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Abstract: Hybrid propulsion and using liquefied natural gas (LNG) as the alternative fuel have been
applied on automobiles and some small ships, but research investigating the fuel consumption and
emissions over the total voyage of ocean-going cargo ships with a hybrid propulsion and different
fuels is limited. This paper tries to fill the knowledge gap by investigating the influence of the ship
mission profile, propulsion modes and effects of different fuels on the fuel consumption and emissions
of the ship over the whole voyage, including transit in open sea and manoeuvring in close-to-port
areas. Results show that propulsion control and electric power generation modes have a notable
influence on the ship’s fuel consumption and emissions during the voyage. During close-to-port
manoeuvres, propelling the ship in power-take-in (PTI) mode and generating the electric power by
auxiliary engines rather than the main engine will reduce the local NOx and HC (hydrocarbons)
emissions significantly. Sailing the ship on LNG will reduce the fuel consumption, CO2 and NOx
emissions notably while producing higher HC emissions than traditional fuels. The hybridisation of
the ship propulsion and using LNG together with ship voyage optimisation, considering the ship
mission, ship operations and sea conditions, will improve the ship’s fuel consumption and emissions
over the whole voyage significantly.

Keywords: ship propulsion system; electric power generating system; hybrid propulsion; propulsion
control; LNG; mission profile; power take off/in

1. Introduction

Shipping, which is a relatively energy-efficient, environment-friendly and sustainable mode of
mass transport of cargo [1], is the dominant and will remain the most important transport mode
for world trade [2]. However, the shipping industry consumes more fuel in comparison with other
transport modes [3] and shipping-related emissions contribute significantly to the global air pollution
and long-term global warming [4,5]. Correlated with fuel consumption, shipping is responsible for
approximately 3.1% of annual global CO2 and approximately 2.8% of annual GHGs (greenhouse gases)
on a CO2e (CO2 equivalent) basis [6]. Approximately 15% and 13% of global human-made NOx and
SOx emissions come from the shipping industry. It is projected that maritime CO2 emissions will
increase significantly by 50% to 250% in the period up to 2050 [6]. Moreover, as fuel cost accounts for
approximately 50% to 60% of the total operational cost of a ship [7], a significant fuel consumption
reduction will contribute to a considerable save of a ship’s operational cost. Consequently, the shipping
industry is striving to reduce its fuel consumption and emissions due to the increasingly high fuel
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price, social concerns on the environmental impact and the resulting mandatory and strict emission
control regulations worldwide [8].

Ship mission profile during the voyage has a significant influence on the fuel consumption and
exhaust emissions of ships [9]. Therefore, the ship mission profiles should be taken into consideration
when evaluating ship transport performance [10]. However, one of the major drawbacks of the present
IMO (International Maritime Organization)’s EEDI (Energy Efficiency Design Index) is that it only
considers one operating point without taking the ship’s representative mission profiles into account.
On the contrary, the EEOI (energy efficiency operational indicator), which is also developed by IMO,
is calculated for a voyage or a number of voyage legs based on real operating conditions [11]. In [12],
based on a case study of a handy size Chemical/Product Tanker of 38,000 DWT (Deadweight tonnage),
Acomi, et al. investigate the voyage energy efficiency by calculating the EEOI of the ship using both
commercial software and onboard measures. In [13], in the case study of a RoPax vessel, Coraddu et al.
estimate the ship operational performance of the ship voyage using the EEOI as the measure by real
data statistics and numerical simulations. In [14], Hou et al. optimise the vessel speed of an ice
zone ship to find a minimum EEOI in an ice zone. In [15], in the case study of a VLCC (Very Large
Crude Carrier) tanker, Safaei et al. address the reduction in fuel consumption of the ship voyage
using route optimisation considering ship profile and sea conditions. In [16], in the case study of a
bulk carrier, Zaccone et al. develop a 3D dynamic programming optimisation method to select the
optimal path and speed profile for the ship voyage aiming to minimise the voyage fuel consumption
and taking also into account ship safety and comfort. However, most of the research focuses on
route planning and ship speed profile when studying the ship voyage optimisation. During ship
operation, propulsion control [17,18], power management [19–21] and ship operational speeds [22,23]
will significantly influence the fuel consumption and emissions performance of ships. However,
quantitative and systematic investigations on the influence of various ship operations, including
propulsion control, power management and operational speeds, on the ship performance of the whole
voyage are still limited.

Hybrid propulsion, which is a combination of mechanical and electrical propulsion, is a promising
option to improve the economic, environmental and operational performance of ships [24,25]. In the
basic form of the hybrid propulsion system, the propeller can be mechanically driven by an internal
combustion engine and/or electrically driven by an electric motor, which may also be able to work
as an electric generator. If the electric motor is powered by a hybrid power supply, such as diesel
generator(s), natural gas generator(s), fuel cells and/or batteries, it will be a hybrid propulsion with a
hybrid power supply system [26]. The operation modes of a hybrid propulsion system include power
take off (PTO); slow power take in (PTI); boost power take in [27]. Among others, the benefits of a
hybrid propulsion include reduced fuel consumption; reduced CO2 emissions and other pollutants;
possibility to sail and operate with zero emission in coastal and port areas; greater redundancy; noise
reduction; lower maintenance [24,28]. However, different ship types can benefit differently from the
hybrid propulsion due to their diverse operational profiles [28,29]. In [29], Jafarzadeh and Schjølberg
study the operational profiles of eight different ship types, including tankers, bulk carriers, general
cargo ships, container ships, Ro-Ro ships, reefers, offshore ships and passenger ships, aiming to identify
what ship types are able to benefit from hybrid propulsion. Hybrid ship propulsion is typically applied
on naval vessels, towing vessels, offshore vessels and passenger ships including ferries. However,
the current applications and research of hybrid propulsion are mainly limited on small ships, while the
applications and research on large ocean-going vessels are rare.

To improve the safety and operability of ocean-going cargo ships and to reduce their global
greenhouse gas emissions and the local pollutant emissions in coastal and port areas, few studies on
the potential applications of hybrid propulsion and power supply system on the big ocean-going cargo
ships can be found. In [30], based on a multi-physical domain model, a conceptual hybrid propulsion
system for a very large crude oil carrier (VLCC) has been studied for the potential benefit of improving
the ship’s safety and operability in heavy sea conditions without reducing the system efficiency. In [31]
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and [32], the potential benefits of hybrid propulsion for large ocean-going cargo vessels to increase
fuel efficiency and reduce greenhouse gas emissions and pollutant emissions are investigated as
well. In [33], the impact of battery–hybrid propulsion on the fuel consumption and emissions of an
ocean-going chemical tanker when sailing in coastal and port areas during port approaches has been
investigated. However, it is concluded that the battery–hybrid propulsion for ocean-going cargo ships,
even when only sailing at low ship speed in close-to-port areas for a short time, is still not a realistic
option nowadays even though it can produce zero local emissions; the main reason is that the required
battery capacity is very large and the weight of the battery becomes unacceptable.

Using LNG (liquefied natural gas) as the alternative marine fuel is another promising and
attractive solution to reducing the local and regional environmental impact and operational costs of
ships [34,35]. Compared to using conventional marine fuels, using LNG produces significantly less
pollutant emissions, such as NOx, SOx and PM (particle matter), and CO2 emissions will also be
reduced as well [24,36]. Another driver for using LNG as a marine fuel is the current favourable fuel
price compared to the increasing price of conventional fuel oil [37]. However, one of the disadvantages
in the use of LNG as marine fuel is that it may have a worse impact on climate change (global warming)
than using conventional fuels, when taking the life-cycle emissions of methane (CH4), which is a
worse greenhouse gas than CO2, into consideration [35,37]. Currently, a relatively small number
of ships run on LNG and adopting LNG as a fuel is attractive for ships sailing on fixed routes and
large ships sailing in short sea and coastal areas, especially in emission control areas (ECAs) [38–40].
With more stricter emissions regulations coming into force and more infrastructure of LNG fuel
growing worldwide, larger ocean-going vessels are expected to select LNG as a fuel in the foreseeable
future [39]. There are many publications indicating the potential benefits of using LNG as a marine fuel,
however, quantitative investigations on the impact of using LNG as a fuel on the fuel consumption
and emissions of ships over the whole voyage, taking the ship’s operational profile into consideration,
are limited.

This paper will therefore investigate the potential influence of the application of the hybrid ship
propulsion and electric power generation system with different fuels as well as various propulsion
control and power management strategies on the ocean-going cargo ship in reducing the fuel
consumption and emissions over the whole voyage.

The main goals and outline of this paper are:

(1) To introduce the conceptual hybrid propulsion and electric power generation system of a
benchmark ocean-going chemical tanker (Section 2).

(2) To explain the “average” indicators of the fuel consumption and emissions performance of the
ship taking the ship mission profiles of both the transit voyage in open sea and manoeuvre in
close-to-port areas into consideration (Section 3).

(3) To present the fuel consumption and emissions models of both the main engine (two-stroke diesel
engine) and the auxiliary engines (four-stroke diesel engine) as well as the model corrections on
different fuel types (Section 4).

(4) To introduce the ship mission profiles of the transit voyage sailing in open sea and the close-to-port
manoeuvre in coastal and port areas (Section 5).

(5) To quantitatively and systematically investigate the influence of the ship operational speeds,
propulsion control modes, electric power generation modes, sailing on different fuel types and
PTI propulsion mode on the fuel consumption and emissions performance over the whole voyage,
including the transit in open sea and manoeuvre in close-to-port areas (Section 6).

In Section 7, the conclusions, limitations and uncertainties of the present paper and the
recommendations for future work will be provided.
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2. Hybridisation of the Benchmark Chemical Tanker

The ocean-going 13,000 DWT chemical tanker introduced in [41] has been chosen to investigate the
fuel consumption and emissions performance of the ship when transiting in open sea and manoeuvring
in coastal and port areas. The propulsion system of the chemical tanker consists of a two-stroke diesel
engine working as the main engine, a controllable pitch propeller (CPP) and the shafting system.
The electric power generation system includes a shaft generator (power take off, PTO) driven by the
main engine and three auxiliary generators. The ship particulars of the chemical tanker are given
in Table 1 and the particulars of the main engine (two-stroke diesel engine) and auxiliary engines
(four-stroke diesel engine) are given in Table 2.

Table 1. Ship particulars of the benchmark chemical tanker.

Length Between Perpendiculars (m) 113.80
Breadth Molded (m) 22.00
Depth Molded (m) 11.40

Design Draught (m) 8.50
Design Displacement (m3) 16,988
Dead Weight Tonnage (ton) 13,000

Design Ship Speed (kn) 13.30

Table 2. Particulars of the main engine and auxiliary engines.

Parameters Main Engine Auxiliary Engine

Engine Type MAN 6S35ME-B9.3-TII
(2-stroke)

DAIHATSU 6DE-18
(4-stroke)

Number of engines (-) 1 3
Rated Power (kW) 4170 750
Rated Speed (rpm) 167 900

Stroke (m) 1.55 0.28
Bore (m) 0.35 0.185

Mean Effective Pressure (MPa) 1.67 2.21

In the benchmark ship, originally, the shaft generator can only work in PTO mode. In order
to investigate the potential fuel consumption and emissions performance of a hybrid ocean-going
cargo ship especially when sailing in coastal and harbour areas, in this paper, the original propulsion
system and electric power generation system of the benchmark chemical tanker have been conceptually
hybridised. In the conceptual hybrid ship propulsion and electric power generation system (Figure 1),
the shaft generator can also work as a shaft motor in PTI (power take in) mode. To investigate the
influence of sailing on different fuels on the fuel consumption and emissions of the ship, both the main
engine and auxiliary engines have been assumed (conceptually updated) so that they can also use
LNG (liquefied natural gas) as their fuels, without considering the details of how the engines will be
updated and how different fuels will be stored and managed onboard the ship, which are out of the
scope of this paper. So, after the updates, the benchmark ocean-going chemical tanker will have a
hybrid ship propulsion and electric generation system.
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3. Mean Value Indicators of Fuel Consumption and Emissions

The mean value indicators of fuel consumption and emissions presented and used in this paper
are defined based on the theories introduced in [10,33,41]. When taking the ship mission profile into
account and in order to express the ship performance as a single value, an operational average value of
energy effectiveness and energy (fuel) index has been introduced in [10].

The mean energy conversion effectiveness εEC over voyage, which is the weighted average value
over the mission profile of the ship that will be defined later in the following chapter, is defined
in Equation (1).

εEC =

∑
i

WD,i ·Vi · ∆ti∑
i
(ΦFE,main,i + ΦFE,aux,i) · ∆ti

(1)

where WD,i, Vi, ΦFE,main,i, ΦFE,aux,i and ∆ti are the ship dead weight (N), ship speed (m/s), energy flow
into main engine (J/s), energy flow into auxiliary engines (J/s) and time of duration in each part of
the voyage (h).

Same as for the definition of the mean energy conversion effectiveness, the mean fuel index FI
(g/(ton·mile)) and mean emission index EI (g/(ton·mile)) averaged over the whole voyage of the ship
are defined by Equations (2) and (3), respectively [33].

FI =

∑
i

(
ΦFuel,main,i + ΦFuel,aux,i

)
· ∆ti∑

i
MD,i ·Vi · ∆ti

(2)

EI =

∑
i
(ΦEmission,main,i + ΦEmission,aux,i) · ∆ti∑

i
MD,i ·Vi · ∆ti

(3)

where ΦFuel,main,i, ΦFuel,aux,i, ΦEmission,main,i, ΦEmission,aux,i and MD,i are the fuel mass flow into the main
engine (g/h), fuel mass flow into auxiliary engines (g/h), emission mass flow generated by the main
engine (g/h), emission mass flow generated by auxiliary engines (g/h) and dead weight tonnage of the
ship (t) in each part of the voyage, respectively.

4. Mathematical Models

The ship propulsion and electric generation system model of the benchmark chemical tanker
introduced in [41] has been updated in this paper and the model structure is shown in Figure 2.
The models of fuel consumption and emissions of diesel engines will be briefly presented in this paper.
The models of ship resistance, propeller open water characteristics, wake factor, thrust deduction factor
and relative rotative efficiency can be found in [41] for detail. The onboard electric loads are modelled
by a constant value, which is set as 350 kW. The shaft generator/motor and the auxiliary generators are
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modelled by constant energy conversion efficiencies (which is consistent with the constant auxiliary
power assumption and the practice of switching on/off auxiliary generators to ensure proper loading
of the engines). The energy conversion efficiencies of both the generator(s) and motor are set as 95% in
the model.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 6 of 23 
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4.1. Models of Fuel Consumption and Emissions of Diesel Engines

The fuel consumption is calculated using the engine torque model introduced in [3], in which
the engine torque is modelled as a function of the fuel consumption and engine speed in the form of
second order Taylor expansion of two variables, including the cross product, as shown in Equation (4).
Similarly, the emissions are modelled as functions of the engine torque and engine speed [33] as shown
in Equation (5). The constant coefficients in the models can be fitted using engine test data.

M∗ = f1
(
m∗f , N∗

)
= 1− a ·

(
1−m∗f

)
+ b ·

(
1−m∗f

)2
− c · (1−N∗) + d · (1−N∗)2 + 2 · e ·

(
1−m∗f

)
· (1−N∗)

(4)

Φ∗em = f2(M∗, N∗)
= 1− aem · (1−N∗) + bem · (1−N∗)2

− cem · (1−M∗) + dem · (1−M∗)2 + 2 · eem · (1−N∗) · (1−M∗)
(5)

where M∗, N∗, m∗f and Φ∗em are the normalised engine torque, engine speed, fuel mass injected per cycle,
emission mass flow, which are normalised by dividing the relevant variables using the corresponding
nominal value of the variables.

Only the emissions of the carbon dioxide CO2, NOx and HC (hydrocarbons) are investigated in
this paper. The carbon dioxide is the direct product of the complete combustion of the fuel. So, the CO2

emission is directly determined by the fuel consumption. Note that, as the test data of the auxiliary
engines installed in the benchmark ship is not available, the fuel consumption and emissions models
of the auxiliary engines are calibrated using the average data of (a small number of) similar engines
that are available in the internal dataset. The calibration of the model of the main engine using the
engine test data has been introduced in detail in [41]. More details on the calibration of the NOx and
HC emissions models of the main engine and auxiliary engines can be found in Appendix B.
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4.2. Corrections for Different Fuel Types

The test results of fuel consumption and emissions for developing and calibrating the models of
both the main engine and the auxiliary engines have been corrected at ISO (International Organization
for Standardization) standard reference conditions using the standard LHV (Lower Heating Value)
of the fuel oil (42,700 kJ/kg), referring to ISO 15550:2016 and ISO 3046-1:2002. However, in this paper,
the influence of sailing on different fuel types on the ship fuel consumption and emissions will be
investigated. For instance, when the ship is in operation, the fuel type for the main engine can be HFO
(heavy fuel oil), MDF (marine diesel fuel) or LNG (liquefied natural gas); while the fuel type for the
auxiliary engines can be MDF (marine diesel fuel) or LNG (liquefied natural gas). Therefore, the fuel
consumption, NOx emission and HC emission during ship operations need to be corrected accordingly
by Equation (6) using the multiplying correcting factors shown in Table 3 (and uncertainty in these
factors which is in between brackets).

Table 3. Correcting factors of fuel consumption and NOx and HC emissions.

Fuel Type ISO * HFO * MDF * LNG *

LHV (kJ/kg) 42,700 41,500 42,000 48,000 (+/− 2000)
C f uel (-) 1 1.0289 1.0167 0.8896 (+/− 0.047)
CNOx (-) 1 1.2 1.0 0.2 (+/− 0.1)
CHC (-) 1 1.5 1.0 10.0 (+/− 6)

* ISO, ISO standard reference conditions, referring to ISO 15550:2016 and ISO 3046-1:2002. HFO, heavy fuel oil;
MDF, marine diesel fuel; LNG, liquefied natural gas; LHV, lower heat values.

The underlying assumption for correcting the fuel consumption is that the efficiencies of the
engines remain the same when the fuel types are changed. The correcting factors for NOx and HC
emissions when using HFO and MDF are set based on the internal dataset. When using LNG as
the fuel, the NOx emission will be significantly reduced by approximately 80% compared to diesel
fuel [36]; while the HC emission will be much higher than the diesel fuel because of the methane slip
during engine operation [34,42,43]. So, for a simple assumption, the correcting factors for NOx and HC
emissions when using LNG are set as 0.2 and 10, respectively, based on the information in the available
literature and engine specifications. Note that the formation mechanisms and the environmental
and human health impacts of HC (hydrocarbons) emissions from diesel fuel and LNG are different
although they are all called hydrocarbons in this paper as well as in other literature. The HC emissions
from diesel fuel, in general, are the consequence of incomplete combustion and they are hazardous
to human health (e.g., carcinogenic). However, the HC emissions from LNG are mainly methane
emissions caused by “methane slip” or unburnt methane and it is mainly a greenhouse gas; it has no
direct health effects on humans (in modest concentrations) [44], but it may cause suffocation if the
concentration of methane in the air is too high [45]. It is assumed that the non-dimensional conversion
factor between fuel consumption and CO2 emission is 3.206 kg/kg for diesel fuels and 2.750 kg/kg for
LNG [46].

Φx = Cx ·Φx,ISO (6)

where Φx is the fuel consumption or the emissions of HFO, MDF and LNG (kg/s); Φx,ISO is the fuel
consumption or emissions of fuel at ISO (kg/s); Cx is the correcting factors of fuel consumption and
emissions for different fuel types represented in Table 3.

5. Ship Mission Profile

The sea condition in which the ship sails will be first defined. The added ship resistance in service
due to sea condition, which is relative to that in sea trial condition (calm sea condition), is quantified
by the sea margin (SM), which is defined by Equation (7).
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SM =
PE,service − PE,trial

PE,trial
(7)

where PE,service is the ship effective power in service conditions and PE,trial is the ship effective power in
sea trial condition.

The sea margin is modelled as the function of the fouling of hull and propeller, displacement, sea
state and water depth. It is assumed that the ship displacement is the design displacement and does
not change during the whole voyage including both transit in open sea and manoeuvre in close-to-port
areas. In normal sea condition, when sailing in open sea, the ship sails in deep water and the ship
resistance addition (10%) is mainly due to the sea state; while, when sailing in coastal and port areas,
the ship resistance addition (10%) is mainly due to the shallow water and the effect of sea state is
neglected. According to the above assumptions, in normal sea condition, the sea margins when
sailing in both open sea and close-to-port area are 15% due to the combined effects of the ship fouling,
displacement, sea state and water depth.

5.1. Transit in Open Sea

A combination of ship mission and sea condition profiles for three different voyages sailing at
open sea of the chemical tanker has been defined as shown in Table 4. Each voyage is divided into
three parts, namely Transit A, Transit B and Transit C. In different parts of the voyage the ship speed,
transport distance and sea condition, which is represented by the sea margin (SM), are different. Transit
A is in a calm sea condition (low sea margin, 5%), Transit B is in heavy weather (high sea margin, 30%)
and Transit C is in a normal sea condition (15% sea margin). The three voyages (I, II and III) have
the same total distance (650 n miles) and the same average sea margin (15%), which is defined by
Equation (8), but have different average ship speeds from fast (13.5 kn) to slow steaming (10 kn).

SM =

∑
i

SMi · PE,i · ∆ti∑
i

PE,i · ∆ti
(8)

where SM is the average sea margin of each voyage obtained by averaging the power over the whole
voyage; SMi is the sea margin of each part of the voyage; PE,i is the ship effective power at design draft
with clean hull and calm weather; ∆ti is the time of duration in each part of the voyage.

Table 4. Ship mission profiles when sailing in open sea.

Ship Missions and Sea Conditions
Voyages

I II III

Transit A
(Calm Sea State: SM = 5%)

Ship Speed VA (kn) 13.90 12 10
Time TA (h) 4.27 7.89 7.89

Sea Margin SMA (-) 1.05 1.05 1.05

Transit B
(Heavy Sea State: SM = 30%)

Ship Speed VB (kn) 12 12 10
Time TB (h) 5.26 5.26 5.26

Sea Margin SMB (-) 1.3 1.3 1.3

Transit C
(Normal Sea State: SM = 15%)

Ship Speed VC (kn) 13.66 12 10
Time TC (h) 38.62 41.02 51.85

Sea Margin SMC (-) 1.15 1.15 1.15

The whole transit voyage

Average Ship Speed (kn) 13.50 12.00 10.00
Total Transit Time (h) 48.15 54.17 65.00

Total Transit Distance (n mile) 650 650 650
Average Sea Margin (-) 1.15 1.15 1.15
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The average ship speeds for the three voyages are systematically going down from voyage I
(13.5 kn) to voyage III (10 kn) and transit time is going up accordingly. However, to make it more
realistic, for voyage I with average ship speeds of 13.5 kn, the ship speeds of Transit B (where the ship
is in heavy weather and the sea margin is 30%) are reduced to 12 kn, because of the high sea state,
while the speed loss is assumed to be recovered in part C of the transit. For the voyage II and voyage III
in which the average speeds are 12kn and 10kn, respectively, the ship speed during the whole voyage
remains the same. The detailed determination of the mission profiles when the ship transits in open
sea can be found in Appendix A.

For each ship voyage, the influence of different ship propulsion control modes and electric power
generation modes on the fuel consumption and emissions of the ship over the whole voyage will be
investigated. The ship propulsion control modes (Constant Revolution Mode and Constant Pitch
Mode) and electric power generation modes (PTO Mode and Aux Mode) have been introduced in [41]
in details and they are briefly summarised in Table 5. The combinator curves for the two different
propulsion control modes are shown in Figure A5 in Appendix C.

Table 5. Ship propulsion control modes and power generating modes.

Propulsion Control Modes and Power Generating Modes Descriptions

Propulsion control modes

Constant Revolution Mode
CONSTANT propeller revolution
and CHANGING propeller pitch

(Generator Law)

Constant Pitch Mode

CONSTANT propeller pitch and
CHANGING propeller revolution

until minimum revolution is
reached (Propeller Law)

Electric power generation modes
PTO Mode * Shaft generator ON and auxiliary

generator OFF

Aux Mode Shaft generator OFF and auxiliary
generator ON

* PTO, power take off.

Note that, if the commanded ship speed cannot be reached within the power limit of the main
engine because of providing PTO power, the shaft generator will be shut down and the electric power
needed by the ship will be supplied by auxiliary generators, such as Transit A and Transit C of voyage
I during which the PTO switch is turned off and the main engine only provides power for propulsion
due to the demanded high ship speeds under the corresponding sea margin shown in Table 4.

5.2. Manoeuvring in Coastal and Port Areas

The ship mission profile during the close-to-port manoeuvre is shown in Table 6. The ship speed
is 7 knots in coastal areas and 5 knots in port areas. The sailing time and sailing distance of the ship in
the same area are combined together, respectively, in the ship mission profile in Table 6. In coastal areas,
the total sailing distance when approaching and leaving the harbour is 40 nautical miles and the total
sailing time is 5.71 h. In port areas, the total sailing distance is 10 nautical miles and the total sailing
time is 2 h. The sea margin when the ship is sailing in coastal and port areas is assumed to be normal,
i.e., 15% sea margin, and the added ship resistance is because of the smaller depth in coastal and port
areas compared with the open sea, where the sea state is the main reason for the added ship resistance.

Five different operation cases of the ship are studied to investigate the influence of the ship
propulsion and the electric generation modes of a hybrid propulsion ship on the fuel consumption and
emissions performance during the close-to-port manoeuvre.
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Table 6. Ship mission profile sailing in coastal and port areas.

Sailing Area Ship Mission Profile

Coastal Area
Ship Speed (kn) 7

Sailing Distance (n mile) 40
Sailing Time (h) 5.71

Port Area
Ship Speed (kn) 5

Sailing Distance (n mile) 10
Sailing Time (h) 2

The whole harbour approaching and leaving manoeuvre
Average speed (kn) 6.49

Total Time (h) 7.71
Total Distance (n mile) 50

• In case I, the main engine burning heavy fuel oil (HFO) provides power for the ship propulsion
and onboard electric loads through shaft generator in PTO mode, while the auxiliary engines are
shut down.

• In case II, it is the same as case I except that the fuel burnt by the main engine is changed from
heavy fuel oil (HFO) to marine diesel fuel (MDF).

• In case III, it is also the same as case I except that the fuel for the main engine is changed from
HFO to LNG (liquefied natural gas).

• In case IV, the auxiliary engines burning marine diesel fuel (MDF) provide power for the ship
propulsion through shaft motor in PTI mode and onboard electric loads, while the main engine is
shut down.

• In case V, it is the same as case IV except that the fuel for the auxiliary engines is changed from
MDF to LNG.

So, in case I, case II and case III, the ship propulsion system works in PTO mode but on different
fuels; while in case IV and case V, the ship propulsion system works in PTI mode but on different fuels.
Only the constant revolution mode, in which the ship speed is controlled by changing the propeller
pitch and the propeller revolution is kept constant, will be studied during the close-to-port manoeuvre.

6. Results and Discussions

6.1. Average Ship Performance over Transit Voyage in Open Sea

6.1.1. Influence of Different Operation Modes

The influence of different propulsion control modes and electric power generation modes on the
ship performance when sailing in the open sea has been investigated from the voyage perspective.
In this section, the fuels for the main engine and the auxiliary engines are set as HFO and MDF,
respectively. The average energy conversion effectiveness of the ship over the voyage is shown in
Figure 3. In voyage I, where the average ship speed is 13.5 kn, different propulsion control and electric
power generation modes do not make much difference on the average energy conversion effectiveness
(around 100). The reason is that the propeller pitch of the two control modes is almost the same to reach
that high ship speed. However, in voyage II and III, where the average ship speeds are 12 kn and 10 kn,
respectively, the differences are much more obvious. The average energy conversion effectiveness will
increase with the decrease in the average ship speed. Taking the constant revolution control and PTO
electric generation modes, for example, the energy conversion effectiveness will increase from 100 to
130 and 150 when the average ship speed decreases from 13.5 kn (voyage I) to 12 kn (voyage II) and
10 kn (voyage III). The major reason is the increase in the ship weight/resistance ratio when reducing
the ship speed and it is also the main reason why ship “slow steaming” can save fuel consumption
over the voyage.
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The “average” ship performance in terms of the fuel and emissions indices during the whole
voyage of the ship are presented in Figure 4. The average fuel index (Figure 4a) and the average CO2

emission index (Figure 4b) of the ship over the voyage are in fact the inverse of the average energy
conversion effectiveness, so they have the inverse trends. For example, in constant pitch control mode
and PTO electric generation mode, the fuel index will decrease from 4.37 to 3.15 and 2.37 (g/(ton·mile)),
and the CO2 emission index will decrease from 14.03 to 10.11 and 7.61 (g/(ton·mile)) when the average
ship speed reduces from 13.5 to 12 and 10 (kn). Moreover, during the ship voyage, controlling the ship
speed in constant pitch mode rather than the constant revolution mode, and providing the electric
power by the shaft generator instead of the auxiliary generator will also reduce the fuel consumption
and CO2 emission over the voyage.

When the average ship speed decreases, the average NOx and HC emission index over the whole
voyage will also reduce as shown in Figure 4c,d. For instance, under constant pitch and PTO electric
generation mode, the NOx emission index decreases from 0.33 to 0.24 and 0.17 (g/(ton·mile)) and the
HC index reduces from 0.0118 to 0.0098 and 0.0081 (g/(ton·mile)). The constant pitch mode has a higher
average NOx emission index (Figure 4c) than the constant revolution mode. Generating the electric
power in PTO mode during the ship voyage will also reduce the NOx emission especially in constant
pitch operating mode. The constant revolution mode has lower HC emission index (Figure 4d) than
the constant pitch mode especially at low average ship speeds. Unlike the average fuel consumption,
CO2 emission and NOx emission, the average HC emission over the voyage will increase when the
electric power is provided by the shaft generator (PTO mode). According to the simulation results
of the defined three voyages, an efficient way to reduce the fuel consumption and emissions indexes
is to reduce the average ship speed of the voyage, i.e., slow steaming. Different propulsion control
modes and power generation modes also make some differences on the average fuel consumption and
emissions indexes of the voyage especially at low ship speeds.
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6.1.2. Influence of Sailing on Different Fuels

In this section, when investigating the influence of different fuel types on the fuel consumption
and emissions over the whole transit voyage, only voyage II, in which the ship sails at 12 knots
while at sea, will be looked into. The propulsion control mode is set as constant pitch mode and the
electric generation mode is set as PTO mode. The average fuel and emissions indices of the ship
over the whole transit voyage when sailing on different fuels, i.e., HFO, MDF and LNG, are shown
in Figure 5. The average fuel index of the ship (Figure 5a) when sailing on LNG (2.727 g/(ton·mile))
is about 13.5% less compared with sailing on HFO (3.154 g/(ton·mile)) and 12.5% less than MDF
(3.117 g/(ton·mile)). The average CO2 emission index of the ship (Figure 5b) when sailing on LNG
(7.50 g/(ton·mile)) is about 25.8% less compared with sailing on HFO (10.11 g/(ton·mile)) and 25% less
than MDF (10.00 g/(ton·mile)). Note that, the lower heat values (LHV) and the conversion factors
between fuel consumption and CO2 emissions are different for different fuels. The average NOx
emission index of the ship (Figure 5c) when sailing on MDF (0.196 g/(ton·mile)) is about 17% less
than sailing on HFO (0.236 g/(ton·mile)), while sailing on LNG (0.039 g/(ton·mile)) can further reduce
the NOx emission index by 80% compared with sailing on MDF. However, the average HC emission
index (Figure 5d) of the ship when sailing on LNG (0.065 g/(ton·mile)) is much higher than sailing on
HFO (0.0098 g/(ton·mile)) and MDF (0.0065 g/(ton·mile)), which is one of the major disadvantages of
using LNG as the marine fuel. This is primarily caused by methane slip and unburnt methane during
engine operations.
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6.2. Average Ship Performance over Manoeuvring in Close-to-Port Areas

The fuel consumption and emissions performance of the ship during manoeuvre in close-to-port
areas under five different operation cases introduced in Section 5.2 are investigated. The fuel
consumption and emissions of the ship during the whole close-to-port manoeuvre are shown in
Figure 6. The average fuel indices (Figure 6a) and CO2 emission indices (Figure 6b) of the ship when
sailing on main engine in PTO mode (Case I, II and III) are lower than sailing on auxiliary engines in
PTI mode (Case IV and V). However, sailing on auxiliary engines in PTI mode can reduce the local
NOx (Figure 6c) and HC emissions indices (Figure 6d) significantly compared with sailing on the main
engine in PTO mode.

When sailing on conventional fuels (Case I, II and IV), the fuel index and CO2 emission index
in case I, which are 3.10 and 9.93 (g/(ton·mile)), respectively, are slightly higher than those in Case
II, which are 3.06 and 9.81 (g/(ton·mile)); but they are notably lower than those in Case IV, which
are 4.25 and 13.62 (g/(ton·mile)), respectively. However, the NOx and HC emission indices in Case I,
which are 0.35 and 0.0074 (g/(ton·mile)), respectively, are much higher than those in Case II, which are
0.28 and 0.0049 (g/(ton·mile)), respectively; the NOx and HC emission indices in Case IV, which are
0.17 and 0.0029 (g/(ton·mile)), respectively, are further lower than Case II. The reason is that the fuel
consumption performance of the main engine (two-stroke) is better than that of the auxiliary engine
(four-stroke) burning MDF while the NOx and HC emission performance of the main engine is worse
especially when burning HFO compared with the auxiliary engine.
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Sailing on LNG (Case III and V) instead of conventional fuels in coastal and port areas can
both reduce fuel consumption and CO2 emission indices of the ship, in particular the local NOx
emission index (0.058 g/(ton·mile) in Case III and 0.035 g/(ton·mile) in Case V) will decrease significantly.
However, the local HC emission index (0.049 g/(ton·mile) in Case III and 0.029 g/(ton·mile) in Case V)
is much higher when sailing on LNG than sailing on HFO and MDF.

Therefore, comparing the five cases, in order to reduce the ship emissions significantly when
manoeuvring in close-to-port areas, the ship should be driven by the auxiliary engines through PTI
mode. However, a balance between CO2 and NOx emissions on the one hand and HC emissions on
the other needs to be made when selecting to sail the ship on LNG rather than the conventional fuels.
Note that, as mentioned earlier, the methane emissions of LNG have no direct health effects on humans.
At the same time, it is actually a more potent greenhouse gas than CO2. So, reducing the local pollution
point of view when driving the ship in PTI mode and LNG fuel when manoeuvring in close-to-port
areas are better choices compared to the other cases.

6.3. Fuel Consumption and Emissions of the Whole Voyage

In summary, the average fuel and emissions indexes of the ship over the whole voyage, including
transit at open sea, approaching and leaving harbour manoeuvre, are shown in Table 7. According to
the previous discussions in Sections 6.1 and 6.2, there are many different combinations of ship operation
cases during the whole voyage. For simplicity, only two cases sailing the ship on two different fuels,
i.e., HFO and LNG, have been selected and are shown in Table 7. The propulsion control modes for
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transit in open sea and manoeuvring in close-to-port areas are set as constant pitch mode and constant
revolution mode, respectively; the electric power generation modes for the whole voyage are set as
PTO mode. Compared to transit in open sea, harbour approaching and leaving manoeuvres only
take a small part of the total voyage, so, the results of the total voyage shown in Table 7 are mainly
determined by the fuel and emissions indexes of the voyage when sailing at open sea.

Table 7. Average fuel and emissions indexes of the whole voyage.

Fuel Type HFO LNG

FI (g/(ton·mile)) 3.15 2.72
EICO2 (g/(ton·mile)) 10.10 7.49
EINOx (g/(ton·mile)) 0.24 0.041
EIHC (g/(ton·mile)) 0.0096 0.0642

7. Conclusions and Recommendations

In this paper, the influences of the ship propulsion control modes, electric power generation
modes, ship operational speeds, propulsion modes as well as sailing on different fuels on the fuel
consumption and emissions of an ocean-going benchmark chemical tanker have been investigated
taking the ship’s operational profiles into account. The current IMO’s EEDI considers only one
operating point when estimating ship energy efficiency, however, a lower EEDI does not necessarily
mean less ship fuel consumption and emissions when sailing with a certain mission profile over the
whole voyage. So, the mean value indicators weighted over the ship mission profile should be used
when estimating the fuel consumption and emissions performance of the ship over the voyage.

When transiting in open sea, reducing the ship average operational speed will effectively reduce
both the fuel consumption and emissions of the ship over the voyage. To reduce the ship operational
speed, reducing the propeller revolution rather than the propeller pitch is more preferable, as pitch
reduction will reduce the propeller efficiency and consequently increase the fuel consumption especially
for voyage where the ship speed is reduced. Generating the electric power by the shaft generator
(PTO mode) rather than the auxiliary generator (Aux mode) will further reduce the fuel consumption
while the NOx and HC emissions could increase. However, compared to the propulsion control modes,
the electric generation modes have relatively minor influence on fuel consumption and emissions of
the ship.

When the ship is sailing and manoeuvring in the coastal and port areas, changing the fuel for
the main engine from heavy fuel oil (HFO) to marine diesel fuel (MDF) will reduce the NOx and HC
emissions significantly while slightly reducing the fuel consumption and CO2 emissions. Providing
the power for ship propulsion (PTI mode) and onboard electric loads by the auxiliary engines and
shutting down the main engine will further reduce the local NOx and HC emissions significantly while
the fuel consumption and CO2 emission will increase notably mainly due to the lower engine efficiency
of the auxiliary engines.

Using LNG (liquefied natural gas) as the fuel for both the main and auxiliary engines will reduce
the NOx emission significantly compared to using HFO (heavy fuel oil) or MDF (marine diesel fuel).
So, sailing the ship on LNG in close-to-port areas will produce much less local environmental impact
due to the much less local pollutant emissions. In particular, sailing the ship in PTI mode on LNG will
further reduce the local pollutant emissions in coastal and port areas. The fuel consumption and CO2

emission of the ship will also decrease notably over the whole voyage when sailing on LNG instead
of HFO and MDF. However, the hydrocarbon (HC) emission is much higher when using LNG as a
marine fuel than traditional diesel fuel due to the methane (CH4) slip and unburnt methane during
engine operations and although it has no direct effects on human health, it may have a worse impact on
climate change (global warming) when taking the life-cycle emissions of natural gas into consideration
(although the lifetime of the emitted substance should then also be taken into account, which is outside
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the scope of this paper). It is clear either way that methane emissions from LNG engines should be
minimised as much as possible.

Last but not least, there are still some limitations and uncertainties existing in this paper and
these will be further studied in future work. One of the limitations is that only CO2, NOx and HC
emissions are investigated and the other emissions, such as sulphur oxides (SOx), particulate matter
(PM) and soot (C), etc., generated by the ship are not considered. Another limitation is that only
fuel consumption and emissions are investigated in this paper while the ship capital expenditure
(CAPEX), operating expenditure (OPEX) and the operational safety of both the engine and ship have
been left outside the scope. The uncertainty is in the simplistic assumption on the fuel consumption
and emission performance of the engines when using LNG as the fuel. In future work, in addition to
improving the fuel consumption and emissions models, the potential influence of the application of the
hybrid propulsion and alternative fuels on the CAPEX and OPEX of the ship, and the operational safety
of both the engine and ship especially in adverse sea conditions will be investigated. The trade-off

relationships between the ship CAPEX and OPEX, and between the energy effectiveness of the ship
and the operational safety, need to be investigated.
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Abbreviations

Abbreviations
AC alternating current
AG auxiliary generator
Aux.Eng. auxiliary engine
Aux.Gen. auxiliary generator
CPP controllable pitch propeller
GB gearbox
HFO heavy fuel oil
LNG liquefied natural gas
MCR maximum continuous rating
MDF marine diesel fuel
MG (shaft) motor/generator
PTO power take off

PTI power take in
Symbols
Cfuel correcting factor of fuel consumption (-)
CNOx correcting factor of NOx emission (-)
CHC correcting factor of HC emission (-)
EI mean value emission index (g/(ton·mile))
FI mean value fuel index (g/(ton·mile))
LHV lower heating value (kJ/kg)
M* normalised engine torque (-)
MD dead weight tonnage of the ship (t)
Mdel delivered torque to propeller (Nm)
Meng engine torque (Nm)
mf injected fuel mass per cycle (kg)
m∗f normalised injected fuel mass per cycle (-)
Mshaft shaft torque (Nm)
N* normalised engine speed (-)
neng engine rotational speed (r/s)
np propeller rotational speed (r/s)
PAG,e electric power of auxiliary generator (W)
PB,aux power of auxiliary engines (W)
PE ship effective power (W)
PE,service ship effective power in service conditions (W)
PE,trial ship effective power in trial conditions (W)
PElec electrical power of onboard grid (W)
PMG,e electrical power of shaft motor/generator (W)
PMG,m mechanical power of shaft motor/generator (W)
sfc specific fuel consumption (g/kWh)
SM sea margin (-)
SM average sea margin over voyage (-)
t thrust deduction fraction (-)
Tprop propeller thrust (N)
Tship ship thrust (N)
V ship speed (m/s)
vA propeller advance sped (m/s)
vs ship speed (m/s)
w wake fraction (-)
WD deadweight of ship (N)
εEC mean value energy conversion effectiveness (-)
Φ∗em normalised emission mass flow (-)
ΦEmission,main emission mass flow of main engine (g/h)
ΦEmission,aux emission mass flow of auxiliary engines (g/h)
ΦFE,aux energy flow of fuel to auxiliary engines (J/s)
ΦFE,main energy flow of fuel to main engine (J/s)
ΦFuel,main fuel mass flow into main engine (g/h)
ΦFuel,aux fuel mass flow into auxiliary engines (g/h)
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Appendix A

Mission Profile in Open Sea

According to the transit voyage in open sea defined in Section 5.2, the average sea margin over the whole
voyage is defined by Equation (A1).

SM =
SMA · PE,A · tA + SMB · PE,B · tB + SMC · PE,C · tC

PE,A · tA + PE,B · tB + PE,C · tC
(A1)

The average ship speed over the whole voyage is defined by (A2).

V =
VA · tA + VB · tB + VC · tC

tA + tB + tC
(A2)

The distance of the whole voyage is:

VA · tA + VB · tB + VC · tC = 650 (nmile) (A3)

Voyage I:
The maximum ship speeds in a calm sea state (SM = 5%) and a normal sea state (SM = 15%) in Case I are

13.90 kn and 13.66 kn, respectively. The maximum ship speed in a heavy sea state (SM = 30%) is limited at 12 kn.
In order to reach the average ship speed of 13.5 kn over the whole voyage, it is assumed that the ship sails at the
maximum speeds at different parts of the voyage defined above. In Voyage I, the average sea margin over the
whole voyage is 15%. According to Equations (A1)–(A3), the time the ship sails in different parts of the voyage in
Voyage I are: tI,A = 4.27 (h), tI,B = 5.26 (h), tI,C = 38.62 (h).

Voyage II:
The average sea margin of the whole voyage in Voyage II is also 15%. The ship speed over the whole voyage

is 12 kn and the corresponding ship effective power over the whole voyage is 1229.59 kW. It is assumed that
the time the ship sails in a heavy sea state in Voyage II and Voyage III is the same as that in Voyage I, which is
5.26 h. Then, according to Equations (A1), (A2) and (A3), the time the ship sails in different parts of the voyage are:
tII,A = 7.89 (h), tII,B = 5.26 (h), tII,C = 41.02 (h).

Voyage III:
Similar to Voyage II, the time the ship sails in different parts of the voyage in Voyage III, where the average

ship speed is 10 kn, are: tIII,A = 7.89 (h), tIII,B = 5.26 (h), tIII,C = 51.85 (h).

Appendix B

Calibration of NOx and HC Emissions Models

The coefficients aem ~ eem (aNOx ~ eNOx and aHC ~ eHC) in the NOx and HC emissions models in Equation (5)
are constants which can be determined by engine test data using the least square fitting method. The test data
provided in the technical file of the engine EIAPP (Engine International Air Pollution Prevention) certificate has
been used for modelling the NOx and HC emissions as well as the fuel consumption. When calibrating the
engine fuel consumption model and emissions model, the engine test data come from the same operating points
(i.e., 25%, 50%, 75%, 100% of rated engine load), which are selected along both the generator curve (E2 cycle) and
the propeller curve (E3 cycle). However, the engine installed on the benchmark chemical tanker has been tested
only for E2 cycle rather than E3 cycle due to the installed controllable pitch propeller. So, the test data for E3
cycle is obtained based on the mean value of the E3 cycle test data of the other four engines from the same engine
family. “The mean value of data of different engines is taken in the following way, firstly, the mean value of data
of different engines at nominal points are taken as the new nominal value of the engine; secondly, the mean values
of part load percentages, i.e., the ratios of part load value to nominal value, along generator curve (E2 cycle) and
propeller curve (E3 cycle) of different engines are taken as the part load percentages of the engine along generator
curve and propeller curve, respectively [41].” Note that the specific HC emission data at the point of 75% nominal
power of the E2 cycle is believed too high (0.42g/kWh) to be reasonable compared to the data of the other points
and there is no physical explanation for the measurement that lies so far outside the line that connects the other
data points. Therefore, it is corrected (as a rule of thumb) to a lower value (0.30g/kWh) as shown in Figure A2b to
make the trend smoother and the fitting results more acceptable in spite of the fact that we only have E2 cycle data
of one two-stroke diesel engine. The modelling result of the NOx and HC emissions of the main engine are shown
in Tables A1 and A2, Figures A1 and A2.
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Table A1. Coefficients of NOx emission model of main engine.

Nominal Parameters Coefficients

ΦNOx,nom (g/s) Meng,nom (kNm) neng,nom (rpm) aNOx bNOx cNOx dNOx eNOx

13.3208 238.4465 167 2.1463 −0.8538 0.4046 −0.5199 1.4678

Table A2. Coefficients of HC emission model of main engine.

Nominal Parameters Coefficients

ΦHC,nom (g/s) Meng,nom (kNm) neng,nom (rpm) aHC bHC cHC dHC eHC

0.4170 238.4465 167 −0.0595 −0.0088 1.6009 0.7635 −0.0424
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Figure A2. HC emission.

The calibrated coefficients of the engine torque model, NOx and HC emissions model of the auxiliary engine,
are shown in Tables A3–A5. The modelling results of the fuel consumption and emissions of both the main engine
and auxiliary engines are shown in Figures A3 and A4.



J. Mar. Sci. Eng. 2020, 8, 588 20 of 23

Table A3. Coefficients of engine torque model of auxiliary engine.

Nominal Parameters Coefficients

Meng,nom (kNm) mf,nom (g/cyl/cycle) neng,nom (rpm) a b c d e

7.9577 1.0417 900 −0.0558 −0.6022 0.9446 −0.1548 0.1567

Table A4. Coefficients of NOx emission model of auxiliary engine.

Nominal Parameters Coefficients

ΦNOx,nom (g/s) Meng,nom (kNm) neng,nom (rpm) aNOx bNOx cNOx dNOx eNOx

1.8750 7.9577 900 0.6642 0.2174 0.8867 −0.0267 0.3099

Table A5. Coefficients of HC emission model of auxiliary engine.

Nominal Parameters Coefficients

ΦHC,nom (g/s) Meng,nom (kNm) neng,nom (rpm) aHC bHC cHC dHC eHC

0.0271 7.9577 900 1.0213 0.1307 0.2600 −0.4000 0.2703
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Appendix C

Combinator Curves for Ship Propulsion Control

The combinator curves for the ship propulsion control modes (constant revolution mode and constant pitch
mode) are shown in Figure A5. Setting the sea margin as 15%, the corresponding main engine power in different
propulsion control and electric generation modes is shown in Figure A6.
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