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Abstract Hybrid power supply systems integrate the use of different power sources,
converters and/or storages for the electrification of maritime applications in order
to reduce environmental impacts and contribute to resilience. In the area of port
infrastructure, there have been approaches to the hybridisation of RTG cranes, tugs
and drayage trucks, which have been equipped with batteries in addition to combus-
tion engines. These approaches can contribute to a reduction in fuel consumption of
up to 40% and thus to a reduction in greenhouse gas emissions and air pollutants.
With regard to shore-to ship power, there are promising solutions despite the lack
of harmonised standards, such as charging with lithium-ion batteries due their high
efficiency and power density, as well as battery swapping due to short recharging
times and the flexible use of energy from the grid. In the area of hybrid power and
propulsion systems, the comparison of diesel engines, fuel cells and batteries shows
that diesel engines have lower investment costs, but also lower efficiencies of up
to 52% compared to fuel cells with 60%. However, according to the EU HySeasIII
project, fuel cells combined with batteries can contribute to a significant reduction
in GHG emissions of up to 80%.
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CAPEX Capital expenditures

CCCC China communication construction co.

CP Controllable pitch

DBE Diesel battery electric

DC Direct current

DCS Data collection system

DE Diesel electric

DoD Depth of discharge

DWT Deadweight tonnage

EGR Exhaust gas recirculation

EMSA European maritime safety agency

ESS Energy storage system

EU European Union

FP Fixed pitch

GHG Greenhouse gas

GM Generator/motor

GT Gross tonnage

HC Hydrocarbons

HFCBE Hydrogen fuel cell and battery electric

HFO Heavy fuel oil

hp Horsepower

HT-PEMFC High temperature proton exchange membrane fuel cell

HVSC High voltage shore connection

IAPH International association of ports and harbours

MO International maritime organization

km Kilometer

KPI Key performance indicator

kV Kilovolts

kW Kilowatt

LCA Life cycle assessment

LCC Life cycle costing

Li-ion Lithium-Ion batteries

Im Lane meters

LT-PEMFC  Low temperature proton exchange membrane fuel cell

LVSC Low voltage shore connection

MARPOL International convention for the prevention of marine pollution from
ships

MDO Marine diesel oil

MGO Marine gasoil

MW Megawatt

MWh Megawatt-hour

NMC Nickel-manganese-cobalt Li-Ion battery

NMCA Nickel-manganese-cobalt-aluminium

NOx Nitrogen oxides

OPEX Operational expenditures
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OPS Onshore power supply

PGM Platinum-group metals

PM; 5 Particulate matter 2.5 um

PMS Power management system

RoPax Roll on/roll off and passenger ferry
RoRo Roll on/roll off ferry

RTG Rubber tired gantry crane

SBC Shore-side battery charging
SBC-BS Shore-side battery charging—battery swapping
SFOC Specific fuel oil consumption

SPB Shore-side power banks

SOFC Solid oxide fuel cell

SOx Sulphur oxides

SSE Shore-side electricity

STS Shore-to-ship

TEN-T Trans-European transport network
TEU Twenty-foot unit container

1 Introduction

Worldwide seaborne trade totaled 12,027 million tons in 2022, declining slightly by
0.4% in that year. However, a growth rate of 1.2% was recorded for 2023 and an
expansion beyond 3% between 2024 and 2028 is expected (United Nations Confer-
ence on Trade and Development 2023). A growth trend will likely continue in the
future. In addition to freight transport, maritime passenger transport is also growing,
although it was significantly affected by the COVID pandemic. The passenger volume
reached 31.7 million passengers in 2023, surpassing by 7% the pre-pandemic level in
2019. Moreover, a 10% increase in capacity is forecasted for the years 2024 through
2028 (Cruise Lines International Association 2024).

The Fourth Greenhouse Gas (GHG) Study by the International Maritime Organi-
zation (IMO) estimates that maritime shipping contributed approximately 2.8% to the
global anthropogenic CO, emissions in 2018 (Faber et al. 2020). More recent statis-
tics from the IMO Data Collection System (DCS) platform gives account of a fuel
consumption totaling 212.3 million tons in 2021, resulting in estimated emissions of
660 million tons CO, after considering emission factors for different fuels (Marine
Environmental Protection Comittee 2022). In comparison, worldwide anthropogenic
CO, emissions were estimated at 36,816 million tons (Ritchie and Roser 2024).
While operational and technical measures have led to decrease in energy intensity
and higher efficiency, these gains have been outpaced by the growth of the sector,
therefore leading to increase of the of the total emissions produced by this industry,
what could lead to a higher impact in the future and a higher share of the total CO,
emissions. In addition, maritime transportation has considerable challenges for its
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transition and a complete fleet renovation or retrofitting is expected to take several
decades.

Although ships and their propulsion systems are often cited as the main source
of emissions, the issue is much more complex. The maritime sector involves not
only the water transportation activity itself, but also the activities occurring while
ships are at berth as well as the handling of cargo and passengers at ports which
can contribute massively to the environmental impact (Park 2022). On one side,
the IMO is responsible for developing and maintaining international regulations for
maritime shipping at international level. On the other side, port infrastructure and
their regulations tend to be managed locally by each country. This leads to different
regulations in force both on board or on shore.

In addition to the considerable pollution caused by cargo handling and passenger
activities at ports, ships at berth have also considerable emissions. At berth, although
the ship propulsion is not operating, other systems onboard require power. Often
these systems are lighting, air conditioning, electronic systems and any load due to
cargo handling. Thus, it is estimated that ships at berth emitted between 7.9 and 10.7
million tonnes of CO,eq emissions per year between 2018 and 2023 in the EU, which
represent a share of between 6.1 and 7.2% of the total emissions of ships bigger than
5000 gross tonnes in the EU (EMSA 2024). However, although ocean-going vessels
at port are important contributors to local air pollutants and GHG emissions, some
research also has shown that harbor crafts, cargo-handling equipment and heavy-duty
diesel vehicles have also relevant emissions, comparable or even higher than those of
the ships berthed at port, depending on the analyzed pollutant (Park 2022). Against
this background, several of these technological options are being tested, developed
and adopted both on as well as offshore to reduce local pollution and in addition
GHG emissions of maritime transportation, including electrification, hybridization,
and the use of renewable energy sources.

Hybrid power systems, which integrate the usage of multiple power sources,
converters and/or storages, offer a promising solution for reducing local pollution
and GHG emissions while also improving efficiency. In addition, electrification has
been seen as one alternative to integrate renewable energies into the energy supply
for waterborne transportation. Typically, hybrid power systems consist of internal
combustion engines and energy storage systems including technologies like batteries,
supercapacitors or flywheels. Other solutions may include fuel cells or other power-
generation technologies (Geertsma et al. 2017; Damian et al. 2022; Inal et al. 2022).
On the other hand, hybridization leads to the electrification of operations by the use
of multiple power sources that can be integrated as required. It also enables the inte-
gration of energy storage systems which, depending on the system specifications, can
be used as devices for peak shaving, load balancing and, in some cases, fully electric
operation (Kalikatzarakis et al. 2018). In addition to a possible reduction in envi-
ronmental impacts, this can also increase resilience, e.g. by enabling flexibilization,
redundancy, storage options and, to a certain extent, independent operation.

The next subchapters will explore the state of the art of possible hybrid solutions in
three key areas going from land to the shore by encompassing freight-handling infras-
tructure and vehicles/vessels at ports, shore-to-ship power technologies and onboard
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ship power and propulsion systems. In the latter case, selected key performance indi-
cators (KPIs) for technologies such as traditional internal combustion engines, fuel
cells and Li-ion batteries are explained and their possible developments partly up to
2050 are shown. The description of the state of the art will be finally exemplified
with a case study of a hydrogen fuel cell and battery hybrid ferry concept previously
developed in the project HySeas III.

2 Hybrid Power Solutions at Ports

Ports require extensive freight-handling infrastructure and vehicles. The construc-
tion and operation of both infrastructure and vehicles demand significant resources
and can lead to considerable air pollution and in general environmental impacts.
Traditionally, ports rely on local electrical grids for lighting, and to certain degree
for equipment operation. On the other hand, Fossil fuels are used for heavy machinery
like cranes and container handling equipment. With the need to reduce the emissions,
minimize the local pollution and move towards sustainability, ports are increas-
ingly electrifying their operations and integrating renewable energy sources like
photovoltaic panels and wind turbines into their energy supply.

According to a survey of the International Association of Ports and Harbours
(IAPH), 45% of the port investments in solar and wind energy are being executed
timely, although also 46% of the surveyed replied that they currently do not have any
planned investments in this subject (Notteboom and Pallis 2023). Energy Storage
Systems (ESS) such as electrochemical batteries are also being used for the storage
of fluctuating renewable energies and ensure a constant power supply and peak
shaving, both for stationary as well as for mobile applications (Kermani et al. 2021).
Alternative fuels or complete electrification are also envisioned to replace fossil fuels
used in the operation.

In this context, hybrid solutions that combine multiple generation and storage
technologies are becoming increasingly relevant as a potential alternative to systems
powered only by fossil fuels. In the next section, the hybridization trends of three
vehicles types commonly used in freight ports, rubber-tired gantry cranes, tugs and
drayage trucks, will be analyzed exemplarily.

2.1 Rubber Tired Gantry (RTG) Cranes

Rubber Tired Gantry (RTG) cranes are used to move and store containers at ports.
RTG cranes are mainly powered by diesel engines coupled with electric generators
to provide the power to lift the containers (Starcrest Consulting Group LLC 2012;
Antonelli et al. 2017). A typical RTG Crane is shown in Fig. 1, where the exhaust of
the diesel engine can be seen as a vertical rising pipe to the right of the crane. The
potential energy of the containers lifted is later dissipated during descent in resistive
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loads (Antonelli et al. 2017). Adding an energy storage allows the storage of the—
otherwise—dissipated energy for further use later as lifting power. As the power for
lifting containers can be partially supplied by the energy storage, a smaller generator
can power the RTG crane and operate at an optimal point. This contrasts with the
traditional operation for which the generator has to operate at multiple operational
points. Statistics on the emissions of RTG cranes at the Ports of Long Beach and Port
of Los Angeles, where some hybridization was tested more than a decade ago, show
that approximately 11% of nitrogen oxides (NOy) emissions and 9% of particulate
matters (PM) from cargo handling equipment is emitted by RTG cranes (Starcrest
Consulting Group LLC 2012).

Several projects have tested hybridization as one alternative to decrease the emis-
sions and fuel consumption of these cargo-handling equipment. Recent research
carried out by Antonelli et al. analyzed the typical operational loads of RTG cranes
in the port of Livorno in Italy and potential savings that a hybrid system including
electrochemical storage or supercapacitors combined with traditional diesel internal
combustion engines could offer (Antonelli et al. 2017). By means of the collected
data and simulations, this study identified the possibility of downsizing the internal
combustion engine installed in the RTG crane from the original 414 kW. The main
advantage of this is the operation of smaller engines for longer time at the design
point. However, smaller engines have often poorer fuel specific fuel consumption

Fig. 1 Typical RTG crane at the Port of Kiel, Germany. The crane shown is not hybrid but has a
similar function as the one shown in the figure (own figure)
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compared to the bigger engines, what partially offsets the savings of operating the
engines at their design point. The authors also analyzed the integration of 83.2 or
44.4 kWh Li-ion batteries with different cell chemistries. With the integration of
lithium batteries in hybrid systems compared with systems only including internal
combustion engines, the authors identified possible fuel savings from 30 to 60%,
depending on the ICE engine sizing (Antonelli et al. 2017). Some costs analyses were
carried out by the same authors by comparing a typically 414 kW ICE powered RTG
crane with hybrid versions including 414, 165 kW or 36 kW engines in combination
with batteries or supercapacitors. The main findings showed that the RTG versions
with unmodified engine size have an estimated decrease in fuel costs of around 30%),
whereas the engine-downsized versions manage to decrease the fuel costs down to
60%. Although the hybrid RTG versions with unchanged engine size result in a
higher purchase cost, hybrid RTG cranes break even within 3-6 years due to the
fuel savings (Antonelli et al. 2017). Other analyses carried out by Vlahopoulos and
Bouhouras in 2022 confirm the aforementioned results with reductions of up to 33%
of fuel consumption and payback times between 1.3 and 3.42 years (Vlahopoulos
and Bouhouras 2022).

The implementation of hybrid RTG cranes is transitioning from a research topic
into industrial application. Industrial equipment manufacturers already offer hybrid
options as part of their standard RTG crane portfolio, claiming fuel savings of up to
40% depending on the operation (Liebherr 2019; Konecranes 2024). Some specifica-
tions of the Energy Storage Systems (ESS) installed on hybrid RTG cranes powered
by battery systems are summarized in Table 1, with Battery Energy Storage Systems
(BESS) systems of comparable size to those mentioned by Antonelli et al. (Corvus
Energy 2024a).

Table 1 Reference projects of hybrid RTG cranes of the company Corvus Energy (2024a)

Year Country | ESS capacity | Number | Location
[kWh] of RTG
cranes
2015-2016 | China 94 20 Hybrid RTG Cranes of China

Communication Construction Co. (CCCC)
in the ports of Yangshang, Yidong and

Waigaogiao
2018-2020 | China 79 48 Hybrid RTG Cranes of China
Communication Construction Co. (CCCC)
in China
2020 United 170 25 25 hybrid RTG cranes in the of South
States of Carolina

America
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2.2 Tugs

Tugboats or simply tugs are vessels assisting other ships during maneuvers by pulling
or pushing them (Wirtsild 2024). Often these ships have a high power-tonnage ratio
allowing them to generate significant thrust at low speed, what is commonly named
bollard pull. A typical load profile of a tugboat shows that the engine load is much
higher (ten-fold) when assisting another ship than during loitering or waiting (Vu
et al. 2015). In efforts to reduce the air pollutants and GHG emissions, tugboats are
being progressively electrified or hybridized.

Some industrial electric and hybrid solutions are already available in the market.
The company DAMEN offers an electric tug fitted with battery packs with a storage
capacity of around 2800 kWh (DAMEN 2024). Wartsild has also disclosed the
production of thrusters for a 5000 hp (3728 kW) hybrid tug to be used in the Chinese
market (Wirtsila 2022). In addition, the company Rolls-Royce also disclosed the
production of an LNG tugboat powered by two 1492 kW MTU gas engines, 2 X
500 kW electric motors and additionally onboard batteries with 904 kWh capacity
for peak shaving during acceleration, maneuver or for electricity supply onboard
(Rolls-Royce 2024). The specifications of the tugboats depend on operational aspects
and particularly on the bollard pull required for the particular operations and cannot
be generalized. More information on ship propulsion and power systems for ships
will be explored in subchapter 11.4 (On Board Hybrid Ship Power and Propulsion).

In a study carried in 2010 and in the port of Los Angeles and Long Beach, reduc-
tions of emissions and fuel consumption of a hybrid power electric propulsion tugboat
compared to a conventional were analyzed (Jayaram et al. 2010). The emissions of
PM2.5, NOx and CO, emissions for the hybrid tug compared to a conventional tug
were found to be 73%, 51% and 27%, respectively. In addition, fuel savings of about
25-28% in favor of the hybrid alternative were described. However, most of the
impact was attributed to the use of gensets for propulsion rather than the onboard
BESS. Moreover, according to a document published by Siraichi et al. in 2015, the
implementation of the hybrid tugboat Tsubasa including 300 kWh lithium iron phos-
phate BESS onboard led to reductions of 20% in the fuel consumptions as well as in
the CO, emissions for the operation of the ship compared to a conventional tugboat
(Siraichi et al. 2015). According to the commercial producer of Tugboats DAMEN,
it’s model ASD TUG 2810 Hybrid can provide fuel savings of up to 30% and reduce
the NOx, PM, HC and CO emissions by up to 42, 39, 44 and 46%, respectively
(DAMEN 2014).

2.3 Drayage Trucks

Drayage refers to short distance transportation of goods, typically containers, within
ports or surrounding areas. Containers are often unloaded from or loaded onto a
vessel by one or multiple quayside cranes, with a frequency of around one to three



Waterborne Transport. Hybrid Power Supply for Electrification of Port ... 281

minutes. The step either prior or subsequent to this process involves large fleets of
trucks, conveying containers from or to the quayside cranes. For example, heavy-
duty diesel trucks including drayage trucks accounted for 32, 43, 37 and 49% of the
total NOy, particulate matter (PM, s), carbon monoxide (CO), sulphur oxide (SO,)
and CO,eq emissions by pollutant at the Port of New York and New Jersey in 2019,
respectively (Park 2022).

As in the other cases presented, hybrid solutions are being explored, tested and
implemented. Within a demonstration project in the port of Los Angeles in 2017, the
company Kenworth developed a hydrogen fuel cell and lithium-ion battery class 8
truck with a 100kWh battery pack and 85 kW fuel cell from the company Ballard.
The power of the entire system was rated at 360 kW/480 hp and the range of operation
was estimated at 320 km (WaterstofNet 2018a). The company US Hybrid also tested
adrayage truck with an 80 kW fuel cell and 30 kWh battery achieving a system power
of 367 kW and a torque of 3930 Nm. The estimated range for the truck is 320 km
with onboard hydrogen capacity of 25 kg (WaterstofNet 2018b). Furthermore, US
Hybrid has also launched a hybrid natural gas-powered drayage truck with over 85
kWh battery capacity and a 8.9-L gas engine and an on-board battery charger of up
to 20 kW (US Hybrid 2022). This engine is smaller than the 15-L used in the non-
hybrid versions. The range of the truck is around 1000 miles (1600 km) with both
compressed natural gas and battery and up to 35 miles (56 km) only with battery.
The truck traction power is 340 hp (253 kW). According to the press releases of US
Hybrid, the fuel economy of the hybrid drayage truck is as much as double as that
of the original 15-L gas engine. However, no absolute numbers have been disclosed.

2.4 Section Concluding Remarks

Hybrid power technologies are being used to mitigate pollution and GHG emissions
at port. Solutions for RTG cranes, tugs and drayage trucks were introduced in the
former section. Hybridization contributed to the reduction of typically between 20
and 40% of the fuel consumption for RTG and tugboats and drayage trucks. At the
same time significant reductions in air pollutants were also described. While speci-
fications vary for each of these applications, a growing trend in the implementation
of hybrid systems emerges, as these can decrease fuel consumption, air pollution
and GHG emissions. Moreover, established producers of industrial equipment are
already offering hybrid options in response to the demand of more sustainable port
operations.
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3 Hybrid Shore-to-Ship Power Solutions

When ships are berthed at port, they require energy to power their electrical and heat
(or cooling) loads. These loads are often referred as hotel loads and frequently not
bound to the propulsion system. Electrical loads are typically supplied by onboard
diesel generators. Depending on the ship type and size, the hotel loads can fall in
a range in the order of hundreds of kW for small ships to the order of tenths of
MW for big cruise ships, the latter consuming considerable amounts of electricity
for onboard equipment like air conditioning, lighting and other electrical loads.
In fact, 25% of the available energy on board of cruise vessels is used for hotel
loads (Marzi and Broglia 2019). Typically, diesel generators run on fossil fuels like
heavy fuel oil (HFO), marine gasoil (MGO), marine diesel oil (MDO), hydrotreated
vegetable oil or even natural gas. Depending on the fuel they burn, these genera-
tors can produce considerable amounts of air pollutants, particulate matter and GHG
emissions. Although influenced by the manufacturer, engine size, operational point
and fuel, typical specific fuel oil consumption (SFOC), falls into the range 180-210 g
fuel oil/kWh of electricity generated, which leads to CO; emissions of between 575
and 670 g CO,/kWh of electricity produced onboard (MAN Energy Solutions 2024).
In addition, assuming an engine is Tier [IMARPOL Annex VI compliant, the NOy
emissions would be between 2.0 and 3.4 g/kWh (Marine Environmental Protection
Comittee 2021). Particulate matter (PM) and black carbon (BC) emissions are in
practice below 100 mg/kWh and 50 mg/kWh. However, NOy, PM and BC emissions
are highly dependent on the engine load, being often higher at partial load, which is
often the case when ships are berthed (Kuittinen et al. 2024). Therefore, ships at berth
are also considerable sources of air pollution and GHG emissions. For comparison,
the GHG emissions of PV electricity ranges from 25.2 to 43.6 g CO,eq/kWh and
emissions for the production of electricity from fossil fuel generators can emit up to
1 kg of CO,eq/kWh of electricity (Stucki et al. 2023).

Shore-Side Electricity (SSE), also known as Shore-to-Ship (STS) power, Onshore
Power Supply (OPS) or—in a more traditional way—cold ironing, refers to the supply
of electricity from shore to ships while they are berthed. The shore electricity supply
allows to turn off the onboard generators, thus reducing the local air pollution. An
additional benefit of SSE is the reduction of the net GHG emissions, as long as
the electricity supplied from the shore grid or shore-based power supply has lower
emissions than that generated onboard. This is particularly the case if renewable
energies make an important part of the electricity generation matrix onshore.

According to Article 9 of the EU Regulation 2023/1804, SSE should be available
for all passenger seagoing container and passenger ships in Trans-European Transport
Network (TEN-T) maritime core ports by the beginning of 2030. This regulation
targets container ships, RoRo ferries and passenger ships with a Gross Tonnage
(GT) beyond 5000 GT, for which SSE should be used in at least 90% of the port calls
(European Parliament and the Council of the European Union 2023). As a result,
new solutions for SSE and practical use cases are expected to be developed or rather
implemented in the following years.
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Fig. 2 Architecture of SSE systems considering main component blocks considering AC or DC
electricity supply. Adapted from European Maritime Safety Agency (EMSA), 2022ab

The European Maritime Safety Agency (EMSA) produced already guidelines on
the subject of SSE equipment, technology, planning and safety (European Maritime
Safety Agency (EMSA) 2022a, b). EMSA so far considers different options of elec-
tricity supply to ships, including Onshore Power Supply (OPS), Shore-Side Battery
Charging (SBC), SBC Battery Swapping (SBC-BS), Shore-Side Power Banks (SPB)
and Port Generators.

Figure 2 shows the most important infrastructure components for SSE, focusing
on the options OPS and SBC. Additional options using AC and DC SSE supply
are shown. SSE consist systems of different components both onshore as well as
onboard. Other configurations are also possible.

The different options will be explained to the light of hybrid power systems in the
following sections and are described in detail in the current guidelines developed by
EMSA (European Maritime Safety Agency (EMSA) 2022a, b). Although the options
OPS, SBC and SBC-BS are not necessarily hybrid in nature, they will be explained
to understand their differences compared to the other hybrid alternatives.

3.1 Onshore Power Supply (OPS)

OPS consist of the supply of electrical power to ships at berth from a shore-side
source, such as the national grid or a local generation system. With this solution,
the electricity generation from auxiliary engines onboard can be replaced and the
generators turned off while at berth. Two types of OPS are existing; namely, High
Voltage Shore Connection (HVSC) and Low Voltage Shore Connection (LVSC).
HVSC is suited for ships with high power demand, such as container or cruise
ships. It includes a centralized frequency conversion at port substation. However,
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both the shore side and ship side must be designed and equipped to handle high
voltage electricity. The supply on the shore side can be occur at a voltage of 6.6 or
11 kV. Ships must have step-down transformers to adapt the voltage to the one of
the distribution networks onboard. In contrast, LVSC is suitable for ships with lower
power requirements or not equipped with a step-down transformer onboard. Typical
applications of LVSC are service and working vessels or tankers.

A key consideration is frequency conversion, which is necessary in some locations
where the local grid operates at 50 Hz, like Europe, Africa or Asia. Most of the ships
worldwide have distribution grids operating at 60 Hz, requiring frequency conversion
due to incompatibility when ship and local electricity grids have different frequencies.
Frequency conversion entails additional costs for SSE infrastructure. The use of OPS
could effectively reduce CO,eq emissions and local air pollutants emissions at ports
like SOy, NOj and particulate matter emissions, especially if the shore-side electricity
is generated with renewable sources.

OPS can be hybrid or non-hybrid depending on the power source (Fig. 2a), which
may include the national grid, port generators, renewable energy plants, electrical
energy storage or emergency back-up units.

3.2 Shore-Side Battery Charging (SBC)

Shore-Side Battery Charging (SBC) builds on OPS to charge onboard BESS using
AC or DC shore power supply. This option is increasingly relevant, as the fleet of
hybrid and electric ship fleets is growing. Key features of SBC include fast charging
capabilities, in some cases using high-voltage direct current (HVDC), for instance
2 MW at 1 kV DC. Moreover, greater flexibility in the internal ship arrangement, as
components like transformers can be on land, an important feature for ships which
internal spaces are occupied by battery compartments. Finally, depending on the
shore-side electrical power source, these systems can provide reduced GHG emis-
sions and reduce local pollution. Among the challenges are fire hazards due to battery
overheating and thermal runaway, interconnectivity and interoperability between
the onboard management system and shore-side charger and lack of standardized
solutions.

The electrical connection in SBC can be either wired (AC or DC) or wireless
(capacitive or inductive power transfer). Wireless charging offers some advantages
like reduced exposure to mechanical wear and corrosion and simplified docking
procedures, which are convenient for ships with opportunity charging like ferries,
for which charging time is limited and connection and disconnection times can
make charging unfeasible. However, the lower efficiency compared to wired charging
options is a major obstacle to the widespread use of wireless charging systems (Khan
et al. 2022).

One example of SBC can be found in the port of Oslo, where the company Cavotec
installed in 2020 an Automated Plug-in System (APS) for e-ferry charging (see
Fig. 3). The system is suitable for ferries with a charging connection in the bow,
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Fig. 3 Automatic plug-in system of the company Cavotec for charging of e-ferries. Source Courtesy
Cavotec (2024)

minimizing the space for onboard and shoreside equipment and maximizing the
possible charging time during passenger boarding and offboarding. This system has
been implemented for the electrification of the e-ferry service between Oslo City Hall
Pier to Nesodden in Oslofjord providing charge service to the ferries MS Dronningen,
MS Kongen and MS Prinsen (Cavotec 2020).

3.3 Shore-Side Battery Charging—Battery Swapping
(SBC-BS)

In the case of SBC-BS, the ships’ BESS are not recharged on board, but completely
replaced (swapped). This reduces the turnaround times of electric/plug-in vessels at
berth, eliminating the need of wait for recharging and enabling greater flexibility.
For smooth operation, modularity and standardization are important prerequisites. In
addition, the infrastructure of the interface between ship and shore should ensure fast
and safe handling of the battery module units (European Maritime Safety Agency
(EMSA) 2022a, b).

Some examples of this solution are already available. In 2023, Singapore has
launched their first fully-electric cargo vessel called Hydromover with swappable
batteries (Offshore Energy 2023). A photo of this vessel is shown in Fig. 4. The
battery system called PrwSwip includes 70 kWh x 6 NMC Li-ion batteries and is
connected through cloud-based service and management provided by the company of
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Fig.4 A photo of the Hydromover, a fully-electric cargo vessel with interoperable swappable
battery solution. Source Courtesy Yinson Green Tech (Offshore Energy 2023)

Shift Clean Energy from Vancouver. The lightweight, 18.5 m long vessel transports
up to 25 tons of cargo. The improved energy efficiency and lower maintenance
costs should save up to 50% of operating costs. The battery can be replaced within
minutes to minimize downtime. The vessel also had to undergo a comprehensive risk
assessment in relation to the operation and swapping of batteries to ensure compliance
with international safety standards in the maritime industry.

A swappable battery container for inland shipping was also announced in 2021
by the company Wartsild. The battery containers are installed on the 104 TEU
inland container vessel Alphenaar, which is powered simultaneously by two 20-
foot containerized battery banks onboard (Wirtsild 2021). According to representa-
tives of the company developing these systems, this concept can allow the reduc-
tion of the emission of 1000 tons of CO, and 7 tons of NOy per year. Each of the
containers include 45 battery modules totaling 2 MWh and are charged with certified
green energy at dedicated charging stations (Port of Rotterdam 2021; Zero Emission
Services 2021).

3.4 Shore-Side Power Banks (SPB)

OPS, SBC and SSB-BS are not necessarily hybrid. An extension of the SBC and a
hybrid solution are Shore-Side Power Banks (SPB). Power banks or shore side Elec-
trical Energy Storage (ESS) units in containers are used to temporally store on-site
electricity, which in some cases comes from renewable sources (European Maritime
Safety Agency (EMSA) 2022a, b). This can push simultaneously the deployment of
renewable energy sources in the port area and handle fluctuating/irregular electricity
production (e.g., renewable energies). For instance, overnight charging or charging
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during off-peak hours can decrease the stress on the local grid and increase the use
of cheaper electricity. Moreover, other services in the port area could be provided by
power bank energy as the containerized storage units can be deployed anywhere and
moved around the port. Given the challenges, the maintenance and safety care of a
large number of containers that are associated with particular fire hazards, are mobile
and have complex interoperability, can be costly (European Maritime Safety Agency
(EMSA) 2022a, b). Finally, due to the low energy density of batteries, container
energy banks require many units per MWh, which at the same time means a high
space requirement that can be very expensive in port areas due to space scarcity.
One example of SPB is the charging system implemented for the Ambherst Islander
II (fully electric) and Wolfe Islander IV (hybrid) passenger and car ferries oper-
ating in the Ontario lake in Canada. Due to the limited charging times, the ferries
require fast charging. However, the local grids of Millhaven and Stella harbors have
limited capacity. For this reason, each of the SBC stations servicing these ferries are
equipped with a dedicated 3.0 MWh BESS (Leclanché 2022). These SBC systems
charge the onboard 1.9 MWh (Ambherst Islander II) and 4.6 MWh (Wolfe Islander
IV) batteries. The BESS onshore are charged by the harbor grid and are connected
to the ferry through DC-DC converters with a capacity of 1800 kW. In this way, the
power drained from the local grid decreases from 1800 to around 1000 kW. Addi-
tionally, the BESS can also provide peak-shaving services during high consumption
periods in the harbor area.

Another example is provided by a research project in the ports of Kiel in Germany
and Gothenburg in Sweden. The EU-funded Sea Li-ion research project led by the
shipping company Stena and BatteryLoop explored the possibility of reusing lithium-
ion batteries from the automotive sector for a stationary ESS that supplies electricity
for electric ferries in the ports of Kiel and Gothenburg (Powertrain International Web
2022). The classification society DNV also supported this project. So far, only the
design of the ESS, the evaluation of the recycling potential of lithium-ion batteries,
the impact of the ESS on the electricity grid and a business case for electric ferries
and ESS in the Port of Gothenburg have been analyzed, but the aim is to make the
system a reality by 2030 and to operate the RoPax ferry “Stena Elektra” between
Gothenburg and Frederikshavn with it. The business case in the port of Gothenburg
has shown that there is currently sufficient electricity in the port. However, placing an
ESS in the port creates opportunities to free up electricity supply capacity for other
system services and support the electricity grid. According to estimations of the
project, 5% of the total electricity consumption in Gothenburg would be required to
charge a ferry (Powertrain International Web 2022). In other ports, however, an ESS
might be necessary to enable the charging of electric ferries without compromising
grid stability or building additional infrastructure.
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3.5 Port Generators

A final hybrid option discussed in the existing literature is port generators that
utilize micro-generation (European Maritime Safety Agency (EMSA) 2022a). These
systems aim to provide mobile and flexible electrical energy “on site”, especially in
the case of ports with limited access to the electricity grid or insufficient power for
the demand placed by berthing ships. Some examples include hydrogen fuel cells or
LNG hybrid power production barges, which can serve as port generators. A relevant
consideration is the required space for the installation of the power generation units
and safety aspects such as hazardous areas, low flash point or toxic fuels. Furthermore,
the sustainability of such solutions can only be guaranteed depending on the energy
sources used (e.g., green hydrogen) (European Maritime Safety Agency (EMSA)
2022a, b).

One example can be found at the Kirkwall pier in Scotland, where a 75 kW
hydrogen fuel cell supplied by Arcola Energy was placed to provide electricity for
ships and other activities. Moreover, the heat as by-product of the fuel cell is used
for nearby buildings. The hydrogen is produced by electricity from 900 kW wind
turbines and tidal turbines on the island of Eday and shipped to Kirkwall (BIG
HIT Project 2024; Surf ‘n” Turf Project 2024). The initiative was part of Surf ‘n’
Turf’s community renewable energy project, funded by Local Energy Scotland and
the Scottish Government’s Local Energy Challenge Fund, managed by Community
Energy Scotland and supported by partners EMEC, Orkney Islands Council, Eday
Renewable Energy and ITM Power.

3.6 Concluding Remarks

In the previous section, several options for the shore-side supply of electricity to ships
were discussed, including OPS, SBC, SBC-BS, SPB and port generators. Some publi-
cations have analyzed these alternatives with regard to different criteria (Khan et al.
2022; Mutarraf et al. 2022). For instance, Khan et al. (2022) evaluated different SSE
options, including SBC, SBC-BS and power banks in the sense of hydrogen produc-
tion, based on six parameters: cost, efficiency, environmental impact, recharge time,
durability and reliability. Based on their assessment, Khan et al. could show that SBC
with lithium-ion batteries performed best in terms of their high efficiency and power
density. Battery swapping is a promising solution to save time (low recharging time)
and utilize energy from the grid when demand is lower, but further improvements are
needed to simplify the process. Finally, the hydrogen production system enables an
external supply, which leads to a flexibility of the port and increases the continuity
of the service.

Even though various SSE options are available and first examples of implemen-
tation exist, the power supply is still primarily provided by the conventional variant
of the power systems on board. On the one hand, this has to do with the fact that



Waterborne Transport. Hybrid Power Supply for Electrification of Port ... 289

there are no uniform standards especially for hybrid solutions like SBC as well as
for electric vehicles (EV) and DC charging in the marine context. Moreover, the
diffusion of electrically powered ships (especially larger vessels) still does not seem
to be progressing as quickly as originally thought due to high costs, long charging
times, system complexity, local grid conditions and a lack of charging infrastructure,
which suffers the common chicken and egg problem. In particular, the low cost of
MDO and HFO seems to be an important argument in favor of generating electricity
on board instead of building infrastructure for SSE. However, an improved energy
management system, e.g. in the form of energy storage systems that can absorb peak
loads and use cheaper electricity at times of higher load, could help to improve the
efficiency and reduce the ship’s overall electricity costs (Tang et al. 2018; Kumar
et al. 2019).

4 On Board Hybrid Ship Power and Propulsion

In the past sections, different hybrid solutions for ports and shore-side electricity
were described. This section will be focused on the power and propulsion systems
of ships.

Internal combustion engines consuming HFO and MDO are ubiquitous in most
of the ships for propulsion and for the supply of electricity onboard. Nevertheless,
concerns about air pollution and global warming potential have prompted the industry
to explore alternatives to increase efficiency, reduce the environmental impacts and
decrease operating costs, while maintaining safety and performance in the opera-
tions. Three not mutually exclusive approaches to minimizing these problems are
(Geertsma et al. 2017):

e Abatement technologies: Engine modifications, exhaust gas recirculation (EGR),
fuel water emissions, waste heat recovery systems, sulfur scrubbers and selective
catalytic reduction (SCR) to combat air pollution. These technologies have largely
been used to tackle NOy emissions, which are regulated by the MARPOL VI annex
and classified under different “tiers”. Used so far to combat air pollution, these
systems offer only a limited effect when it comes to reducing GHG emissions
because gases like CO, are not captured or transformed in the process. Often,
these systems increase the CAPEX and OPEX of ships.

e Alternative fuels: Replacing the current fossil fuels by other fuels like methanol,
biodiesel, ammonia, hydrogen, among others. Depending on the pathway used
to produce the alternative fuels, the net effect of these can be favorable or not
in terms of air pollution and GHG emissions compared to the use of their fossil-
based fuels counterparts. Additionally, these substances are at the moment mainly
derived from fossil fuels and availability of renewable-based alternatives is still
limited.
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e Hybrid power systems: Design that integrates multiple power sources to provide
efficient and innovative propulsive power. It can typically consist of a combina-
tion of internal combustion engines (such as marine diesel engines) and often ESS
including batteries, supercapacitors, or flywheels. The designs are not limited to
use diesel engines, but can also utilize fuel cells or any other generation technolo-
gies as power sources. One benefit of electrical propulsion is its higher efficient
at low speed. Nevertheless, additional electrical components can introduce losses
of between 5 and 15% of the propulsive power.

In the remainder of this subchapter, hybrid power and hybrid propulsion systems
will be explored. The typical propulsion and power systems will be first introduced,
followed by the hybrid power and hybrid propulsion systems.

4.1 Propulsion and Power Systems Options

Various designs can be categorized based on the type of propulsion and how it
is powered. This situation is illustrated in Fig. 5, where the different options are
shown. The option for shore-side electricity discussed in the previous section are
also depicted for the different alternatives. Notice that two types of hybridization are
possible: either the propulsion can be hybrid by using more than one driver (Fig. 5c
and e) or the power supply can be hybrid obtaining power from different generation
options (Fig. 5d—f). These two options can be as well combined (Fig. Se).
The following sections describe different variations as presented in Fig. 5.

4.1.1 Mechanical Propulsion

The most typical option consists of a prime mover like a diesel engine or a gas
turbine which is mechanically coupled in a direct way or through a gearbox to
a propulsor (often a propeller). A separate electrical AC network supplied often
by diesel generators provides electrical power for onboard electrical loads. If both
ship and port have the necessary interfaces and infrastructure, shore-side electricity
(SSE) may supply electricity for the onboard loads while at berth. A schematic
representation of this option can be seen in Fig. 5a, where propulsion and the electrical
loads are not coupled. Hybridization is not present in the propulsion or power system
of this configuration.

This type of propulsion system reaches its maximum efficiency at design speed
between 80 and 100% of the top speed. The advantages of this configuration
include low conversion losses due to fewer conversion steps (main engine, gearbox
and propeller), low complexity and low purchase cost compared to other options.
However, some disadvantages are limited maneuverability due to the operational
envelope of the propulsion engine, higher maintenance requirements under dynamic
loads, poor fuel efficiency and high emissions at speeds below 70% of maximum
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Fig. 5 Schematic comparison of different ship propulsion and power systems. Adapted from
Geertsma et al. (2017) by adding Shore-Side Electricity (SSE)

speed, reduced availability in case of drive train failure leading to loss of propulsion,
high NO, emissions under certain operating conditions as well as noise and due to
the transmission system.

Mechanical propulsion is the preferred application for ships operating at a single
speed, typically cargo ships and fast crew suppliers. For other ship types that operate
at low power in their operational envelope, like tugs or offshore vessels with dynamic
positioning (DP), this type of propulsion result in a poor performance in terms of
fuel consumption and emissions. In these cases, electric or hybrid solutions may be
more suitable.

4.1.2 Electrical Propulsion

Figure 5b illustrates a typical electrical propulsion, which consists of multiple diesel
engines coupled to electrical generators and integrated through a high voltage elec-
trical bus. Propulsion motor drives and hotel loads are electrically fed from this bus,
often requiring transformers and power electronic converters (Geertsma et al. 2017).
As in the former case, if both ship and port have compatible interfaces and infras-
tructure, shore-side electricity (SSE) may supply electricity while at berth and the
onboard generators can be shut down.
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Electric propulsion is a fuel-efficient solution when the hotel load is significant
compared to the propulsion load and the operating profile is diverse. The number of
running engines and their operation is controlled by a power management system
(PMS) matching the power required by propulsion and hotel load with the power
produced by the generators. Important benefits of these systems include:

e Lower NOy emissions, as these systems make use of more engines operating often
at the design point, at which they typically produce less NOy emissions.

e Reduced maintenance loads are reduced as the engines are shared by propulsion
and hotel load.

e Lower noise and vibration are produced in the absence of transmission systems.

e High system availability, due to redundancy of engines and the possibility to
operate in a broad operational envelope.

e Mechanical transmission requires a shaft to transfer the mechanical power
produced by the engine to propellers. Electrical propulsion does not require a
shaft connecting engine and propeller, so the absence of shaft-line along the ships
allows more design-freedom.

In contrast, the main disadvantages of these systems are:

e Increased losses due to more power conversion stages, which leads to higher
specific fuel consumption (SFC) near top speed.

e Poor fuel consumption and high emissions due to engines running at low part load
in applications like Dynamic Positioning (DP) to achieve high availability.

e Susceptibility to voltage and frequency swings that can occur due to changing
loads, which in turn can switch off electrical systems with the consequence of
reduced reliability and availability.

Electrical propulsion is broadly used on cruise ships, ferries, drilling or offshore
vessels with dynamic positioning, cable layers, icebreakers and naval vessels. Aspects
like the redundancy of the engines, which is offered by these systems, have been
particularly relevant for applications like DP, where maintaining the position even in
fault conditions is necessary. Redundancy provides spinning reserve that guarantees
the availability of power.

4.1.3 Hybrid Propulsion

Figure 5c illustrates a hybrid propulsion system, which combines a mechanical drive
with an electrical motor. The electrical motor provides the power to drive the propul-
sion system at low speeds. At high speeds, the mechanical drive takes over and
provides primary propulsion. In addition, the electrical motor can also act as gener-
ator to supply electricity to the loads (Geertsma et al. 2017). Therefore, this item
is tagged as GM (Generator/motor). As in the two former cases, shore-side elec-
tricity (SSE) can supply electricity while at berth, provided that the corresponding
interfaces and infrastructure is present onboard as well as onshore.
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The main advantage of hybrid propulsion is the combined benefits of electrical
and mechanical propulsion, often requiring a trade-off between their features, like
efficiency, noise reduction and fuel consumption. Main applications for hybrid power
systems are naval ships, towing vessels and offshore vessels. Hybrid propulsion can
be provided by non-hybrid power systems, as in many cases the prime movers of the
systems are diesel engines.

4.1.4 Electrical Propulsion with Hybrid Power Supply

Ilustrated in Fig. 5d, a distinctive aspect in this case is the connection of all the power
sources or ESS through an electrical bus bar. This contrasts with hybrid propulsion
or purely mechanical propulsion, for which the propulsion engines directly provide
mechanical power to the propulsion system. The onboard ESS allows the storage
of electricity produced by the generators or even by shore-side electricity supply.
By storing electricity from the grid onboard for later use in propulsion, the fuel
consumption of the engines can be reduced (Geertsma et al. 2017). If the shore-side
electricity charging the ESS is from low-GHG sources, such as renewables, the net
GHG emissions of the ship can be reduced, not only while it is berthed but also
during propulsion, this being an advantage over mechanical or electrical propulsion.
Moreover, a combination of two or more types of power sources can be achieved,
including:

e Combustion-based power supply based on diesel engines, gas turbines or steam
turbines connected to an electrical generator.

e FElectrochemical power supply from fuel cells

e Stored electrical power supply from energy storage systems, such as batteries,
flywheels or super capacitors.

While the application of hydrogen fuel cells in ships has been so far been limited
mainly to submarines and demonstration projects, the usage of battery energy storage
for propulsion systems is becoming increasingly widespread. Different variants are
available, depending on how the storage system is connected to the electrical system:

e At the main high voltage bus bar through an AC/DC converter (Option shown in
Fig. 5d)

e At the low voltage bar through an AC/DC converter

e Directly using a DC/DC converter to the direct current link of the propulsion
converter.

One of the main benefits is that the ESS can provide power when the opera-
tion of other generators at partial load is inefficient and can then be recharged by
operating any generation source at its optimum operating point. Additionally, load
balancing and peak shaving are possible with ESS, so that efficient operating points
are maintained. Onboard storages enable recharging from shore-side reducing fuel
consumption and local emissions. The integration of renewable sources can decrease
the global warming potential of the ship’s energy supply.
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ESS can store the energy generated by braking motors, as it is the case with
heavy crane installations and offshore vessels with heave compensation. Further-
more, ESS can provide backup power in case of failure of other generators, replace
spinning reserves and enhance the availability of the propulsion, which is crucial for
applications using DP.

Challenges include the complex control strategies compared to mechanical or
electrical options and the additional maintenance and purchase costs. The higher
costs can be partially offset by the ability to downsize some components due to
redundancies and reducing component size through peak shaving.

The main applications so far are tugs, ferries and offshore vessels. An interesting
example is the MV Hallaig, which demonstrated 35% fuel savings in the trial phase
compared to a mechanical propulsion system. Around 24% of the fuel savings were
due to overnight charging using electricity from the grid and 11% to optimizing
operation with the energy management system (Geertsma et al. 2017). Some studies
have found fuel savings between 7.9 and 17.6% for different types of ships (Karvounis
et al. 2022).

4.1.5 Hybrid Propulsion with Hybrid Power Supply

This option combines the exceptional efficiency of direct mechanical drive and the
flexibility of ESS for electrical supply, as found in Fig. Se. By storing electricity
from onboard generators, shore-side electricity or both, this option can reduce the
net GHG emissions if the GHG emissions of the shore-side electricity are low. At low
propulsion power, an electric drive propels the ship conveying power from electrical
generators or the ESS. At high speeds, the mechanical drive takes over as prime
mover. The electric drive can also work as generator supplying electricity to onboard
electrical loads or for storage in the ESS. Therefore, the generator/motor is labelled
“GM” in Fig. Se.

Therefore, this alternative aims at combining the high efficiency of mechanical
propulsion at high speed with those of the electrical propulsion with hybrid power
supply at low speed. Main challenges are complicated control strategies and costs.
Hybrid propulsion with hybrid power supply is being researched for tugs and yachts.

4.1.6 Electrical Propulsion with DC Hybrid Power Supply

DC grids offer several benefits over traditional AC grids, including lower fuel
consumption and emissions at partial loads, lower noise levels and improved
resilience to interference as the frequency does not play a role in the stability of the
grid. This is because engines can operate at variable speeds in DC grids, reducing
mechanical and thermal loads, in contrast to AC grids in which engines have to
operate at a constant speed despite changes in the loads. Additionally, DC architec-
tures require fewer and smaller switchgears and are less prone to faults spreading
throughout the onboard grid. In turn, implementing a DC grid has the disadvantages
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of requiring extensive power electronic converters with high costs, fault protection
systems and complex control strategies (Geertsma et al. 2017). This particular type of
propulsion system together with DC hybrid power supply is demonstrated in Fig. 5f,
where all the electricity is converted to direct current and fed to the busbar, before
being reconverted back to AC for onboard electrical loads and propulsion.

DC power supplies are commonly used in submarines in combination with battery
packs for air-independent propulsion. The technology has also been tested in ferries,
offshore vessels, drilling ships, research vessels and wind farm support vessels. DC
is also being used in the first completely electrical vessel, MF Ampere in Norway
(Geertsma et al. 2017).

4.2 Trends of Hybrid Power and Propulsion Systems

A top-down picture of the topic of hybridization of power supply for ships will be
presented in this section. The statistics for this section were inferred indirectly from
data on the electrification of ships. Therefore, the focus here is mainly on ships with
onboard ESS and in line with hybrid power supply (Fig. 5d and e). As of August 2024,
and according to data of the class society DNV, 944 ships fitted with batteries are in
operation and 451 on order (DNV 2024). The ships are categorized as hybrid, plug-in
hybrid and pure electric, with a slightly different categorization in comparison with
the previous section. Hybrid and plug-in hybrid refer to ships combining batteries
with other power systems, having in the latter case the possibility of charge from
shore. Pure electric refers to operation relying entirely on onboard batteries. Figure 6a
shows that an important share (37%) of the ships fitted with onboard batteries are car/
passenger ferries, followed by ships for other activities (20%), offshore supply vessels
(11%) and fishing vessels. Moreover, Fig. 6b shows that most of the ships operate
either in Europe excluding Norway (35%) or specifically in Norway (33%) with
the rest elsewhere. Norway is a remarkable case for electrification of car/passenger
ferries and the biggest market of this type of ship in Europe. In terms of different
applications and as shown in Fig. 6¢, 64% of the ships are hybrid, 17% are plug-in
hybrid and 19% are fully electric. Finally, Fig. 6d shows that around 50% of the
fleet operating with batteries is not more than four years old or was fitted in the last
four years, with the ordered fleet being around one third of the current fleet by ship
number.

The statistics reveal that hybrid, plug-in hybrid and pure-electric ships are gaining
relevance. While, car/passenger ferries dominate the trend, similar solutions are being
adopted for other ships. A big share of this trend is taking place in Europe. Finally,
the orders of future ships fitted with hybrid, plug-hybrid and pure electric onboard
power systems for the following years are comparable to the existing ships fitted
with this solution, showing an increasing adoption.
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4.3 Key Performance Indicators (KPIs) of the Components
of Hybrid Power Supply Systems

Following the classification of the different propulsion and power systems for ships,
a description of the KPIs will be presented in the following section. The section
will start by describing the typical features of propulsion systems for ships. Later,
the technical and economic features of diesel engines, fuel cells and batteries as
important components of most of the hybrid power systems will be described and
contrasted.
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4.3.1 Ship Propulsion Requirements

Ships and their propulsion plants are traditionally optimized for their operation under
calm water conditions. The power required by the propulsion system at constant speed
depends on ship’s frictional, residual and air resistance. Additionally, the acceleration
required by the operational conditions may also drive the selection of the propul-
sion and power system. Ships requiring more acceleration demand a higher power-
to-displacement ratio. However—and specially for cargo ships—Ilowering the fuel
consumption has resulted in low power-to-displacement ratios, accelerating slower
than previous designs (MAN Energy Solutions 2018). Off-design conditions related
to rough weather or waves are handled in the design phase by adding a sea margin
typically comprised in the range of 15-25% of the power required in calm water
conditions (Taskar et al. 2016).

Table 2 highlights the diversity of ship types, engine speeds, and main engine
power. The broad range of typical main engine power is largely due to variations in
speed, size and engine types, even within each ship category.

4.3.2 Internal Combustion Engines, Fuel Cells and BESS

Most of the hybrid solutions so far envisioned for ships include either the traditional
diesel engines combined with BESS or fuel cells. The main features of these systems
will be introduced in the following sections.

Internal Combustion Engines

Both Diesel and Otto cycles can in general be used to produce mechanical power
for propulsion. However, the Diesel cycle offers some advantages related to higher
efficiency, fuel quality and higher compression ratios (Hannemann 2024). Being
more common, the following section will describe some KPIs for diesel engines.
KPIs for diesel engines depend heavily on the size and type of engine. Medium
speed four-stroke engines have a higher specific power and a higher power density
than low-speed two stroke engines. However, the latter have a superior fuel economy
and therefore a higher efficiency. Exemplary values for two- and four-stroke diesel
engines are summarized and compared in Table 3 (MAN Energy Solutions 2018).

Fuel Cells

Although hydrogen fuel cells have found so far limited applications for ships, these
devices are being increasingly studied and tested. A summary of KPIs for different
fuel cell (FC) technologies can be found in Table 4.

Future technology targets as defined by the Clean Hydrogen Joint Undertaking
in the EU can be found in Table 5. It is noticeable that the FC module CAPEX for
heavy duty vehicles are estimated to be lower than those for maritime applications.
CAPEX for maritime applications are expected to be around 1000 EUR/kW by 2030
in comparison with heavy duty vehicles, for which CAPEX are expected to be below
100 EURV/k. In addition, the system lifetime is expected to be longer for maritime
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Table 2 Typical characteristics of different ship types.

Category | Type Propeller | Main Size factor Speed (kn) | Typical main
engine engine power
type (MW)

Tanker Crude oil 1 FP 2-stroke | dwt 13-17 10-35

Gas tanker/ 1 FP 2-stroke, | dwt/cubic 1620 2-45
LNG carrier steam meter (cbm)

turbine
Product 1 FP 2-stroke | dwt 13-16 2-12
Chemical 1 FP 2-stroke | dwt 15-18 3-20

Bulk Ore carrier 1 FP 2-stroke | dwt 14-15 3-32

carner Regular 1FP 2-stroke | dwt 12-15 5-64

Container | Liner carrier |1 FPor2 |2-stroke |teu 20-23 10-80

ship FP

Feeder 1FPorl |2or teu 18-21 <12
CP 4-stroke
General General 1 FP 2 or dwt/nt 14-20 2-28
cargo ships | cargo 4-stroke
Coaster 1FPorl |2or dwt/nt 13-16 <12
CP 4-stroke

RoRo - 1CPor2 |2or Lane meters | 18-23 0.7-32

cargo ship CP 4-stroke | (Im)

Passenger 2 CP 2 or Passengers/ | 18-23 0.7-32

cargo ship 4-stroke | Im

Passenger | Cruise Ship |2 CP 4-stroke | Passengers/ | 20-23 0.8-97

ship gt

Ferry 2CP 4-stroke | Passengers/ | 16-23 0.8-68
gt

2 FP fixed pitch, CP controllable pitch, DWT deadweight tonnage, TEU twenty-foot unit, GT gross
tonnage, Im lane meters

Source MAN Energy solutions (MAN Energy Solutions 2018) and data from ship-db.de (Hanne-
mann 2024)

applications by 2030 (see KPI Fuel cell system lifetime) than for heavy duty vehicles
(see KPI FC stack durability). Since maritime applications require high power (see
Table 2), the fuel cell power rating is expected to increase from around 500 kW in
2020 to around 20 MW in 2030. Finally, topics related to the loading of platinum-
group metals (PGM) and power density at cell level are also considered for the
development of stacks for heavy duty vehicles.

BESS

BESS are rapidly evolving and being adopted for maritime applications. Table 6
summarizes the features of some products used for maritime applications according
to specifications made public by their manufacturers.
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Table 3 KPIs of diesel engines

299

KPI Unit Two-stroke diesel Four-stroke diesel
engines engines

Power range kW 3200-82,440 1290-19,200

Specific power Wikg 32-50 57-336

Power density W/L 2644 44-295

Specific fuel oil g/kWh HFO 151.5-175.5 174.4-2022

consumption at 75%

Specific gas g/kWh methane + g/ (126.3 + N/A

consumption + kWh HFO 2.9)-(133.9 + 3.1)

specific pilot oil

consumption (1.5%)

at 75%

Specific gas g/kWh methanol 4+ g/ | (306.9 + N/A

consumption + kWh HFO 9.8)—(322.1 + 10.2)

specific pilot oil

consumption (5%) at

75%

Capital costs $/kW 240-420 Korberg 238-493 Talluri et al.
etal. (2021), Dotto | (2016), Wartsild
and Satta (2023) (2016), Korberg et al.

(2021), Karvounis
et al. (2022), Dotto and
Satta (2023)

Based on the Marine Engine Program of MAN Energy Solutions (2024). Capital costs are taken
from literature references

4 Diesel generators for maritime applications typically consist of a four-stroke diesel engine which
and an electrical generator assumed with an efficiency in the range 95-97%; therefore, the SFOC
for diesel generators is the range 180-213 g/kWhg

As aresult of the highly dynamic market of BESS and their parallel development
for massive markets like land transportation, their prices and particularly those of
Li-ion-based BESS are decreasing rapidly due to technological progress, upscaling
of production and economies of scale. Figure 7 shows predicted price trends for
maritime batteries from the E-Ferry project. Industry sources report current prices
ranging from 400 to 420 EUR/kWh in 2024. However, the prices vary depending on
system scope and size. These prices are considerably higher than those for automotive
applications, for which forecasts predict a price at around 80 USD/kWh (approx.
76 EUR/kWh) by 2026 and faster than original predictions to higher energy densities
related with technological development and decreases in metal prices like lithium
and cobalt, which contribute considerably to the cost of producing Li-ion batteries
(GoldmanSachs 2024).

In general, KPIs for automotive applications are more developed and show the
trends that the industry is moving toward. A summary of present and future KPIs for
lithium-ion batteries is presented in Table 7.



300

Table 4 KPIs of fuel cells

J. C. G. Trillos and U. Brand-Daniels

KPI Unit LT-PEMFC HT-PEMFC SOFC
Operating °C 65-85 140-180 500-1000
temperature

Electrical efficiency | %#LHV 40-60 40-50 50-65
Hydrogen purity - >99.98% H, | <3% CO <20 ppm S
Cooling medium - Water mixture | Thermal oil Air
Specific power Wikg 125-750 25-150 20-80
Power density W/L 50-400 10-100 10-40
Stack life time Thousand hours 5-35 5-20 20-90
Start-up time (cold) Cold <10s 10-60 min > 30 min
Load transients Idle-rated power <10s <5 min < 60 min
Capital*costs 2021 $/KW 1000-2500 3000-5000 3500-8000
(2030) (60-600) (150-1500) (500-2000)

 Future expected values italic under current values
Taken from van Biert and Visser (2022)

Table 5 KPIs and future targets for fuel cell technology for heavy duty vehicles and for maritime

applications
KPI Unit 2020 2024 2030
Heavy duty | FC module EUR/KW | 1500 <480 <100
vehicles CAPEX
FC module % 85% 95% 98%
availability
FC stack Hours 15,000 20,000 30,000
durability
FC stack cost | EUR/KAW | >100 <75 <50
Power density | W/cm? 1at0.650 V. | High TRL: 1.0 |High TRL: 1.2
at 0.675 V at 0.675 V
Low TRL: 1.2 | Low TRL: 1.5
at 0.650 V at 0.650 V
PGM loading | g/lkW 0.4 High TRL: 0.35 | High TRL: 0.30
Low TRL: < Low TRL: <
0.30 0.25
Maritime FC power MW 0.5 3 10
applications | rating
Hydrogen TonHpy/h |0 2 20
bunkering rate
Fuel cell Hours 20,000 40,000 80,000
system lifetime
PEMFC EUR/KW | 2000 1500 1000
CAPEX

Based on Tables 16 and 17 of the Strategic Research Agenda 2021-2027 of the Clean Hydrogen
Joint Undertaking (2022)
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Table 6 KPIs of BESS for maritime applications Corvus Energy (2024b), Leclanché Energy
Storage Solutions (2024)

KPI Unit Leclanché MRS-3/65 Leclanché | Corvus

MR-3/72 energy
Orca ESS
Battery cell G/NMC, 65 Ah G/NMCA, |Li-ion
chemistry 72 Ah NMC/
Graphite

Operating Charge: 0 to 4 45 °C; Discharge:

temperature —20to +55°C

Electrical efficiency Typically, 85-90%, round Typically, | Typically,
85-90%, 85-90%,
round round

C-Rate discharge, |C-Rate |4.6C TBC 3C

peak, 20 s

C-Rate charge, C-Rate |2.8C TBC 3C

peak, 20 s

C-Rate discharge, C-Rate |2.7C 2.4C

continuous

C-Rate charge, C-Rate 1.8C 1.5C

continuous

Cooling medium Liquid cooled Liquid
cooled

Specific energy Wh/kg | 152-157 N/A 77

(pack)

Energy density Wh/L 249-270 N/A 88

(pack)

Specific energy Wh/kg | 101 112 76

(system)

Energy density Wh/L 108 120 76

(system)

Life time Cycles | 7000 at 80%DoD 6000 at -

4000 at 100%DoD 80%DoD

Alternative cell chemistries are under development. This implies developing
new cathodes, anodes, electrolytes in lithium-based batteries or even substituting
lithium completely for other elements like sodium (Cai et al. 2024), potassium (Xu
et al. 2023), calcium (Stievano et al. 2021), magnesium (Dominko et al. 2020), or
aluminum (Elia et al. 2021). Expected KPIs for some of these emerging battery tech-
nologies at cell level are currently collected on a regular basis by Batteries Europe
(Batteries Europe 2023).
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Fig. 7 Battery pack prices for maritime applications. Data gathered by Marstal Navigationsskole

combined with estimated and realized prices from the company Leclanché. Source Own plot with
data from Kortsari et al. (2022)

Table 7 KPIs for lithium-ion batteries

KPI Unit Level | 2020 2030 2050
Gravimetric energy density Wh/kg Pack |90-180 |190-2320 | >250
Cell |160-260 |275-320 | >350
Volumetric energy density Wh/L Pack |250-400 |450-550 | > 600
Cell |450-730 | 750-900 | > 1000
Gravimetric power density Wikg Cell |340-500 |800-1100 | > 1200
(100-20%
SOC)
Fast charging time min (20-80% | — ~1000 | ~2000 > 3000
SOC, 25 °C)
Battery lifetime to 80% end-of-life | Cycles - 15-30 10-15 <10
capacity for BEV (25°C)
Battery lifetime to 80% end-of-life | Cycles - ~1000 |Upto 2500-5000
capacity for stationary applications | (40-50 °C) 2000
Calendar life Years (80% - 10 10-15 15-20
energy)
Cost targets EUR/kWh Cell |60-100 |40-60 <50
EUR/kWh Pack |90-140 |65-110 40-70
Collection/take back rate - - - > 50% > 90%
Recycling efficiency by weight - - - > 40% > 90%
Economy of recycling - - - ~150% | ~50%

Taken from Armand et al. (2020)
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4.3.3 Comparison of Different Power Generation and ESS Technologies

In the previous section, a few key indicators about the three key technologies were
summarized. Combustion engines (diesel) as prime movers have a lower upfront cost
compared to fuel cells, especially in its LT-PEMFC and SOFC variations. Batteries
are not directly comparable because they are energy storage technologies and not a
mechanical or electrical power generation technology. Nevertheless, as their prices
are decreasing rapidly, they are becoming an option to store and provide power for
automotive applications and further onboard ships (GoldmanSachs 2024).

Considering the specific fuel consumption of the diesel engines and the heating
value of the fuels they can burn, their efficiency is in the range between 42 and 52%,
depending on the size and type of engine. The addition of one electrical generator
decreases the efficiency to around 46% in the best cases considering the production
of electricity. This is lower than the efficiency of fuel cells which is in the best
cases around 60%. Therefore, fuel cells promise a higher efficiency than the internal
combustion engines, with the tradeoff so far of a higher upfront cost. Specific power
and power density are relevant aspect for transportation equipment and those of fuel
cells and diesel engines are comparable.

Scalability is still an issue for fuel cells. The power demands for ships can go up
to two-digit MW, whereas currently the fuel cell modules offered in the market have
rated power around hundreds of kW. Therefore, power upscaling is one of the KPIs
for the upcoming years for fuel cells (see Table 7). Although in principle modularity
allows to put several modules together to meet the power demands, in reality this
becomes unpractical. Diesel engines as the incumbent technology come in power
outputs, often with smaller power in their four-stroke variation and higher in the
two-stroke.

The integration of these elements into hybrid power systems also requires a consid-
erable amount of equipment for the control of the different devices, fault protection,
voltage conversion, rectification, among others. This equipment is not mentioned
here, but can certainly have considerable additional costs and conversion losses
during the operation.

The following section will show an example of a hybrid hydrogen fuel cell battery
electric ferry, encompassing the motivations, the specifications of the system and how
this system compares to other alternatives in environmental and economic terms.

5 Case Study: Electric Propulsion Hybrid Power System
Ferry Developed in the Project HySeas I11

Building on previous sections, this section showcases an example vessel with an
electrical propulsion system and hybrid power supply (see Sect. 4.1.4). The EU
Horizon 2020 project HySeas III (Grant Agreement 769,417, 2018-2022) conceptu-
alized this hybrid Hydrogen Fuel Cell and Battery Electric (HFCBE) passenger/car
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(RoPax) ferry, for which approval in principle was granted by the end of the project
(European Commission 2022).

5.1 Motivation for the Concept Development

The HySeas III project aimed at developing and testing a hybrid Hydrogen Fuel Cell
and Battery Electric (HFCBE) RoPax ferry concept, with the final goal of creating the
world’s first sea-going hydrogen-powered vessel for the Orkney Islands in Scotland.
The project built on the previous feasibility studies (HySeas I and HySeas II) and
tested the effectiveness of hydrogen and fuel cells in seagoing vessels through testing
a real size power system on land. The selection of the route and the operation site
aimed also at the hydrogen availability and utilization in the Orkney Islands, a location
where hydrogen infrastructure is already existing and has been installed by other
parallel testing projects. The outcomes contributed to paving the way for future ship
construction by conceptualizing the ferry and its hybrid propulsion and power system,
designing and testing the power systems at real scale, conceptualizing the refueling
infrastructure and conducting market-potential and sustainability assessments. A
rendering of the concept developed in the project can be seen in Fig. 8, where the
compressed hydrogen tanks can be seen over deck.

I i - 5

o
HySeasqyy ™

va:L

Fig. 8 Rendering of the HySeas III RoPax hydrogen fuel cell RoPax ferry concept. Source Gomez
Trillos and Draheim (2022), created by Courtesy of ABL Group/Caledonian Maritime Assets
Limited
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’sI]‘;le:;lieﬁfa tisok;if general Ship Specification Value Unit
Route Kirkwall-Shapinsay
Number of crossings per day | 12 -
Operation speed 9.5 kn
Maximum speed 11.0 kn
Length overall 40 m
Breadth (moulded) 11.5 m
Depth (main deck) 2.5 m
Type of ferry Double-ended -
HGV 2 Units
Cars 16 Units
Deadweight 115 Ton
Lightship 315 Ton
Crew 4 Person

Source HySeas Preliminary General Arrangement Caledonian
Maritime Assets Limited (2021)

5.2 Technology Neutral Requirements

The carrying capacity, number of crossings and speed were specified according to
local transportation demands between the ports of Kirkwall and Shapinsay. Based
on these specifications, a design was drafted and its corresponding power demands
were estimated. Table 8 outlines the key specifications for the concept developed in
the project.

An electrical propulsion with hybrid power supply including fuel cells and
batteries was designed to meet the calculated power demand, based on the specifica-
tions. Key propulsion and power system specifications are summarized in Table 9.
The fuel cell and battery capacity on board was estimated according to the opera-
tional profile of the ship and to meet the power requirements onboard, with margins
for weather conditions, redundancy in case of failure and considering emergency
operation with system limitations.

5.3 Operational Profile and Hybrid Power System Solution

The daily operation of the ship consists of 12 crossings between Kirkwall and Shap-
insay, covering a distance of 4 nm (7.2 km) at a service speed of 9.5 kn (17.6 km/h),
each crossing taking approximately 25 min. The loads considered for the propulsion
design are depicted in Fig. 9, which indicates the highest loads at around 900 kW, and
around 400 kW during steady crossing. When the ship is docked at port, the loads
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Table 9 Propulsion and power system specifications Gomez Trillos and Draheim (2022)

Feature Value Unit Note

Propulsion load 850 kWer Estimated

Hotel load 50 kW Estimated

Maximum load 900 kW Propulsion + Hotel load

Fuel cells 100 x 6 = kWi Assumed as FCMove® 100 kW fuel cell of the

600 company Ballard

Battery capacity 740 kWh Charging overnight and from fuel cells during
operation

Hydrogen ~120 kg/day | Estimated

consumption

Hydrogen storage | 320 kg Per design and according to fueling frequency

onboard specifications

are just under 200 kW, accounting for minimum operation of thrusters to maintain
the position of the ship hotel loads.

To meet the power demands, various strategies with the specified hybrid power
system comprised of fuel cells and batteries were analyzed. A strategy that maxi-
mizes the battery usage with overnight charging was deemed optimal and will be
considered hereafter. This approach is exemplified in Fig. 10, where the fuel cells
operate at around 45% of their rated power, near their optimal range (10-40%), mini-
mizing therefore the specific hydrogen consumption per unit of electricity produced.
The batteries absorb the demand peaks during acceleration and maneuvering, while
negative values represent battery charging from the fuel cells when docked. During

1000

800

600

Power [kW]

400

____Maneuvering outof port

200

o Tramsit
Decceleration

10 2b
Time [min]

____Maneuveringtoport

Hydraulic ramp,Starboard
Hotel load,Starboard

Bow thruster,Starboard
Azimut thruster,Starboard
Hotel load,Port

Bow thruster,Port

Azimut thruster,Port

Docked

30 40

Fig. 9 Load profile as assumed for the HySeas III concept Gomez Trillos and Draheim (2022)
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Fig. 10 Operational strategy using maximum battery and maintaining the operational point of the
fuel cell in their highest efficiency Gomez Trillos and Draheim (2022)

each crossing, the net charge in the battery decreases slightly, so overnight charging
is necessary to compensate for the net energy discharged during the entire day. In
addition as shown in Fig. 10, the loads are divided into port and starboard sides
more or less evenly and therefore reach around 450 kW for each side (Compare with
Fig. 9). The total net power supply for each of the sides is shown in dotted black
lines.

5.4 Sustainability: Environmental and Economic
Assessments

Environmental and economic assessments of the HFCBE RoPax ferry were carried
out and compared against other alternatives like Diesel Electric (DE), hybrid Diesel
Battery Electric (DBE) and Battery Electric (BE), the latter based completely on
batteries. The HFCBE, DBE and BE were considered as plug-in alternatives with
charging overnight. Life cycle assessment (LCA) was used to assess the envi-
ronmental impacts according to the ISO 14040/14044 standards and using the
ILCD2.0—2018 impact assessment method. Construction, operation and end-of-life
management were considered. The software Brightway?2, its user interface Activ-
ityBrowser and the database ecoinvent 3.7 were used to carry out the calculations
(Wernet et al. 2016; Mutel 2017; Steubing et al. 2020). The economic assessment was
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Table 10 Yearly energy carrier and fuel/electricity consumption of the different considered
alternatives Gomez Trillos and Draheim (2022)

Energy carrier Fuel/electricity consumption

HFCBE DBE DE BE
Diesel (kg) - 174,625 201,044 -
Hydrogen (kg) 49,988 - - -
Electricity (kWh) 146,482 146,482 - 1,095,368

carried out via Life Cycle Costing (LCC) by considering the construction costs, oper-
ation expenses, energy carriers, component replacement and end-of-life processing.
The analysis built on data of fuel consumption calculations and energy flows for the
operational phase of the ship. The functional unit for both LCA and LCC was 1 km
of crossing over a 30-year ship lifetime. For the HFCBE alternative, hydrogen was
assumed as produced in the UK and electricity from UK’s grid was assumed for
battery charging overnight. Some results of this work can be found in other docu-
ments (Trillos et al. 2021; Gomez Trillos and Draheim 2022; Kazemi Esfeh et al.
2022).

As the project focused on developing an innovative hybrid power system based on
hydrogen fuel cells and Li-ion batteries, which impacts directly the energy carriers
used by the ship and the emissions, the operational profile was therefore emphasized.
A summary of the yearly energy carrier and electricity consumption according to the
modelled considerations can be seen in Table 10. According to the estimations carried
outin the project, the operation of the ship requires approximately 50 tons of hydrogen
per year and it is additionally supported with the charging of around 146 MWh of
electricity overnight from the grid for battery charging. For the diesel-based alterna-
tives, around 174 tons of diesel are consumed by the hybrid DBE alternative and 201
tons are consumed by the DE alternative on a yearly basis. The latter had a higher
fuel consumption because of not having the possibility of storing electricity onboard.
Finally, the BE alternative consumes around 1095 MWh per year and no fuel, as this
alternative is completely based on electricity charged from shore.

5.5 Environmental Assessment

The results of the GHG emissions per km of crossing are shown in Fig. 11. The
operation phase has the higher share among the three considered phases and for all
the alternatives. This increases from 76.3% for the HFCBE up to 96.1% for the DE
alternative. Moreover, the construction has higher relative impact in the case of the
HFCBE (22.9%) than in the case of the DE alternative (3.8%). The end-of-life was
found to have a limited impact in the life cycle, although the data for the scrapping
process was limited and scrapping on site was assumed for this phase.
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Fig. 11 Complete life cycle GHG emissions for the different alternatives considered for the analysis
of the concept in the project HySeas III Gomez Trillos and Draheim (2022)

When comparing the impact per km of crossing, the DE alternative was found
as the one with the highest GHG emissions with 27.0 kg CO,eq/km. The hybrid
DBE alternative achieve certain reductions with an impact of 26.0 kg CO,eq/km
mainly linked to the lower diesel fuel consumption but in turn with higher emissions
for the construction of the ship due to the onboard batteries, despite considering
replacement of the batteries during the lifetime, the impact of this was relatively minor
in relation to the impacts of fuel combustion on board. Therefore, the DBE alternative
achieves a reduction of the GHG emissions by approximately 3.7% compared to the
DE alternative when all the life cycle is considered. The reduction achieves 5.0%
when only the operation phase is considered. For the BE alternative, for which
only electricity is considered for the operation, the reduction compared to the DE
alternative is even higher. In this case, the impact per km of crossing reduces to 16.0 kg
CO,eq/km, therefore resulting a reduction of 40.7% compared to the DE alternative.
Finally, the hybrid HFCBE alternative developed in HySeas III had estimated GHG
emissions of 5.3 kg CO,eq/km, thus a reduction of 80.4% compared to the DE
alternative, considering the assumption that the hydrogen consumed by the power
system onboard is produced via electrolysis with electricity sourced from wind power.

5.6 Economic Assessment

Table 11 summarizes the total life cycle costs as well as the life cycle costs per km
estimated for the different alternatives. The HFCBE alternative is estimated to have
costs per km and for the entire life cycle costs 51.1% higher than those of the DE
alternative. The contribution of different cost items can be seen in Fig. 12. The main
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Table 11 Life cycle costs and life cycle costs per km for the different alternatives Gomez Trillos
and Draheim (2022)

Alternative Life cycle cost Life cycle cost per km Comparison with DE (%)
(MEUR2021) (EUR2021/km)

HFCBE 36.8 69.83 +51.1

BE 28.5 54.14 +17.2

DBE 253 48.06 +4.0

DE 243 46.21 -

contributor to the life cycle costs are the CAPEX of the ship shown in the plot under
the item ““ship construction”, which includes the metal work and ship equipment but
excludes the power system of the ships. In the particular case of the HFCBE and BE
alternatives, these costs are higher due to a higher construction costs assumed for
these alternatives. Next to the CAPEX, the personnel costs for the operation of the
ship also contribute a considerable share to the total life cycle costs and are the ones
with the second highest share for the BE, DBE and DE alternatives. The personnel
costs were assumed equal for all the alternatives. Following this, the costs of the fuels
and electricity are the third contributor in all the cases, with a marked contribution
in the case of the HFCBE alternative, for which the hydrogen costs are higher than
the personnel costs. Interestingly, the power train and the replacements of batteries
(and in the case of the HFCBE alternative fuel cells) contribute in lesser degree to
the life cycle cost of the ship, being more relevant for the HFCBE alternative which
includes both batteries and fuel cells.

5.7 Conclusions of the Case Study and Outlook

This chapter described the requirements necessary for the operation of a passenger/
car ferry. Built on these specifications, a solution based on hybrid hydrogen fuel cell
and battery power system was developed, considering the power demands according
to estimations made in the project HySeas III. Following this, sustainability assess-
ments were carried out, showing that the proposed solution allows to reduce the GHG
emissions considering all the life cycle phases from 27.0 for a diesel electric alter-
native to 5.3 kgCO,eq/km for the hybrid hydrogen fuel cell and battery alternative,
therefore allowing a reduction of 80.4% of the GHG emissions per km. This result
was obtained considering hydrogen produced via electrolysis fed with onshore wind
electricity. Even some reductions estimated at 3.7% were obtained for a hybrid diesel
electric alternative also assessed as comparison in the project. Nevertheless, the GHG
reductions come along with higher expected life cycle costs, which were estimated
as 51.1% higher than those of a diesel electric alternative due to the high CAPEX
and hydrogen costs for operating the ship. In general, this study case shows that the
hybrid power solutions for ships may provide environmental benefits in terms of the
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Fig. 12 Contribution of different cost items to the life cycle cost per km for the different alternatives
considered in the study. Discount rate of 3.5% assumed Gomez Trillos and Draheim (2022)

reduction of potential GHG emissions. However, some tradeoffs between the reduc-
tion of GHG emissions and the upfront and operational costs exist, as the hybrid
solutions were found to be more expensive than more traditional and non-hybrid
solutions.

Although the construction of the HySeas III concept has not yet been realized,
in this dynamic market, ships using fuel cells for their power systems have already
been built in parallel projects. These include, for example, the MF Hydra in Norway,
the MV Sea Change in the USA and the Suchetha ferry in India, which are already
testing these technologies under operating conditions.

6 Conclusions

Waterborne transportation is under increasing pressure to minimize its contributions
to climate change and pollution. The introduction of solutions for ships is a relevant
part of the measures being taken in this direction, but other equipment at the port as
well as the energy supply when ships are at berth are also seen as part of the solution.
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To this end, hybrid solutions are already being considered, which have been
discussed in detail in the previous chapters. For instance, for ports, the use of Rubber-
Tire Gantry (RTG) Cranes has been presented, where hybridization makes it possible
to store the energy used to lift containers, which would otherwise be dissipated during
container descending. The fuel savings from these solutions are estimated to be in
the range 30-60%. Hybrid tugs, ships used to assist other ships during maneuver,
are also being considered as a solution to decrease pollution and GHG emissions at
ports, already with some offers from commercial producers of these pieces of equip-
ment in the market. Fuel savings of 20-28% have been described in the literature
for hybrid tugs. Finally, drayage trucks carrying containers ashore within ports were
also portraited as a means of transport where hybridization could also bring benefits
such as reducing air pollution with the added possibility of reducing GHG emissions
due to higher efficiency and the possibility of use green electricity from the grid.

Shore-side electricity (SSE) applications aim at the supply of electricity to ships
while at berth were shown. Hybrid solutions in this regard were discussed and are
promising, especially when the electricity supply at port is limited. Conventional
solutions such as diesel generators, especially for large ships at berth, have a non-
negligible share of total CO, emissions and air pollutants like NOy, SOx and PM; 5.
Alternative variants such as shore-side power supply, e.g., with renewable energies
(OPS) via the local grid and the combination with storage on land (power banks),
own port energy generators like fuel cells and the use of battery-electric ships (e.g.,
charging with the help of battery swapping) can reduce pollution and CO, emissions
in the future and increase the resilience of the supply in the ports. If hybrid power
systems onboard ships are increasingly adopted in the future and the energy stored
on board is used for ship propulsion, other operational phases of the ships can also
be impacted and additional benefits in terms of reduction of air pollution and GHG
emissions are expected. Even if various SSE options are available, the lack of uniform
standards, e.g., in the area of interchangeable batteries, eclectically operated ships
and direct current charging in a maritime context are preventing implementation. In
addition, the high costs of electricity and hydrogen and the associated propulsion
systems compared to the low costs of MDO and HFO are also a deterrent to devel-
oping an infrastructure for SSE. However, an improved energy management system
to absorb peak loads and use cheaper electricity at times of higher load could help
to improve efficiency and reduce the ship’s overall electricity costs.

Hybrid power and propulsion systems on ships were also highlighted in compar-
ison to traditional mechanical propulsion systems. The current increasing trends of
the adoption of hybrid power for ships based on battery energy storage systems were
briefly explained. Current key performance indicators of the power demands for ships
as well as the current performance of some key equipment like internal combustion
engines, fuel cells and batteries were briefly described and compared. In addition,
statistics of the hybridization of ships based on battery energy storage on board were
shown, from which it can be concluded that Europe and Norway are the main loca-
tions where these solutions are being implemented. Moreover, car/passenger ferries
are the main type of ship for which these systems are being adopted, hybrid and
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plug-in hybrid are the main ship types in terms of the number of active or ordered
vessels, and the number of ships fitted with batteries is generally increasing.

Finally, the particular case of the project HySeas III was presented showing that
the hybrid hydrogen fuel cell and battery electric concept allows a reduction of
80.4% of the GHG emissions during its entire life cycle compared to a diesel electric
alternative. However, the HFCBE alternative was estimated with a life cycle cost
of 69.83 EUR2021/km, exceeding by 51.1% that of a comparable diesel electric
alternative. One prerequisite for this is that the hydrogen consumed by the ship is
produced using wind power and assuming the average GHG emissions from the
grid in the UK for the overnight electricity supply to charge the batteries onboard.
Therefore, tradeoffs between the reduction of environmental impacts and the costs
remain to be one of the barriers to overcome for these innovative hybrid power
alternatives.

References

Antonelli M, Ceraolo M, Desideri U, Lutzemberger G, Sani L (2017) Hybridization of rubber tired
gantry (RTG) cranes. J Energy Storage 12:186—195. https://doi.org/10.1016/j.est.2017.05.004

Armand M, Axmann P, Bresser D, Copley M, Edstrom K, Ekberg C, Guyomard D, Lestriez B,
Novik P, Petranikova M, Porcher W, Trabesinger S, Wohlfahrt-Mehrens M, Zhang H (2020)
Lithium-ion batteries—current state of the art and anticipated developments. J Power Sources
479:228708. https://doi.org/10.1016/j.jpowsour.2020.228708

Batteries Europe (2023) KPIs benchmarking [I—October 2023. https://batterieseurope.eu/results/
kpis-benchmarking-2/kpis-benchmarking-2-october-2023/

BIG HIT Project (2024) BIG HIT project—project elements—hydrogen fuel cell. https://www.big
hit.eu/hydrogen-fuel-cell

Cai X, Yue Y, Yi Z, Liu J, Sheng Y, Lu Y (2024) Challenges and industrial perspectives on the
development of sodium ion batteries. Nano Energy 129:110052. https://doi.org/10.1016/j.nan
0en.2024.110052

Caledonian Maritime Assets Limited (2021) HySeas preliminary general arrangement

Cavotec (2020) Cavotec’s next generation e-ferry charging solution enters service in Norway.
https://www.mynewsdesk.com/cavotec/pressreleases/cavotecs-next-generation-e-ferry-cha
rging-solution-enters-service-in-norway-2985750

Cavotec (2024) MoorMaster: electric vessels. https://www.cavotec.com/en/your-applications/ports-
maritime/automated-mooring/electric-vessels

Clean Hydrogen Joint Undertaking (2022) Strategic research and innovation agenda 2021-
2027. https://www.clean-hydrogen.europa.eu/document/download/8a35a59b-a689-4887-a25a-
6607757bbd43_en

Corvus Energy (2024a) Corvus energy references. https://corvusenergy.com/projects/

Corvus Energy (2024b) Corvus Orca ESS. https://corvusenergy.com/products/energy-storage-sol
utions/corvus-orca-energy/

Cruise Lines International Association (2024) State of the Cruise Industry Report
2024. https://cruising.org/-/media/clia-media/research/2024/2024-state-of-the-cruise-industry-
report_updated-050824_web.ashx

DAMEN (2014) Broshure DAMEN ASD TUG 2810. https://joules-project.eu/Joules/resources/
Damen%20ASD%20Tug%202810.pdf

DAMEN (2024) Electric tugs. https://www.damen.com/vessels/tugs/electric-tugs


https://doi.org/10.1016/j.est.2017.05.004
https://doi.org/10.1016/j.jpowsour.2020.228708
https://batterieseurope.eu/results/kpis-benchmarking-2/kpis-benchmarking-2-october-2023/
https://batterieseurope.eu/results/kpis-benchmarking-2/kpis-benchmarking-2-october-2023/
https://www.bighit.eu/hydrogen-fuel-cell
https://www.bighit.eu/hydrogen-fuel-cell
https://doi.org/10.1016/j.nanoen.2024.110052
https://doi.org/10.1016/j.nanoen.2024.110052
https://www.mynewsdesk.com/cavotec/pressreleases/cavotecs-next-generation-e-ferry-charging-solution-enters-service-in-norway-2985750
https://www.mynewsdesk.com/cavotec/pressreleases/cavotecs-next-generation-e-ferry-charging-solution-enters-service-in-norway-2985750
https://www.cavotec.com/en/your-applications/ports-maritime/automated-mooring/electric-vessels
https://www.cavotec.com/en/your-applications/ports-maritime/automated-mooring/electric-vessels
https://www.clean-hydrogen.europa.eu/document/download/8a35a59b-a689-4887-a25a-6607757bbd43_en
https://www.clean-hydrogen.europa.eu/document/download/8a35a59b-a689-4887-a25a-6607757bbd43_en
https://corvusenergy.com/projects/
https://corvusenergy.com/products/energy-storage-solutions/corvus-orca-energy/
https://corvusenergy.com/products/energy-storage-solutions/corvus-orca-energy/
https://cruising.org/-/media/clia-media/research/2024/2024-state-of-the-cruise-industry-report_updated-050824_web.ashx
https://cruising.org/-/media/clia-media/research/2024/2024-state-of-the-cruise-industry-report_updated-050824_web.ashx
https://joules-project.eu/Joules/resources/Damen%20ASD%20Tug%202810.pdf
https://joules-project.eu/Joules/resources/Damen%20ASD%20Tug%202810.pdf
https://www.damen.com/vessels/tugs/electric-tugs

314 J. C. G. Trillos and U. Brand-Daniels

Damian SE, Wong LA, Shareef H, Ramachandaramurthy VK, Chan CK, Moh T, Tiong MC (2022)
Review on the challenges of hybrid propulsion system in marine transport system. J Energy
Storage 56:105983. https://doi.org/10.1016/j.est.2022.105983

DNV (2024) Alternative Fuels Insight (AFI). https://www.dnv.com/services/alternative-fuels-ins
ights-afi--128171/. Accessed 28 Aug 2024

Dominko R, Bitenc J, Berthelot R, Gauthier M, Pagot G, Di Noto V (2020) Magnesium batteries:
current picture and missing pieces of the puzzle. ] Power Sources 478:229027. https://doi.org/
10.1016/j.jpowsour.2020.229027

Dotto A, Satta F (2023) Techno-economic optimization of hybrid-electric power plants onboard
cruise ships. Energy Convers Manag: X 20:100436. https://doi.org/10.1016/j.ecmx.2023.100436

Elia GA, Kravchyk KV, Kovalenko MV, Chacén J, Holland A, Wills RG (2021) An overview and
prospective on Al and Al-ion battery technologies. J Power Sources 481:228870. https://doi.
org/10.1016/j.jpowsour.2020.228870

EMSA (2024) EU-MRYV reporting system. https://mrv.emsa.europa.eu/#public/eumrv. Accessed 27
June 2024

European Commission (2022) Realising the world’s first sea-going hydrogen-powered RoPax ferry
and a business model for European islands. https://cordis.europa.eu/project/id/769417/result
s/de

European Maritime Safety Agency (EMSA) (2022a) Shore-side electricity—guidance to port
authorities and administrations: part 2—planning operations and safety. https://emsa.europa.
eu/electrification/sse.html

European Maritime Safety Agency (EMSA) (2022b) Shore-side electricity—guidance to port
authorities and administrations: part l—equipment and technology. https://emsa.europa.eu/ele
ctrification/sse.html

European Parliament and the Council of the European Union (2023) Regulation (EU) 2023/1804
OF The European Parliament and of the Council of 13 September 2023 on the deployment of
alternative fuels infrastructure, and repealing Directive 2014/94/EU

Faber J, Hanayama S, Zhang S, Pereda P, Comer B, Hauerhof E, van der Loeff WS, Smith T,
Zhang Y, Kosaka H, Adachi M, Bonello J-M, Galbraith C, Gong Z, Hummels D, Kleijn A, Lee
DS, Liu Y, Lucchesi A, Mao X, Muraoka E, Osipova L, Qian H, Rutherford D, Sudrez de la
Fuente S, Yuan H, Velandia Perico C, Wu L, Sun D, Yoo D-H, Xing H (2020) Fourth IMO
GHG study 2020. https://www.imo.org/en/OurWork/Environment/Pages/Fourth-IMO-Greenh
ouse-Gas-Study-2020.aspx

Geertsma RD, Negenborn RR, Visser K, Hopman JJ (2017) Design and control of hybrid power and
propulsion systems for smart ships: a review of developments. Appl Energy 194:30-54. https://
doi.org/10.1016/j.apenergy.2017.02.060

GoldmanSachs (2024) Electric vehicle battery prices are expected to fall almost 50% by
2026. https://www.goldmansachs.com/insights/articles/electric-vehicle-battery-prices-are-exp
ected-to-fall-almost-50-percent-by-2025

Gomez Trillos JC, Draheim P (2022) HySeas III: HySeas concept vs conventional—final report—
deliverable 6.4

Hannemann R (2024) Ship-DB. www.ship-db.de. Accessed 13 Feb 2024

Inal OB, Charpentier J-F, Deniz C (2022) Hybrid power and propulsion systems for ships: Current
status and future challenges. Renew Sustain Energy Rev 156:111965. https://doi.org/10.1016/j.
rser.2021.111965

Jayaram V, Khan Y, Miller W, Welch WA, Johnson K, Cocker DR (2010) Evaluating emission bene-
fits of a hybrid tug boat. https://ww?2.arb.ca.gov/sites/default/files/2020-12/hybridreport1010_r
emediated.pdf

Kalikatzarakis M, Geertsma RD, Boonen EJ, Visser K, Negenborn RR (2018) Ship energy
management for hybrid propulsion and power supply with shore charging. Control Eng Pract
76:133-154. https://doi.org/10.1016/j.conengprac.2018.04.009


https://doi.org/10.1016/j.est.2022.105983
https://www.dnv.com/services/alternative-fuels-insights-afi--128171/
https://www.dnv.com/services/alternative-fuels-insights-afi--128171/
https://doi.org/10.1016/j.jpowsour.2020.229027
https://doi.org/10.1016/j.jpowsour.2020.229027
https://doi.org/10.1016/j.ecmx.2023.100436
https://doi.org/10.1016/j.jpowsour.2020.228870
https://doi.org/10.1016/j.jpowsour.2020.228870
https://mrv.emsa.europa.eu/%23public/eumrv
https://cordis.europa.eu/project/id/769417/results/de
https://cordis.europa.eu/project/id/769417/results/de
https://emsa.europa.eu/electrification/sse.html
https://emsa.europa.eu/electrification/sse.html
https://emsa.europa.eu/electrification/sse.html
https://emsa.europa.eu/electrification/sse.html
https://www.imo.org/en/OurWork/Environment/Pages/Fourth-IMO-Greenhouse-Gas-Study-2020.aspx
https://www.imo.org/en/OurWork/Environment/Pages/Fourth-IMO-Greenhouse-Gas-Study-2020.aspx
https://doi.org/10.1016/j.apenergy.2017.02.060
https://doi.org/10.1016/j.apenergy.2017.02.060
https://www.goldmansachs.com/insights/articles/electric-vehicle-battery-prices-are-expected-to-fall-almost-50-percent-by-2025
https://www.goldmansachs.com/insights/articles/electric-vehicle-battery-prices-are-expected-to-fall-almost-50-percent-by-2025
http://www.ship-db.de
https://doi.org/10.1016/j.rser.2021.111965
https://doi.org/10.1016/j.rser.2021.111965
https://ww2.arb.ca.gov/sites/default/files/2020-12/hybridreport1010_remediated.pdf
https://ww2.arb.ca.gov/sites/default/files/2020-12/hybridreport1010_remediated.pdf
https://doi.org/10.1016/j.conengprac.2018.04.009

Waterborne Transport. Hybrid Power Supply for Electrification of Port ... 315

Karvounis P, Dantas JLD, Tsoumpris C, Theotokatos G (2022) Ship power plant decarbonisation
using hybrid systems and ammonia fuel—a techno-economic—environmental analysis. JMSE
10:1675. https://doi.org/10.3390/jmse10111675

Kazemi Esfeh S, Monnerie N, Mascher S, Baumstark D, Kriechbaumer D, Neumann N, Eschmann
J, Jochem P, O’Sullivan M, Gomez Trillos JC, Vogt T, Brand U, Asif Ansar S (2022) Zukiinftige
maritime Treibstoffe und deren mogliche Importkonzepte: Kurzstudie. https://elib.dlr.de/186
857/2/kurzstudie-maritime-treibstoffe.pdf

Kermani M, Shirdare E, Parise G, Martirano L (2021) Integrated system of energy storage tech-
nologies for demand control and energy saving in ports. In: 2021 IEEE industry applications
society annual meeting (IAS). IEEE, pp 1-5. https://doi.org/10.1109/IAS48185.2021.9677039

Khan HH, Foti S, Mumtaz F, Testa A (2022) A review of shore infrastructures for electric ferries. In:
2022 International symposium on power electronics, electrical drives, automation and motion
(SPEEDAM). IEEE, pp 430-435. https://doi.org/10.1109/SPEEDAM53979.2022.9842000

Konecranes (2024) Rubber-tired gantry cranes. https://www.konecranes.com/port-equipment-ser
vices/container-handling-equipment/rubber-tired-gantry-cranes

Korberg AD, Brynolf S, Grahn M, Skov IR (2021) Techno-economic assessment of advanced fuels
and propulsion systems in future fossil-free ships. Renew Sustain Energy Rev 142:110861.
https://doi.org/10.1016/j.rser.2021.110861

Kortsari A, Mitropoulos L, Heinemann T, Mikkelsen H, Aifadopoulou G (2022) Evaluating the
economic performance of a pure electric and diesel vessel: the case of E-ferry in Denmark.
Trans. Marit. Sci. 11:95-109. https://doi.org/10.7225/toms.v11.n01.008

Kuittinen N, Koponen P, Vesala H, Lehtoranta K (2024) Methane slip and other emissions from
newbuild LNG engine under real-world operation of a state-of-the art cruise ship. Atmos Environ:
X 23:100285. https://doi.org/10.1016/j.aea0a.2024.100285

Kumar J, Kumpulainen L, Kauhaniemi K (2019) Technical design aspects of harbour area grid
for shore to ship power: state of the art and future solutions. Int J Electr Power Energy Syst
104:840-852. https://doi.org/10.1016/].ijepes.2018.07.051

Leclanché (2022) Zero emission ferry and onshore battery energy storage system—Amherst
Islander IT & Wolfe Islander IV. https://www.leclanche.com/wp-content/uploads/2021/10/Zero-
Emission-Ferry-and-Onshore-Battery-Energy-Storage-System_04.2022-1.pdf

Leclanché Energy Storage Solutions (2024) Navius MRS-3: marine battery system. https://www.lec
lanche.com/wp-content/uploads/2020/04/LECLANCHE-Marine-Battery-Systems-brochure-2.
pdf

Liebherr (2019) Liebherr container cranes—rubber tyre gantry cranes. https://www.liebherr.com/
shared/media/maritime-cranes/downloads-and-brochures/brochures/lcc/liebherr-rtg-cranes-
brochure.pdf

MAN Energy Solutions (2018) Basic principles of ship propulsion. https://www.man-es.com/docs/
default-source/marine/5510-0004-04_18-1021-basic-principles-of-ship-propulsion_web.pdf

MAN Energy Solutions (2024) Marine engine programme. https://man-es.com/docs/default-
source/marine/marine-engine-programme-20205656db69fafa42b991f030191bb3bbb4.pdf?sfv
rsn=9cac9964_114

Marine Environmental Protection Comittee (2021) Resolution MEPC.328(76)—amendments to
the annex of the protocol of 1997 to amend the international convention for the prevention of
pollution from ships, 1973, as modified by the protocol of 1978 relating thereto—2021 Revised
MARPOL Annex VI. https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Doc
uments/Air%20pollution/MEPC.328(76).pdf

Marine Environmental Protection Comittee (2022) Energy efficiency of ships: report of fuel
oil consumption data submitted to the IMO ship fuel oil consumption—database in GISIS
(reporting year 2021). https://wwwcdn.imo.org/localresources/en/Our Work/Environment/Doc
uments/Air%?20pollution/MEPC%?2079-6-1%20-%?20Report%200f%20fuel %200il%20cons
umption%20data%?20submitted%20to%20the %20IMO%20Ship%20Fuel %200il%20Cons
umptionDatabase. .. %20(Secretariat).pdf


https://doi.org/10.3390/jmse10111675
https://elib.dlr.de/186857/2/kurzstudie-maritime-treibstoffe.pdf
https://elib.dlr.de/186857/2/kurzstudie-maritime-treibstoffe.pdf
https://doi.org/10.1109/IAS48185.2021.9677039
https://doi.org/10.1109/SPEEDAM53979.2022.9842000
https://www.konecranes.com/port-equipment-services/container-handling-equipment/rubber-tired-gantry-cranes
https://www.konecranes.com/port-equipment-services/container-handling-equipment/rubber-tired-gantry-cranes
https://doi.org/10.1016/j.rser.2021.110861
https://doi.org/10.7225/toms.v11.n01.008
https://doi.org/10.1016/j.aeaoa.2024.100285
https://doi.org/10.1016/j.ijepes.2018.07.051
https://www.leclanche.com/wp-content/uploads/2021/10/Zero-Emission-Ferry-and-Onshore-Battery-Energy-Storage-System_04.2022-1.pdf
https://www.leclanche.com/wp-content/uploads/2021/10/Zero-Emission-Ferry-and-Onshore-Battery-Energy-Storage-System_04.2022-1.pdf
https://www.leclanche.com/wp-content/uploads/2020/04/LECLANCHE-Marine-Battery-Systems-brochure-2.pdf
https://www.leclanche.com/wp-content/uploads/2020/04/LECLANCHE-Marine-Battery-Systems-brochure-2.pdf
https://www.leclanche.com/wp-content/uploads/2020/04/LECLANCHE-Marine-Battery-Systems-brochure-2.pdf
https://www.liebherr.com/shared/media/maritime-cranes/downloads-and-brochures/brochures/lcc/liebherr-rtg-cranes-brochure.pdf
https://www.liebherr.com/shared/media/maritime-cranes/downloads-and-brochures/brochures/lcc/liebherr-rtg-cranes-brochure.pdf
https://www.liebherr.com/shared/media/maritime-cranes/downloads-and-brochures/brochures/lcc/liebherr-rtg-cranes-brochure.pdf
https://www.man-es.com/docs/default-source/marine/5510-0004-04_18-1021-basic-principles-of-ship-propulsion_web.pdf
https://www.man-es.com/docs/default-source/marine/5510-0004-04_18-1021-basic-principles-of-ship-propulsion_web.pdf
https://man-es.com/docs/default-source/marine/marine-engine-programme-20205656db69fafa42b991f030191bb3bbb4.pdf%3Fsfvrsn%3D9cac9964_114
https://man-es.com/docs/default-source/marine/marine-engine-programme-20205656db69fafa42b991f030191bb3bbb4.pdf%3Fsfvrsn%3D9cac9964_114
https://man-es.com/docs/default-source/marine/marine-engine-programme-20205656db69fafa42b991f030191bb3bbb4.pdf%3Fsfvrsn%3D9cac9964_114
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC.328(76).pdf
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC.328(76).pdf
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC%2079-6-1%20-%20Report%20of%20fuel%20oil%20consumption%20data%20submitted%20to%20the%20IMO%20Ship%20Fuel%20Oil%20ConsumptionDatabase%85%20(Secretariat).pdf
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC%2079-6-1%20-%20Report%20of%20fuel%20oil%20consumption%20data%20submitted%20to%20the%20IMO%20Ship%20Fuel%20Oil%20ConsumptionDatabase%85%20(Secretariat).pdf
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC%2079-6-1%20-%20Report%20of%20fuel%20oil%20consumption%20data%20submitted%20to%20the%20IMO%20Ship%20Fuel%20Oil%20ConsumptionDatabase%85%20(Secretariat).pdf
https://wwwcdn.imo.org/localresources/en/OurWork/Environment/Documents/Air%20pollution/MEPC%2079-6-1%20-%20Report%20of%20fuel%20oil%20consumption%20data%20submitted%20to%20the%20IMO%20Ship%20Fuel%20Oil%20ConsumptionDatabase%85%20(Secretariat).pdf

316 J. C. G. Trillos and U. Brand-Daniels

Marzi J, Broglia R (2019) Hydrodynamic tools in ship design. In: Papanikolaou A (ed) A holistic
approach to ship design. Springer, Cham, pp 139-207. https://doi.org/10.1007/978-3-030-028
10-7_6

Mutarraf MU, Guan Y, Xu L, Su C-L, Vasquez JC, Guerrero JM (2022) Electric cars, ships, and their
charging infrastructure—a comprehensive review. Sustain Energy Technol Assess 52:102177.
https://doi.org/10.1016/j.seta.2022.102177

Mutel C (2017) Brightway: an open source framework for life cycle assessment. JOSS 2:236. https://
doi.org/10.21105/joss.00236

Notteboom T, Pallis T (2023) World ports tracker. https://sustainableworldports.org/wp-content/upl
oads/IAPH-World-Ports-Tracker-2023.pdf

Offshore Energy (2023) Singapore’s Ist fully electric cargo vessel, the Hydromover, hits the
water. https://www.offshore-energy.biz/singapores-first-fully-electric-cargo-vessel-the-hydrom
over-hits-the-water/

Park GY (2022) Emissions analysis of the port drayage truck replacement program and local air
quality: the case of the Port of New York and New Jersey. Case Stud Transp Policy 10:1407-1416.
https://doi.org/10.1016/j.cstp.2022.05.004

Port of Rotterdam (2021) First emission-free inland shipping vessel on energy containers
in service. https://www.portofrotterdam.com/en/news-and-press-releases/first-emission-free-
inland-shipping-vessel-on-energy-containers-in-service

Powertrain International Web (2022) Sea Li-ion to electrify large ships. https://www.powertrainin
ternationalweb.com/sustainability/sea-li-ion-to-electrify-large-ships/

Ritchie H, Roser M (2024) CO, emissions. Our World in Data

Rolls-Royce (2024) First LNG tugboat with hybrid system goes into operation in Singapore with mtu
gas engines from Rolls-Royce. https://www.rolls-royce.com/media/press-releases/2024/24-05-
2024-first-Ing-tugboat-with-hybrid-system-goes-into-operation-in-singapore-with-mtu.aspx

Siraichi K, Minami S, Kodera M (2015) Development of the hybrid tugboat system. Transit 80:100

Starcrest Consulting Group LLC (2012) Rubber-tired gantry crane hybridization demonstra-
tion project—final report. https://sustainableworldports.org/wp-content/uploads/CAAP-Ibct-
ecocrane-final-report-january-2012-1.pdf

Steubing B, de Koning D, Haas A, Mutel CL (2020) The activity browser—an open source LCA
software building on top of the brightway framework. Softw Impacts 3:100012. https://doi.org/
10.1016/j.simpa.2019.100012

Stievano L, de Meatza I, Bitenc J, Cavallo C, Brutti S, Navarra MA (2021) Emerging calcium
batteries. J Power Sources 482:228875. https://doi.org/10.1016/j.jpowsour.2020.228875

Stucki M, G6tz M, de Wild-Scholten M, Frischknecht R (2023) Fact sheet: environmental life cycle
assessment of electricity from PV systems. https://iea-pvps.org/wp-content/uploads/2024/05/
Task-12-Fact-Sheet-v2-1.pdf

Surf ‘n’ Turf Project (2024) Surf ‘N’ Turf. https://www.surfnturf.org.uk/

Talluri L, Nalianda DK, Kyprianidis KG, Nikolaidis T, Pilidis P (2016) Techno economic and
environmental assessment of wind assisted marine propulsion systems. Ocean Eng 121:301-311.
https://doi.org/10.1016/j.oceaneng.2016.05.047

Tang R, Wu Z, Li X (2018) Optimal operation of photovoltaic/battery/diesel/cold-ironing hybrid
energy system for maritime application. Energy 162:697-714. https://doi.org/10.1016/j.energy.
2018.08.048

Taskar B, Yum KK, Steen S, Pedersen E (2016) The effect of waves on engine-propeller dynamics
and propulsion performance of ships. Ocean Eng 122:262-277. https://doi.org/10.1016/j.oce
aneng.2016.06.034

Trillos JCG, Wilken D, Brand U, Vogt T (2021) Life cycle assessment of a hydrogen and fuel cell
Ropax Ferry prototype. In: Albrecht S, Fischer M, Leistner P, Schebek L (eds) Progress in life
cycle assessment 2019. Springer, Cham, pp 5-23. https://doi.org/10.1007/978-3-030-50519-6_
2


https://doi.org/10.1007/978-3-030-02810-7_6
https://doi.org/10.1007/978-3-030-02810-7_6
https://doi.org/10.1016/j.seta.2022.102177
https://doi.org/10.21105/joss.00236
https://doi.org/10.21105/joss.00236
https://sustainableworldports.org/wp-content/uploads/IAPH-World-Ports-Tracker-2023.pdf
https://sustainableworldports.org/wp-content/uploads/IAPH-World-Ports-Tracker-2023.pdf
https://www.offshore-energy.biz/singapores-first-fully-electric-cargo-vessel-the-hydromover-hits-the-water/
https://www.offshore-energy.biz/singapores-first-fully-electric-cargo-vessel-the-hydromover-hits-the-water/
https://doi.org/10.1016/j.cstp.2022.05.004
https://www.portofrotterdam.com/en/news-and-press-releases/first-emission-free-inland-shipping-vessel-on-energy-containers-in-service
https://www.portofrotterdam.com/en/news-and-press-releases/first-emission-free-inland-shipping-vessel-on-energy-containers-in-service
https://www.powertraininternationalweb.com/sustainability/sea-li-ion-to-electrify-large-ships/
https://www.powertraininternationalweb.com/sustainability/sea-li-ion-to-electrify-large-ships/
https://www.rolls-royce.com/media/press-releases/2024/24-05-2024-first-lng-tugboat-with-hybrid-system-goes-into-operation-in-singapore-with-mtu.aspx
https://www.rolls-royce.com/media/press-releases/2024/24-05-2024-first-lng-tugboat-with-hybrid-system-goes-into-operation-in-singapore-with-mtu.aspx
https://sustainableworldports.org/wp-content/uploads/CAAP-lbct-ecocrane-final-report-january-2012-1.pdf
https://sustainableworldports.org/wp-content/uploads/CAAP-lbct-ecocrane-final-report-january-2012-1.pdf
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1016/j.jpowsour.2020.228875
https://iea-pvps.org/wp-content/uploads/2024/05/Task-12-Fact-Sheet-v2-1.pdf
https://iea-pvps.org/wp-content/uploads/2024/05/Task-12-Fact-Sheet-v2-1.pdf
https://www.surfnturf.org.uk/
https://doi.org/10.1016/j.oceaneng.2016.05.047
https://doi.org/10.1016/j.energy.2018.08.048
https://doi.org/10.1016/j.energy.2018.08.048
https://doi.org/10.1016/j.oceaneng.2016.06.034
https://doi.org/10.1016/j.oceaneng.2016.06.034
https://doi.org/10.1007/978-3-030-50519-6_2
https://doi.org/10.1007/978-3-030-50519-6_2

Waterborne Transport. Hybrid Power Supply for Electrification of Port ... 317

United Nations Conference on Trade and Development (2023) Review of maritime transport—
2023: towards a green and just transition. unctad.org/system/files/official-document/rmt2023_
en.pdf

US Hybrid (2022) CNG/RNG parallel hybrid powertrain technology. https://ushybrid.com/wp-con
tent/uploads/2022/05/USH_CNGPHET _Brochure_V7_2022_digital.pdf

van Biert L, Visser K (2022) Fuel cells systems for sustainable ships. In: Sustainable energy systems
on ships. Elsevier, pp 81-121. https://doi.org/10.1016/B978-0-12-824471-5.00010-4

Vlahopoulos D, Bouhouras AS (2022) Solution for RTG crane power supply with the use of a hybrid
energy storage system based on literature review. Sustain Energy Technol Assess 52:102351.
https://doi.org/10.1016/j.seta.2022.102351

Vu TL, Ayu AA, Dhupia JS, Kennedy L, Adnanes AK (2015) Power management for electric
tugboats through operating load estimation. IEEE Trans Contr Syst Technol 23:2375-2382.
https://doi.org/10.1109/TCST.2015.2399440

Wirtsild (2016) LNG as a marine fuel boosts profitability while ensuring compliance. https://cdn.
wartsila.com/docs/default-source/services-documents/white-papers/wartsila---bwp-Ing-as-a-
marine-fuel-boosts-profitability-while-ensuring-compliance.pdf?sfvrsn=26£78b45_10

Wartsild (2021) Wartsild swappable battery containers enabling inland waterway vessels to
operate with zero emissions. https://www.wartsila.com/media/news/07-09-2021-wartsila-swa
ppable-battery-containers-enabling-inland-waterway-vessels-to-operate-with-zero-emissions-
2971607

Wartsild (2022) Wirtsiléd propulsion solution selected for sustainable new hybrid tug. https:/www.
wartsila.com/media/news/05-09-2022-wartsila-propulsion-solution-selected-for-sustainable-
new-hybrid-tug-3151001

Wirtsild (2024) Wartsild Encyclopedia of marine and energy technology: tugs. https://www.war
tsila.com/encyclopedia/term/tugs

WaterstofNet (2018a) KENWORTH: fuel cell hybrid drayage truck. https://fuelcelltrucks.eu/pro
ject/kenworth-fuel-cell-hybrid-drayage-truck/

WaterstofNet (2018b) US HYBRID: fuel cell Class 8 drayage truck. https://fuelcelltrucks.eu/pro
ject/us-hybrid-fuel-cell-class-8-drayage-truck/

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B (2016) The ecoinvent
database version 3 (part I): overview and methodology. Int J Life Cycle Assess 21:1218-1230.
https://doi.org/10.1007/s11367-016-1087-8

Xu Y, Titirici M, Chen J, Cora F, Cullen PL, Edge JS, Fan K, Fan L, Feng J, Hosaka T, Hu J, Huang
W, Hyde TI, Imtiaz S, Kang F, Kennedy T, Kim EJ, Komaba S, Lander L, Le Pham PN, Liu
P, Lu B, Meng F, Mitlin D, Monconduit L, Palgrave RG, Qin L, Ryan KM, Sankar G, Scanlon
DO, Shi T, Stievano L, Tinker HR, Wang C, Wang H, Wang H, Wu Y, Zhai D, Zhang Q, Zhou
M, Zou J (2023) 2023 roadmap for potassium-ion batteries. J Phys Energy 5:21502. https://doi.
org/10.1088/2515-7655/acbt76

Zero Emission Services (2021) First emission-free inland shipping vessel on energy containers in
service: Zero Emission Services commences operation. https://zeroemissionservices.nl/en/zero-
emission-services-commences-operation/


https://ushybrid.com/wp-content/uploads/2022/05/USH_CNGPHET_Brochure_V7_2022_digital.pdf
https://ushybrid.com/wp-content/uploads/2022/05/USH_CNGPHET_Brochure_V7_2022_digital.pdf
https://doi.org/10.1016/B978-0-12-824471-5.00010-4
https://doi.org/10.1016/j.seta.2022.102351
https://doi.org/10.1109/TCST.2015.2399440
https://cdn.wartsila.com/docs/default-source/services-documents/white-papers/wartsila---bwp-lng-as-a-marine-fuel-boosts-profitability-while-ensuring-compliance.pdf%3Fsfvrsn%3D26f78b45_10
https://cdn.wartsila.com/docs/default-source/services-documents/white-papers/wartsila---bwp-lng-as-a-marine-fuel-boosts-profitability-while-ensuring-compliance.pdf%3Fsfvrsn%3D26f78b45_10
https://cdn.wartsila.com/docs/default-source/services-documents/white-papers/wartsila---bwp-lng-as-a-marine-fuel-boosts-profitability-while-ensuring-compliance.pdf%3Fsfvrsn%3D26f78b45_10
https://www.wartsila.com/media/news/07-09-2021-wartsila-swappable-battery-containers-enabling-inland-waterway-vessels-to-operate-with-zero-emissions-2971607
https://www.wartsila.com/media/news/07-09-2021-wartsila-swappable-battery-containers-enabling-inland-waterway-vessels-to-operate-with-zero-emissions-2971607
https://www.wartsila.com/media/news/07-09-2021-wartsila-swappable-battery-containers-enabling-inland-waterway-vessels-to-operate-with-zero-emissions-2971607
https://www.wartsila.com/media/news/05-09-2022-wartsila-propulsion-solution-selected-for-sustainable-new-hybrid-tug-3151001
https://www.wartsila.com/media/news/05-09-2022-wartsila-propulsion-solution-selected-for-sustainable-new-hybrid-tug-3151001
https://www.wartsila.com/media/news/05-09-2022-wartsila-propulsion-solution-selected-for-sustainable-new-hybrid-tug-3151001
https://www.wartsila.com/encyclopedia/term/tugs
https://www.wartsila.com/encyclopedia/term/tugs
https://fuelcelltrucks.eu/project/kenworth-fuel-cell-hybrid-drayage-truck/
https://fuelcelltrucks.eu/project/kenworth-fuel-cell-hybrid-drayage-truck/
https://fuelcelltrucks.eu/project/us-hybrid-fuel-cell-class-8-drayage-truck/
https://fuelcelltrucks.eu/project/us-hybrid-fuel-cell-class-8-drayage-truck/
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1088/2515-7655/acbf76
https://doi.org/10.1088/2515-7655/acbf76
https://zeroemissionservices.nl/en/zero-emission-services-commences-operation/
https://zeroemissionservices.nl/en/zero-emission-services-commences-operation/

318 J. C. G. Trillos and U. Brand-Daniels

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

	 Waterborne Transport. Hybrid Power Supply for Electrification of Port Infrastructures, Shore-to-Ship Power, and Ship Power and Propulsion
	1 Introduction
	2 Hybrid Power Solutions at Ports
	2.1 Rubber Tired Gantry (RTG) Cranes
	2.2 Tugs
	2.3 Drayage Trucks
	2.4 Section Concluding Remarks

	3 Hybrid Shore-to-Ship Power Solutions
	3.1 Onshore Power Supply (OPS)
	3.2 Shore-Side Battery Charging (SBC)
	3.3 Shore-Side Battery Charging—Battery Swapping (SBC-BS)
	3.4 Shore-Side Power Banks (SPB)
	3.5 Port Generators
	3.6 Concluding Remarks

	4 On Board Hybrid Ship Power and Propulsion
	4.1 Propulsion and Power Systems Options
	4.2 Trends of Hybrid Power and Propulsion Systems
	4.3 Key Performance Indicators (KPIs) of the Components of Hybrid Power Supply Systems

	5 Case Study: Electric Propulsion Hybrid Power System Ferry Developed in the Project HySeas III
	5.1 Motivation for the Concept Development
	5.2 Technology Neutral Requirements
	5.3 Operational Profile and Hybrid Power System Solution
	5.4 Sustainability: Environmental and Economic Assessments
	5.5 Environmental Assessment
	5.6 Economic Assessment
	5.7 Conclusions of the Case Study and Outlook

	6 Conclusions
	References


