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Abstract: The use of hybrid energy systems in ships has increased in recent years due to environ-
mental concerns and rising fuel prices. This paper focuses on the development and study of a
hybrid energy system using liquefied natural gas (LNG) and batteries for a tugboat. The hybrid
system model is created in MATLAB/Simulink® and uses fuel data obtained from an operational
diesel-powered tugboat. The LNG-hybrid system is then subjected to testing in four distinct configu-
rations: fixed speed, variable speed, and with and without a battery. The different configurations
are compared by computing the daily fuel cost, CO, emissions, energy efficiency operation indicator
(EEOI) and carbon intensity indicator (CII) ratings in three distinct operation cases. The analysis
reveals that the use of an LNG-battery hybrid tugboat results in an average reduction of 67.2% in
CO; emissions and an average decrease of 64.0% in daily fuel cost compared to a diesel system. An
energy management system using rule-based (RB) control is incorporated to compare the daily cost
and CO; emissions for one of the case studies. The rule-based control that requires the battery to
be used and the LNG engine to be switched off at the lowest allowable minimum power based on
the specific gas consumption produces the most cost-effective control strategy out of all the different
control strategies tested. The result demonstrates that an additional reduction of CO, and daily fuel
cost for LNG-battery hybrid tugboats by 23.8% and 22.3%, respectively, could be achieved with the
implementation of the cost-effective strategy as compared to not having a control strategy.

Keywords: hybrid marine power system; LNG; hybrid tugboat; energy efficiency operation index;
carbon intensity indicator; system modelling; system optimisation; control strategies; rule-based
control; energy management system; carbon emissions; fuel cost

1. Introduction

The main focus of environmental concerns in the modern world is on lowering carbon
emissions to lessen the effects of global warming. Since 2016, the marine industry has
been subject to regulations on reducing carbon emissions. The main objective of MARPOL
Annex VI, which was created by the International Maritime Organization (IMO), was
to reduce yearly GHG emissions by at least half by the year 2050 [1], with the target of
reducing carbon emissions by at least 40% by 2030, with a 70% reduction by 2050. Stricter
emission limits have been established, such as a 0.1% m/m marine sulphur content limit
in emission-controlled areas (ECA) from 2015 and a 0.5% m/m limit starting in January
2020 [2]. This requirement resulted in vessel owners seeking various means to reduce CO,
emissions [3], such as using scrubbers/exhaust gas cleaning systems, carbon capture and
storage, or alternative fuel sources, e.g., hydrogen, ammonia or LNG [4]. Other means
of reducing CO, emissions by altering vessel design or operational measures have been
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experimented with, by reducing vessel speed [5] or using air lubrication to reduce hull
friction [6].

Since July 2011, following the 62nd meeting of the Marine Environment Protection
Committee (MEPC), two CO; emission limitation indicators have been introduced—the
energy efficiency design index (EEDI) for new ships and the ship energy efficiency man-
agement plan (SEEMP) for all ships [7]. Later in 2020, MEPC introduced the efficient
existing ship index (EEXI) and annual carbon intensity indicator (CII), to be implemented
in 2023 [8]. Similar to the EEDI, which takes into consideration the vessel design parameters,
the EEXI also measures the CO; emissions per transport work. However, the EEXI applies
to existing ships as opposed to the EEDI, which only applies to new ships. The attained
EEXI values are to be below the required EEXI to ensure that the ship fulfils the minimum
energy efficiency standards [9].

The SEEMP includes both the CII and the energy efficiency operational index (EEOI).
The CII ratings and the annual operational reports are required for vessels of more than
5000 GT. A notable study that incorporates CII ratings was conducted by Gianni et al. [10],
who analysed the various power configurations of a cruise ship that did not adhere to the
CII requirements. The study discovered that only marine gas oil (MGO), when compared
to shore connection, solid oxide fuel cells and LNG, does not meet the 2024 CII regulations
and that only LNG power can get a CII “A” grade up to 2026. Another CII ratings-based
study [11] examined the CO, emissions reduction by using ammonia fuel engines and
concluded that a total of 12,660 tonnes of CO, emissions could be reduced with an “A” CII
rating. However, building a new ship is more cost-effective due to the high initial cost of
USD 5 million for retrofitting. The lack of research incorporating CII ratings is partly the
motivation for including CII ratings in this paper.

With the stricter requirements, technological advancement and commercial adoption of
electrical or hybrid propulsion have seen an increase in popularity to achieve zero-emission
operation and improve vessel efficiency. For military and cruise ships, electrical propulsion
vessels have existed since the 1990s, and over the years, they have experienced many
improvements [12]. A milestone was achieved when the world’s first electric-powered
car ferry, the Ampere, was built in 2015 [13]. The electrical propulsion system provides
higher efficiency, lower carbon emission or zero emission in low loading conditions [14],
and overall reduces operational costs. Because LNG shrinks by a factor of 1/600 during
liquification, making it easier to transport and more accessible than other alternative fuels,
hybrid propulsion using natural gas-powered engines or batteries has also recently seen
an increase in popularity [15]. Additionally, LNG is a cost-effective fuel that reduces CO,
emission by 26% and is sulphur-free, albeit methane slip may reduce the environmental
benefits [16]. Lebedevas et al. [17] completed some noteworthy past research on employing
LNG dual-fuel engines for tugboats, achieving reductions of 10%, 91% and 65% in CO,, SO,
and NOx emissions, respectively. Compared to utilizing diesel, using a hybrid diesel-LNG
propulsion system saves 33% on fuel costs. Another study on LNG dual-fuel engines
was conducted by Zhang et al. [18], where an average savings of 22% was obtained for
the engines operating at different loads at a fixed speed when compared to a full diesel
engine operation, but this savings percentage decreases as the load increases. A thesis by
Vadset [19] on LNG-battery hybrid systems compared LNG-battery systems with variable
speeds to full-LNG systems and found that variable-speed LNG systems with batteries can
save 20% in fuel cost when compared to fixed-speed fully LNG systems. To the knowledge
of the authors, there are not many studies that research the LNG-battery hybrid system,
specifically on tugboats, thereby motivating the study of this subject in this paper.

The increase in hybrid propulsion systems allows power sources to be alternated for
better energy optimisation and utilisation. Energy management systems (EMS) manage
the power distribution between sources while providing the required power, i.e., the bat-
tery power and shore power, to determine the power charge in a generator such as fuel
cells [20]. Some examples of EMS include methods such as rule-based (RB) control, nonlin-
ear programming (NLP), genetic algorithm (GA) and equivalent consumption minimization
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strategy (ECMS). The distribution of power depends on the optimal power allocation due to
different profiles, efficiency and cost aspects. Relevant past studies of using EMS on hybrid
propulsion systems have been conducted by Breijs and Amam [21] using an RB control
strategy for diesel-electric hybrid ferry, where a reduction of 11% in fuel consumption was
achieved during sea trials. A control strategy using NLP was carried out on a diesel-electric
hybrid tugboat to optimize the size of the battery and economic dispatch of the power
system controllable unit [22]. The study found that the total operating cost was reduced by
13.5% by using the nonlinear programming control strategy. Research for a diesel-electric
hybrid ferry by Banaei [23] used GA to optimise vessel operation cost, where a reduction of
3.5% in total operation cost was obtained. A study using ECMS by Kalikatzarakis [24] on a
diesel-electric hybrid tugboat managed to reduce fuel consumption by 10%. Different EMS
resulted in varying reductions in the respective studies listed, depending on the design
requirements and the vessel types. The authors noticed that no significant studies have
been performed on control strategies for LNG-battery hybrid systems and were thereby
motivated to incorporate EMS into this paper.

This paper looks to assess the environmental and economic impacts of using an
LNG-battery hybrid propulsion system for a 65-tonne tugboat as compared to using diesel
or LNG as the sole propulsion system. With the use of data gathered from an equivalent
diesel-powered tugboat, the data are used to profile the loading operations of the modelled
tugboat. The hybrid LNG-battery tugboat system is created in MATLAB/Simulink® with
the full system breakdown described in Section 2. Three different cases will be replicated
on the model: Case 1: Manually logged operation data, Case 2: Designed operational
profile, and Case 3: Past operational data from sensors. The system will be tested in four
different configurations, i.e., diesel only, LNG with fixed speed at 1200 rpm, LNG with
variable speed and LNG with variable speed with battery. The daily fuel operation cost,
CO; emissions emitted and EEOI are calculated for the aforementioned respective cases
and configurations and compared against one another. As the CII ratings are not required
for vessels below 5000 GT, this paper will neglect the weight requirements and categorise
the tugboat as a cruise passenger ship for comparison purposes. An RB control strategy is
then applied for Case 2, where several control strategies are applied to compare against the
results without an EMS. Further development of the system modelling could be conducted
with the advancement of digital twins that incorporates machine learning [25-30] and big
data analytics [31,32].

The following sections will be arranged as follows: Section 2 presents an overview
of the tugboat, the methodologies used to obtain the vessel loading profiles, and the
description of the hybrid LNG-battery power system modelled on Simulink without
an EMS and with the EMS added to the model; Section 3 compares the operation cost,
emissions and EEOI of the different cases and fuel types; Section 4 compares the difference
in results without and with an RB control; and lastly, Section 5 concludes with a summary
of the work and recommendations for future research.

2. System Overview

Figure 1 shows the hybrid power system diagram using an LNG and battery. The
tugboat consists of two LNG generator sets (Gensets) that serve as the primary energy
source, with each having a maximum output of 1492 kW, a maximum speed of 1600 rpm
and a nominal voltage of 545 V. Two lithium-ion batteries with an output of 452 kWh
each serve as energy storage. The vessel loads include the two azimuth thrusters with
ducted propellers, service and hotel load, heating, ventilation and air-conditioning (HVAC),
lighting and pumps. A 1000 V modern direct current (DC) distribution system is used in
the present system because it reduces the power conversion losses, making it simpler to
integrate the energy storage technologies, and improves fuel efficiency while the system is
running at part load [33]. The alternate current (AC) power from the Gensets is converted
to DC power through a rectifier while the battery connects directly to the DC distribution.
As such a system requires less equipment, it can improve round-trip efficiency. The hybrid
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power system is modelled in MATLAB/Simulink® to simulate the dynamic response of

the system.
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Figure 1. Diagram of LNG-battery hybrid vessel power system.

2.1. Loading Profile

In this study, the operation of a 65-tonne tugboat consisting of two Gensets and
batteries is considered. The main operational modes can be categorised as (i) Idle or
standby, (ii) Transit, and (iii) Tugging. The tugboat’s operational time-domain load profile
was created based on the design loading parameters, manually recorded operation data
and historical data from flowmeter sensors installed on a diesel tugboat with identical
operations. Even though the length of a single operation can vary, an average of 120 min is
typically needed for each tugging operation. To shorten the simulation time, the operational
duration in the model will be downscaled to 120 s. In Section 3, the breakdown of each
case’s operation mode and load profile is covered.

2.2. Modelling of Hybrid LNG—Battery Power System

The Simulink model for the hybrid engine comprises three main parts, i.e., the Genset,
the Gas Turbine (GAST) and the Battery, as shown in Figure 2. Power from the battery and
the Gensets is then distributed by a DC distributor. The Genset, GAST and battery systems
utilized in the system modelling are covered in detail in the sections that follow.

ACIC EXCITER

lhronous Machine =

GAST and Governor Round Rotor (Generator)

ACIC EXCITER 2

R
Ichronous Machine

Wye-Connected Load 2

Rectifier
(Three-Phase) 2

GAST ond Govemer2 Round Rotor (Generator 2)

BATTERY

<

Figure 2. Model of Hybrid LNG-battery power system in Simulink.
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2.2.1. Genset System

The Genset is the main energy source for hybrid-powered electrical ships. The Genset
used in the system modelling in Figure 2 is the “Synchronous machine round rotor”
block available in the Simulink/Simscape library [34]. The round-rotor synchronous
generator is selected because it is usually driven by steam turbines and used for high-speed
applications [35]. The parameters of the generator are given in Table 1.

Table 1. Synchronous generator parameters.

Description Value Unit
Rated electrical frequency 50 Hz
Rated apparent power 1865 kVA
Rated voltage 545 \Y%

Number of poles

For the Genset system, the AC voltage is converted to DC through the three-phase
rectifier. A three-phase rectifier is selected because of its structural and control simplic-
ity, high energy efficiency and performance of the input factors [19]. The regulation of
the power system is conducted by using an AC excitation system—the AC1C excitation
model [36] found in the Simulink library. The AC1C consists of an alternator main exciter
with a non-controllable rectifier. The synchronous generator’s demand for direct current is
produced by the AC excitation system. When the synchronous generator’s terminal voltage
fluctuates, the regulator in the AC1C system feeds the exciter regulation voltage to control
the output by adjusting the field voltage and field current to maintain a steady state [37].

2.2.2. GAST System

The excitation system from the synchronous generators regulates voltage controls and
power distribution between the engines. The speed governor and turbine settings regulate
the engine’s fuel flow and speed. Two alternative variables, namely fixed speed and variable
speed, are tested using the models. The LNG engine, a commonly used dynamic gas turbine
model adopted by Mahat et al. [38], is selected due to its simplicity. The parameters used for
the GAST model are based on values used by Vadset [19] and Mahat et al. [38], as shown in
Table 2. The speed governor is used in the GAST model to control the load sharing between
the Gensets using the speed droop method—a method whereby the governor reference
speed increases as the load decreases to acquire stable operations.

Table 2. GAST model parameters.

Description Value Unit
Speed governor proportional gain, K; 25 pu
Speed governor time constant, T; 25 s
Feedback gain, Krp 0 pu
Controller time constant, T 0.05 s
Load limiter time constant, T, 0.1 S
Temperate limiter time constant, T3 5.0 s
Temperate limit gain, Kt 5 s
Ambient temperature load limit, A, 1.0 pu
Controller maximum output, Vy,ax 1.0 pu
Controller minimum output, V,,;;,, 0 pu

The speed governor is an isochronous controller with speed regulated towards the
reference speed, w,,r, through a proportional-integral (PI) controller, as shown in the
block diagram of the speed governor in Figure 3. The w,,y is set to 1.0 for the fixed-speed
simulation. In this analysis, a variable speed configuration is taken into account since,
unlike fixed speed, it can produce the required active load with the least amount of energy
consumption, resulting in lower fuel costs. For variable speed, energy consumption is
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computed using a look-up table of the LNG engine’s load limit curve, as seen in Figure 4.
The input is the active power calculated from the generator, and the output is the optimal

engine RPM speed to minimise energy consumption.

wref, Reference speed

PI(s)
wm, Measured Speed Aw

of Engine

Speed controller

Figure 3. Fixed speed configuration in Simulink [19].
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Figure 4. LNG engine load limit curve.

The specific energy consumption (SEC) of the engine is calculated from the different
load outputs generated from the Gensets. Both the fixed and variable speeds are calculated
based on values from the LNG engine consumption curves shown in Figure 4, where the
orange line represents the fixed RPM at 1200. To find the SEC of the fixed-speed engine, the
specific gas consumption (SGC) at the active load is required. This requires the input of the
active Genset load and generating a look-up table based on values from the orange line
shown in Figure 4. As for the variable speed SEC, the SGC value is taken at the optimum
engine speed and gas consumption at the active load. The results from the two cases are
calculated and further discussed in Section 3.

2.2.3. Battery System

A lithium-ion battery connected directly to the DC distribution system is employed
as the energy storage system in this power system because it requires less equipment and
boosts round-trip efficiency. The direct connection limits the controllability of the battery
as compared to a bi-directional converter which can control the voltage and current of the
battery [14]. The system battery model, which is connected directly to the DC distributor,
was taken from the Simulink/Simscape library and used for the simulation. For the setup
without an EMS, it is programmed to operate at 45% of the battery’s maximum capacity at
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400 kW throughout the simulations to ensure the battery has sufficient charge to operate
1.5 times the required duration as a safety allowance. Future studies of a similar model may
consider implementing bi-directional DC-DC converters due to their electrical isolation
capabilities and high reliability in renewable energy sources [39]. The peak shaving control
could also be implemented into the system to provide a smooth operation and to allow
a constant power distribution between the Gensets and battery instead of supplying the
peaks of the variable load, which is not energy efficient [19].

2.2.4. Energy Management System

With the different types of energy sources on board and fluctuating operational require-
ments, an energy management system (EMS) is required to determine the optimal power
distribution between the engine and energy storage systems. A basic RB control strategy is
included to control and maintain the stability of the power generation sources, as well as
distribute the load as required. Typically, RB methods are ideal with prior knowledge and
past data of the system [40], where the past data are used as a benchmark for the RB control.
This could improve the power management of a hybrid system by allocating the different
power sources efficiently to reduce operational costs and improve system longevity.

In this paper, data acquired from manually logged operational data and data col-
lected from sensors are discussed in Section 4. The load-dependent RB control will be
implemented in the system and discussed in Section 4.5. An example of an RB strategy
using determined load rules to optimise fuel consumption can be found in [41] for an
offshore supply vessel. Two different load-dependent RB controls are implemented in
Section 4.5. The first rule is based on a load on/off switch to regulate the power switch
to fully battery-operated when the required load is consuming more than 200 g/kWh
LNG per engine, based on Figure 4. The second rule is based on the flexibility of load
sharing within the hybrid propulsion system, where different percentages of LNG and
battery power in increments of 10% were investigated. A simple overview of the energy
management framework is shown in Figure 5 below.

Power Flow ——
Signal Flow - - -
______ GAST & . AC/DC
Generator Rectifier
Energy
Management GAST & AC/DC Load
Systemand [-————— » ) o
Generator Rectifier
Control
______ Energy .
Storage .
t |
| I
L e e e l

Figure 5. Simplified energy management framework [15].

3. Mathematical Overview
3.1. Diesel Fuel Consumption

The calculation for diesel consumption is based on the method proposed by Dung et al. [42],
with some variations to accommodate the different systems. The mean specific fuel oil
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consumption (SFOC ) could be obtained from the specific fuel oil consumption (SFOC) for
each Genset given in the diesel engine fuel consumption graph as follows,

t
SFOC — % / [SFOCcen 1(t) + SFOCeen 2(t)] dt )
0

where t is the total duration and the subscript in (1) denotes the SFOC for the respec-
tive Genset.

The SFOC is then used to calculate the mean diesel consumption using the average
generator power (Payg). The mean diesel consumption Ciesel calculation is shown in
Equation (2).

Ediesel [kg/h] = SFOC [g/kWh} X PAvg[kW] x 1000 (2)

Note that the brackets in the equations represent the units for the variables, and all the
cost is in USD.

The daily operation cost Costg,;,, given in (3) is then calculated by taking the assumed
diesel price Pjjpq- As of writing, the average price of marine diesel oil is set to be USD
1.023/kg [43].

Costggity [USD] = Cieser [kg/h] x 24 h 3)

3.2. LNG Consumption

For the LNG calculations, a similar concept to the diesel fuel counterpart is imple-
mented. The mean LNG consumption Cj n is directly calculated from the summation of
the SGC at the active load obtained from the engine limit curve in Figure 4.

B t
o [1F] = o) gy [ 150810+ G n0) iy

The daily operation cost of the LNG is given in (5). The price of LNG P, as of
writing, is set to be USD 0.40/kg [44].

Costai1,[USD] = Crnc [kg/h] x Prng [USD/kg] x 24 h )

3.3. Battery Consumption

The battery consumption for the example will be calculated based on the difference in
the battery state of charge (SOC). Using the Coulomb counting method [19] given in (6),

SOC(t) = SOC(t — 1) +/Ot AL ©)

PkW]
Epat kwn)

where SOC(t) is the battery SOC at time t in %, SOC (t — 1) the battery’s initial SOC in %,
t the time in hour, P the charge/discharge power and Ey; is the battery capacity.

Charging the battery with 1800 kW for 130 s makes it possible to add USD 1.95, as
claimed by Vadset [19], with a rate of USD 0.03/kWh. A separate study from Kersey [45]
used the price of electricity of USD 0.035/kWh. This paper, however, will utilise the average
value of USD 0.033/kWh. The cost to charge the battery fully after every trip will be based
on the formula in Equation (7),

Battery Chargingcost [USD] =
(SOC —SOC(t)) x Ep, [kWh] x Charging Cost [USD/kWh]

where SOC — SOC(t) is the percentage of battery to be fully charged, E;,; is the battery
capacity, and Charging Cost will be USD 0.033/kWh at 1800 kW. To obtain the daily opera-
tion cost with battery charging for configurations with a battery, the Battery Chargingcost
is multiplied by 12 trips and added with Cost,,, in (5), assuming each trip takes 120 min
and not factoring in charging duration. Charging duration will progressively improve as
the technology matures, evidenced by successful cases in the automobile industry where

@)
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the chargers are capable of charging one vehicle at 1 MW or three vehicles simultaneously
at 360 kW [46].

3.4. CO, Emissions

The CO, emissions Emissionco, calculation is based on MEPC.245 (66) [47]. The total
CO, emissions can be calculated using the following formula based on the total fuel oil
consumption Cgye).

ET’HiSSiOi’lCO2 (tOl’l) = Cfuel (ton) X Cr (8)

where Cr represents the CO, emission coefficient based on the type of fuel oil consumed.
The coefficients are based on MEPC.245 (66) [47]. The diesel used in this paper is diesel oil
and has a Cr value of 3.206, whereas the LNG has a Cr value of 2.75.

3.5. EEOl and CII

Lastly, the EEOI or CII attained will be calculated from (9), whereas the required
annual operational CII is obtained from (10).

EEOI or CII attained & - Emissionco, )
o AHAMEd | tonne —nm |~ DWT or GT [tonne] x Distance Sailed [nm)]
. . Z
Required Annual Operational CII = (1 — 100) x ClIg (10)

where Z refers to the reduction factor, starting from 5% in 2023 and afterwards increasing
by 2% each year. The CII reference value CIIy is based on the respective ship type and
capacity from the table found in MEPC.353 (78) [48]. The distance sailed in this study is the
average distance travelled by the diesel-powered tugboat of 10.4 nm.

The calculated values will have a CII rating based on Table 3. The rating is based on
the ratio of EEOI or CII attained (9) to the required CII (10), where a higher ratio indicates
a worse rating, and vice versa. Any values lower than column B in Table 3 are rated as
A [10]. As tugboats are not categorised under the list of vessel types in MEPC.354 (78) [48],
this study adopts the cruise passenger ship values for EEOI calculations and CII ratings.

Table 3. CII rating for the different types of ships [49].

Ship Type Ship Size B C D E

Bulk Carrier 0.86 0.94 1.06 1.18
DWT > 65,000 0.81 0.91 1.12 1.44

Gas Carrier
DWT < 65,000 0.85 0.95 1.06 1.25
Tanker 0.82 0.93 1.08 1.28
Container Ship 0.83 0.94 1.07 1.19
General Cargo Ship 0.83 0.94 1.06 1.19
Refrigerated Cargo Carrier 0.78 091 1.07 1.20
Combination Carrier 0.87 0.96 1.06 1.14
NE e DWT > 100,000 0.89 0.98 1.06 1.13
DWT < 100,000 0.78 0.92 1.10 1.37
Ro-ro Cargo Ship (VC) 0.86 0.94 1.06 1.16
Ro-ro Cargo Ship 0.76 0.89 1.08 1.27
Ro-ro Passenger Ship 0.76 0.92 1.14 1.30
Cruise Passenger Ship 0.87 0.95 1.06 1.16

4. Results and Discussions

In this section, three distinct scenarios are presented: Case 1: Manually logged op-
erational data, Case 2: Designed operational profile, and Case 3: Past operational data
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collected from sensors. Additionally, four different power source configurations are ex-
amined: Diesel, LNG with fixed speed at 1200 rpm (LNG (F)), LNG with variable speed
(LNG (V)), and LNG with variable speed and hybrid power (LNG V + B). The objective of
the simulations is to ensure that the system model produces a similar loading operation.
The simulations are based on the system mentioned in Section 2.2, and the loading profile
represents a single tugboat operation showcasing the variable load.

This is then followed by the calculation of the daily fuel operation cost, CO, emissions,
EEOI and CII ratings for each case. The section concludes with a comparison between
a performance without a control strategy in the best power source configuration to one
with control strategies applied. The calculations for LNG-related issues are integrated into
the Simulink model, and the computations for diesel-related issues are performed using
Microsoft Excel.

4.1. Case 1: Manually Logged Operational Data

Case 1 studies the load distribution using data that were manually logged throughout
the operations. A diesel power tugboat with a similar operation loading profile as the
hybrid LNG-electric vessel was used to record the vessel speed, operational types, and
load with respect to the duration. A total of 11 trips” worth of data was gathered. Figure 6
shows an example of logged data.

500 1 T - ; ; - - ; ; | ; | ;
e B 441kw@ 9 knts : e e
450 : - - -
—Total
400
350 —— — :
ldle 1.6knts @ | | 268kw @ 7.5 knts
0 L - T
3 R = peeebens
‘%250 i TR A Average @ 217kw \
j: Transitihg: | | 1R ' ‘ \
2 00 ‘ _! [l __[Transiting '
‘Tigging
150 (Dgcking)
100 —
: 28kw @ 4 knts
50 i
L LAl L/ ] Y/
0 I L L N
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 8 91 96 101 106 111 116
Time (min)

Figure 6. Operational load profile of a tugboat.

The recorded revolution per minute (RPM) of the engine is used to obtain the load
output by using the diesel engine fuel consumption graph. Such a curve is similar to
the LNG load limit curve given in Figure 4. The average values and durations are then
computed out of the 11 trips of logged data for the respective operations and presented in
Table 4.

Table 4. Manually obtained load profile for Case 1.

Operation RPM (per Engine) Load (kW) Amount of Time (%)
Transiting 394 450 50.97
Tugging 386 422 14.17
Idle (Waiting) 387 424 12.14

Idle (Tugging) 392 443 22.72
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The load profile presented in Figure 7a is generated by the mean power obtained
from all the trips logged during the operation. The simulated load profiles are shown
in Figure 7b,c, for load profiles without and with batteries, respectively. The calculation
results of the case with the different power sources and configurations are shown in Table 5.
The reduction in daily cost and CO; emission decreases dramatically when switching to
hybrid power systems, i.e., an 82.2% and 89.2% reduction in daily cost and CO, emission,
respectively. The average power simulated in the Simulink for Case 1 is 445 kW. Among the
fuel types taken into consideration, using LNG (F) has the highest daily costs and emissions.
Given that the engine speed is fixed, the SGC between 200 kW and 500 kW swings between
230 and 260 g/kWh, whereas for LNG(V), the SGC between 200 to 500 kW is 195 g/kWh.
This can be attributed to the high LNG consumption required during low-load situations.

—Generator Power —Generator Power
oad Power —Load Power Battery Power

600 —Load Power

60 80

Load (kW)

20 40 60 80 100 120 20 40 60 80 100 120

Time (s) Time (s) Time (s)
(a) (b) (c)
Figure 7. Case 1 (a) load profile, (b) load profile simulated without battery, and (c) load profile
simulated with battery.
Table 5. Case 1 configuration comparisons.
Daily Cost CO,; Emission EEOI % Reduction *
Fuel Type - . - -
(USD) (Tonne) (CO; g/tn-nm) in Daily Cost in CO, Emission and EEOI
Diesel 2445 7.66 78.6 - -
LNG (F) 2508 8.53 87.6 —2.6 -114
LNG (V) 1821 6.20 63.6 25.5 19.1
LNG (V + B) 434 0.83 8.53 82.2 89.2

* with respect to diesel.

The daily cost, CO, emissions and EEOI calculated from (8) and (9) are presented in
Table 5. The daily cost and CO, emissions of LNG (V + B) are 82.2% and 89.2%, respectively,
lower than the diesel configurations.

4.2. Case 2: Designed Operational Profile

Based on the designed operational profile of the vessel provided by the industry
collaborator, Case 2 analyses the typical load distribution. Table 6 provides a summary of
the operational type, duration and average load data. The data provided by the industry
collaborator are in terms of loading percentage and duration for different operation types,
i.e., idle, 6-knot transit, 10-knot transit, 12-knot transit and tugging. Case 2 incorporated
data from Case 1 to obtain the actual load in kW; e.g., the loading 420 kW for the Idle
condition is obtained by multiplying the given percentage with the idle load recorded in
Case 1.

In all the simulations with a battery, the distribution of power between the LNG engine
and the battery is such that the battery is fixed to a maximum of 400 kW while the Genset
provides the remaining load. The simulated loading profiles of the model without and with
a battery generated in Simulink are given in Figures 8b and 8c, respectively. The loading
profiles without and with the battery of the variable profiles are closely simulated to the
design load profile in Figure 8a. The noise produced by the load generated in Simulink and
the difference in the rate of power changes as the load increases and drops are the only
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noteworthy differences. However, this can be improved by integrating a PID controller

with the proper control settings into the system.

Table 6. Designed load profile for Case 1.

Operation Load (kW) Amount of Time (%)
Idle 420 10
6-knot Transit 588 25
10-knot Transit 980 10
12-knot Transit 1176 20
Tugging 440 35
1500 1500 = 1500
[iofons | o] oo™
;1000 % 1000 ;3: 1000 —Load Power
§ 500 § 500 § 500
0 0 0
0 2 40 60 30 100 120 20 40 60 80 100 120 20 40 60 80 100 120
Time (s) Time (s) Time (s)
(@) (b) (©)
Figure 8. Case 2 (a) load profile, (b) load profile simulated without battery, and (c) load profile
simulated with battery.

The calculation results from the corresponding power sources and configurations
are shown in Table 7. The daily cost in Table 7 represents the daily fuel operation cost as
calculated from (3) and (5) for the respective fuel types. Similar to Case 1, the reduction
in daily cost and CO, emission decreases when switching to hybrid power systems, i.e., a
60.5% and 62.7% reduction in daily cost and CO, emission, respectively. A reduction in the
CO, emissions by LNG (V) of 22.2% when compared to LNG (F) is expected as the variable
engine speed has been set to the optimised SGC at the given required load.

Table 7. Case 2 configuration comparisons.
Daily Cost CO, Emission EEOI % Reduction *
Fuel Type - . . .
(USD) (Tonne) (CO; g/tn-nm) in Daily Cost  in CO; Emission and EEOI

Diesel 3522 11.03 113.2 - -
LNG (F) 3236 11.01 113 8.1 0.2
LNG (V) 2515 8.56 87.8 28.6 224
LNG (V + B) 1391 411 42.3 60.5 62.7

* with respect to diesel.

The average power for Case 2 is 630 kW. Compared to Case 1 with an average power
of 445 kW, the value for Case 2 is significantly larger. This could be due to errors that may
occur during the manual data-capturing process. Since the data was logged at intervals of
one minute, recording the power over such a long duration could cause important engine
surges and peaks to be missed, resulting in lower average power. The calibration may have
been incorrect since the data were logged from an analogue tachometer, and the results
logged did not take the allowance factor of the sensors into account.

4.3. Case 3: Past Operational Data from Sensors

Case 3 utilises data collected by mass flowmeters from a diesel-powered tugboat
operating with a similar architecture as the hybrid vessel to precisely approximate the
load distribution. The operational profile of the tugboat is shown in Figure 9a. As data
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1500

were recorded continuously by the sensors, a variety of loads were observed in Case 3.
Similarly, the loading profiles without and with battery are presented in Figures 9b and 9c,
respectively. Similar to Figure 8c, some noise is observed from the generator power. The
noise ripples are observed to occur when the generator is required to produce 500-900 kW,
possibly due to voltage harmonics caused by current harmonics, which increase at higher
currents [50]. A harmonic filter could be added to reduce or mitigate the harmonics to a
tolerable level. As compared to Case 2, the maximum load in this simulation is higher;
hence, higher fuel consumption is expected. The average power, in this case, is 702 kW, 10%
more than Case 2. Table 8 shows the results of the case with the different power sources
and configurations. A comparison between the average power of Cases 2 and 3 shows that
the load prediction from the method in Case 2 can predict the load with relatively good
accuracy, i.e., 10% less accurate than the more accurate method in Case 3. As Case 3 requires
the installation of mass flowmeters, which is costly, Case 2 presents a cost-effective means
to predict the engine load by only using the design load profile and manually logged data.

1500 1500
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Figure 9. Case 3 (a) load profile, (b) load profile simulated without battery, and (c) load profile
simulated with battery.
Table 8. Case 3 configuration comparisons.
Daily Cost CO, Emission EEOI % Reduction *
Fuel Type - . - o
(USD) (Tonne) (CO; g/tn-nm) in Daily Cost in CO, Emission and EEOI
Diesel 3669 11.49 117.9 - -
LNG (F) 3331 11.33 116.3 9.2 1.4
LNG (V) 2807 9.55 98.0 23.5 16.9
LNG (V + B) 1645 495 50.8 55.2 56.9

* with respect to diesel.

The cost and CO, comparison in Table 8 shows that the LNG and battery hybrid
systems have the least daily cost and CO, emissions as compared to the diesel power
system, with a reduction of 55.2% and 56.9%, respectively. With the higher average power,
a higher daily cost and EEOI are observed. However, it should be remembered that higher
average power leads to lower fuel consumption. This is because the engine operates at
a lower SGC when operating at higher load requirements, which lowers the cost. This is
reflected in the difference between the daily cost of diesel and LNG(F) for Cases 1 and 3,
presented in Tables 5 and 8, respectively. Table 8 shows that Case 3, with an average power
of 702 kW, has a difference of 9.2% in daily cost reduction for LNG (F) when compared
to diesel, whereas Table 7 shows that Case 2, with an average power of 630 kW, has a
difference of 8.1%. A bigger significant difference can be observed if the amount of time at
a higher load is extended.

4.4. Comparisons between Cases 1, 2 and 3

Tables 9 and 10 compare and report the average daily fuel operation costs and CO,
emissions of the cases, respectively. Out of the cases discussed, the diesel power system
results in the highest cost, partially because of the higher diesel costs of USD 1.023/kg
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compared to the LNG costs of USD 0.40/kg at the time of writing this paper. When LNG-
powered systems are compared, LNG (V + B) has the lowest fuel cost. The average power
of the operation and the amount of fuel used directly affect the daily cost. The cost per
day increases as the fuel usage and average power increase. It should be noted that the
engine’s SGC is the same for any loads below 400 kW, as illustrated in Figure 4; hence, the
fuel consumption is not optimised. Therefore, it is economically advantageous to operate
entirely with batteries rather than employing the hybrid propulsion system in situations
when the average power is less than 400 kW.

Table 9. Average cost comparison of cases.

Diesel LNG (F) LNG (V) LNG (V + B)
Daily Cost (USD) 3212 3025 2381 1157
Difference - 5.8% 25.9% 64.0%
Table 10. Average CO, emissions from cases.
Diesel LNG (F) LNG (V) LNG (V + B)
CO; (tonne) 10.06 10.29 8.10 3.30
Difference - —2.3% 19.5% 67.2%

The comparison of the CII ratings of the respective cases and propulsions is given in
Table 11. The table shows that moving forward, the preferable power system will be using
a variable speed LNG engine with battery, as it can obtain a grade ‘A’ CII rating for the
following years to come. Using the diesel and LNG (F) configuration is not recommended
because of an “E” CII rating and the high daily cost required to maintain. Both LNG (V)
and LNG (V + B) are recommended due to the high CII ratings and low daily cost; however,
more improvements can be made to enhance the configurations, such as adding a dedicated
EMS, as shown in the next section.

Table 11. CII ratings of respective cases and configurations.

Year
CII Rating Fuel Type
2023 2024 2025 2026 2027

Diesel E E E E E
LNG (F) E E E E E

Case 1
LNG (V) D E E E E
LNG (V + B) A A A A A
Diesel E E E E E
LNG (F) E E E E E

Case 2
LNG (V) E E E E E
LNG (V +B) A A A A A
Diesel C C D D D
LNG (F) D E E E E

Case 3
LNG (V) A A B B B
LNG (V +B) A A A A A

4.5. Rule-Based (RB) Control Strategy

The RB control strategies explored in this paper are based on the findings from the
previous section; therefore, the rules selected are based on prior knowledge of the load
demands. Additionally, different configurations of load sharing are investigated between
LNG and battery, where different percentages of the respective power source are compared
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to seek the optimum RB strategy to achieve the lowest cost and emissions. With findings
from Section 4.4, it is noted that the operation with load power below 400 kW is more
beneficial to operate fully with a battery system. However, 600 kW is used as the minimum
load required to switch on the Genset because a 300 kW load on each genset will consume
200 g/kWh LNG, which is the optimum value when compared to using 260 g/kWh at any
load lesser than 200 kW load (see Figure 4). The first RB control, an on/off switch strategy
of the LNG engine, is created based on this limit to see how much improvement in energy
efficiency could be achieved. The switch, when turned on, will allow the LNG engine to be
used, whereas the switch is turned off when a load power of less than 600 kW is required.
The loading profile of Case 2 with the on/off switch RB control being implemented is shown
in Figure 10a. A comparison between the results with and without a control strategy for
Case 2 is shown in Table 12. When compared to Figure 8c, distinct inactivity of the Genset
is observed when the load required is less than 600 kW after 55 s onwards. However, sharp
spikes and fluctuating power is observed when alternating between the energy sources
is required, likely due to the difference in the power changes when the load increases
and decreases.

1500
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Figure 10. RB control strategies on case 2: (a) on/off strategy; (b) varied load sharing configura-
tions control.

The second RB is created based on the flexible load sharing between the hybrid
propulsion system, where different percentages of LNG and battery power are investigated
to find the optimum RB strategy with the lowest cost and CO, emission. This section
experimented with different load distributions in increments of 10% for the different
percentages of load sharing, and the results and findings are shown in Table 13. Figure 10b
shows an example of the different percentages of load-sharing control being implemented
in Case 2, where the system is using 80% LNG and 20% battery power. Noise from the load
can be reduced to a tolerable level with a harmonic filter, as mentioned in Section 4.3.

When compared to results from Tables 7-11 to Table 12, a significant reduction between
not having an RB and having a control strategy is observed. When compared to LNG
(V + B) without RB control strategy, results with the on/off RB strategy displayed a further
reduction in daily cost and CO, emissions (or EEOI) of up to 22.3% and 23.8%, respectively.
Although the difference in reduction in daily cost and emissions for LNG (V + B) with 80%
LNG power and 20% battery power is not better than the results of LNG (V + B), it still
showed a reduction of 30.9% in daily cost and 26.9% in CO, emissions when compared to
using diesel.
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Table 12. Case 2 comparisons of results with control strategy.

| 1y C S L EEOI % Reduction * 40
Fuel Type Daily Cost (USD) CO; Emission (Tonne) (CO; g/tn-nm) in Daily Cost in CO, Emissions or EEOI Battery SOC Consumed (%)
Diesel 3522 11.03 113.2 - - -
LNG (V + B) w/o Control 1391 4.11 423 60.5 62.7 52
LNG (V + B) Control 80/20 2434 8.06 82.7 30.9 26.9 18
LNG (V + B) Control On/Off 607 1.48 15.2 82.8 86.5 48

* with respect to diesel.

Table 13. Case 2 comparison with control strategy at different percentages of load sharing for 120-min operation.

. CO, EEOI % Reduction * .
Fuel Type Daily Cost (USD) Emission (Tonne) (CO; g/tn-nm) in Daily Cost in CO; Emissions and EEOI Battery SOC Consumed (%)

Diesel 3522 11.03 113.2 - - -
10% LNG/90% Battery 553 0.97 10.0 84.3 91.2 74
20% LNG/80% Battery 654 1.40 14.4 81.4 87.3 68
30% LNG/70% Battery 1040 2.82 29.0 70.5 74.4 59
40% LNG/60% Battery 1536 4.57 46.9 56.4 58.5 54
50% LNG/50% Battery 1654 5.01 51.4 53.0 54.6 50
60% LNG/40% Battery 1930 6.07 62.3 452 45.0 41
70% LNG/30% Battery 2050 6.58 67.6 41.8 40.3 32
80% LNG/20% Battery 2434 8.06 827 30.9 26.9 18
90% LNG/10% Battery 2763 9.30 95.4 21.6 15.7 9

* with respect to diesel.
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Other configurations of the load sharing with different percentages are shown in
Table 13, where a range of reduction percentages can be observed; the results are then com-
pared with respect to the effect of the battery state of charge (SOC) based on Equation (6).
The SOC using the control strategy for a duration of 120 min is included in Tables 12 and 13.
The inclusion of the battery SOC changes the consideration for the optimum control strat-
egy for different types of operations. Based on the highest amount of reduction in daily
cost and CO, emissions, the RB control strategy of switching off LNG at less than a 600 kW
load is the most cost-effective. However, with a high battery SOC consumption of 48%
after a 120-min operation, it does not have any allowance in case of emergency, despite
allowing the vessel to complete two back-to-back trips without charging. Therefore, this
strategy is suitable only with battery swapping or when given the time to fully charge the
batteries onboard after every operation.

Table 12 shows that LNG (V + B) without control provides better results when com-
pared to the second RB control in terms of percentage reduction in daily cost and CO,
emissions; the battery SOC consumed is not sustainable, and hence, it is not recommended
to operate the tugboat at LNG (V + B) without control. Additionally, without a bi-directional
converter, the battery is unable to recharge when the vessel is offshore or control the charg-
ing/discharging process. Therefore, the most cost-effective operation without charging
onboard or battery swapping is by configuring the load distribution to 80% LNG and 20%
battery. Based on the analysis performed with only 18% of the battery SOC used up in a
single 120-min operation (see Table 13), a fully charged battery in this configuration will
allow completing a maximum of five 120-min operations or a singular operation of up to
10 h.

5. Conclusions

The hybrid LNG-battery power system was presented with several operational cases
compared to investigate the reduction in fuel consumption and CO, emissions. The use of
the LNG power system is capable of producing close to zero NOx and SOx emissions, as
well as a possible near-zero emission when the battery is used. The hybrid LNG-battery
power system was compared to conventional power systems such as diesel and LNG with
fixed speed and variable speed. The hybrid LNG-battery power system showcased its
capabilities with the lowest average daily fuel operation cost at 64.0% and an average
reduction of CO, emissions of 67.2% when compared to the diesel propulsion system. With
regards to the system design sustainability, the hybrid LNG-battery power system with a
variable speed engine and battery power, LNG (V + B), is the only configuration to fulfil a
CII rating of an ‘A’ up to 2027. The comparison among the three cases also showed that
the methodology using manually logged data and the designed operational profile in Case
2 presents a cost-effective method to predict the load distribution with relatively good
accuracy when compared to the more accurate but costly method using mass flowmeters
in Case 3. Case 2 was then used to explore the different RB control strategies to further
optimise the reduction in daily fuel operation and CO, emissions.

As a rule of thumb, it is more economically beneficial to operate fully on a battery
propulsion system when the load required is below a certain threshold. The first rule was
thus created using the load on/off switch to regulate the power switch to fully battery-
operated when the required load is less than 600 kW. The second rule was created based
on the analysis of the flexible load sharing within the hybrid propulsion system, where
different percentages of LNG and battery power in increments of 10% were investigated.
The results concluded with the RB control of the load on/off switch, which reduces daily
cost by 82.8% and CO, emissions by 86.5%. The second rule has a reduction average of
53.9% for daily cost and 54.9% for CO, emissions when compared to diesel propulsion for
Case 2.

Different rules consume a battery’s SOC differently, hence affecting the number of
trips allowed with each rule. The ideal rule for a cost-effective performance being the first
rule, with access to a battery swap or allowable time to fully charge the batteries after every
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trip. The second rule, which uses a combination of 80% LNG and 20% battery power, is the
best choice for reducing costs and emissions while also supporting a high number of trips.
This configuration can complete up to 10 h of operation on a single charge, making it ideal
for long-range journeys.

The hybrid power system modelling could be improved by incorporating a bi-directional
converter to allow more control of the voltage and current of the battery and, more im-
portantly, to allow the battery to be charged offshore by the Gensets. Future studies could
include factors such as hydrodynamic properties to study the impact on the vessel load
requirements and optimisation using live data from sensors installed on vessels.
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