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ABSTRACT

Carbon emissions from human activities play a key role in the major environmental problem of global
warming. The maritime transportation sector is a substantial contributor to carbon emissions, therefore
authorities around the world take actions and set targets for reducing CO2 emissions in this sector.
Specifically, the international maritime organization (IMO) has introduced carbon intensity indicator
(Cl) with the target to reduce the carbon intensity of the ship fleet above 5000 gross tonnage by 40%
by 2030 compared to 2008. One way to reduce CO2 emissions from ships is the hybridization of their
engine rooms by adding shaft-generators and batteries. Hybrid configurations are systems with two or
more degrees of freedom, they require a supervisory controller, often called energy management
system (EMS), that decides how the individual components operate. EMS has a crucial role in the
engine room fuel consumption and therefore optimizing its operation would further decrease CO2
emissions. This can be achieved by utilizing optimization-based algorithms such as the equivalent
consumption minimization strategy (ECMS). ECMS offers instantaneous optimal solutions and can
significantly contribute to CO2 reduction benefits with a low computational cost. Two ship models were
built in the MATLAB Simulink environment utilizing the library components in the powertrain blockset
to evaluate the hybrid engine room configuration that utilizes ECMS algorithm against a conventional
(non-hybrid) one. The performance of the individual components in terms of fuel and power efficiency
maps as well as the propeller resistance curve were collected from experimental tests by the
Winterthur Gas & Diesel Ltd on test components of the same configuration. The current study
examines the potential CO2 benefits offered by an adaptive ECMS on a ship equipped with a 2-stroke
main engine hybridized with shaft-generator. Benefits of the proposed powertrain and algorithm are
analyzed for different operating conditions, including the phases of port stay, open sea sailing and port
approach. Adapting power systems on ships with the proposed one and adopting energy optimization
algorithms could result to immediate CO2 reduction of current ships.



1 INTRODUCTION

Human-generated carbon dioxide (COz2) emissions
are widely acknowledged as the primary driver of
global warming [1] with ships significantly
contributing to these emissions [2,3]. To tackle this
issue, the International Maritime Organization
(IMO) has implemented indexes such as the
Carbon Intensity Indicator (CIll), the Energy
Efficiency Design Index (EEDI), and the Energy
Efficiency Existing Ship Index (EEXI) with the target
to reduce the carbon intensity of the ship fleet
above 5000 gross tonnage by 40% by 2030
compared to 2008 [4-7].

One potential solution to meet IMO targets is to
reduce CO: emissions by hybridizing ship
propulsion systems [8]. One method for
hybridization allows the main engine (ME) to
operate more efficiently by storing surplus power in
batteries through a shaft generator (SG) [9]. CO2
reductions can be achieved by optimizing energy
management system (EMS) decisions through
energy optimization algorithms [10]. Optimization
algorithms for hybrid ships typically rely on dynamic
programming (DP), model predictive control
(MPC), and equivalent consumption minimization
strategy (ECMS) [11] approaches. DP offers a
globally optimal solution but necessitates a priori
knowledge of the power demand profile of the
propulsion system and electrical consumers
throughout the trip and incurs significant
computational costs [12,13]. MPC can generate
solutions approaching optimality, while requiring
less computational effort than DP [14-16].
However, a forecast of the power demand profile
for a time horizon of 10 to 600 seconds is
necessary [14—16]. ECMS mitigates computational
cost by determining instantaneous optimal
solutions, but potentially results in solutions that
diverge from the global optimum compared to DP
and MPC [17-19]. However, ECMS does not
necessitate any a priori or predicted knowledge of
the power demand profile.

ECMS has been applied to hybrid ships utilizing
either 4-stroke [20,21] or 2-stroke main engines
(ME) [22], with the latter exhibiting superior thermal
efficiency [22]. Two-stroke ME, with their high
efficiency, enable more efficient electric power
generation for electrical consumers through power
take-off operation (PTO) with a SG, in comparison
to power delivery from 4-stroke auxiliary engines
[23]. It is therefore valuable to investigate how this
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concept can be optimized to further reduce fuel oil
consumption (FOC) in hybrid propulsion systems
featuring a 2-stroke ME, an area that has not yet
been thoroughly explored in the literature.

This study investigates the potential fuel savings
achievable by using an adaptive ECMS on a ship
equipped with a 2-stroke ME and a SG. The study
analyzes the benefits of the proposed powertrain
and algorithm under various operating conditions,
including port stay, open-sea sailing, and port
approach. By adapting power systems on existing
ships with this hybrid system and employing energy
optimization algorithms, immediate CO- reductions
can be realized. Additionally, this approach should
be considered for new ship builds as well for retrofit
solutions.

2 METHODOLOGY
2.1 Examined Topologies

Two ship propulsion system models were created
in MATLAB Simulink using components from the
powertrain blockset library [24,25] to compare a
conventional (non-hybrid) engine room
configuration (Figure 1a) with a hybrid one (Figure
1b). The conventional configuration (Figure 1a)
consists of two energy converters: the ME and the
gensets, both considered to use the same fuel oil
grade. In this configuration, the ME delivers
mechanical power to the propeller for ship
propulsion, while gensets produce electrical power
for onboard consumers.

In contrast, the hybrid configuration (Figure 1b)
incorporates additional components such as a SG,
electrical systems (including transformers and
inverters), and a battery pack. These components
connect the ME to the electrical consumers,
allowing it to supply electrical power through the
switchboard. The number of gensets remains the
same in both configurations due to the
manufacturer’s choice. However, in the hybrid
configuration, the three gensets exceed the
auxiliary power demand and could potentially be
optimized and reduced. Furthermore, the battery
pack enhances load distribution and provides a
reliable, uninterrupted power supply [26].

The performance of individual components was
simulated using efficiency tabulated data from real-
world sea trial tests conducted by Winterthur Gas &
Diesel Ltd.
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Figure 1. Engine room configurations: conventional (a), hybrid (b), where (#1): fuel tank, (#2): main engine
(ME), (#3): propeller, (#4-G1): genset 1, (#4-G2): genset 2, (#4-G3): genset 3, (#5): electrical consumers,
(#6): shaft generator (SG), (#7): alternating current (AC) to direct current (DC) converter, (#8): DC to AC

converter, (#9): transformer, (#10): DC to DC converter, (#11): battery pack

Table 1. Technical specifications of main
components in the engine room configurations

Engine room configuration

Component - -
Conventional Hybrid

Main engine (ME) 14.78 MW
Gensets 3x1.22 MW
Shaft-generator (SG) - 1.30 MW
Battery - 565 kWh
Propeller type Fixed pitch propeller

2.2 Gensets operation rule for the

conventional configuration

In the conventional configuration, the gensets are
governed by a rather simple rule , as illustrated in
Figure 2 [28]. According to this rule, one genset
supplies power to the electrical consumers until its
load reaches a threshold of 0.85. At this point, a
second genset is activated, and the power demand
is shared between the two gensets. As the power
demand increases, additional gensets are brought
in following the same rule (in the case shown in
Figure 2, the maximum number of gensets is
three). The 0.85 load threshold was chosen to
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ensure reliable operation and extend the lifespan of
the gensets [28].
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Figure 2. Number of gensets in operation and their
operating load according to total normalized power
demand

2.3 ECMS implementation for the hybrid
configuration

An ECMS algorithm was developed to optimize the
performance of the proposed hybrid ship
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configuration. Building on previous works [29,30], it
was modified and expanded to incorporate the cost
factors of the main components in the engine room.
This ECMS can also be adapted to account for the
performance of significant auxiliary consumers,
depending on the specific requirements of the ship.
The ECMS cost function (rivgye) totar) IS defined in eq.
1, where myyg tora) Must be minimized with respect
to the decision variables u, to u, (eq. 2— eq. 3).

The ECMS cost function consists of three
components for optimization. The first component
is the fuel mass flow rate of the main engine
(mgye me), Which is dependent on the main engine
power. The ME power is a function of the
normalized SG load u;, which ranges from 0 (PTO
mode deactivated) to -1 (operation at minimum
rated power - Psg rateq), @S defined by eq. 2, where
Py represents the SG power. The explored range
of u, is limited to the function of SG operating as a
generator (Psg < 0) for simplicity, excluding its
operation as a motor.

The second component is the total fuel mass rate
to the gensets (e gensets), Which depends on
their normalized load functions u,, us, u,. These
range from 0 (genset shut off) to 1 (operation at full
power - Pgen max), @s outlined in eq. 3, where Pgep 1,
Psen2, Peens represent the genset power for the
gensets 1 to 3, respectively.

The third component, Py, represents the battery's
electric power, which can be either positive or
negative depending on whether the battery is
supplying (discharging) or receiving (charging)
electrical energy. An additional cost factor (p) is
included in Pg,; to maintain the state of charge
(SOC) near a target value. Py, is then converted
to an equivalent fuel rate using the equivalence
factor (seq) and the lower heating value (Quy) of
the fuel oil.

The s.q term is calculated based on eq. 4, which
can take two different constant values depending
on whether the battery is supplying (sqis) Or
absorbing (sc,g) electrical energy. The p term is
parameterized based on eq. 5 provided by Onori et
al. [31], which depend on the SOC. Eq. 5 considers
a target value for the SOC (SOCy,rget), and selected
maximum (SOC,,,) and minimum (SOC,,;,) values
and a superscript for the penalization function (a).

The selected parameters for the calculation of
Seq and p are listed in Table 2, based on moderate
values by Aletras et al. [30].

. L . Seq
Meyel total (t) = MfyelME T Mfyel Gensets T QLHV X

Pgate X p(SOC) (1)
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Uy =5t @

PSG,ratecl

l:’Gen,l

u2 l:’(lz’en,max
ll3 — Gen,2 (3)
l:’Gen,max
Uy

PGen,3

PGen,max

- { (SdislpBatt = 0) (4)
e (SchglpBatt < 0)
4 SOC(D-SOCtarget |2
p(S00) =1 ((socmax—socmin)xo.s) (5)

Table 2. ECMS algorithm parameters

Parameter Value
Sdis 3.6
Schg 1.1
a 1
SOCiarget 0.5
SOCax 0.8
SOChin 0.2

The ECMS optimization adheres to the constraints
outlined in eq. 6 through eq. 11. Eq. 6 describes the
mechanical power balance in the hybrid ship
configuration, stating that the power required at the
propeller (Pp,,,) must equal the combined
mechanical power outputs from the main engine
(Pvg) and the Pg;. If the rotational speed of the
propeller is known, P, can be calculated using
the propeller curve. Consequently, eq. 6 can be
utilized to determine Py.

Eq. 7 outlines the electrical power balance in the
hybrid ship configuration. The power required by
the electrical consumers (Pconsumers) Must equal
the combined electrical power supplied by the SG
(PSG, electric)1 the gensets (PGen,all)1 and the Pgatt- The
values of Psg electric @aNd Pgenan €an be calculated
using map-based modeling, which accounts for the
efficiencies of the SG and gensets. Therefore, if
Pconsumers 1S Known, eq. 7 can be used to determine

PBatt-

Eq. 8 through eq. 11 define the physical constraints
of the components. Eq. 8 specifies that the ME
cannot operate beyond its maximum power output
(PmE, max)- EQ. 9 restricts the SG to operate within
its full load curve and the PTO limitation, with
bounds defined by Psgmin and  Peroimit
respectively. The Ppromie @ a function of
rotational speed is illustrated in Figure A1 in the
Appendix. According to eq. 10, the gensets are
limited to 85% of their full load curve, where Py ;
represents the power of the genset, with i index

Page 5



denoting the genset number. Lastly, to ensure
battery longevity, the battery state of charge (SOC)
must remain within a specific range, between a
maximum (SOC,,,,) and minimum level (SOC,,;,), as
outlined in eq. 11.

Pprop = Pug + Psg (6)
Peonsumers = Psg, electric + Pgenan + Pratt (7)
Pve < PME, max (8)
Psgmin = Psg = 0 A Psg = —Ppro jimit 9)
Peeni < 0.85 X Poonmax, Vi =1,2,3 (10)
SOC,; < SOC < SOC,ay (11)

Figure 3 illustrates the flowchart of the ECMS
algorithm developed. This algorithm manages the

operation of key components, including the ME,
SG, gensets, battery, and propeller, by optimizing
a cost function. The required input variables for the
optimization are Ppy,p,, SOC, and Peonsumers-

The algorithm begins by defining a range for the
control variables, based on the input data,
mechanical and electrical balance conditions, and
the physical constraints of the components. Next, it
generates a cost function matrix that accounts for
the dependencies on these control variables. The
algorithm then identifies the optimal combination of
Psc and genset power values that minimizes the
cost. This minimization process follows the
approach outlined by Aletras et al. [29].

After completing the minimization process, eq. 6
and eq. 7 are used to define the values of Py and
Pgai.- The parameters chosen for the ECMS
algorithm are detailed in Table 2.

Inputs of Algorithm Control Variables ECMS Output
Cost Function Variables
Propulsion
— ] — Pgg
Demand P P
SG =[ SG,min 0] =
= SOC PSG,rated l:’SG,ralted % PG:en,l
’ > — | é’:‘ > | PGen,2
*
l)Gen,i — [0’ s 1] PGen,3
5 l:)Gen,max
o Lo| Consumers
R 4 ﬂu A — PY\);IE
“S"| Demand N
Conditions & X
Physical Constraints Paatt
(#3) (#4)
[ 4} :| SOC
000000
(#2)

Figure 3. ECMS procedure overview. (#1): gensets, (#2): ME, (#3): shaft-generator (SG), (#4): battery
pack, Sp: propeller position, Psg: SG power, Psg rateq: SG rated power, Pgepi: genset power for, Pgen max:
maximum genset power, Pg,,, o1: total power from all gensets, Pg,, 41 total power from all gensets, mgye; totar:
ECMS cost function, Pyg: ME power, Py, battery power

2.4 Examined operation phases

In the initial phase, FOC benefits of the ECMS are
compared to those of a conventional configuration
across different operation phases: port stay, open
sea sailing, and port approach. To simulate these
scenarios, real-world trip data, including propeller
rotational speed and power demand from electrical
consumers, are used from an anonymous deep-
sea ship operating under similar conditions. Table
2 provides an overview of the profiles used for
different operation phases. The activity durations
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are normalized relative to the open sea sailing
phase, ensuring a common time frame across all
scenarios. Additionally, the average speed and
average electrical power demand are normalized to
the main engine's rated speed and the rated power
of a single genset, respectively. For the port stay
phase, two distinct electrical demand scenarios are
considered: one with cargo transfer operations
("Cargo On") and another without ("Cargo Off").
During the open sea sailing phase, two different
electrical consumers power demand profiles are
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analyzed: one with the ship’s ventilation system electrical mode is applied, referred to as “Normal”.
activated ("Ventilation On") and one without it  Further details about the profiles can be found in
("Ventilation Off"). For other phases, such as  [32], which also presents a hybrid engine room with
maneuvering or port approach, no specific  a controllable pitch propeller.

Table 3. Operation phases and characteristics

Average Normalized

Phase Electnce')\l/I c()2(§>ensumers l;ormshzed Averags;eel\é?jn[“?]allzed Electrical Consumers
uration [-] p Demand [-]

Port Sta Cargo On 0.45 0 1.58

y Cargo Off 0.22 0 0.49

Open Sea Sailing Ventilation On 1 0.72 1.44

(Design Speed: 22kn Ventilation Off 1 0.72 0.91
Max Speed:25kn [33])

From Port 2.33 0.70 0.48
Maneuvering to Sailing

From Sailing to Port 2.33 0.14 0.42

Maneuvering Normal
6 kn port approach 0.3 0.17 1.39
12 kn port approach 0.3 0.22 1.39

2.5 FOC corrections

To ensure a fair comparison of any scenarios
involving hybrid or conventional engine rooms,
the energy supplied for propulsion and electrical
consumers should be identical between the
scenarios. Additionally, when a battery pack is
used, comparisons should assume equal SOC
levels at the beginning and end of the simulation.
However, this condition is not always met. The
use of dynamic simulators for engine room
modeling can result in minor discrepancies in
propeller and electrical power demands and may
not consistently maintain SOC levels [13,15,34].
These issues could be mitigated by using a
backward modeling simulator, which employs a
quasi-static approach. However, this study
utilizes a forward modeling simulator due to its
basis in physical causality, which supports the
development of online control strategies [31].

As shown in eq. 12, a correction method is
proposed to ensure a fair comparison, adapting
the approach of Aletras et al. [30] to the
examined ship engine room. This s
accomplished by normalizing the total simulated
fuel consumption (SEg,) from the ME and
gensets against the simulated energy demands
at the propeller SEp,,, and electrical consumers

(SECOD)'

Comparing the normalized FOC energy with the
total required energy allows for a fair comparison
between engine room configurations. This
approach is necessary because absolute FOC
energy values can be misleading, as varying
energy demands from the propeller and other

CIMAC Congress 2025, Zurich Paper No. 272

consumers can affect the total FOC energy. The
relative FOC reductions (FOCRs) are calculated
by comparing the normalized corrected fuel
energy consumption (CEg,) values of the
various configurations.

The new expression also incorporates a
reference energy consumed from the battery
(REgat) to ensure that the simulated battery
energy consumption (SEg,.) is the same across
the compared configurations. Since the
conventional configuration lacks a battery, REg
is set to zero. The efficiencies of the battery and
gensets are assigned their average simulated
values during the different phases (g, and
Naensets> respectively).

1

(A +Bx (7 ) |SEBatt = REBatt)

CEFuel = NBatt (12)
(A + B X Ngatt|SEgatt < REpatt)
1
with: A = SEFyel B= (SEBatt_REBatt)X(ﬁGensetS)
SEprop+SEcon SEprop+SEcon
3 RESULTS

3.1 Port stay phase

Figure 4 shows the genset load profiles during a
port stay event, where electricity is used to
transfer cargo onto the ship ("port stay cargo on"
— Table 3). The ME is off, so the hybrid
configuration relies on both gensets and the
battery to supply the energy needed by the
electrical consumers. In  contrast, the
conventional configuration solely depends on the
gensets to meet this demand.
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Figure 4. Gensets operation and SOC for the port
stay cargo on with conventional and hybrid
configurations. All gensets and SOC (a), genset
1 (b), genset 2 (c), genset 3 (d)

In the conventional configuration, the load on the
gensets varies based on changes in power
demand from electrical consumers and is
distributed among the three gensets according to
the rules shown in Figure 2. On the other hand,
in the hybrid configuration, the gensets operate
at a steady load, with genset #1 and genset #2
running at their maximum load capacity of 0.85.
The battery functions as an energy buffer,
compensating for the differences between the
power supplied by the gensets and the power
demanded by the electrical consumers, as
shown in the SOC profile.
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Between the normalized time interval of 0.20 and
0.25, a short surge occurs, necessitating the
activation of the third genset. This happens due
to an increase in power demand from the
electrical consumers, while the ECMS algorithm
works to keep the battery level stable at
approximately 0.50.

Figure 5 illustrates the normalized net energy
flows of the key components for both the
conventional and hybrid configurations during
the “port stay cargo on” phase. These energy
flows are normalized relative to the energy
demands of the electrical consumers. Since the
ship remains stationary, only the electrical
components of the configurations are
considered. In the conventional configuration,
the energy demand is distributed across all three
gensets, while in the hybrid configuration, it is
primarily met by gensets 1 and 2. Utilizing the
ECMS algorithm, the hybrid configuration
achieves a normalized FOC energy of 2.15,
which is lower than the 2.22 observed in the
conventional configuration. This reduction is due
to the higher average efficiency of the gensets in
the hybrid configuration, as they operate at a
higher load compared to those in the
conventional configuration, as depicted in Figure
4

Table 4 provides a summary of the FOCR and
average genset efficiency (gensets) fOr both the
port stay cargo on and cargo off phases.
Alongside the cargo on scenario, the analysis
includes the port stay cargo off phase, where the
ship does not utilize electrical consumers for
cargo operations while docked. The hybrid
configuration achieves a 3.15% FOCR during the
cargo on phase and 0.81% during the cargo off
phase. The smaller benefit observed during the
cargo off phase is due to a more modest
improvement in genset efficiency.

Table 4. Gensets average efficiency and FOCR
for the port stay cargo on and off

) . Magnitude
Phase Configuration
T_]Gensets [%] FOCR [OA)]

Port Stay Conventional 45.0 -
CargoOn  Hybrid 465 3.15
Port Stay Conventional 42.9 -
Cargo Off Hybrid 43.2 0.81
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G3): genset 3, (#5): electrical consumers, (#6): SG, (#7): battery pack

3.2

Figure 6 illustrates the operating points of the ME
during open sea sailing with the ship’s ventilation
system turned off, a condition referred to as “open
sea sailing ventilation off’ (Table 2). In the
conventional configuration, the ME load follows the
propeller resistance curve to propel the ship, while
the gensets handle all electrical loads. In contrast,
the hybrid configuration has the ME operating at a
higher load, supplying power not only to the
propeller but also to the SG for electricity
production. This arrangement fully meets the
demands of the electrical consumers, leaving the
gensets inactive, as detailed in Table 5.

Open sea sailing phase

1.0 : _ I
— = Main Engine Limit
— =PTO Limit
= 0.8 == Propeller Curve
S ) bsfe .
© 06 ® Conventional
= [ brid
B ® Hybric
=
= 04
=
&
= 02

0.2 0.4 0.6 0.8 1.0
Normalized Speed [-]

Figure 6. Operating power for ME in open sea
sailing ventilation off
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Table 5. Gensets load for open sea sailing
ventilation off in conventional and hybrid
configurations

Operating load [-] per Genset

Configuration All

Gensets Genset1 Genset2 Genset3
Conventional 0.90 0.45 0.45 0.00
Hybrid 0.00 0.00 0.00 0.00

Figure 7 depicts the normalized net energy flows
during open-sea sailing with ventilation turned off.
In the hybrid configuration, the ME uses more fuel
oil than in the conventional configuration because
it supplies both propulsion and electrical power.
However, the total normalized fuel consumption,
accounting for both the ME and the gensets, is 1.77
in the hybrid configuration, compared to 1.89 in the
conventional one. This difference is primarily due to
the greater efficiency of the two-stroke ME at high
loads compared to the four-stroke gensets.

Table 6 summarizes the average efficiencies of the
ME (ﬁME)’ SG (ﬁSG)! NGensets: and the FOCR for
open sea sailing under two scenarios: ventilation
off and on. The hybrid configuration achieved
overall FOCRs of 6.3% and 3.2% with ventilation
off and on, respectively.
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generator, (#7): battery pack

In the hybrid configuration, the PTO mode is
activated, allowing the ME to operate at high load,
thereby improving efficiency. Additionally, the ME
paired with the SG produces electrical power more
efficiently than the gensets. However, when
ventilation is on, the SG alone cannot meet the
power demand, requiring the gensets to
supplement, which slightly reduces the FOC
benefits of the hybrid system compared to the
ventilation-off scenario.

Table 6. Component energy efficiencies and FOCR
during open sea sailing with two ventilation
scenarios

Magnitude
Ventilation Configuration g, fsc  Tgensets FOCR
[%] [%] [%] [%]
Off Conventional  56.1 - 42.3 -
Hybrid 56.8 96.8 - -6.30
on Conventional  56.1 - 46.0 -
Hybrid 56.6 96.9 46.6  -3.18

3.3 Port entering and leaving modes

Figure 8 illustrates the operational performance as
the ship approaches the port at 6 kn, comparing the
normalized shaft speed, loads of the SG, ME, and
gensets, as well as the SOC between conventional
and hybrid configurations. The shaft speed is
expressed as a ratio of the ME's rated speed, and
the model accurately tracks the target rotational
speed. During normalized time intervals from 0 to
0.06, the ECMS algorithm choses SG operation,

CIMAC Congress 2025, Zirich
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causing the ME in the hybrid configuration to run at
a higher load compared to the conventional
configuration to power both the propeller and the
SG. Consequently, gensets contribute less power
in hybrid configuration (Figure 8d) but remain active
to some extent.

During the normalized time interval from 0.06 to
0.12, the rotational speed decreases, leading the
ECMS to deactivate PTO operation in the hybrid
configuration due to the ME's physical limitations.
As a result, the SG is turned off, and the ME load
decreases to match the levels seen in the
conventional configuration. With the SG inactive,
the ECMS activates the gensets to supply electrical
power and maintain the battery SOC within the
desired range.

During the 0.12 to 0.30 interval, the ME is turned
off in all configurations as the ship reaches a
complete stop. In the conventional configuration,
gensets exclusively supply the electrical power,
whereas in the hybrid configuration, the demand is
met using a combination of the gensets and
batteries.

Table 7 provides a summary of component
efficiencies and FOCR during the 6 kn approach. In
the hybrid configuration, the higher ME load driven
by PTO operation results in improved efficiency
compared to the conventional configuration.
Furthermore, the hybrid configuration operates
gensets at higher loads, further enhancing their
efficiency relative to the conventional configuration.
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Figure 8. Engine room operation during port approach 1, propeller rotational speed (a), SG load (b), ME
load (c), gensets load (d)

Table 7. Component energy efficiencies and FOCR  Table 8. Summary of benefits for different operation

during port approach at 6 kn phases offered by hybrid over conventional
configuration
. . Magnitude
Configuration Mme [%] Ns6 [%] Ngensets [%0]  FOCR [%] Phase FOCR from Hybrid over
Conventional ~ 42.9 - 44.4 - Conventional [%]
Hybrid 439 923 454 1.94 From port maneuvering to 2.40
sailing
From cllg o por 207
As in previous cases, another factor contributing to 6 kn approach 1.94
improved FOC is the higher efficiency of electricity 12 kn approach 3.60

generation by the ME+SG compared to the
gensets. Overall, the hybrid configuration achieves
a 1.94% FOC improvement over the conventional
configuration. For other phases, including in-port 4 DISCUSSION AND CONCLUSIONS
and port approach operations, the hybrid This study investigates how the fuel oil
configuration offers FOC benefits ranging from  consumption of a two-stroke engine deep-sea ship
2.40% to 3.6% (Table 8). can be reduced by integrating a shaft generator
and batteries into a hybrid propulsion system. To
facilitate this, a novel adaptive ECMS algorithm
was developed using real operational data. The
hybrid propulsion system, combined with ECMS
control, achieved efficiency improvements of up to
6.0%, varying with the ship's operating phase, with
the most significant gains observed during open
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sea sailing. These benefits largely result from the 5 DEFINITIONS, ACRONYMS,

higher efficiency of the ME operating at increased ABBREVIATIONS
loads in PTO hybrid mode and the more efficient
electricity generation by the SG compared to the AC Alternating current

gensets in the conventional configuration. This
efficiency advantage stems from the higher thermal

efficiency of the ME's two-stroke combustion BSFOC Brake specific fuel oil consumption
relative to the gensets' four-stroke combustion.

However, the fuel savings are less propou_nced ci Carbon intensity indicator

during port stay phases where PTO operation is not

feasible.

CcO2 Carbon dioxide
The range of consumption improvements observed
in this study can be compared to the 11% DC
improvement reported by Kim et al. [35] and the
1.6—18.9% savings noted by Diniz et al. [36]. Both
studies used ECMS for hybrid control and DP Dynamic programming
demonstrated advantages over conventional
operation in fishing boats (Kim et al. [35]) and
shuttle tankers and tugboats (Diniz et al. [36]).
However, unlike the present study, these works did
not focus on deep-sea ships. Other published
results using different EMS algorithms include the EEDI Energy efficiency design index
study by Al-Falahi et al. [37], which showed that a
rule-based algorithm achieved a 2.9% benefit from

Direct current

Equivalent minimization consumption
ECMS  strategy

hybrid operation, while a grey-wolf optimization EEXI Energy efficiency existing ship index
strategy increased this to 7.5%. Additionally,
Planakis et al. [38] proposed a non]inegr model EMS Energy management system
MPC approach for hybrid control, yielding a 2%
improvement.
FOC Fuel oil consumption

While the efficiency gains may seem modest, they

remain significant when considering that retrofitting .

a SG and a battery pack is one of the simplest FOCR  FOC reduction

upgrades a ship can undertake to meet Cll and

EEXI compliance. These technologies are also IMO International maritime organization
readily applicable to new builds. Furthermore,
another alternative being examined nowadays is
reducing the vessel's cruising speed to lower CO2
emissions. However, by leveraging the CO:2
benefits of hybridization, such a sacrifice is not MPC Model predictive control
necessary. Further to hybridization, enhanced
ECMS control algorithms can further optimize
efficiency, highlighting the need to move beyond
traditional rule-based approaches. In a commercial
EMS implementation, additional functionalities, SG Shaft-generator
such as managing auxiliary systems and emission

control devices like scrubbers and SCR, should be

incorporated. The specific benefits will vary socC State of charge
depending on the ship type and operational
conditions but can be acqurately calqulated once Tiug Average ME efficiency
real-world operational profiles are available. A key

advantage of ECMS is their adaptability to various

applications without sacrificing general Meensets ~ Average gensets efficiency
applicability, unlike rule-based approaches, which

geacltgre extensive fine-tuning for each specific use s Average SG efficiency

ME Main engine

PTO Power take-off operation
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