost, also
impact the sustainability of ships and require further research [63]. Table 3 compares the
characteristics of the selected lead–acid batteries (Pbacid), nickel–metal hydride batteries
(Ni-MH), and lithium-ion batteries (Li-ion).
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Table 3. Characteristics of different battery technologies [64–67].

Battery Type Advantages Disadvantages

Pb–H2SO4

Inexpensive;
Lead is easily recyclable;

Low self-discharge (2–5% per month);
Short cycle life.

Shorty cycle life;
Cycle life is affected by depth of charge;

Low energy density.

Ni-MH
Tolerant of low temperatures;

With memory effect;
High self-discharge rate.

High degradation;
High cost;

Toxicity of cadmium metal.

Li-ion

LFP
High safety;

Long cycle life;
Lower cost.

Low energy density;
Poor performance at low temperatures;

High self-discharge rate.

NCM
High energy density;

Good performance at low temperatures;
High charging efficiency.

High cost;
Risk of TR;

Capacity degradation.

The lead–acid battery was first proposed in 1890 and is currently the most mature and
longest-used energy storage technology [68]. It is commonly used in internal combustion
engine vehicles to provide rapid high-current pulses for starting, buffer electrical energy
during vehicle operation, and supply power to the electrical system when the engine is
not running. The lead–acid battery is a mature technology known for its relatively stable
performance, low manufacturing cost, high operational safety, high specific power, and
ability to withstand large charge/discharge rates [69,70]. However, its main drawbacks
include relatively low specific energy, energy density, and cycle life (50–110 Wh/L), which
can lead to significant volume and weight in large-scale energy storage applications. There-
fore, lead–acid batteries are widely used in small-scale energy storage scenarios where
investment sensitivity is a concern [71,72].

Nickel–metal hydride batteries have been continuously evolving over the years. Due
to their higher specific energy, specific power, and cycle life compared to lead–acid bat-
teries, they are more suitable for navigation. In addition, nickel–metal hydride batteries
exhibit good electrical performance at low temperatures compared to other types of battery
technologies [52]. On one hand, this type of battery increases energy density in terms of
volume (140–420 Wh/L) and weight, enhances high-rate power capabilities, and increases
tolerance to over-discharge [73,74]. On the other hand, the release of hydrogen gas and
the generation of explosive gases during charging are among the main drawbacks of this
battery technology [50]. Additionally, nickel-based batteries also exhibit significant memory
effects, which can affect battery lifespan if subjected to prolonged shallow charging and
discharging. At room temperature, the charging efficiency of nickel–metal hydride batteries
is relatively low, with a self-discharge rate of 12.5% per day, which increases with rising
ambient temperatures [74]. To meet the energy requirements of ship navigation, further
improvements are needed in energy density, specific power, faster charging capabilities,
and cost.

Lithium-ion batteries (LIBS) are considered the most advanced technology for electric
ships. Compared to lead–acid and nickel–metal hydride batteries, LIBS offer a superior
combination of high energy density (200–700 Wh/L), high power density, high cycle life,
fast charging capabilities, and low self-discharge rates [75,76]. They exhibit no significant
memory effects and are currently the most extensively researched battery technology. The
main drawbacks of LIBS lie in their high investment costs and safety concerns. With the
advancement of LIB technology and the promotion of large-scale and integrated production
of LIBS, the price of LIBS is rapidly decreasing. This means that in the future, investment
cost will no longer be the primary limiting factor for the application of LIBS. Regarding
the safety issues of LIBS, marine batteries not only serve the short-term power needs of
sea voyages but also need to withstand the impacts of mechanical [77] and thermal [78,79]
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accidents [80,81]. LIBS mainly consist of a cathode, an anode, electrolyte, and separator.
The types of LIBS are named after their cathode chemistry, with lithium iron phosphate
(LFP) and nickel cobalt manganese (NCM) being the two main technological pathways
for marine LIBS. LFP batteries exhibit excellent electrochemical performance and thermal
stability. Their main advantages include high safety and long cycle life, as well as lower
cost. Nickel cobalt manganese (NCM) batteries, on the other hand, offer advantages in
energy density, low-temperature performance, and charging efficiency.

System Design

The design of battery energy storage systems in electric ships involves several critical
aspects, with the choice of battery type determining the design of the onboard battery
storage system. Below, we discuss the most suitable battery type for onboard use based on
three aspects: the space and weight occupied by the battery system on the ship, battery
lifespan, and battery safety. This paper discusses the most suitable types of batteries for
onboard use based on the requirements of electric vessels for batteries in terms of power,
lifespan, and safety. Battery-powered all-electric vessels are typically small vessels, with
electric-powered river passenger boats being their classic representatives. For example, the
‘Yangtze Three Gorges 1’ is a vessel propelled solely by battery power, with a total capacity
of 7.5 MWh, equivalent to the total battery capacity of over 100 pure electric cars. It is
currently the largest in terms of battery capacity and passenger capacity among all-electric
passenger ships designed and built worldwide. With a single charge, it can sail for 100 km.
The parameters of the vessel are listed in Table 4.

Table 4. Technical data of the “Changjiang Sanxia 1”.

Basic Technical Parameters Numerical Values

Total Length/m 100
Total width/m 15.8

Depth/m 4
Total battery power/kW 1050
Battery capacity/kWh 7500

Range/km 100

In terms of battery energy density, the ‘Yangtze Three Gorges 1’ has a total power of
1050 kW and a battery capacity of 7500 kWh. According to the parameters of the three types
of batteries in Table 2, if this vessel were to achieve a power of 1050 kW using lead–acid
batteries and nickel–metal hydride batteries, the battery weights would be approximately
10 tons and 5 tons, respectively. Under the same power, lithium-ion batteries would require
less than 1 ton. If the onboard battery capacity is 7.5 MWh, the weights of lead–acid
batteries and nickel–metal hydride batteries on the ship would be approximately 250 tons
and 125 tons, respectively, with volumes of about 94 m3 and 28 m3. Under the same battery
capacity, lithium-ion batteries would only require about 46 tons and 16 m3, as shown in
Figure 5. The key technological constraints of battery-powered vessels lie in the volume
occupied by the battery system and electric motors relative to the existing volume occupied
by ship engines, fuel storage, and mechanical spaces [82]. If the volume occupied by the
battery system is too large, it can increase the difficulty of cabin layout. In commercial
vessels such as cargo ships and transport ships, it can encroach upon cargo space, reducing
economic returns. The weight of the batteries increases the ship’s draft, leading to higher
resistance. Consequently, more power is required to achieve the same speed. Therefore,
electric vessels need smaller battery volumes and weights. In these respects, lithium-ion
batteries demonstrate superior performance.
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In terms of lifespan, the calendar lifespan of the three types of batteries is similar.
However, concerning cycle life, assuming the ‘Yangtze Three Gorges 1’ electric vessel
undergoes one charge per day and operates for 200 days per year, with the average lifespan
of vessels currently standing at 20 years, it would require at least 4000 cycles. According
to the data in Table 2, it can be observed that the cycle life of lead–acid and nickel–metal
hydride batteries is insufficient, only lithium-ion batteries can meet this requirement. If
marine batteries are lead–acid or nickel–metal hydride, they would need to be replaced
during the vessel’s lifespan, resulting in higher cost inputs.

In terms of safety, prevention of lithium-ion battery safety incidents is currently
approached from three aspects: intrinsic battery safety, proactive ship protection, and
passive ship protection. Intrinsic battery safety focuses on enhancing the inherent safety of
battery cells, modules, and cabinets through explosion-proof and heat-dissipating designs
to prevent thermal runaway (TR).

To ensure stable operation of lithium-ion batteries in marine environments, they should
have a minimum protection rating of at least IP67 to prevent ingress of water and dust.
The battery casing and connectors should be made from corrosion-resistant materials such
as stainless steel or special coatings. The battery management system should be capable
of monitoring battery temperature and adjusting as necessary to prevent overheating or
excessive cooling. By implementing these measures, the reliability and safety of lithium-
ion batteries in marine environments can be significantly enhanced, necessitating careful
consideration of these factors in both design and usage. Cheng Siong Chin and colleagues
analyzed the challenges faced by lithium-ion batteries in maritime and offshore applications,
including corrosion from seawater, high water pressure (subsea applications), and extreme
environmental temperatures (near polar climates). They emphasized that for lithium-
ion batteries to function safely and effectively at sea, extensive design considerations are
necessary. These include understanding the effects of external pressure and temperature on
the performance of lithium-ion batteries and power electronic circuits. The battery power
systems must not be exposed to water and require adequate mechanical sealing such as
O-rings and marine-grade connectors to prevent seawater from leaking into the battery
power modules. Mechanical housings are made from marine-grade materials including
carbon steel and alloy steel (DH36, AH36, EH36), stainless steel (grade 316), aluminum
(5052, 5083, and 6061-T6 grades), galvanized steel, marine-grade high-density polyethylene,
and titanium metal [83]. Proactive ship protection involves using smoke detectors to detect
fires, thereby improving the ship’s monitoring and suppression capabilities against battery
thermal runaway fires. Passive ship protection involves improving the layout of ships
and battery compartments to enhance the ship’s ability to contain the spread of battery
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fires. Du Rui et al. researched feasible safety design measures for lithium-ion batteries,
including requirements for battery cells, battery packs, and battery management systems.
They also studied the layout and ventilation schemes of battery compartments on ships,
as well as the design of fire suppression systems. According to relevant regulations, they
performed calculations and verification for fixed heptafluoropropane fire extinguishing
systems. Finally, they pointed out limitations in the design schemes and drawbacks of using
fire suppression agents [84]. Increasing safety protections for lithium-ion battery systems
on ships may involve certain cost investments [77]. Thomas L. Fantham et al. considered
safety laboratory testing for commercial high-capacity single-cell and multi-cell battery
packs, proposing appropriate control measures such as fuses, contactors, and system design.
They also recommended the use of suitable enclosures and fire suppression systems if
these measures fail. Implementing these mitigation measures would entail additional costs
for the battery systems, with costs around GBP 100 for high-current contactors and fuses.
However, fire suppression and enclosures are more expensive. The cost of an automatic
fire suppression system is approximately GBP 1000 per canister, and GBP 120 per square
meter for enclosures. Large lithium-ion battery-specific fire extinguishers (9 L) cost GBP
400. It is evident that achieving maximum safety comes at a cost [85]. Currently, the cost
of fire safety measures on electric ships appears relatively high. However, with ongoing
technological advancements and the expansion of the industry, these costs are expected to
gradually decrease.

Considering the requirements of ships for batteries in terms of energy density, lifespan,
and safety, lithium-ion batteries emerge as the preferred choice for marine applications.
Based on the high safety requirements and relatively moderate space and weight constraints
in practical applications, lithium iron phosphate batteries have become the mainstream
choice for marine battery power in recent years. They are suitable for vessels with shorter,
more frequent journeys, lower power requirements, and fewer charging time constraints.
However, nickel cobalt manganese batteries will play a role in the field of vessels with
longer journeys, lower battery cycle frequencies, and higher energy density requirements.

2.3.3. Electric Ship Energy Replenishment Technology

Currently, factors such as long charging times, limited cruising ranges, high acquisition
costs, and inadequate infrastructure hinder the widespread adoption of electric vessels.
The key to promoting the use of electric vessels lies in the improvement of electric vessel
charging/swapping stations. The main method for replenishing electric power in electric
vessels is through shore power systems. When ships are not loading or unloading cargo,
the lengthy charging time during port stops and the resultant pressure on port services can
lead to excessively high time and operating costs for electric vessel transport. This situation
is not conducive to the long-distance transportation of electric vessels.

The energy replenishment modes for electric vessels primarily consist of charging and
battery swapping. In the charging mode, shipowners initially need to purchase marine
batteries, which adds to their initial investment pressure. Additionally, charging times are
lengthy, and there are high requirements for port charging facilities. When cargo handling
is unnecessary, the time costs are high, thus increasing port operational pressures. In
contrast, in the battery swapping mode, users do not need to purchase marine batteries
initially [86]; instead, batteries are leased, effectively addressing the issue of high initial
investment. Moreover, battery swapping is faster, effectively alleviating range anxiety.
Comparing these two energy replenishment modes, in terms of initial investment costs,
the cost of power batteries typically accounts for 30–40% of the construction cost of electric
vessels. The battery swapping mode significantly reduces the initial investment pressure on
shipowners. In terms of replenishment time, battery swapping is faster, reducing both the
time and operational costs of electric vessel transport. Therefore, this paper considers the
battery swapping mode to be the key solution to addressing end-user concerns. However,
the battery swapping electric vessel industry in China is currently in its infancy stage,
with missing standards and simultaneous construction of swapping facilities. As for
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charging facilities, different types of electric vessels equipped with rechargeable batteries
have varying charging facilities, and the industry has not yet established unified technical
standards. Standardized marine charging stations have yet to be established and promoted.

According to the operational characteristics of electric vessels, there are currently
three main energy replenishment schemes for electric vessels [87], as shown in Figure 6,
as follows:

• For vessels with high charging demands and total battery storage energy of up to
1000 kWh, it is more suitable to adopt a supercapacitor charging mode or a container-
ized power swapping mode. These types of vessels are primarily passenger ferries
and roll-on/roll-off passenger ferries.

• For vessels with high charging demands and total battery storage energy exceeding
4000 kWh, it is more suitable to adopt a containerized power swapping mode. These
types of vessels are primarily long-haul freighters and regional operation vessels.

• Ships with charging demands occurring once every one to two days and total battery
storage energy under 4000 kWh are more suitable for adopting the lithium-ion battery
compartment charging mode. These types of ships primarily include tour boats and
short-to-medium-haul freighters.
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3. Analysis of the Economic Viability of Electric Ships

The economic viability of electric vessels is closely tied to their application scenarios
and ship types. Below, we discuss five different types of short-to-medium-haul vessels
in scenarios such as inland waterways, lakes, and nearshore areas. These include large
commercial tourist boats, cargo ships, inland operation vessels, nearshore tugboats, and
bulk cargo ships.

3.1. Typical Cases of Electric Ships

The paper selects five different types of vessels for various purposes [88], as shown
in Figure 7. Below is an introduction to the selected vessel types, with typical vessel
parameters listed in Table 5.

Table 5. Technical data of the analyzed ships.

Typical Ships Average Main Engines (s)
Power (kW)

Speed
(km/h)

Battery Capacity
(kWh)

Range
(km)

A 150 17 1000 100
B 240 10 1500 110
C 30 9 250 90
D 3000 23 5000 200
E 370 18 2200 120
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3.1.1. Fully Electric Large-Scale Commercial Tourist Ship—“Shanshui Green Source”

“Shanshui Green Source” is an inland lake tourist ship completed and launched in
September 2020. With a total length of 32.65 m and a width of 8 m, it is divided into two
decks and can accommodate up to 182 passengers. The vessel employs a dual-engine,
dual-propeller, and dual-rudder propulsion system, providing flexible operation and high
safety standards. Powered by two 75 kW AC main engines, it can achieve a maximum
speed of 17 km/h. The total capacity of the vessel is 1000 kWh, equivalent to the full charge
capacity of 30 electric cars. It is equipped with a DC 120 kW fast charger, which can be fully
charged in 7 h, with a maximum range of 100 km.

3.1.2. Thousand-Ton Electric Transport Ship—“Zhongtian Electric Transport 001”

“Zhongtian Electric Transport 001” is a river transport ship completed and launched
in May 2020. The vessel has a total length of 49.8 m, a beam of 10.6 m, a depth of 3.9 m,
and a draft of 3.1 m. It has a carrying capacity of 1000 tons and a designed cruising
speed of 10 km/h. Propulsion is provided by two 120 kW electric motors, utilizing a dual-
energy system comprising lithium-ion batteries and supercapacitors. The battery capacity
is 1500 kWh, providing a range of 50 km, with an additional 100 km achievable using
mobile power sources for extended range. The vessel is equipped with both high-voltage
(6.6 kV/11 kV) and low-voltage (440 V) shore power, along with fast-charging capabilities.

3.1.3. Electric Work Ship—“Taihu Electric 001”

“Taihu Electric 001” is primarily used for salvaging blue-green algae in the Taihu
Basin. It was completed and put into operation in March 2021. The vessel has a total length
of 19 m and a width of 2.9 m, equipped with a ‘2 + 1’ set of 10 kW electric thrusters. Its
operational cruising speed ranges from 8 to 10 km/h, with a battery life exceeding 10 h.
The ship adopts ‘oil-to-electric’ technology, utilizing lithium-ion batteries with a capacity
of 250 kWh for propulsion.

3.1.4. Pure Electric Tugboat—“Yunport Electric Tugboat No. 1”

“Yunport Electric Tugboat No. 1” serves as a harbor tugboat, delivered for use on
16 August 2021. This vessel has a total length of 35.5 m, a width of 10 m, a draft of
3.5 m when fully loaded, with a minimum cruising speed of 13 knots and a minimum
working duration of 8 h. It is powered by a 5000 kWh lithium iron phosphate battery pack,
providing propulsion of 3000 kW, equivalent to the performance of a conventional tugboat
with 2984 kW. It is equipped with a 6930 kVA high-voltage shore power system, capable of
fully replacing traditional high-power fuel-powered tugboats.
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3.1.5. Three Thousand Ton Pure Electric Bulk Carrier—“Ship Union No. 1”

“Ship Union No. 1” is an inland river bulk cargo vessel, with its official launching
ceremony held on 22 February 2022, followed by its official commissioning. This vessel
has a carrying capacity of 3000 tons and a rated power of 370 kW. It is powered by two
1100 kWh movable container-type lithium iron phosphate battery packs, making it the
first large-scale ship power battery pack in China to be compatible with both charging and
swapping. It has a range of 120 km and is supported by four shore-based DC charging
facilities, consisting of two 360 kW and two 180 kW chargers.

3.2. The Economic Analysis Results
3.2.1. Initial Investment Cost

The initial investment cost of a vessel primarily comprises the construction cost.
Additionally, for electric vessels, it includes the cost of ship batteries and the construction
cost of supporting shore-based electrical infrastructure. Refer to Table 6 for the analysis of
electric vessel construction costs in the aforementioned typical cases. Electric boats currently
do not have a cost advantage in terms of hull construction costs. Batteries represent 30%
to 60% of the manufacturing cost of electric vessels. The average cost of power batteries
for the aforementioned electric vessels is 2000 RMB per kWh. Based on existing power
battery technology and material conditions, the lifespan of power batteries is approximately
10 years, with an annual equivalent usage cost of around 200 RMB per kWh The lifespan of
the vessel is set at 20 years [89]. This paper analyzes the full 20-year lifecycle of the vessel;
thus, electric vessels require one battery replacement during their lifespan. The battery
cost in Table 6 represents the total cost of batteries after one replacement. The construction
cost of shore-based electrical infrastructure mainly includes the cost of grid expansion and
charging stations.

Table 6. Initial investment cost of the analyzed ships.

Typical
Ships

Battery
Capacity

(kWh)

Battery
Type

Total Battery
Cost

(¥10 K)

Total
Construction

Cost
(¥10 K)

Shore Power
Construction

Cost
(¥10 K)

The Construction
Cost If Traditional
Vessels Are Used

(¥10 K)

Cost
Difference

(¥10 K)

A 1000 LIBs 400 1200 100 800 500
B 1500 LIBs 600 900 150 350 700
C 250 LIBs 100 150 4.2 35 119.2
D 5000 LIBs 2000 3000 900 1600 2300
E 2200 LIBs 880 1274 200 400 1074

3.2.2. Operation Cost

The annual operating costs of the vessel mainly include the annual electricity cost
for electric vessels and the annual fuel cost for diesel vessels, as well as their respective
annual labor and maintenance costs. Refer to Table 7 for the analysis of the average annual
operating costs of electric vessels in the aforementioned typical cases. The unit price of
electricity for vessel usage is calculated at 1 RMB/kWh, based on the comprehensive service
fee of the Jiangsu Provincial Electric Power Company’s shore-based facilities. The labor
and maintenance costs are obtained through research. Electric boats, by using electricity
instead of traditional fuel, demonstrate significant operational cost benefits. From the
perspective of energy consumption costs, the price difference between electricity and fuel is
significant. In terms of labor and maintenance costs, due to the higher level of electrification
and intelligence of electric boats, the labor and maintenance costs of electric vessels are
generally lower than those of traditional vessels. Considering the overall operating costs
(energy consumption + labor and maintenance), electric boats exhibit significantly better
economic efficiency compared to traditional vessels.
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Table 7. Annual operating cost of the analyzed ships.

Typical
Ships

Annual
Electricity

Consumption
(10 K kWh)

Electricity
Unit Price
(¥/kWh)

Annual
Electricity
Cost for
Electric
Ships

(¥10 K)

Electric Ship
Maintenance

and Operation
Labor Costs

(¥10 K)

Annual Diesel
Consumption

for Diesel
Ships

(10 K L)

Fuel Unit
Price
(¥/L)

Annual Fuel
Cost for

Diesel Ships
(¥10 K)

Diesel Ship
Maintenance

and Operation
Labor costs

(10 K L)

Operational
Cost

Difference
(¥10 K)

A 20 1 20 20 9 6.75 60.75 47.25 −68
B 45 1 45 20 20 5.6 112 41.92 −88.92
C 3 1 3 0.06 1.8 6 10.8 0.6 −8.34
D 60 1 60 160 34.95 6.75 235.9125 223 −239
E 65 1 65 36 35 6.5 227.5 90 −217

3.2.3. Discussion and Analysis

As shown in Figure 8, considering the initial investment and operating costs of five
different types of vessels operating in the context of short-to-medium-distance river and
lake scenarios, electric vessels exhibit higher initial investment costs compared to diesel
vessels due to the expensive battery and recharging infrastructure costs. However, due to
higher fuel prices and maintenance expenses for diesel vessels, electric boats demonstrate
advantages in terms of energy consumption and maintenance costs, resulting in lower
overall operating costs compared to diesel vessels. In terms of the full 20-year lifecycle
cost of vessels, for ship types A and B, it takes approximately 7 to 8 years to break even
with diesel vessels. Ship type C reaches parity with diesel vessels around 14 years, while
ship type D takes nearly 10 years to break even. Ship type E is expected to break even
with equivalent diesel vessels in 5 years. On the whole, all five types of short-to-medium-
distance electric vessels are expected to break even within the 20-year lifespan of the vessel.
Vessel types reaching the breakeven point earlier will save costs, and the speed of reaching
breakeven is related to initial investment costs and annual electricity consumption. In
simple terms, short-to-medium-distance electric vessels currently demonstrate economic
cost advantages.
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This conclusion aligns with the findings of many existing studies on the economic
viability of electric vessels. For example, Jessica Kersey et al. [82], calculated and compared
the fuel, operational, and maintenance costs of electric container ships and low-speed
two-stroke fuel oil (LSFO) ICE ships, as well as the environmental costs of NOx, SO2, and
CO2 emissions from direct combustion or grid electricity generation. They found that
under the current battery technology scenario, battery-powered electric ships have lower
costs than existing ICE ships, applicable to vessel sizes larger than 8000 TEU and voyages
shorter than 1000 km [9,90–94]. However, when considering the environmental costs of
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NOx, SO2, and CO2, and taking into account the high emission rates of heavy fuel oil
compared to the emissions intensity of the U.S. grid, the cost-effectiveness range extends to
voyages of 5000 km for all size categories. Without a significant increase in heavy fuel oil
prices, the range is expected to increase to 2000 km in the near future. This indicates that
electrification is currently the preferred option for short-to-medium-distance vessels [82].
Maja Perčić et al. analyzed the economic viability of electric ferries in coastal shipping in
Croatia. They considered three Croatian ferries operating on relatively short, medium, and
relatively long routes, comparing the lifecycle costs of electric ships using traditional diesel
engines and three different types of batteries (lead–acid, nickel–hydrogen, and lithium-ion).
The analysis indicates that electrification using lithium-ion batteries is the optimal solution
for decarbonizing the coastal shipping sector in Croatia. Electrification with lithium-ion
batteries is more cost-effective, especially for small vessels operating on shorter routes,
primarily due to the investment costs associated with the required battery capacity and
average vessel power [89].

4. Greenhouse Gas Emissions from Ships

The greenhouse gas emissions from traditional diesel vessels mainly stem from the
combustion of ship fuel, such as the burning of fossil fuels (such as heavy oil, diesel, etc.)
to generate power in ship engines. Electric vessels do not directly emit greenhouse gases
during operation because they typically use electricity as their power source instead of
burning fossil fuels. Therefore, the greenhouse gas emissions of electric vessels primarily
depend on the source of electricity. If the electricity comes from renewable sources such
as wind, solar, or hydroelectric power, then the operation of electric vessels will gener-
ate minimal greenhouse gas emissions. Conversely, if the electricity comes from fossil
fuel power plants such as coal, natural gas, or oil, then carbon dioxide (CO2) and other
greenhouse gases will be produced during the electricity generation process. The carbon
emission factor of the grid represents the total carbon emissions produced by the power
grid over its lifecycle, considering all forms of electricity generation including renewable
and conventional sources. This article selects typical locations in Jiangsu Province for
analysis of the emission-reduction potential of electric ships, using Jiangsu Province’s grid
carbon emission factor for calculations. Although China’s renewable energy generation
is growing rapidly, its share in the energy consumption increment remains relatively low,
with coal still being the primary source of power generation. The European Union leads
globally in the development of clean energy, with renewable energy accounting for 39% of
electricity generation in the EU in 2022, providing favorable conditions for the development
of clean synthetic fuels, as shown in Figure 9.
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4.1. The Process of Greenhouse Gas Emissions from Ships

The emission process of diesel-powered vessels involves the recovery of crude oil,
transportation of petroleum to refineries, production processes, transportation of diesel
to fuel stations, and ultimately, the combustion of diesel in ship engines. Reference [89]
analyzed the entire process of sourcing fuel for diesel-powered vessels in Croatia. It as-
sumed that crude oil is imported only from the Middle East, with the transportation process
starting from the extraction site to the port (approximately 500 km). From there, crude oil
is transported via oil tankers (4000 km) to Croatian ports and then further transported via
pipelines to local refineries (7 km). At the refinery, diesel is produced and transported to
fuel stations via tanker trucks. The emission process of electric vessels primarily involves
the mining of battery raw materials, the manufacturing of batteries, the generation of
electricity for charging battery-powered vessels, and the operation of vessels resulting in
zero exhaust emissions, as shown in Figure 10.
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4.2. The Emission-Reduction Capability of Electric Ships

For the analysis of emission-reduction capabilities of the five selected electric ves-
sels in Section 3 of this paper, comparisons are made with equivalent diesel vessel types.
Only fuel emissions are considered, such as the carbon emissions from diesel fuel for
diesel vessels and the grid carbon emissions for charging electric vessels, as shown in
Figure 11. The coal equivalent coefficient for diesel is 1.457 kg ce/kg, and for electricity
is 0.1229 kg ce/kWh [95]. The conversion efficiency of diesel generators is approximately
31%, meaning that 10,000 kWh of electricity consumption is equivalent to the consump-
tion of 2.724 tons of diesel. According to the International Maritime Organization (IMO)
Voluntary Energy Efficiency Operational Indicator (EEOI) Guidelines, every ton of diesel
emits 3.206 tons of CO2. The typical marine batteries selected for this study are all LFP
(lithium iron phosphate). Without considering future advancements in battery manu-
facturing and recycling technologies, the carbon footprint for producing LFP in China is
56 kg CO2/kWh [96]. Battery recycling technologies generally fall into two main categories:
physical methods and chemical methods. Physical methods include cascading utilization,
while chemical methods encompass three specific techniques: wet metallurgical recycling,
pyrometallurgical recycling, and pyro-hydrometallurgical combined recycling. Cascading
utilization refers to batteries that are not damaged but have degraded (capacity below 80%),
making them unsuitable for continued use in electric ships but viable for applications like
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energy storage systems and backup power for communication base stations at similar or
lower levels. This approach extends battery life and maximizes its residual value, mak-
ing it the most suitable method for battery recycling in maritime applications [97]. The
carbon footprint for cascading utilization recycling of lithium iron phosphate batteries is
0.624 kg (CO2)/kg, which is calculated based on dividing battery capacity by the energy
density of lithium iron phosphate batteries as shown in Table 2 [98]. According to the latest
data from the Ministry of Ecology and Environment’s notice on key tasks related to the
management of corporate greenhouse gas emissions reporting in 2022, the carbon emission
factor for grid electricity is 0.5810 tons of CO2 per MWh, equivalent to 5.81 tons of CO2
emissions for every 10,000 kWh of electricity consumed. Building upon the established
targets in Jiangsu Province’s power development plan and carbon peak strategies, and
incorporating assessments of future renewable energy technology development potential
by the Environmental Planning Institute of the Ministry of Ecology and Environment, the
overall trend of Jiangsu Province’s grid emission factors shows a decline from 2022 to 2035.
Specifically, the emission factors for Jiangsu Province are projected to be 0.512 t CO2/MWh
in 2030 and 0.411 t CO2/MWh in 2035 [99]. This study uses the power emission factors
for Jiangsu Province in 2022, 2030, and 2035 to calculate the carbon emissions during the
charging process of typical electric ships.
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Reference [89] conducted a life cycle assessment to study the environmental impacts
of electric vessels in Croatia and compared them with the environmental impacts of diesel
vessels. The study considered three battery systems: lithium-ion batteries, nickel–hydrogen
batteries, and lead–acid batteries. The results indicate that the greenhouse gas emissions
from electric vessels mainly stem from the electricity production process, with lower
emissions associated with higher proportions of renewable energy generation in the grid
structure. Among the battery types, electrification using lithium-ion batteries is the most
environmentally friendly option for replacing diesel-powered vessels, resulting in a reduc-
tion of approximately 46% in carbon dioxide emissions and approximately 98% in nitrogen
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oxide emissions. Reference [82] compared the CO2, NOx, and SO2 emission intensities of
battery-powered and traditional diesel engine small-scale New Panamax container ships.
The results show that in the United States, electrification using batteries reduces sulfur
dioxide emissions per kilometer by 86% compared to low sulfur fuel oil, but only by 4% in
China [100]. For vessels charged at ports in the United States and China, nitrogen oxide
emissions are reduced by approximately 83% and 42%, respectively, compared to low
sulfur fuel oil. These findings suggest the need to integrate charging infrastructure with
renewable energy generation to fully harness the emission-reduction potential of battery
charging [101]. Achieving zero emissions in the shipping industry may be more challenging
than imagined. This is because shipping is not a singular and isolated operation but rather
interconnected with various activities, particularly those in the energy sector.

5. Conclusions

The consumption of fossil fuels and the environmental impact of greenhouse gases
are gradually prompting the shipping industry to implement decarbonization measures
outlined in greenhouse gas emission-reduction regulations. One feasible measure for re-
ducing fuel consumption and shipping emissions in the future of maritime transportation
is to replace traditional mechanical propulsion with electric propulsion. Fully electric
vessels powered solely by batteries are receiving significant attention for achieving zero
emissions in shipping. This paper summarizes the research progress in the electrification
of ship propulsion systems. It discusses marine battery energy storage technologies and
concludes that lithium-ion batteries are currently the preferred choice for electric vessel
energy storage. The paper provides replenishment recommendations based on the oper-
ational characteristics of electric vessels. Furthermore, a further study is conducted on
five different types of electric vessels from both economic and environmental perspectives,
comparing the economic viability and emission-reduction capabilities of electric vessels
with diesel vessels. The evaluation results can be summarized as follows:

• Among different battery technologies (lithium-ion, nickel–hydrogen, lead–acid), lithium-
ion batteries are considered the most prominent technology for ship electrification,
based on the energy density, lifespan, and safety requirements of ships for batteries.
To meet the high demands of ships for batteries, extensive research efforts are focused
on utilizing advanced technologies and processes of emerging energy technologies to
enhance existing battery systems.

• Through a lifecycle cost analysis of ships, it is concluded that electrification of short-
to-medium-distance cruise ships, transport ships, work boats, tugboats, and dry bulk
cargo ships in inland, lake, and near-shore scenarios has demonstrated economic
advantages. The economic benefits are associated with initial investment costs and
annual electricity consumption. Although electric vessels incur higher initial invest-
ment costs, their lower operational costs in the long run result in overall economic
viability. As the cost of power batteries gradually decreases, the economic advantages
of electric vessels will become increasingly apparent.

• Through comparing the carbon emission intensity of selected electric vessel models
with traditional diesel vessels and reviewing previous studies on the emission reduc-
tion of electric vessels, electrification emerges as a crucial means to achieve emissions
reduction in shipping, demonstrating commendable performance in greenhouse gas
emission reduction. The carbon emissions of electric vessels are closely linked to the
cleanliness of the grid, with lower emissions associated with higher proportions of re-
newable energy in the power mix. It is imperative to integrate charging infrastructure
with renewable energy generation to fully leverage the emission-reduction potential
of battery electrification.

Utilizing existing battery technology to achieve full electrification is feasible for ves-
sels operating in short-distance scenarios, as demonstrated by the case studies presented.
Additionally, further advancements in energy storage technology will pave the way for
comprehensive electrification of vessels operating on longer routes. However, the shipping
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industry faces complex factors hindering the development of vessel electrification. Efforts
are ongoing to address these issues even for cost-effective measures, thus enhancing the
feasibility of practical applications. This review lays the groundwork for further research
into the electrification of ship propulsion systems. Given that energy consumption con-
tributes significantly to global environmental issues, the sustainable concept of fully electric
propulsion will help substantially reduce emissions and serve as part of the transition
towards extremely low-carbon or zero-emission shipping.
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46. Stan, A.-I.; Świerczyński, M.; Stroe, D.-I.; Teodorescu, R.; Andreasen, S.J. Lithium ion battery chemistries from renewable energy

storage to automotive and back-up power applications—An overview. In Proceedings of the 2014 International Conference on
Optimization of Electrical and Electronic Equipment (OPTIM), Bran, Romania, 22–24 May 2014; pp. 713–720.

47. Zhu, W.H.; Zhu, Y.; Davis, Z.; Tatarchuk, B.J. Energy efficiency and capacity retention of Ni–MH batteries for storage applications.
Appl. Energy 2013, 106, 307–313. [CrossRef]

48. Zubi, G.; Dufo-López, R.; Carvalho, M.; Pasaoglu, G. The lithium-ion battery: State of the art and future perspectives. Renew.
Sustain. Energy Rev. 2018, 89, 292–308. [CrossRef]

49. Nuchturee, C.; Li, T.; Xia, H. Energy efficiency of integrated electric propulsion for ships—A review. Renew. Sustain. Energy Rev.
2020, 134, 110145. [CrossRef]

50. Fetcenko, M.A.; Ovshinsky, S.R.; Reichman, B.; Young, K.; Fierro, C.; Koch, J.; Zallen, A.; Mays, W.; Ouchi, T. Recent advances in
NiMH battery technology. J. Power Sources 2007, 165, 544–551. [CrossRef]

https://doi.org/10.1038/s41558-021-01032-7
https://doi.org/10.1016/j.etran.2023.100251
https://doi.org/10.1016/j.trd.2020.102492
https://doi.org/10.1016/j.jpowsour.2014.01.031
https://doi.org/10.1016/j.apenergy.2020.115258
https://doi.org/10.1109/TTE.2016.2598078
https://doi.org/10.1016/j.apenergy.2017.02.060
https://doi.org/10.1109/TTE.2016.2552720
https://doi.org/10.1109/JPROC.2015.2494159
https://doi.org/10.1016/j.rser.2020.110081
http://www.csic-cse.com/
https://doi.org/10.1109/JOE.2017.2674878
https://doi.org/10.1080/20464177.2018.1505584
https://doi.org/10.1109/TPWRS.2020.3029331
https://doi.org/10.1016/j.pnsc.2008.07.014
https://doi.org/10.1002/inf2.12000
https://doi.org/10.1088/1757-899X/252/1/012058
https://doi.org/10.1007/s41918-018-0022-z
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.apenergy.2012.12.025
https://doi.org/10.1016/j.rser.2018.03.002
https://doi.org/10.1016/j.rser.2020.110145
https://doi.org/10.1016/j.jpowsour.2006.10.036


Energies 2024, 17, 3311 24 of 25

51. Wu, P.; Bucknall, R.W.G. Marine propulsion using battery power. In Proceedings of the Shipping in Changing Climates Conference
2016, Newcastle, UK, 10–11 November 2016.

52. Kurzweil, P.; Garche, J. Overview of batteries for future automobiles. In Lead-Acid Batteries for Future Automobiles; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 27–96.

53. Zhao, J.; Burke, A.F. Review on supercapacitors: Technologies and performance evaluation. J. Energy Chem. 2021, 59, 276–291.
[CrossRef]

54. Hou, J.; Sun, J.; Hofmann, H. Control development and performance evaluation for battery/flywheel hybrid energy storage
solutions to mitigate load fluctuations in all-electric ship propulsion systems. Appl. Energy 2018, 212, 919–930. [CrossRef]

55. An, Z.; Jia, L.; Ding, Y.; Dang, C.; Li, X. A review on lithium-ion power battery thermal management technologies and thermal
safety. J. Therm. Sci. 2017, 26, 391–412. [CrossRef]

56. Karimi, S.; Zadeh, M.; Suul, J.A. Shore charging for plug-in battery-powered ships: Power system architecture, infrastructure, and
control. IEEE Electrif. Mag. 2020, 8, 47–61. [CrossRef]

57. Jianyun, Z.; Li, C.; Lijuan, X.; Bin, W. Bi-objective optimal design of plug-in hybrid electric propulsion system for ships. Energy
2019, 177, 247–261. [CrossRef]

58. Gagatsi, E.; Estrup, T.; Halatsis, A. Exploring the potentials of electrical waterborne transport in Europe: The E-ferry concept.
Transp. Res. Procedia 2016, 14, 1571–1580. [CrossRef]

59. Stolz, B.; Held, M.; Georges, G.; Boulouchos, K. Techno-economic analysis of renewable fuels for ships carrying bulk cargo in
Europe. Nat. Energy 2022, 7, 203–212. [CrossRef]

60. Bolvashenkov, I.; Herzog, H.-G.; Rubinraut, A.; Romanovskiy, V. Possible ways to improve the efficiency and competitiveness
of modern ships with electric propulsion systems. In Proceedings of the 2014 IEEE Vehicle Power and Propulsion Conference
(VPPC), Coimbra, Portugal, 27–30 October 2014; pp. 1–9.

61. Xu, W.; Wu, X.; Li, Y.; Wang, H.; Lu, L.; Ouyang, M. A comprehensive review of DC arc faults and their mechanisms, detection,
early warning strategies, and protection in battery systems. Renew. Sustain. Energy Rev. 2023, 186, 113674. [CrossRef]

62. Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18, 252–264. [CrossRef]
63. Li, Y.; Wei, Y.; Zhu, F.; Du, J.; Zhao, Z.; Ouyang, M. The path enabling storage of renewable energy toward carbon neutralization

in China. Etransportation 2023, 16, 100226. [CrossRef]
64. Lopes, P.P.; Stamenkovic, V.R. Past, present, and future of lead–acid batteries. Science 2020, 369, 923–924. [CrossRef] [PubMed]
65. Arun, V.; Kannan, R.; Ramesh, S.; Vijayakumar, M.; Raghavendran, P.S.; Siva Ramkumar, M.; Anbarasu, P.; Sundramurthy, V.P.

Review on Li-Ion Battery vs Nickel Metal Hydride Battery in EV. Adv. Mater. Sci. Eng. 2022, 2022, 7910072. [CrossRef]
66. Liu, P.; Li, Y.; Mao, B.; Chen, M.; Huang, Z.; Wang, Q. Experimental study on thermal runaway and fire behaviors of large format

lithium iron phosphate battery. Appl. Therm. Eng. 2021, 192, 116949. [CrossRef]
67. Quan, J.; Zhao, S.; Song, D.; Wang, T.; He, W.; Li, G. Comparative life cycle assessment of LFP and NCM batteries including the

secondary use and different recycling technologies. Sci. Total Environ. 2022, 819, 153105. [CrossRef]
68. Ibrahim, H.; Ilinca, A.; Perron, J. Energy storage systems—Characteristics and comparisons. Renew. Sustain. Energy Rev. 2008, 12,

1221–1250. [CrossRef]
69. MAN Energy Solutions. Batteries on Board Ocean-Going Vessels. Available online: https://www.man-es.com/docs/default-

source/marine/tools/batteries-on-board-ocean-going-vessels.pdf (accessed on 22 March 2020).
70. Yu, Y.; Mao, J.; Chen, X. Comparative analysis of internal and external characteristics of lead-acid battery and lithium-ion battery

systems based on composite flow analysis. Sci. Total Environ. 2020, 746, 140763. [CrossRef]
71. Dufo-López, R.; Lujano-Rojas, J.M.; Bernal-Agustín, J.L. Comparison of different lead–acid battery lifetime prediction models for

use in simulation of stand-alone photovoltaic systems. Appl. Energy 2014, 115, 242–253. [CrossRef]
72. Mohod, S.W.; Aware, M.V. Micro wind power generator with battery energy storage for critical load. IEEE Syst. J. 2011, 6, 118–125.

[CrossRef]
73. Hariprakash, B.; Shukla, A.K.; Venugoplan, S. Secondary Batteries–Nickel Systems|Nickel–Metal Hydride: Overview; Elsevier: Raman,

India, 2009.
74. Sundén, B. Hydrogen, Batteries and Fuel Cells; Academic Press: Cambridge, MA, USA, 2019.
75. Armand, M.; Axmann, P.; Bresser, D.; Copley, M.; Edström, K.; Ekberg, C.; Guyomard, D.; Lestriez, B.; Novák, P.; Petranikova, M.

Lithium-ion batteries–Current state of the art and anticipated developments. J. Power Sources 2020, 479, 228708. [CrossRef]
76. Liu, W.; Liu, H.; Liu, W.; Cui, Z. Life cycle assessment of power batteries used in electric bicycles in China. Renew. Sustain. Energy

Rev. 2021, 139, 110596. [CrossRef]
77. Chombo, P.V.; Laoonual, Y. A review of safety strategies of a Li-ion battery. J. Power Sources 2020, 478, 228649. [CrossRef]
78. Xiong, R.; Sun, W.; Yu, Q.; Sun, F. Research progress, challenges and prospects of fault diagnosis on battery system of electric

vehicles. Appl. Energy 2020, 279, 115855. [CrossRef]
79. Li, Y.; Feng, X.; Ren, D.; Ouyang, M.; Lu, L.; Han, X. Thermal runaway triggered by plated lithium on the anode after fast charging.

ACS Appl. Mater. Interfaces 2019, 11, 46839–46850. [CrossRef]
80. Niu, X.; Garg, A.; Goyal, A.; Simeone, A.; Bao, N.; Zhang, J.; Peng, X. A coupled electrochemical-mechanical performance

evaluation for safety design of lithium-ion batteries in electric vehicles: An integrated cell and system level approach. J. Clean.
Prod. 2019, 222, 633–645. [CrossRef]

https://doi.org/10.1016/j.jechem.2020.11.013
https://doi.org/10.1016/j.apenergy.2017.12.098
https://doi.org/10.1007/s11630-017-0955-2
https://doi.org/10.1109/MELE.2020.3005699
https://doi.org/10.1016/j.energy.2019.04.079
https://doi.org/10.1016/j.trpro.2016.05.122
https://doi.org/10.1038/s41560-021-00957-9
https://doi.org/10.1016/j.rser.2023.113674
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.etran.2023.100226
https://doi.org/10.1126/science.abd3352
https://www.ncbi.nlm.nih.gov/pubmed/32820114
https://doi.org/10.1155/2022/7910072
https://doi.org/10.1016/j.applthermaleng.2021.116949
https://doi.org/10.1016/j.scitotenv.2022.153105
https://doi.org/10.1016/j.rser.2007.01.023
https://www.man-es.com/docs/default-source/marine/tools/batteries-on-board-ocean-going-vessels.pdf
https://www.man-es.com/docs/default-source/marine/tools/batteries-on-board-ocean-going-vessels.pdf
https://doi.org/10.1016/j.scitotenv.2020.140763
https://doi.org/10.1016/j.apenergy.2013.11.021
https://doi.org/10.1109/JSYST.2011.2163015
https://doi.org/10.1016/j.jpowsour.2020.228708
https://doi.org/10.1016/j.rser.2020.110596
https://doi.org/10.1016/j.jpowsour.2020.228649
https://doi.org/10.1016/j.apenergy.2020.115855
https://doi.org/10.1021/acsami.9b16589
https://doi.org/10.1016/j.jclepro.2019.03.065


Energies 2024, 17, 3311 25 of 25

81. Ren, D.; Feng, X.; Liu, L.; Hsu, H.; Lu, L.; Wang, L.; He, X.; Ouyang, M. Investigating the relationship between internal short
circuit and thermal runaway of lithium-ion batteries under thermal abuse condition. Energy Storage Mater. 2021, 34, 563–573.
[CrossRef]

82. Kersey, J.; Popovich, N.D.; Phadke, A.A. Rapid battery cost declines accelerate the prospects of all-electric interregional container
shipping. Nat. Energy 2022, 7, 664–674. [CrossRef]

83. Chin, C.S.; Xiao, J.; Ghias, A.M.Y.M.; Venkateshkumar, M.; Sauer, D.U. Customizable battery power system for marine and
offshore applications: Trends, configurations, and challenges. IEEE Electrif. Mag. 2019, 7, 46–55. [CrossRef]

84. Du, R.; Meng, N. Analysis of Battery Safety Design for a Lithium Battery-Powered Ferry. Ship Boat 2022, 33, 82.
85. Fantham, T.L.; Gladwin, D.T. An overview of safety for laboratory testing of lithium-ion batteries. Energy Rep. 2021, 7, 2–8.

[CrossRef]
86. Li, Y.; Zhu, F.; Li, L.; Ouyang, M. Electrifying heavy-duty truck through battery swapping. Joule 2024. [CrossRef]
87. Sun, F.; Qiang, F. Outlook for Low-Carbon Development in Shipping in 2023; China Classification Society: Shanghai, China, 2023.

Available online: https://www.ccs.org.cn/ccswz/articleDetail?id=202312081257422748 (accessed on 1 May 2024).
88. Xiao, Y.; Zhu, J.; Qi, L.; Sun, M. Comprehensive benefit analysis and promotion based on the application practice of pure electric

ships. Power Demand Side Manag. 2023, 25, 14–18.
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