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ARTICLE INFO ABSTRACT

Keywords: Batteries have emerged as a promising solution across diverse vessel segments, offering benefits in operational

Battery efficiency, cost reduction, and emissions reduction. This study investigates the specific requirements of batteries

C}'large onboard 7 vessel types, such as tugboats, ferries, cruise ships, yachts, fishing vessel, vessels with cranes, and

EDlscharge dynamic positioning vessels, through an in-depth analysis of load profiles and operational needs. By identifying
nergy

24 potential operational requirements, ranging from battery electric operation to silent operations and load
smoothing, a mixed-integer linear programming model is used to optimize the power and energy allocation for
each requirement. This framework enables a generalization of battery requirements for various vessel segments
and enables the assessment of three lithium-ion battery chemistries: Lithium Iron Phosphate, Nickel Manganese
Cobalt Oxide, and Lithium Titanate Oxide. The results indicate that different vessel types prioritize either high
energy density batteries or those capable of delivering high power relative to energy capacity. To guide battery
selection, a decision tree is presented that matches battery types with specific vessel needs. Lithium Titanate
Oxide batteries are well-suited for applications requiring frequent, high power cycles, especially where fast
charging is needed. Lithium Iron Phosphate batteries are best for energy-intensive operations, while Nickel
Manganese Cobalt Oxide batteries perform well in both high power and high energy applications. This study
offers a practical approach, an inventory of battery requirements, and guidance on selecting the chemistries
best suited to various vessel types and operational needs.

Lithium-ion
Maritime

1. Introduction The European Union (EU) is also taking steps to reduce emissions

in the shipping sector. This includes incorporating shipping into the

The Fourth IMO Greenhouse Gas (GHG) study 2020 reports that
total shipping emissions (including international, domestic, and fishing)
increased by 9.6% from 2012 to 2018. The CO, emissions rose by
9.3% during this period, and the share of global shipping emissions
slightly increased. Carbon intensity increased by 21-32% compared to
2008 levels but slowed down after 2015. Emission projections suggest
a rise of 90-130% by 2050, though the long term impact of COVID-19
may slightly reduce this increase (International Maritime Organization,
2024b).

To combat this, regulations are being put in place. For example,
the 2023 IMO strategy on reducing GHG emissions from ships outlines
key actions, including reducing CO, emissions per transport work by
at least 40% by 2030 compared to 2008 levels (International Mar-
itime Organization, 2024a). It also aims to increase the use of zero
or near zero GHG emission technologies to at least 5%, striving for
10% by 2030. The strategy targets net zero emissions by around 2050,
emphasizing energy efficiency, innovative technologies, and economic
measures such as GHG emissions pricing and marine fuel standards.
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EU Emissions Trading System from 2025 to 2027, requiring ships
to monitor, report, and verify their emissions, and implementing the
FuelEU maritime regulation to limit the GHG content of fuels used by
ships (European Commission, 2024).

In response, the maritime industry is increasingly adopting batteries
across various types of vessels. DNV’s Alternative Fuel Insights reported
that the maritime fleet with batteries grew from 486 vessels in 2020 to
944 vessels in 2024, with another 451 on order (DNV, 2024). In Fig. 1,
the statistics for the maritime fleet size are depicted. Approximately
64% of the existing maritime battery fleet is hybrid, 17% are plug-
in hybrids with cold ironing capabilities, and 19% are purely battery
electric. Car and passenger ferries make up 31.8% of the entire fleet,
with 73% of the battery electric fleet being comprised of ferries.
This is largely due to ferries’ predictable routes and fixed charging
infrastructure, making battery adoption and operation more feasible.

Batteries are utilized on board vessels for multiple advantages,
the most notable being fuel efficiency and emissions reduction (Inal
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Fig. 1. Distribution of battery powered ships by type as of 2024, highlighting
the share of hybrid, plug-in hybrid, and battery electric vessels (DNV, 2024).

et al., 2022). These benefits can be achieved through fully battery
powered systems or hybrid power operations, with the latter being
more common among ship segments that do not frequently access
ports (Anon, 2021). The main advantages of using batteries on ves-
sels are extensively covered in Inal et al. (2022) and Damian et al.
(2022), highlighting critical benefits such as enhanced operational
efficiency, reduction in noise and vibration, reduced running hours
for diesel engine generators (DEG), and improved fuel cell longevity.
These advantages are realized through various battery applications,
often referred to as “functions” (Damian et al., 2022; Qazi et al., 2023),
“functional roles” (Anon, 2021), or “services” (Luca Trombetta et al.,
2024). Examples include providing spinning reserves, optimizing the
operation of other onboard sources, or capturing regenerative energy
from cranes (Qazi et al., 2023).

The maritime industry typically adopts systems engineering princi-
ples while integrating batteries onboard vessels (Wilkins et al., 2024).
The typical factors influencing the viability of batteries onboard vessels
are highlighted in the work of Chalfant (2015), which emphasizes
addressing ship functions, power system configuration, and operational
profiles throughout the design phases. The concept design phase de-
fines ship functions and the initial power system configuration. During
engineering design, the power system is refined based on the vessel’s
operational profile. Finally, in production design, control systems are
integrated to ensure proper management of power systems in operation.
Therefore, the first step in integrating batteries into maritime systems is
to define their intended purpose clearly. After identifying the benefits,
the next step is determining the battery’s specific function within the
vessel. Finally, the batteries must be sized and controlled appropriately
according to these functions to maximize the desired benefits.

Batteries’ wide variety of benefits and functions is supported by a
range of battery chemistries provided by maritime battery suppliers,
each catering to different power and energy requirements. For example,
Corvus Energy, a supplier of Nickel Manganese Cobalt Oxide (NMC)
batteries, offers two variants of its Dolphin NxtGen battery modules:
a high energy module with a capacity of 8.2 kWh and a high power
module with a capacity of 6.56 kWh (Corvus Energy, 2024a). The high
energy module delivers a maximum continuous C-rate (I.,,) of 0.5 C
and a peak C-rate (Ieq) of 1 C for up to 10 s, while the high power
module supports Ion; of 1.5 C and I peqy 0f 2.5 C for 10 s. Lithium Iron
Phosphate (LFP) batteries from Praxis Automation (Praxis Automation,
2024) and Lithium Titanate Oxide (LTO) batteries Van Meer (Van Meer
Industrial Services, 2024) are other examples of modules available with
different characteristics as shown in Table 1.

The maritime industry requires a range of battery chemistries due
to the wide variety of ship and vessel types and their diverse oper-
ational requirements. Unlike the automotive industry, which benefits
from a standardized set of drive cycles for benchmarking drivetrain
performance (Micari et al., 2022; Tekin and Karamangil, 2024; Safdari
et al., 2022; Barcellona et al., 2015; KoteswaraRao et al., 2024; Naseri
et al., 2022), the maritime industry lacks such standardized testing
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Table 1
Example of available battery options.
Supplier Module Type Toont Tpeak
;;[r\c/:us Energy Dolphin NxtGen Energy 0.5 1 (10 s)
Power 1.5 2.5 (10 s)
i;z;ms Green battery Energy 1 (derating at 45 °C)
Power 3 (derating at 45 °C)
L/;g Meer LTO214 Energy 2 3.5
Power 3 12

frameworks. For instance, the authors of Micari et al. (2022) and
Barcellona et al. (2015) use the Worldwide Harmonized Light Vehicles
Test Cycle (WLTC) to conduct experimental tests that evaluate battery
ageing under realistic driving conditions. In Tekin and Karamangil
(2024), WLTC conditions are used to parameterize battery cells and
assess the accuracy of different modelling approaches. Drive cycles
are also critical in designing thermal management systems. In Saf-
dari et al. (2022), the New European Driving Cycle (NEDC) is used
in a study that combines numerical optimization and experimental
validation to develop a phase change material-air battery thermal
management system. A comparison of the performance of fuel cell-
battery hybrid powertrains under both NEDC and WLTC drive cycles is
presented in KoteswaraRao et al. (2024). Similarly, Naseri et al. (2022)
utilizes both WLTC and NEDC to demonstrate the superior performance
of hybrid energy storage systems designed for electric vehicles with
fast-charging capabilities.

The variation in operations across and within vessel segments makes
it challenging to generalize a specific battery type or to select appro-
priate options. There is a gap in the literature regarding the analysis of
battery requirements based on the different operational needs of vessels
and how various lithium-ion battery chemistries perform under these
conditions. This issue is further highlighted and discussed in Section 2.
With this in mind, the paper aims to address the following two research
questions.

Question 1 Can maritime battery requirements be generalized in terms
of expected power, energy, and cycle demands for different
vessels and operational requirements?

Question 2 Which lithium-ion battery chemistry best suits each vessel
type and its specific operational requirements?

In response to these research questions, the paper seeks to make
two major contributions by considering a pool of 7 different vessel
segments: tugboats, ferries, fishing vessels, cruise ships, yachts, dy-
namic positioning (DP) vessels, and vessels with cranes. In addition,
24 different requirements are analysed and the following contributions
are made,

Contribution 1 Identification of the battery requirements for different
vessel segments and operational requirements, including the
necessary power and energy capacities.

Contribution 2 A decision tree for maritime batteries that categorizes
the preferred lithium-ion chemistries based on vessel type and
operational requirements.

This study makes two main contributions. First, to the best of
the authors knowledge, no prior work has systematically decoupled
energy storage requirements while providing an overview across a wide
variety of maritime vessels with multiple operational profiles. In this
study, the decoupling is performed along three dimensions: charging
power, discharging power, and net energy requirements. Determining
these three factors for each vessel segment and operational require-
ment creates a foundation for developing energy storage chemistries
specifically tailored to the maritime industry. This approach extends
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beyond existing lithium-ion technologies instead of relying on adapta-
tions from the automotive sector. The second contribution is practical.
The study provides a decision tree for selecting lithium-ion battery
types across different vessel segments. This contribution operates on
two levels. For industry, it informs early-stage design by identifying
suitable chemistries for distinct vessel classes. For researchers, it offers
a structured framework of feasible options, enabling investigations
into operational control, system integration, and lifecycle management
without requiring chemistry feasibility and sizing studies.

The remainder of the paper is structured as follows. Section 2 pro-
vides a review of existing literature, covering the operations of various
vessel segments, potential battery applications, and sizing techniques.
Section 3 details the methodology and system modelling framework
used in this study. Section 4 presents the findings, offering a com-
prehensive discussion of the results and their implications. Finally,
Section 5 summarizes the key contributions of the study and highlights
future research directions.

2. Literature review

This section discusses the literature relevant to addressing the re-
search questions. Section 2.1 reviews existing studies on battery selec-
tion and sizing for maritime applications, while Section 2.2 explores
different vessel types and their operational requirements.

2.1. Battery sizing, selection and utilization

The authors of Rasul and Kim (2024) compare several battery
technologies for maritime applications, including lead-acid, nickel-
cadmium, nickel-metal hydride, sodium sulphur, sodium nickel chlo-
ride, and lithium-ion batteries. They assess these technologies based on
factors like energy density, power density, cycle life, and cost. Lithium-
ion batteries stand out as the most promising due to their higher
energy and power densities, longer cycle life, and cost effectiveness.
The paper highlights the role of batteries in hybrid and fully electric
ships. They are used for propulsion, peak shaving, spinning reserves,
and energy recovery. The growing use of battery systems, whether
through retrofitting or new builds, is predominantly driven by the need
to meet regulations and boost efficiency.

A lithium-ion-centred review for maritime applications is presented
in Luca Trombetta et al. (2024). This paper reviews the integration of
lithium-ion batteries in the maritime industry, focusing on their role
in supporting the global energy transition and reducing emissions. The
authors provide a list of vessel segments, detailing the potential range
of installed capacities and favourable lithium-ion chemistries for each
segment. However, the review does not explore how these potential
chemistries compare for different functions within each vessel segment.

Several methods are used to configure the capacity of energy storage
devices, such as the equivalent calculation method, which takes into
account the maximum load variation in the system; the rule of thumb
method, based on the practical experience of designers; and optimiza-
tion based techniques (Guo et al., 2024). Optimization based methods
can be further divided into classical methods (Xie et al., 2022) and
meta-heuristic methods of optimization (Guo et al., 2024). Capacity
estimation and energy management are guided by various objectives,
as highlighted in Xie et al. (2022). These objectives include but are
not limited to, minimizing fuel consumption, reducing overall invest-
ment costs, and optimizing parameters such as weight and volume,
depending on the specific benefits desired from the battery system.

In Georgescu et al. (2018), a set of algebraic formulas is introduced
to estimate the maximum fuel savings achievable by integrating electri-
cal energy storage into onboard power systems. This method calculates
the equivalent specific fuel consumption for various system configura-
tions and degrees of hybridization, where the degree of hybridization
refers to the ratio of energy storage power to the total installed power
onboard. The approach also accounts for transmission losses and the
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specific operational conditions of the vessel. The results show that the
efficiency improvements achieved through the integration of energy
storage can range from a decrease of 48% to an increase of 57%.

The authors of Al-Falahi et al. (2019) use a set of rule-based equa-
tions and power management strategies to determine optimal energy
storage and energy configurations for short-haul Ferries based on key
voyage parameters. The study compares three configurations: a hybrid
system with two diesel gensets and a battery, a hybrid system with
one genset and a shore charged battery, and a fully electric system.
Results show that the fully electric configuration offers the highest
operational cost savings, with reductions of up to 51.23%. The battery
is represented as a voltage source, and its lifetime is factored into
the model by adjusting the required battery size based on a Depth of
Discharge (DoD) versus the number of cycles function. This approach
optimizes the battery size according to the desired lifespan and op-
erational requirements. The investment costs are not included in the
analysis, and the selection of different lithium-ion battery chemistries
is not evaluated.

In Li et al. (2024), the authors apply NSGA II to solve a multi-
objective non-linear optimization problem with linear constraints. The
study focuses on optimizing the hybrid energy storage capacity for a
system combining diesel engines, batteries, and supercapacitors. The
objectives are to minimize investment and operational costs, DEG
ramping, and battery throughput. It establishes a correlation between
the battery’s energy capacity and its maximum continuous power out-
put. The Pareto front reveals conflicting objectives, requiring trade offs
between them. However, the study does not analyse specific types of
lithium-ion batteries.

A comprehensive lifetime design, cost and operation analysis is
done in Mylonopoulos et al. (2024) for a retrofit cargo vessel. The
authors develop a methodology to iteratively size batteries numerically
while considering the effects of cycle ageing and calendar ageing for
LFP batteries. However, the study does not analyse specific types of
lithium-ion batteries.

The paper Bordin and Mo (2019) presents a mixed integer linear
programming (MILP) based methodology for the optimal selection and
sizing of energy storage systems in maritime vessels. It incorporates
technical and safety constraints, operational modes, and storage life-
time requirements into optimization models. Battery degradation and
lifetime are integrated into investment decisions. The study analyses
the effects of load profiles, engine types, and operational constraints
on battery investments. Lifetime degradation is addressed by assigning
a specific energy throughput to each battery size. The model developed
by the authors allows for a selection between two types of batteries: one
capable of providing one unit of power for every unit of energy installed
and another capable of providing two units of power for every unit of
energy installed.

The study Kistner et al. (2024) assesses the economic viability and
constraints of battery electric propulsion for container ships, comparing
diesel engines with lithium-ion batteries (LFP, NMC, LTO). It addresses
factors like safe state of charge (SOC) levels, charging/discharging
limits, power output matching, and battery weight/volume constraints,
aiming to keep annual costs feasible. The model uses the Extended Ant
Colony Optimization algorithm from PyGMO and is implemented in
Modelica with OpenModelica. The Rint model of lithium-ion cells is
used, accounting for nonlinear charge-discharge voltage curves. Results
show that while batteries are not competitive for long distances due
to high costs and low energy density, they are viable for short routes
under 2500 km with future cost reductions and carbon taxes. To the
authors’ knowledge, this is the only study that specifically compares
LFP, NMC, and LTO chemistries for a single operational requirement:
battery-electric functionality.

The authors (Pourrahmani et al., 2022) investigate a hybrid power
system combining proton exchange membrane fuel cells with lithium-
ion batteries to power an 800 kW ferry. It analyses 25 configurations
using five battery types based on LTO, NMC, and LFP chemistries. The
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batteries are compared in terms of energy density, weight, cost, and
response to dynamic loads. Using a custom performance metric, the
study finds that LTO batteries paired with nine fuel cells offer the best
overall system performance.

The studies reveal that most studies pre-select lithium-ion battery
chemistry, leading to results and optimal power splits that are specific
to that chemistry. Additionally, a fixed power-to-energy ratio is often
assumed without detailing the necessary charging, discharging powers,
and energy capacities.

Only a limited number of studies have undertaken a comparative
analysis of different battery usage scenarios in vessels or examined how
energy storage requirements and the selection of battery chemistry may
differ across various applications. This highlights a significant gap in
the literature, specifically in the assessment of battery requirements tai-
lored to diverse operational needs of vessels and the comparative eval-
uation of the performance of various lithium-ion battery chemistries
under these conditions.

Although real time control and optimization are not the primary
focus of this study, they are relevant in the context of how such
methods influence the utilization of onboard batteries. Such studies
have been extensively reviewed in the literature (Xie et al., 2022;
Frangopoulos, 2020; Roslan et al., 2022; Mylonopoulos et al., 2023;
Khan et al., 2025) and Mao et al. (2025). Beyond optimization-based
strategies, the authors of Xie et al. (2022), Frangopoulos (2020) and
Mylonopoulos et al. (2023) discuss the objectives and constraints em-
ployed in real-time optimization models. These formulations directly
influence energy management strategies and, in turn, determine how
batteries are utilized within the system. In the context of this paper,
the most relevant insight from such optimization studies is not the
strategy itself, but the resulting operational role assigned to the battery
under specific objectives and constraints. A complementary perspective
is provided by reviewing propulsion and power-plant architectures
in Roslan et al. (2022), where different structural configurations of hy-
brid systems and different energy management strategies are reviewed.
These architectural choices have consequences for battery operation,
shaping whether the battery primarily provides peak power support,
long term energy supply, or other functions. While batteries remain
the dominant form of onboard energy storage, hybrid energy systems
are receiving increasing attention in literature as studied in Mao et al.
(2025). In such systems, the role of batteries shift as complementary
devices (e.g., supercapacitors) are introduced. Typically, supercapaci-
tors handle rapid, high-frequency power fluctuations, while batteries
assume the more energy dense, longer duration load, thereby changing
the functional allocation of energy storage technologies. The relevant
aspect of energy and power management optimization studies in the
context of this paper is how batteries are used and what functions they
serve when the power and energy system is optimally utilized, subject
to a specific objective.

Examples of optimization-based real-time control include model
predictive control (Pang et al., 2024) and equivalent consumption min-
imization strategies (Loffler et al., 2025; Kalikatzarakis et al., 2018).
In Pang et al. (2024), model predictive control is applied to a lig-
uefied natural gas-battery hybrid power plant with the objectives of
minimizing fuel consumption, reducing emissions, and limiting battery
degradation. In this configuration, the battery is used to smooth en-
gine loading by discharging during high demand and charging during
periods of low load.

In Loffler et al. (2025), an equivalent consumption minimization
strategy is applied to a DEG-battery-fuel cell hybrid power plant with
multiple objectives of minimizing both fuel consumption and emissions.
The battery in this case supports optimal loading of the generator and
the fuel cell, ensuring that both operate closer to their efficient regions.
Similarly, Kalikatzarakis et al. (2018) applies an equivalent consump-
tion minimization strategy to a DEG-battery hybrid power plant, where
minimizing fuel consumption leads the battery to provide load levelling
and to be recharged through onshore power when available.
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A hybrid propulsion-based power plant is studied in Hong et al.
(2024), where the energy management strategy is derived from a global
optimization solution obtained through dynamic programming. The
objective of operating the DEG and battery hybrid power plant effi-
ciently is realized through several battery operation modes: a battery
power mode, a boost mode in which the battery supplements the DEG
during periods of high demand, and a valley filling mode where the
battery is recharged during periods of low demand. In Mylonopoulos
et al. (2024), a low-pass filter-based control strategy is employed for a
fuel cell-battery hybrid power plant. In this case, the battery operates
to smooth the load profile experienced by the fuel cell. The authors
of Jin et al. (2018) apply an inverse droop control strategy to a DEG
and fuel cell hybrid power plant. Here, the battery again functions to
smooth the load experienced by both the generator and the fuel cell.
In addition, the battery supports the ON and OFF operation of the
generator, enabling it to optimally load itself and to recharge during
periods of low demand.

These examples demonstrate that the battery can assume multiple
functions in hybrid power plants, from direct propulsion support to
load smoothing and coordinated DEG management. This implies that
analysing maritime battery requirements for vessels requires account-
ing for the different potential roles and functions that the battery may
assume. These roles are strongly dependent on the specific operational
objectives of the power and propulsion system.

2.2. Vessel mission profile

This subsection explores the different modes of operation for various
vessels, including the duration spent in each mode and the associated
power requirements. It also seeks to determine whether any generaliza-
tions regarding their operational patterns can be derived. For the sake
of generality all power requirements are normalized.

2.2.1. Tugboat

Tugboats are popularly discussed in literature with the application
of batteries. In a previous study by Laryea and Schiffauerova (2024), a
250 kW Tugboat was tracked using AIS via MarineTraffic. The authors
found it operates year round, completing 2-5 daily assignments along
the U.S. West Coast. These daily assignments comprise different modes
of operation such as loitering (sailing), assisting, waiting and at the
port (Jung et al., 2024). Fig. 2 represents the percentage of time spent
by the tugboat in each mode of operation based on load profiles consid-
ered in the literature (Kumar et al., 2019, 2020; Chua et al., 2018; Chen
et al., 2023; Diniz et al., 2023). During sailing the vessel typically sails
at constant speeds with relatively constant power demand requested
to the power system (Hwang et al.,, 2024). What is unique to the
tugboat is that its peak power does not come at full speed sailing but
rather during assisting where the boat is either pushing or maneuvering
another vessel. The percentage of power based on installed capacity or
maximum utilized power is shown in Table 2.

Fully electric tugboats are not uncommon in the industry. For
example, the harbour tugboat “Sparky” is fully battery electric with
a peak power of 10 MW (Echandia, 2024). Batteries can be used in a
hybrid system, as discussed in Jung et al. (2024). The authors describe
three battery use cases: (a) for valley filling and peak shaving with
constant output from other sources, (b) peak shaving with other sources
following up to a threshold, and (c) providing power during high load
fluctuations, offering immediate ramp support for other power sources.

2.2.2. Ferry

Batteries can be most commonly found on electric ferries as pre-
viously discussed. Fully battery powered or hybrid propulsion systems
have been in use for some time owing to their predictable operations,
short durations, and consistent, year round fixed routes. Fully bat-
tery powered ferries are possible when the battery system can store
sufficient energy and provide sufficient peak power for the duration
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Tugboat boat power requirement as a percentage of maximum power. NA refers to not applicable.

Mode of operation Percentage of power per reference

Kumar et al. (2019)

Kumar et al. (2020)

Chua et al. (2018) and Chen et al. (2023) Diniz et al. (2023)

Loitering (%) 13 0-20 5-30 10
Waiting (%) 10 20-40 5-25 10
Assisting High (%) 90 80-100 85 920
Assisting Medium (%) NA NA NA 50
Assisting Low (%) 45 50-70 30-45 20
o 60 T T T T Q
E E u T T T
B = 60
[
5 40t 1 k)
00-’0 [ 40
S &
8
520 1 £20
5 2
~ 0 0] 0
a b C d A~
. a b c d
Reference g N o
B [ oitering [ A-low [N A-medium g I Sailing [ Fishing
I Waiting [ A-high ) ; ; ; ;
)
= 100
Fig. 2. Percentage of time spent per mode of operation, a - Kumar et al. g
(2019), b - Kumar et al. (2020), ¢ - Chua et al. (2018), Chen et al. (2023), d S
- Diniz et al. (2023). “A-low” refers to assist-low. ‘-'5 50
)
an
. . . . g 9
of the trip. However, when this is not possible or shore charging is 5] b d
unavailable, hybrid power systems are chosen. Ferries tend to operate I a ¢
throughout the day. For example, a fleet of ferries working at the gqj Reference

river Thames operates for 18 h a day (Wang et al., 2021). Similarly, a
popularly discussed ferry in literature the MV Bowen (Al-Falahi et al.,
2019) operates between 15-16 trips a day from 5:20 am-11:10 pm
(17 h and 50 min) (Ferries, 2020). The ferry spends roughly ten minutes
at the terminals before sailing for roughly 20 min. These trips are large
compared to the ferry analysed in Bennabi et al. (2021) where the ferry
makes 126 crossings daily, each taking about 3 min. The docking time
for passengers and cars ranges from 3 to 10 min. The ferry also takes
three 30-minute breaks daily, roughly one after every 40 crossings.
Additionally, it remains docked for 8 h overnight.

These examples demonstrate that the operational requirements for
ferries can vary significantly. Factors such as the availability of cold
ironing infrastructure at terminals, the time spent at terminals, and the
power available for cold ironing are crucial considerations when de-
signing batteries, as noted in Rafiei et al. (2021). In a similar study Ba-
naei et al. (2020), the authors analyse optimal operation scenarios for
the same vessel, considering six different requirements for using fuel
cells with the battery system. The study highlights that batteries help
ramp up fuel cells and manage power peaks when fuel cells alone
cannot meet the demand.

2.2.3. Fishing vessel

The fishing sector consumes 1.2% of global oil and emits approx-
imately 134 million tonnes of CO,. Fuel costs can account for up to
60% of operational expenses in this sector (Korican et al., 2023). The
fishing sector comprises two categories of vessels: fishing Vessels and
fish farming vessels (Anon, 2021). Fishing Vessels are further divided
into active and passive categories (Percic et al., 2023). These vessels
typically travel at economic speeds and use auxiliary equipment, such
as cranes, during fishing operations. Energy storage systems provide
power during manoeuvres and help lower noise and vibrations, ben-
efiting the crew and the fish (Mijnders, 2023). Interestingly, studies
such as Ganjian et al. (2024), Hwang et al. (2022) and Gabrielii and
Jafarzadeh (2020) consider load profiles for 10-24 h, reflecting the
entire workday of a fishing vessel. In Gabrielii and Jafarzadeh (2020)
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[ Sailing min [ Sailing max [ Fishing

Fig. 3. Percentage of time and power spent outside stand-by, a - Ganjian
et al. (2024), b - Hwang et al. (2022), c - Aarsaether (2017), d - Gabrielii
and Jafarzadeh (2020).

the load profile is equipped with a freezer that runs 24 h a day and
contributes close to 15% of the total load. A longer seasonal analysis
was done in Aarsaether (2017), noting that the vessel spends 90% of
its time on standby. This implies that calendar ageing could play a
significant role if batteries were present on the vessel. These studies
suggest that, unlike power intensive operations that require analysis
over shorter time periods, the energy intensive load profile of fishing
vessels should be examined over longer durations to capture the full
scope of their energy demand.

The typical modes of a fishing vessel are sailing, fishing and stand
by. The percentage of time spent by fishing vessels outside stand
by is shown in Fig. 3. The maximum power consumption typically
occurs during sailing operations. The percentage of time spent fishing
compared to sailing can vary depending on the distance of the fishing
location from the shore.

2.2.4. Cruise vessel

Cruise ships are multi-MW vessels that are ocean-going, and the
propulsion is designed to supply one or two (sometimes three) main
propellers. The propulsion design criteria are designed for maximum
propulsion speed but with the flexibility of operating it at different
speeds as well (Hansen and Wendt, 2015). Considering this, the power
plant is then designed for the propulsion power and the electrical
consumers and heating/cooling power demands (hotel loads). Accord-
ing to Ghimire et al. (2024), the non-propulsion load can contribute
to up to 40% of that total power demand. The distribution of the
operational modes is shown in Fig. 4, obtained from Baldi et al. (2018)
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Fig. 4. Cruise ship modes of operation in Baldi et al. (2018) (a) and Ancona
et al. (2018) (b) as a percentage of time.
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Fig. 5. Energy intensiveness for different seasons.

(a) and Ancona et al. (2018) (b). Such vessels spend nearly a third of
the time at the port where the propulsion power is zero, but the hotel
loads still exist.

The type of loads on a cruise vessel can be predominantly split
into four parts: propulsion loads, electrical consumers, thermal loads
and cooling loads (Ancona et al., 2018). Variations in propulsion loads
depend on the weather conditions and the vessel’s speed; however, sea-
sonal changes in the thermal and cooling loads are significant, as shown
in Fig. 5. According to Ancona et al. (2018), the vessel spends 182
days in winter, 121 days in Spring/Fall and 62 days in summer. Winter
periods constitute high thermal power requirements, as shown in Fig.
5, whereas summer periods demand cooling power from the power
system. While battery electric cruise ships face significant challenges
due to high thermal, cooling, and mechanical energy demands, hybrid
systems offer a feasible alternative and are already in operation.

2.2.5. Yacht

The operational analysis of 130 yachts for 1 year was performed
in van Eesteren Barros and Pruyn (2022) and for 8 yachts for 9 months
was performed in de Figueiredo and Hekkenberg (2018). The common
modes of operation identified are harbour, at anchor (station keeping),
loitering/maneuvering and cruising at different speeds. The summary
of the operational hours can be seen in Fig. 6. It is evident from this
that yachts spend most of their time in the port whereas very little time
cruising. In addition to this, a significant portion of time is also spent
anchoring. Typically, the sequence of operation for yachts involves
harbouring followed by loitering/maneuvering cruising to destination
and finally, stationing at anchor and returning back.

One of the highly desirable features of yachts is the ability to
have noiseless cruising and anchoring, no smell or harmful fumes in
the harbour and access to restricted emission areas (EST-Floattech,
2024). Currently hybrid yachts are popular, yachts are also some-
times equipped with solar panels (Yachts, 2024) or wind assisted
propulsion (Corvus Energy, 2024b).
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Fig. 7. Position keeping vessels modes of operation (left Swider and Pedersen
2019, right Balsamo et al. 2020).

2.2.6. Dynamic position vessels

Position keeping vessels have been extensively examined in the liter-
ature Rao et al. (2016), Zahedi et al. (2014), Vieira et al. (2022), Swider
and Pedersen (2019), Balsamo et al. (2020), Montonen et al. (2022),
Morales Vasquez (2016), Johansen et al. (2014), Dinh et al. (2018) and
Ghimire et al. (2022). These vessels typically operate in several modes:
DP operation, which is used most frequently and involves additional
redundancy; transit mode, where the vessel runs at nearly full installed
power; and harbour mode, characterized by low load operations (see
Fig. 7).

During DP operations, the vessel typically operates at lower modes
of installed power capacity, as indicated by various studies: [33-53%]
in Rao et al. (2016), Zahedi et al. (2014), [15-49%] in Dinh et al.
(2018), and [13-23%] in Balsamo et al. (2020), Morales Vasquez
(2016). An example of the distribution of power during DP operation
is shown in Fig. 8. However, extra redundancy is required due to class
requirements, leading to the parallel operation of traditional DEG’s at
these low operational modes. Batteries have been utilized in different
ways during DP operations. For instance, in Bordin and Mo (2019),
batteries are used as a standby redundancy. In Montonen et al. (2022),
batteries are used for redundancy and to allow the DEGs to operate
at average load power over a window length of 120 s, with batteries
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Fig. 8. Distribution of power during DP operation from Ghimire et al. (2022).

compensating for the remaining load. Additionally, batteries and DEGs
can operate in isochronous control mode. It can be seen in Montonen
et al. (2022) that the mean frequency is 0.9936 pu of the power system
when the battery system contributes to the power demand during DP
mode, whereas if only one DEG is ON, the mean frequency is 0.9083.
A study He et al. (2024) conducted on 10 offshore support vessels
and the effectiveness of battery systems installed for DP operations
demonstrates a fuel efficiency increase ranging from 6.14% to 15.06%
in some cases.

2.2.7. Vessels with crane

In the case of the electrical machine in the crane, it can function as
a generator and produce regenerative power when lowering or braking
the crane. Moreover, the regenerated power can be fed into the ship’s
main grid and integrated with the existing power source (Ovrum and
Bergh, 2015). Depending on the ship’s type, this application can be
applied to versatile cranes as shown below Kim et al. (2016):

. Deck (gantry) crane/Cargo carrier (dry, log, pipe, general)
. Gantry crane/Barge carrier

. Heavy-lift crane/Offshore support vessel

. Hose-handling crane/Tanker vessel

. Onboard crane/Container vessel.

g bh wbN =

The authors in Kim et al. (2016) state that 60%-70% of power can
be regenerated, and the rest is lost due to friction losses. There are two
instances where batteries can be used during crane operations. The first
one is where a Bi-directional converter is available, and regenerative
power is present (Kim et al., 2019), or if there is a unidirectional
converter supplying power to the crane, the batteries can be used to
average the power of the alternative source onboard (Ovrum and Bergh,
2015).

3. Methodology and modelling

This section discusses the methodology and model developed to
address the research question. Section 3.1 outlines the adopted method-
ology, while Section 3.2 details the developed model.

3.1. Methodology

The battery requirements are determined using the methodology
outlined in Fig. 9. The first step involves selecting the type of vessel. As
previously mentioned, 7 different vessel types have been chosen. The
load profiles of these vessels are depicted in Fig. 10. The time scales for
the operation cycles of these vessels vary. For instance, the time scale
for DP vessels and cranes was chosen in seconds, while for ferries and
tugboats, the operation cycles ranged from minutes to hours. Fishing
Vessels and yachts have an operational period of one day, and cruise
ships have an operational period of more than one day.
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Fig. 9. Methodology.

In the second step, the operational requirements need to be selected.
An inventory of various requirements has been compiled, and these
vary for different vessels, as shown in Table 3. Requirements T1 for
tugboats, F1, F2 for ferries, FV1 for fishing vessels, and CR1 for cranes
represent examples of battery electric operation, where the battery
system is the sole power source onboard. Requirement T1 for tugboats
and FV1 for fishing vessels specifies battery-electric operation, with
access to port charging available after completing one operational trip.
For ferries, requirement F1 assumes port charging is available at the
end of each trip, while requirement F2 limits charging access to a single
location, i.e., one charging point is available for the entire round trip.
The battery-electric requirement for cranes, CR1, assumes no access
to port charging, instead, it relies on energy regeneration during the
hoisting down operations.

Meanwhile, requirements T2 for tugboats, FV2-FV4 for fishing ves-
sels, and Y1-Y4 for yachts highlight unique vessel specific require-
ments. For instance, yachts and fishing vessels require silent operation
during specific modes of operation. For tugboats, requirement T2 spec-
ifies that the hybrid power plant must operate in silent mode during
both sailing and waiting periods. Fishing vessel requirements FV2
through FV4 impose similar silent operation constraints during low
power demand and fishing activities, but with key differences: FV2
does not allow access to port power, FV3 permits port power for
battery charging, and FV4 adds the additional requirement of optimal
DEG loading while retaining access to port power. For yachts, require-
ments Y1-3 require silent operation while anchored, with Y2 further
extending silent (battery-electric) operation to low-power operational
situations and Y3 introducing the need for optimal DEG operation
during cruising. Finally, requirement Y4 specifies reduced DEG power
relative to the maximum power required.

Requirements T3 for tugboats, F3 for ferries, FV4 for fishing vessels,
C1 for cruise ships, and Y3 for yachts focus on optimizing the loading
of the DEG onboard with the battery system, where the DEG is sized
to provide a maximum power of 1 pu. For these operational require-
ments, DEG units are supported by batteries to maintain their optimal
operating range.

The requirements T4 for tugboats, F4 for ferries, FV5 for fishing
vessels, C2 for cruise ships, and Y4 for yachts analyse the battery
requirements when the capacity of the DEG onboard is reduced. The on-
board DEG power is reduced relative to the maximum power necessary
onboard. The reduction in size is different amongst these requirements
for different vessel segment as shown in Table 3.
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Fig. 10. Load profiles of various vessels and systems, reconstructed from multiple sources: Tugboat profile from Diniz et al. (2023), Ferry and Fishing vessel
profiles from Al-Falahi et al. (2019) and Ganjian et al. (2024), Cruise ship and DP load profiles from Ghimire et al. (2022), Yacht profile from Bucci et al.
(2020), and Crane load profiles with regenerative power from Kim et al. (2019) (top) and without regenerative power from Ovrum and Bergh (2015) (bottom),

as referenced in Ghimire et al. (2022).

For DP vessels, requirement D1 the battery functions as a spinning
reserve, i.e. the battery is only there to support in case there is a
fault in one of the DEG. The second requirement analysed in this
study for DP vessels is requirement D2 where the battery helps in
smoothening the load experienced by the DEG during DP operations.
Finally, requirements CR2 and CR3 for cranes onboard analyses battery
requirements when they perform load smoothing and assist the DEG.
Requirements CR2 and CR3 differ based on the two possible power flow
configurations of the crane.

A MILP-based optimization framework is employed to analyse bat-
tery requirements across segments, as detailed in Section 3.2. The
optimization problem is solved sequentially by minimizing the objec-
tives outlined in Table A.8, ensuring a realistic operational power split
and battery sizing. The solution to the solved objective becomes an
equality constraint for the next objectives solved. Once all objectives
are solved, the battery requirements, including charging and discharg-
ing powers, net energy storage capacity, and possibly power from
the port, are determined. Additionally, energy throughput values are
calculated to determine the number of equivalent cycles required from
the battery system.

The final step involves comparing LTO, NMC, and LFP batter-
ies across different vessel segments and operational requirements,
analysing their performance in terms of required onboard capacity,
cost, weight, and volume.

3.2. Modelling

As previously mentioned, a MILP-based formulation is developed to
represent the onboard power and energy system. The objectives neces-
sary for the comprehensive analysis of system requirements are defined
in Egs. (1a)—(1e). Objective O, determines the minimal required battery
size, while Objective (9, minimizes port power consumption. Objective
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O3 reduces DEG ramping, whereas Objective ¢, minimizes switching
between ON-OFF states. Finally, Objective O5 seeks to minimize bat-
tery throughput. The model constraints are shown in Eq. (2). Eq. (2a)
depicts the load balance equations where Pp;(t) is the DEG power,
P, (1) is the battery power and P, is the power demand. For
battery electric requirements or during silent operations, Ppp; = 0. At
the harbour/port, the power balance equation is provided by Eq. (2b),
where P, (1) refers to the port power. The energy in the battery is
denoted by E,, and Egs. (2c) and (2d) represent the energy present
in the battery at time t. In Eq. (2d), EZZI refers to the initial energy
content in the battery. The output power and state of the DEG is limited
by Egs. (2e) and (2f) where PDEG,”,”’ Pp EGp gy refer to the maximum
and minimum power the DEG can provide and Up;(f) is the binary
decision variable the decides the state of the DEG. For optimal loading
requirements, Ppgg ~(up) and Ppgg  (up) are 70% and 90% of
DEG capacity (1), respectively. For other hybrid system requirements,
Ppeg,,, and Ppgg,  are 20% and 100% of DEG capacity. The ramp rate
of the DEG is modelled in Eq. (2g). Here, R, refers to the maximum
allowable ramping rate for the DEG, which is 0.05 pu/second. The
change in power between two consecutive time steps is represented by
the decision variable APp (7). This is used in Objective O3 to minimize
the ramping of the DEG. In Eq. (2h), AUp;(t) captures any change
in the state of the DEG, representing transitions between ON and OFF
states. The absolute difference |Upgg (1) — Upgg(t— 1)| records these state
changes over time. This term is used in O to minimize the frequency of
switching the DEG ON and OFF. Both Egs. (2g) and (2h) are modelled
using the Big-M integer method. The decision variables Pport (1), Porg (1),
and Ey, (1) hold values greater than or equal to zero, as represented in
the inequality constraint in Eq. (2i). Finally, Eq. (2j) ensures that the
energy in the battery is always lesser than the net battery capacity.
The generalized battery requirements obtained from the MILP model
are used to derive chemistry specific requirements as detailed in Eq. (3).
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Table 3
Vessel specific requirement.
Vessel Requirement Port
T1. Battery electric Yes
T2. Silent sailing and waiting Yes
Tugboat T3. Optimal DEG loading No
T4. DEG power (0.5 pu) Yes
F1. Battery electric 2x
Ferr F2. Battery electric 1x
v F3. Optimal DEG loading 2x
F4. DEG power (0.5 pu) 2x
FV1. Battery electric Yes
FV2. Silent low power and Fishing No
Fishing Vessel FV3. Silent low power and Fishing Yes
FV4. Silent low power and Fishingand optimal DEG loading Yes
FV5. Silent low power and Fishingand DEG power (0.5 pu) Yes
Cruise C1. Optimal loading during cruisingand max 0.5 pu in port No
C2. Max DEG power = 0.75 puand max 0.375 pu in port No
Y1. Silent anchoring Yes
Yacht Y2. Silent low power cruisingdemand < 0.5 pu and anchoring Yes
Y3. Optimal DEG operation in cruisingand silent anchoring operation Yes
Y4. DEG power (0.75 pu) Yes
DP D1. Battery as spinning reserve No
D2. Battery for load smoothing No
CRI1. Battery electric No
Crane .
CR2,3. Battery for load smoothing No
The battery’s charge and discharge power are calculated using Egs. (3a) Table 4
and (3b). The required number of cells is determined according to Parameters calculated from (Kistner et al., 2024).
Eq. (3c), where the maximum number of cells necessary to meet the Cell and system (sys) Parameters LFP NMC LTO
charging power, discharging power, and net energy requirements is Energy (kWh) (E,,;) 0.733 0.252 0.053
considered. Fractional values for the number of required cells are Discharge power (kW) (P<"¢) 0.504 0.592 0.199
rounded up. Charge power (kW) (Pf:;f'ge) 0.536 0.234 0.223
Weight (kg/kWh) (W) 6.485 9.009 19.802
Volume (I/kWh) (Vol,,,) 6.579 8.333 12.920
O, = min £/ (1a) Cost (€/kWh) (Cost, ) 460 500 700
O, =min P, (1b)
T
O; = min Z APppg (1c) Pprc(® < PprG,,, " Upec® (2D
=1
’T |PprG(t) = Ppeg(t — DI < Ry = APpgg () (28)
O, = min Z AUpgg 1d AUppe(1) = Uppg(®) —Upgt — DI (2h)
=1 .
T Pport(t), PDEG(t)s Ehm(t) Z 0 (21)
Os = min ; | Pyt (1e) Ep (D), EM < EP 2j
A refined approach is employed, wherein each cell’s charge and dis-
charge power is determined by the minimum power it can consistent] i
" 8¢ DOwer & y pow Yoo plischarse _pax P () Vi (32)
deliver across its state-of-charge range. The minimum state of charge bat
at which the battery can potentially operate is set at 10%. Accordingly, P]f:t‘”ge = | min Py, (t)] Vt (3b)
the minimum power that the cell can provide at this state of charge peharge  pdischarge  pner
is determined using Eqs. (3d) and (3e). The minimum continuous cell Ny = max( ”"h’ , "d”_'—h, E""’ > (30)
. . . charge ischarge
power and energy values are presented in Table 4. The open circuit P, € P € cell
voltage values V,., C-rates I', cell charge capacity Q,,;, and internal peell = ySeC=01 ..o (3d)
resistance r are taken from the study (Kistner et al., 2024). The number bat ! e
of cells N, calculated is used to determine the battery’s energy, Vi=Voe =T Q-1 (3e)
required weight, required volume, and the cost of the installed battery. E =N._.-E 30
. . epe . req — *Vcell cell
Egs. (3f)-(3i) show the chemistry-specific battery requirements. Here,
E,,, is the required capacity, W1,,, is the system weight, Vol,,, is the Wiieg = Ereq - Wiy (38)
volume, and Cost,,, is the battery cost. Volypy = Eppy Vol (3h)
Costyoy = E, oy - Costyyg (31)
Ppec(®) + Pyt (1) = Pyemana (0 (2a)
Poat® = Pyemand () = Ppor (1) (2b) 4. Results and discussion
Ep (1) = Ep, (1 — 1) — Py (At (20)
E (D)= EM — P (DAr 2d) This section presents the results for each vessel type, followed by a
bar(D) = Epgr = Poar(1) discussion, as outlined in Sections 4.1 to 4.7. Additionally, Sections 4.8
Pppe(® Z Ppgg,,, - Upec(® (2e) and 4.9 focus on the generalizations derived from the results, including
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Table 5
Results: General battery requirements relative to maximum power demand.
Vessel Req. pllischarse (pu) Phrs (pu) E} (pu h) P, (pu)
T1 1 0.81 0.4 0.81
Tugboat T2 0.1 0.07 0.08 0.07
J T3 0.289 0.51 0.19 0
T4 0.5 0.02 0.04 0.02
F1 1 1.26 0.24 1.31
Ferr F2 1 2.97 0.45 3.06
v F3 0.29 0.69 0.05 0
F4 0.51 0.49 0.11 0.51
Fvl 1 0.99 7.99 1.08
Fv2 0.26 0.57 0.83 -
Fishing FV3 0.32 0.44 0.83 0.19
Fv4 1 0.63 0.83 0.1
FV5 0.5 0.34 1.66 0.28
Cruise Cl 0.37 0.33 1.08 -
Cc2 0.25 0.26 0.54 -
Y1 0.1 0.04 0.4 0.14
Yacht Y2 0.27 0.26 2.62 0.35
Y3 0.3 0.74 0.4 0.13
Y4 0.25 0.47 0.5 0.1
D1 1 - 0.5 -
P D2 0.24 0.16 1074 -
CR1 1 0.5 0.009 -
Crane CR2 0.7 0.7 0.005 -
CR3 0.24 0.25 6-1074 -

the power, energy, cycle, and chemistry preferences across various
vessel types.

4.1. Tugboat

The results obtained for requirements T1-T4 for the tugboat are
visually shown in Fig. A.14 (Appendix), and the battery requirements
are detailed in Table 5. Only requirement T1 includes a complete
charge and discharge cycle, as expected, since the system is battery
electric. The maximum discharge power P:;t“h”ge is sustained only
for 5 min during peak assisting mode of operation. In requirement
T2, where the battery is used for silent sailing and waiting, the pu
charge and discharge capacity is substantially lower than that of re-
quirement T1 since the battery can be charged onboard during low
loads and medium loads during assisting periods. This lower charging
requirement is also reflected in the port power necessary. Forcing the
DEG to load as in the case of requirement T3 optimally, the battery
requires a higher charging capacity compared to T2 since it has to
take the difference between the 0.7 pu of power that the DEG provides
and the power demand. For such a requirement port charging would
not be necessary. Reducing the capacity of DEG to 0.5 pu of the
maximum power demand allows for reduced charge rates since the
DEG is operational throughout the operating profile and charges the
battery slowly during low demands. However, higher discharge power
is necessary to provide for high peak loads of the assist phase. Among
all requirements for tugboats, the power-to-energy ratio is greater than
1 h~!, implying that high power batteries are necessary. However, the
need for high power is only significant during the assisting mode, which
constitutes a small portion of the operational profile. It is worth noting
that covering 50% of the power demand with a DEG can reduce E}¢
by a factor of 10 compared to running the tugboat on battery electric
operation. Since these vessels complete around five trips per day, the
battery is expected to undergo a high number of cycles.

4.2. Ferry

Full electric requirements of ferries F1 and F2 both require higher
charging than discharging power as shown in Table 5 and visually
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depicted in Fig. A.15 (Appendix). The number of equivalent cycles ex-
perienced by the battery system doubles when the number of charging
terminals increase (2 for requirement F1 and 1 for requirement F2).
However, this comes with the benefit of reduced net energy capacity.
Additionally, the port power needed in requirement F2 increases more
than a factor of 2 as compared to requirement F1. Therefore, increasing
the number of charging terminals on a ferry can reduce the required
battery capacity on board and the port power demands, resulting in
a higher number of equivalent cycles. In the case of requirement F3,
the DEG should be optimally loaded while not at the terminal/port,
resulting in the smallest battery size. The batteries are only used to
cover the power demand above the optimal range of operation of
the DEG. Requirement F3 has the highest energy throughput among
all requirements because the battery is constantly in use. The usage
is either discharging at the terminals or charging during low loads
while sailing or discharging during high loads of sailing. Much like
requirement F3, F4 charges its batteries during low propulsion periods.
However, it also uses the port power available to compensate for the
extra energy needed during higher power demand, as shown in Fig.
A.15. For ferries, a higher charging power is required compared to the
discharging power. This means that fast charging batteries are essential.
The size of the ferry’s battery is typically limited by the amount of
power it can handle during charging compared to discharging. Ferries
make significantly more trips per day compared to tugboats. It is
crucial to avoid charging the batteries to full capacity and leaving
them overnight, as this can accelerate calendar ageing. Proper charging
strategies are essential to balance capacity needs and battery longevity.

4.3. Fishing vessel

The general requirements for fishing vessels, listed in Table 5 and
visually represented in Fig. A.16 (Appendix), highlight the need for
batteries with higher energy density, as indicated by the power-to-
energy ratio being below 0.5 h~! in all cases except requirement
FV4. Battery electric fishing vessels require around units of energy for
every unit of discharge power, reflecting low C-rate needs. Although
requirements FV2-FV4 require the same battery size, they differ in
energy throughput and power-to-energy ratios due to the long low
power fishing operations. The power produced by the DEG showcases
powerdrops in Fig. A.16(d) for requirement FV4. These power drops
are a representation of a feasible power split between the DEG and
the battery for the optimization problem. Smoother power splits can be
obtained if additional constraints are imposed. Charging methods also
impact battery cycles onboard charging (FV2) leads to full cycles, while
port charging (FV3) results in irregular cycles with varying depths of
discharge. Across all cases, fishing vessels require less port power than
ferries, as they spend more time in the harbour, often experiencing half
cycles, as seen in requirements FV3 and FV5. Every requirement except
FV1 necessitates more than 1.5 net cycles per day. Since the operation
of such vessels can be seasonal, it is essential to pick batteries where
calendar ageing is not as prominent.

4.4. Cruise ship

The cruise ship requirement C1 is determined by minimizing the
throughput of the battery, corresponding to objective ©s. The optimal
power split between the battery and the DEGs is illustrated in Fig. A.17
(Appendix). For this requirement, the battery system operates the DEGs
between 0.7 and 0.9 pu during cruising, while the battery covers peaks
when power demand exceeds 0.9 pu. The Table 5 details the net energy
and power capacities required for this operation. The power-to-energy
ratio for requirement C1 is less than 1 h™!, indicating the need for
batteries with high energy density. Furthermore, Fig. A.18 (Appendix)
depicts the cycle profile of the battery for requirement C1. The majority
of the battery’s throughput comes from large cycles, i.e., DoD > 0.2.
However, a significant number of cycles occur with DoD < 0.2, showing
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a mix of both large and small cycles in the operation. Much like
requirement C1, C2 has a power-to-energy ratio of less than 1 h~! and
a large number of small cycles as shown in Fig. A.18. However, the
major energy throughput comes from the large charge-discharge cycle.
Interestingly, a 25% reduction in DEG capacity does not lead to an
increase in battery power and energy requirements. This highlights the
importance of optimal sizing for the battery and other power sources.

4.5. Yacht

The yacht requirements Y1 for silent anchoring does not demand
significant discharging power from the battery system, as outlined in
Table 5 and visualized in Fig. A.19 (Appendix). The lowest power-
to-energy ratio requirement occurs in requirement Y3. Requirement
Y3 requires silent operation and low speed cruising on battery power,
necessitating a larger onboard battery capacity. In this scenario, the
DEG is primarily used during high power cruising. The requirement
Y3 also demands the highest charging power since the battery must
compensate for the power gap between the demand and the minimum
optimal DEG loading (0.7 pu). As shown in Fig. A.19, this results in
multiple charge—discharge cycles to keep the battery optimally loaded,
because the DEG’s optimal operation range exceeds the power demand.
Consequently, the battery charges and the DEG must turn off once
the battery is fully charged. In requirement Y4, reducing the DEG
capacity by 0.25 pu results in only a 0.1 pu h increase in battery
size, but there is a significant rise in energy throughput during the
operational cycle. Among the yacht requirements, Y3 experiences the
highest energy throughput and charging power demands. The discharge
power-to-energy ratio is consistently less than 1 h~!, implying that, in
hybrid yachts, batteries with higher energy density are preferred over
those with higher power density. Since yachts spend most of their time
inactive, their annual cycle demands are lower compared to ferries and
tugboats but their batteries must be resilient to calendar ageing due to
long periods of inactivity.

4.6. Dynamic position vessels

The power and energy requirements for DP vessels, D1 and D2, are
outlined in Table 5. For D1, where the battery serves as a spinning
reserve without actively contributing to the load, the required power is
1 pu, and the energy requirement is 0.5 pu h. As per DNV GL class
regulations (2015), energy storage systems can be used as spinning
reserves, and they must provide the necessary power to the power plant
for at least 30 min in the event of a single fault (Sorensen et al., 2017).
In the case of D2, where the battery also helps maintain average power
demand over a given period, the requirements of D1 still apply, along
with additional criteria detailed in Table 5. The power-to-energy ratio
for D2 is significantly higher than in previous examples. Moreover, the
battery experiences multiple microcycles, as shown in Figs. A.20 and
A.21 (Appendix), underscoring the importance of testing batteries for
such cycling demands in DP vessel applications. Over a year, the energy
throughput results in only 59 cycles, even if the battery is used 52% of
the time for load smoothing during DP operations. A split bus system
would require two such batteries. When used only as a reserve, the
battery remains fully charged and idle, which can accelerate calendar
ageing. Additionally, DP vessels have other modes of operation where
batteries can be utilized differently.

4.7. Vessels with crane

For crane operations, the requirements CR1 and CR2 are applied
to load profiles with and without regenerative power, as shown in
Fig. 10. Requirement CR1 is applied to the profile with regenerative
power, while CR2 is applied to both profiles. The details of charge and
discharge cycles for the regenerative load profile are in Table 5, where
the power-to-energy ratio exceeds 100 h™! in both cases. In CR1, the

4861

Energy Reports 14 (2025) 4851-4871

required charge power is lower than discharge power, and the number
of cycles increases with crane usage, although the DoD remains small
relative to battery size. For CR2, the DEG involved in the regenerative
load profile (see Fig. A.22-CR2, Appendix), both battery size and charg-
ing power requirements decrease. In the non-regenerative profile, the
DEG power is smoothened. In this requirement, the power-to-energy
ratio reaches 400 h™!, with a higher number of charge-discharge cycles
(see Fig. A.22-CR3, Appendix). This indicates that batteries for such
operations must provide high power relative to energy capacity to meet
the demands of crane functions.

4.8. Power, energy and cycles generalization

Fig. 11 shows the generalized requirements from Table 5 with
the corresponding power-to-net energy ratios. In Fig. 11(a), only 5 of
the 24 operational scenarios across 7 vessel types have charge ratios
greater than 10. Four of these relate to load smoothing, three in crane
operations and one in DP vessels. A similar distribution appears in Fig.
11(b), where discharge ratios follow the same trend.

The shaded regions highlight different battery requirements. The
blue region marks ratios below 1, where high energy density is needed,
while the red region marks ratios between 1 and 10, dominated by
ferry and tugboat operations. Out of 24 requirements, 12 fall into the
blue region for charging, including all fishing vessels, most yachts, both
cruise ship cases, and some tugboats. For discharging, 10 cases fall
into the blue region. The red region captures 7 ferry and tugboat cases
across both charging and discharging.

Overall, 19 of the 24 requirements lie below a ratio of 10. Of
these, 13 charging and 10 discharging requirements are below 1. This
indicates that most vessel operations can be met with existing lithium-
ion chemistries. Since the study is based on net energy, oversizing
batteries to meet lifetime requirements would further reduce these
ratios. Large batteries sized for other functions can also support load
smoothing, which on its own would require a high power-to-energy
ratio.

Fig. 12 illustrates the potential installed capacities across various
vessel segments and their specific requirements. The range of potential
installed capacities is based on data from Luca Trombetta et al. (2024).
As expected, cruise vessels and yachts require the largest battery ca-
pacities compared to other vessel types. Similar discharge power levels,
comparable to those of cruise vessels, yachts, and ferries, are found in
multi-megawatt DP vessels, which require batteries as a backup in case
of emergencies. In contrast, the energy required for crane operations is
several orders of magnitude lower than the energy storage required for
other vessel types. The discharge and charging power requirements are
similar to those of fishing vessels for tugboats, although fishing vessels
require significantly larger battery capacities than tugboats.

These generalizations have been further simplified and are pre-
sented in Table 6. Tugboats, ferries, DP vessels, and cranes require
batteries with higher power densities and lower cost per kW, in contrast
to fishing vessels, cruise ships, and yachts, which prioritize higher
energy densities. The number of cycles per day, in terms of energy
throughput, is highest for tugboats and ferries, while DP vessels and
cranes may undergo many cycles with smaller depths of discharge
throughout the day. Tugboats, DP vessels, and ferries can expect con-
sistent cycling throughout the year, whereas fishing vessels and yachts
experience cycles that depend on seasonal usage. For cruise ships, the
number of yearly cycles is determined by the time spent sailing versus
time at port, with more time spent sailing resulting in more cycles.

4.9. Chemistry specific generalizations

Based on the general requirements outlined in Tables 5, 6 and 12, a
chemistry specific analysis is summarized in Table 7. Additionally, Figs.
A.23-A.26 (Appendix) provide graphical representations of installed ca-
pacity, cost, weight, and volume for each battery chemistry. A maritime



S. Durgaprasad et al.

Energy Reports 14 (2025) 4851-4871

10* : . 10* : : . .
® Tugboat ® Yacht
® Ferry DP
— ° Fishing @ Crane —~ 10%} J
L 102 L ® ® Cruise ] I o
83 ® 33 10} ¢ ¢
=3 . [ﬂ
al ° L
g $ > 10! e
5. 10 @ = o
i3 2, 2 2
T % 5 3 ®
A AT 100 @ S
e
°® o
102 ' s 101 P — . |
0 1 2 3 0 0.2 0.4 0.6 0.8 1
charge discharge
Pyat (pu) Py (pu)
(a) Charge power-to-net energy ratio (b) Discharge power-to-net energy ratio
Fig. 11. Categorization of power-to-energy ratios.
102 Er 1 1 T _T1 T T T T T T T T T T Il T T 1 T T T T 3
& - . : 1 | :
= 100l it E
z - I ]
s f o ;
; : 1
S0t E :
(5] r ]
2 n ]
o
& |
1 O_4 IR [ L1 ] I TR TR NN B | | ]

PN &V Q\ Q’\z Q\ Q’\/ <£‘> Qb‘QQ\ L

Q

1
L >

N Y AN 4V a™ DN &)
LI L OO OL

i ol = & 44y des 'l

DP vessel

Tugboat Ferry

Fishing vessel

Cruise Yachts Crane

Requirements

=== Net energy required

=== Discharge power

Charge power

Fig. 12. Generalized battery requirements and potential installed capacities for various vessel types, including Tugboats, DP vessels, Fishing Vessels, Cruises, and
yachts (data from Luca Trombetta et al. 2024), Ferries (data from Al-Falahi et al. 2019), and vessels with cranes (data from Ovrum and Bergh 2015 and Kim

et al. 2019)

battery decision tree, synthesized from the previously discussed results,
is presented in Fig. 13.

The high charge power requirements for tugboats make LTO and
NMC batteries more favourable than LFP. While LTO batteries are
typically considered heavier and bulkier, they perform better than LFP
in situations where power demand limits installed capacity. This is
because a smaller LTO battery can deliver more power. However, NMC
batteries remain competitive with LTO for this vessel segment.
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In the case of DP vessels, under requirement D1, both NMC and
LTO batteries have the same installed capacity (kWh). However, NMC
batteries are a better choice due to their lower cost, weight, and volume
per kWh compared to LTO. For load smoothing, in requirements D2,
CR2, and CR3, where significantly higher power is required compared
to energy, LTO batteries are preferable over NMC and LFP batteries. In
Table 7, requirement D2 is highlighted in green, though LTO requires a
smaller battery size. This is because during DP operation, spinning re-
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Table 6
Generalized requirements.

Vessel %(h“) P};"n’,:: Daily cycles Yearly cycles
Tugboat >1 - 4-10 Consistent
Ferry >3 >1 Trips - Ports Consistent
Fishing <1 - <2 Seasonal
Cruise <1 ~ - Port stay
Yachts - - >1 Seasonal
DP >2 - Micro cyclesor standby Consistent
Cranes >100 <0.5 High -
P,
Yes —bat >1h 1 — No
¢ Epat ¢
P charge Pba ‘ 1
bat No — < 1h
discharge bat
P,
bat
§
Pdischarge Pdischarge
bat cell-NMC
ves  Dbat | Eceli-NMmC
J Yes
¢_No

DP

Ferries

Crui
Tugboat fHISe

DP
Crane

Tugboat
Fishing
Yacht

Fishing
Yacht

Fig. 13. Maritime battery decision tree.

serve requirements (D1) must be met alongside D2. For the requirement
D1, NMC performs better.

For ferries which demand high charging power, LTO batteries are
more favourable than NMC and LFP in terms of installed energy, cost,
weight, and volume. Ferries also have high energy throughput and
equivalent daily cycles, meaning the number of cycles per day is large.
Due to their lower cycle life compared to LTO, both NMC and LFP
batteries would need to be oversized to match the depth of discharge
requirements. This further strengthens the case for LTO batteries in this
vessel segment.

Energy intensive applications, such as fishing vessels, cruise ships,
and yachts, are constrained by the energy required onboard (with
the exception of requirement FV4). This means that regardless of the
battery chemistry, the same amount of energy is needed. However, the
lower volume per kWh (1/kWh) and kilogrammes per kWh (kg/kWh)
of LFP batteries make them more favourable for applications where
energy requirements are the primary constraint. For vessels like yachts
and fishing vessels, where energy throughput and equivalent cycles are
not as demanding as in tugboats and ferries, LFP and NMC batteries are
more suitable. Even from a lifetime perspective, these chemistries are
more advantageous in such cases.

There are clearly preferred battery types for different classes of
vessels, based on their operational requirements. This is depicted in
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the maritime battery decision tree shown in Fig. 13. For vessels that de-
mand higher charge power compared to discharge power and where the
power-to-energy ratio > 1 h™!, LTO batteries are the most favourable
due to their high C-rate capability, with NMC being the second choice
and LFP being the least favourable. On the other hand, for vessel
segments that require higher discharge power than charge power and
a power-to-energy ratio > 1 h~!, NMC batteries are preferred over
LTO because of their lower cost, weight, and volume. This is evident,
for example, when analysing the spinning reserve requirement in case
D1. Lastly, for vessels where the power-to-energy ratio is < 1 h™/,
LFP batteries are highly favourable. Despite NMC and LTO batteries
requiring similar installed capacities, the lower volume, weight, and
cost of LFP make it the ideal candidate, as seen in the requirements for
fishing vessels, cruise ships, and yachts.

5. Conclusion

The research focused on addressing two main questions. First, can
generalizations be made regarding the battery requirements for dif-
ferent vessel segments in the maritime industry? Second, among the
existing lithium-ion battery chemistries used in maritime applications,
which is best suited for specific requirements?

The results obtained from the MILP-based optimization framework
provide answers to the first research question by identifying opti-
mal battery sizing and operational power distribution across vessel
segments. Tugboats, ferries, DP vessels in load-smoothing mode, and
hybrid cranes all exhibit power-to-energy ratios > 1 h™!, indicating a
need for batteries with higher power delivery per unit energy. Ferries
typically require more charging than discharging power, and battery
electric operation for tugboats and ferries is more energy-intensive
than hybrid modes, but power capacity remains the limiting factor.
Yachts, cruise ships, and fishing vessels generally have power-to-energy
ratios < 1 h~!, favouring higher energy densities over power. However,
optimizing DEG loads (F3, FV4, Y3) demands power-to-energy ratios
> 1 h™!. Cranes require power-to-energy ratios > 100 h~! for all opera-
tions, with discharge power exceeding charging during regeneration.
Smoothing the load experienced by DEGs (as seen in requirements
D2, CR2, CR3) also consistently requires power-to-energy ratios >
100 h=L.

The second research question is addressed by evaluating battery
C-rates alongside volume, weight, and cost. Preferred battery types
vary by vessel class based on operational requirements, as shown in
the maritime battery decision tree (Fig. 13). For vessels with power-
to-energy ratios > 1 h™! and higher charge than discharge power,
LTO batteries are most favourable due to their high C-rate, followed
by NMC and LFP. Conversely, for vessels with higher discharge than
charge power and power-to-energy ratios > 1 h~!, NMC batteries are
preferred over LTO for their lower cost, weight, and volume, as seen
in spinning reserve requirement D1. For vessels with power-to-energy
ratios < 1 h™!, LFP batteries are ideal due to their lower volume,
weight, and cost, despite similar installed capacities to NMC and LTO,
as evident in fishing vessels, cruise ships, and yachts.

While the research questions have been successfully addressed, cer-
tain limitations in the research could potentially influence the results.
For instance, energy throughput and equivalent cycles were only briefly
discussed in the analysis. In the case of Tugboats, specifically for
requirement T2, NMC batteries were identified as the preferred choice.
However, tugboats typically require a large number of daily equivalent
cycles, which LTO batteries can provide more reliably than NMC bat-
teries at a specific depth of discharge. This implies that NMC batteries
might need to be sized larger than the indicative values discussed.
This limitation becomes more pronounced when the daily equivalent
cycles are greater than or equal to one and NMC or LFP batteries
are selected. Secondly, the batteries’ minimum continuous charge and
discharge power was calculated assuming a 10% state of charge. While
this assumption does not significantly impact the required capacities
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Table 7
Chemistry specific requirements.

Vessel| Req Size ‘ ‘

T1

Tug T2
boat T3
T4
F1
F2
Ferry 3 450
F4
FV1
FVv2
r FV3 | 500
Fv4
FV5
Cl1
C2
Y1
Yachts Y2 1000
Y3
Y4
DP bl 7500
D2
CRI
Crane| CR2

CR3 | 1250

2000

Fishin,
vessel

Cruisef

134.6

for LFP batteries, due to their relatively flat voltage curve across the
SoC range, NMC and LTO batteries exhibit a higher ﬁ, meaning
a smaller battery capacity could be sufficient if the minimum charge
and discharge power is considered at a higher SoC. In such cases, the
required installed energy capacity for NMC and LTO batteries might be
lower, particularly when power is the limiting constraint.

With this analysis, the battery requirements for different vessel
segments and functions, including the power and energy capacities
needed for various applications, have been successfully identified. This
contributes significantly to the process of selecting, testing and de-
veloping appropriate batteries for maritime use cases. Additionally,
the most suitable existing battery chemistries for different functional
requirements have been determined, providing a clear framework for
optimizing battery selection based on vessel-specific needs.
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