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Following the trends in the automobile industry, hybrid electric propulsion systems have been proposed and used in ships
to achieve higher efficiency, mitigate carbon emissions and reduce overall operational costs by combining traditional
mechanical propulsion with electrical propulsion. Studies have been conducted on the diverse types of hybrid marine
power systems to understand the behaviour of the ships at different operating and loading conditions to optimise the cost
function of the hybrid system model.
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| 1. Introduction

The demand for shipping around the world is rapidly growing with the need to support various supply chains and
countries’ economies. It is reported that vessels in the maritime industry used approximately 300 million tons of fuel
annually between 2007 and 2012 [, Even though CO, emissions in the maritime industry are the lowest contributor when
compared to other means of transport at approximately 2.8% of the global greenhouse gas (GHG) emissions &, there is a
need to reduce the total annual GHG emission. The International Maritime Organisation (IMO) has introduced a stricter
emission cap for sulfur, SOy, and nitrogen oxide, NO,, in MARPOL Annex VI Prevention of Air Pollution from Ships B! and
announced the total GHG emissions have to be cut by at least 50% by 2050 compared to the 2008 level. The rules also
designated sea areas as emission-controlled areas (ECASs) in which stricter controls were established to minimize
airborne emissions from ships. These rules resulted in vessels seeking various means to achieve the stipulated target,
such as utilising cleaner energy sources and installing scrubbers for removing SO, and NO,. As a result, technological
advancement and commercial adoption in electrical or hybrid propulsion have seen an increase in popularity to achieve
zero emission operation and improve vessel efficiency.

| 2. Propulsion System

Past studies have been extensively documented on several types of marine propulsion systems, specifically, diesel—
mechanical powered B and diesel—electric BIEIE powered vessels. This section provides a brief description of those
systems followed by fully electric and hybrid power systems, their advantages and disadvantages, as well as some
notable studies performed.

2.1. Diesel-Mechanical Propulsion System

The diesel-mechanical propulsion system is the most conventional system currently used in most marine vessels due to
its simplicity and relatively high reliability. The diesel internal combustion engine is the main primary source of the
propulsion system &l Power generated from the engine cylinders is directly transferred to the mechanical movement of
the crankshaft with the propeller through a gearbox to drive the propulsion system, as shown in Figure 1 . The gearbox
is required for smaller ships to reduce engine speed and reverse shaft rotation; however, it is not required for large ships
as reversing can be performed by reversing the engine rotation. Fixed-pitch propellers are the most applied propulsor, but
they require a reversible engine or gearbox to stop and for reversing manoeuvres. Using a controllable pitch propeller, on
the other hand, can produce negative thrust to stop and reverse by changing the position of the blades. For simplicity, the
system model considered herein adopts the fixed-pitch propeller configuration.
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Figure 1. Simplified power flow for diesel-mechanical propulsion power system.

The power required for the other services of the vessels such as heating, ventilation and air conditioning (HVAC), as well
as lighting will draw power from an auxiliary engine connected to an alternating current (AC) distributor. The main and
auxiliary engines are fuelled by marine diesel oil (MDO)/heavy fuel oil (HFO). However, many ships’ systems are not able
to handle the heavy residual from HFO, thereby these fuels are blended to produce fuel oil that is more suitable for use in
ships, known as intermediate fuel oil (IFO). IFO is used to improve the viscosity and density of vanadium content, carbon
content, and other characteristics of HFO . The use of IFO generates a lower cost as compared to utilising a better-
grade fuel oil for the system, such as very low-sulfur fuel oil with a maximum sulfur emission of 0.5% or ultra-low-sulfur
fuel oil with a maximum sulfur emission of 0.1%.

Relevant studies on the carbon emissions and the cost function of the diesel-mechanical propulsion system can be found
in &, where a comparison study was conducted on the life cycle assessment of a diesel engine-powered ship to a battery-
powered ship. The results showed that diesel engine-powered ships emit 56% more CO, equivalent per nautical mile
(COz-eq/nm) as compared to their battery-powered counterparts. Another life cycle assessment study by Wang et al. 1%
comparing tugboats with different configurations of propulsion systems was conducted to investigate the optimal system
with the lowest emission, cost, and hazard impacts. Three medium engines, each rated at 1062 kW, were found to
consume the least fuel oil at 24,680 tonnes equivalent to the cost of 15.5 million Euros as compared to 25,360 tonnes of a
conventional two large engine configurations each rated at 1518 kW. Other means to reduce emissions and fuel
consumption could be achieved by reducing the operating horsepower. However, lowering the horsepower may not be
able to fulfil the service speed or bollard pull requirement [,

The use of scrubbers is recommended for the removal of sulfur emissions of more than 95% at all engine loads, however,
scrubbers are ineffective for reducing the emission of NO, and CO,, where a lower emission to higher engine load trend
was observed 1. By using exhaust gas recirculation, NO, emission could be reduced by up to 76%, however, it does not
reduce CO, emissions, due to the increase in engine temperature and dilution effects [12. It is to note that the dilution
effects are due to the results of the dilution of oxygen concentration. This thus increases the CO, emissions as more
exhaust gas is recirculated into the cylinder, thereby causing more oxygen to be displaced.

Benefits and Challenges of Diesel-Mechanical Propulsion

The greatest advantage of using this system, is the direct mechanical connection between the main engine to the
propeller, resulting in minimal transmission losses €. The purchase cost of mechanical propulsion is cheaper than other
systems due to its simplicity. Mechanical diesel propulsion operates most efficiently at 80—100% of the designed speed
(23] |deally, vessels operating with limited operating profiles such as cargo ship travelling at single cruising speed benefits
from diesel-mechanical propulsion due to the simplicity of the configuration and least dynamic engine loading.

The disadvantages of the system are poor fuel efficiency, high emissions when sailing at speed below 70% of top speed
and fuel consumption significantly increases when rated power is below 50% 13!, A simple diesel-mechanical propulsion
system provides no fallback plan, thereby failure of any components along the drive train results in loss of propulsion. The
energy management of the engine is simple because it requires both systems to operate simultaneously, regardless of the
power required. The dynamic loading also leads to an increase in the maintenance required for the engine. This could be
overcome by the addition of an appropriate control strategy and alternatively using a controllable pitch propeller that can
result in a reduction in the need for maintenance and improvement in manoeuvrability 14!,



2.2. Electrical Propulsion System

The movement towards electrical propulsion has dated back as early as the 1990s 1! for cruise ships and naval vessels.
Electrical propulsions are known to be more efficient in low-speed conditions, and it introduces conversion losses from 5-
15% propulsion power due to the additional electrical components such as generators, power converters, transformers,
and electric motors. Today electrical propulsion systems in vessels are crucial specifically for vessels operating in
emission control areas (ECASs), as a significant amount of carbon emission could be effectively mitigated. The market in
electrical propulsion ships for North America (blue), Europe (turquoise), Asia Pacific (green), and the rest of the world
(yellow) is expected to increase over the next few years and grow by approximately USD 11.5 billion between 2021 and
2030 as shown in Figure 2 below 16!,
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Figure 2. Market increase in electrical propulsion ships 161,

A direct current (DC) distribution is selected over an alternating current (AC) distribution because conversion between the
transformer and main switchboards is eliminated, resulting in a smaller equipment footprint with up to 25% of the electrical
component weight reduced for a platform supply vessel 4. A standard DC distribution electric propulsion power system is
shown in Figure 3. Several generator sets (Gensets) feed a fixed-frequency high voltage towards the electrical bus
selector through an AC/DC rectifier to convert AC power from the Gensets to DC. The bus then feeds through a
transformer and frequency converter to control the shaft speed and the required electrical power to the electric propulsion
motor drive. Frequency converters may include both an AC-DC rectifier and a DC—AC inverter. This enables the electrical
energy to be delivered and returned to the bus. DC electrical power from the bus selector feeds through the transformer
and inverter to provide AC electrical power to other services and hotel loads. Another benefit of using DC over an AC
distribution system is the redundancy for synchronisation. Synchronisation is required for parallel power sources for
frequency, voltage, and phase to be the same before connecting to the power system. However, in a DC system, the
phase and frequency do not need to be the same since the AC-DC rectifier produces a faster power generation response
time [18],
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Figure 3. Simplified power flow of hybrid fully electric vessel power system.

AC electricity is used to distribute lighting and hotel loads because the load uses a constant frequency and low voltage
(291 As for propulsion, an AC-DC rectifier is used to generate DC power because the coupling between network frequency
and engine speed is removed allowing a varied speed operation. This results in a 60—100% improvement in fuel efficiency
due to the enhancement in the engine’s combustion process 9. The freedom to control each power utilised in the
propulsion system opens the opportunity to optimise fuel consumption and also reduces the maintenance load since the
engine can be switched off when not required. The propulsion transformer is required to reduce the total harmonic
distortion (THD) level to comply with the classification’s requirement (211,



Alternatively, instead of using Gensets, DC distribution supports the integration of energy storage such as batteries and
renewable energy sources for more fuel savings and reduces life cycle and maintenance costs such as by the use of fuel
cells. Batteries such as lithium-ion and nickel-cadmium for their rechargeable properties; however, lithium-ion batteries
are more commonly found in fully electric power systems today due to their higher energy density and developments. An
overview of fuel cells for maritime applications has been covered extensively by van Biert et al. 22, Fuel cell research now
focuses on renewable resources such as hydrogen, methanol, and LNG (231 which will be covered later in this section.

Benefits and Challenges of Electric Propulsion

The benefits of DC distribution electric propulsion systems have been described above. In summary, the benefits of using
fully electric propulsion are as follows:

« lower transmission losses

« reduction in weight and space occupied in a ship

« improve propulsion efficiency and reduction in fuel and emissions
« simpler configuration of generators

« able to implement other energy storage

The electric propulsion system is usually complemented by a power management system (PMS) to optimise the
distribution of loads. This is because an incorrect power supply and demand can result in the shutdown of the electrical
system since power sources are connected to the same electrical network. Aside from that, PMS can be used to monitor
the load and power available to trigger when to start and stop the Gensets. With the several conversions in the power
stages, an increase in losses in its specific fuel consumption at the top speed of the ship occurs to the electrical
propulsion 23!,

However, the development of an optimised PMS to achieve the diverse operation load profile and the hotel load is
challenging as it depends on many parameters such as fuel consumption, power, and engine RPM, which have to be
obtained from sensors and are usually not readily available. An addition of a control strategy for the electrical network is
required to maintain the voltage and frequency stability of the system, load distribution among the Gensets, and blackout
preventions 24, Although electric propulsion promises a reduction in fuel consumption and emissions, operating the
Gensets to achieve higher propulsion requirements, for specific tugging operations or strategic manoeuvring, leads to
poor fuel consumption and higher emissions.

2.3. Hybrid Propulsion System

Most ocean-going marine vessels such as cruises, ferries, and offshore support vessels (pipe-laying vessels) and
warships use diesel—electric propulsion. An estimated fuel saving of 17% [25] could be achieved by using diesel—-electric as
compared to using diesel-mechanical propulsion. Hybrid propulsion with effective control strategies can reduce fuel
consumption and emission by 10% to 35% 13l This text covers two different types of hybrid diesel propulsion systems,
i.e., diesel—electric powered by Gensets and diesel—electric powered by battery.

Diesel—electric powered by Gensets, as shown in Figure 4a, consists of a direct mechanical drive such as a diesel engine
to provide high speeds connecting through a gearbox and to the propeller. Additionally, an electric motor coupled with the
same gearbox or directly to the propeller could be used to provide propulsion for lower speeds and avoid overloading the
main engine. Similarly, the motor acts as a generator for electric loads to other ship components. With the diesel engine,
the system can produce power from either the electric generator or the Gensets. Ideally, a system of such complexity
requires a rule-based control to determine the capacity required.
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Figure 4. (a) Hybrid diesel with Gensets propulsion system; (b) Hybrid diesel with battery propulsion system.

Another variation of diesel—electric propulsion using battery or fuel cells is presented in Figure 4b. The system
configuration is similar to Figure 4a but with an additional stored power supply such as a battery connected to the main
distribution. The use of batteries as energy storage is adapted from the automotive industry, but the energy storage used
in the automotive industry focuses on storing brake energy instead of using the energy to run the engine more efficiently
28] Therefore, the energy storage in the ship enables maximum energy efficiency to be achieved with the flexibility of
combining and switching the power consumption between the diesel engine and the electric energy from the Gensets and
battery, respectively. The motor coupled with the gearbox enables the option of using the electrical drive to propel the
vessel for low-speed manoeuvring. This has a clear advantage if compared to a diesel-mechanical propulsion system,
which requires the gearbox to slow down the vessel, because there may be risks in overloading the engine and adding up
to more maintenance cost for the mechanical propulsion system. The use of fuel cells with diesel engines or gas turbines
can achieve high efficiencies by using more energy-dense fuels 22, The complex control strategies of the hybrid system
are important with the increasing level of complexity in the load-sharing profiles; a summary of these control strategies will
be discussed in the later section.

Benefits and Challenges of Hybrid Diesel Propulsion

Hybrid diesel propulsion combines the benefits of both the electrical and mechanical components highlighted previously.
However, a well-designed control strategy is still required to optimise these benefits, allowing electrical energy to be
transferred from mechanical components to the electric component and vice versa.

Diesel—electrical propulsion has advantages in its ease of maintenance since electrical compliances occupy a smaller
footprint as compared to mechanical components and allow for more flexibility in the positioning of the thrusters or any
other mechanical equipment. The number of Gensets to operate can be controlled based on the power demand to
improve fuel efficiency and engine loading. This then allows the diesel—electrical propulsion to provide a redundancy
measure, where the other generators will be able to provide the necessary power load requirements in case of an engine
failure 241, The batteries installed onboard the vessel enable load levelling between the power fluctuation that occurs
when vessel speed increases, thus leading to a more efficient operation, a method known as the peak shaving strategy.
The peak shaving strategy from the battery, which is a method for the battery to deliver power during times when high
power is required for a smoother operation and recharge when less power is required, can allow the engine to run more
efficiently 24, The energy storage can be recharged with the “charge-discharge mode” when the engine is operating with
lesser fuel consumption to reduce emissions and save fuel 28], Shore power can also be used to charge the batteries and



as an alternative power source when ships are docked. The batteries can also act as a backup if a power failure or diesel
generator malfunction occurs. This would ensure a continuous supply of electricity without disruption.

There are, however, some challenges of a hybrid propulsion system in the charging and discharging of the battery. A
control strategy has to be designed and adopted to maximise the reduction in fuel consumption and carbon emissions.
The control strategy selected should be able to dynamically optimise the load of the battery and engine.

| 3. Control Strategies

Control strategies are required in any electrical propulsion with an AC or DC distribution system. A comparison of AC and
DC distribution control strategies is shown in Table 1, both systems with droop control as the most promising primary
control strategy when compared to heuristic control or equivalent consumption minimization strategy in which the droop
control demonstrates a reduction in fuel consumption of 5-10% [13l. Speed droop control and voltage droop control are
the types of droop control available in the system; each operates in a similar methodology but with different inputs.

Table 1. Comparison of AC and DC distribution control.

Comparison AC Distribution System DC Distribution System

« The frequency of the generator is controlled by droop

speed control in governors or by electrical « Frequency of generator can be
isochronous load sharing between governors. selected as AC voltage is rectified
« Speed droop control is required for load sharing « Speed droop control is not required for
Control
Strategy between generators. load sharing between generators.
« The voltage is maintained at the required voltage and . Voltage droop control is required for
for load sharing using an automatic voltage regulator load sharing of the DC system.
(AVR).
« Enables diesel engine to operate at
. ) ) variable speed.
« Simpler configuration and cheaper
« Increases fuel efficiency in the system
« Able to use a transformer to step-up/step- down the o
when generators are operating in part
voltage
load.
Advantages « Easily converted to DC form

« Resilient to faults.

« Higher efficienc
g y « Weight and space-saving

- Easier to spot current leakages .
P 9 « Isolated electrical fault from other

systems.

« Power sources and loads connected to
« Diesel generator only operates at rated speed the DC distribution system require

power network converters.
« Stability issues

Disadvantages « Fault protection is required

- Engine wears out faster

« Proper control strategy is required
« More components required

« Pricier

Droop control is important to maintain the stability of an AC distribution network with two or more Gensets connected. On
the other hand, speed droop controls the load sharing of power between active Gensets in parallel. It is used in the engine
governor to control the engine speed, with the governor increasing the fuel to bring the engine speed back to the original
speed. However, an overshoot in engine speed may occur due to inertia and power lag, hence the governor helps to



respond by providing less fuel to reduce the engine speed. In layman’s terms, the droop control controls the increase in
governor speed when the load decreases and vice versa. The amount of droop can be calculated based on Equation (1)
(241 |deally, the recommended droop is to be set between 3% to 5% (22,

No Load Speed — Full Load Rated Speed

Full Load Rated Speed x 100 @)

% Speed Droop =

where no load speed is the speed of the generator when there is no power going through the generator and full load rated
speed is the speed at maximum power. Generally, an increase in load will result in a decrease in the frequency speed of
the generator. Similarly, a voltage droop control is used to control the load-sharing power between simultaneous active
generators in parallel where an automatic voltage regular in the generator controls the output voltage of the Genset. The
formulation to obtain the voltage droop is given in Equation (2), which is similar to Equation (1) but with speed replaced
with voltage, where no load voltage represents the highest allowable load value of the voltage for the generator at the
current nearing zero. The load will be the lowest with a higher current at full load-rated voltage.

No Load Voltage — Full Load Rated Voltage o

Full Load Rated Voltage 100 @

% Voltage Droop =

| 4. Renewable Energy Sources

The DC distribution in hybrid propulsion could be designed to integrate with other sources of renewable energy fuels, such
as hydrogen and liquified natural gas (LNG). Figure 5 shows the system power flow configuration of a hybrid propulsion
system with LNG engines. When it comes to system modelling, a gas turbine model (GAST) is commonly used for
dynamic models of power system components in simulation programs to simulate the power system behaviours of the gas
engine, which was once Western Electricity Coordinating Council (WECC) compliant B3l GAST models are used to
simplify the gas engine process; however, the temperature control loop will be inactive as it leads to operational
inaccuracy 2. Since 2001, a more accurate model such as GGOV1 has superseded the GAST model. Similar to the
hybrid propulsion system, a well-designed control strategy is required to optimise the load distribution and fuel

consumption.
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Figure 5. Simplified power flow of hybrid LNG—electric vessel power systems.

| 5. Digital Twin

The development of a system engineering model, besides allowing the monitoring of the ship’s performance during the
design stage, could also be used in monitoring the behaviour of the ship during the operation stage. By collecting
operational data from sensors installed onboard the ship, the data could be fed continuously in real time to the system
engineering model to improve the model prediction. Such a model, known as the digital twin, serves as a virtual
representation of a physical system that is updated through the exchange of information between physical and virtual
systems B8l The digital twin in the marine industry has received increasing attention due to the evolving need for
digitalisation in the industry. It is capable of acquiring, managing and analysing the vessel's required specifications to
continuously update the status of the vessel in terms of propulsion performance or fatigue damage. A digital twin could
also be used for the remote monitoring of the vessel's performance or in predictive maintenance to detect anomalies and



possible defects in system operations. In the predictive maintenance approach, maintenance is only executed when
warranted, and this promises cost savings over time-based preventive maintenance where ships have to be called to dock
at a fixed interval of time (usually in 3 to 5 years). The implementation of the digital twin is, however, costly, as various
sensors have to be installed onboard ships. Additionally, the transmission of data from the sea to the shore and vice versa
and the troubleshooting of sensors are challenging, especially when the vessels are operating in remote areas.

According to Fonseca and Gaspar 24, digital twins in ships can be divided into two different groups, i.e., the first group is
decision support for ship operations, focusing on the in-condition monitoring and calibration of system models based on
real operational data, whereas the second group is on the use of digitals twin for system integration testing and personnel
training. Several studies have been conducted on the first group; e.g., Coraddu et al. B2 used a digital twin to estimate the
speed loss of a vessel due to fouling where the digital twin system is updated with data captured on the vessel and in
return, used to provide feedback on the estimated speed losses. Additionally, Danielsen-Haces 8! used a digital twin of
autonomous vessels for the condition monitoring and calibration of the propulsion system simulation model based on
operational data. For the second group, Tofte et al. 24 used a digital twin as an emulation of the control system, where a
detailed simulation model of the system is created to use for hardware testing and operational training. The digital twin
system could be integrated with a ship resistance and hydrodynamics model as well as vessel routing information that
would provide input on the required propulsion power needed by the marine system. This, together with the ship
manoeuvring performance, would help the EMS and PMS to best optimise the load distribution of the engine.

The digital twin has its own risks and challenges, such that in some cases, it may suffer from reliability issues with the
data collected from the sensors, failure in the system modelling, and improper data processing 8. Therefore, the digital
twin is only suitable for some selective scenarios, as they may not be able to predict operation scenario cases that could
lead to accidents. Nevertheless, being a relatively new topic in the marine industry, there has been a lot of progress, but
more work is necessary.
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