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Abstract

This study presents an integrated techno-economic and environmental assessment of shaft
generator (5G) integration in marine propulsion systems using alternative fuels. A compre-
hensive numerical model is developed to simulate the operation of a bulk carrier equipped
with a low-speed two-stroke main engine, comparing conventional diesel generator (DG)
configurations with SG-powered alternatives under varying ship speeds and auxiliary
electrical loads. Three fuel types, heavy fuel oil (HFO), fatty acid methyl esters (FAMEs),
and methanol-diesel dual fuel, are analyzed to evaluate fuel consumption, exhaust emis-
sions, and economic feasibility. The results show that SG integration consistently reduces
total fuel consumption by 0.1-0.5 t/day, depending on load and fuel type, yielding annual
savings of up to 150 tonnes per vessel. Carbon dioxide (CO,), Nitrogen oxide (NOy), and
sulphur oxide (SOy) emissions decrease proportionally with increased SG load, with annual
reductions exceeding 450 tonnes of CO, and up to 15 tonnes of NOy for HFO systems.
Methanol-diesel operation achieves the highest relative improvement, with up to 50%
lower CO; and near-zero SOx emissions, despite a moderate increase in total fuel mass due
to methanol’s lower calorific value. Economically, SG utilization provides daily fuel cost
savings ranging from $200 to $1050, depending on the fuel and load, leading to annual
reductions of up to $320,000 for high-load operations. The investment analysis confirms
the financial viability of SG installations, with net present values (NPVs) up to $1.4 million,
internal rates of return (IRRs) exceeding 100%, and payback periods below one year at
600 kW load. The results highlight the dual benefit of SG technology, enhancing energy
efficiency and supporting IMO decarbonization goals, particularly when coupled with
low-carbon fuels such as methanol. The developed computational framework provides a
practical decision-support tool for ship designers and operators to quantify SG performance,
optimize energy management, and evaluate the long-term economic and environmental
trade-offs of fuel transition pathways.

Keywords: energy efficiency; fuel consumption; shaft generator; marine emissions
reduction; cost-benefit analysis
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1. Introduction

Maritime transportation constitutes a critical pillar of global trade, facilitating the
movement of approximately 11 billion tonnes of cargo annually via international sea-
ways [1]. Despite its economic significance, the shipping sector is a major contributor to
atmospheric pollution, emitting substantial quantities of carbon dioxide (CO;), nitrogen
oxides (NOy), and sulphur oxides (SOy) [2,3]. According to the Fourth Greenhouse Gas
Study by the International Maritime Organization (IMO), emissions from maritime activ-
ities increased by 9.6% between 2012 and 2018, with the shipping industry responsible
for approximately 2.89% of total global anthropogenic greenhouse gas emissions [4]. The
primary driver of these emissions is the reliance on fossil fuels in heavy-duty marine diesel
engines, which serve as the principal power source for most vessels. A range of techno-
logical and operational measures can be implemented to optimize fuel usage and, in turn,
minimize the emission of harmful exhaust gases [5-8].

2. Background

Engine optimization represents a key strategy for enhancing the overall efficiency of
marine propulsion systems and reducing fuel consumption [9,10]. This process involves
fine-tuning engine parameters, such as the fuel injection system [11-15], and turbocharg-
ing [16-19] characteristics to achieve optimal combustion performance under varying
operating conditions. Advanced control systems, including electronic engine manage-
ment and adaptive tuning algorithms, enable real-time adjustments to improve thermal
efficiency while minimizing energy losses [20]. Furthermore, integrating waste heat re-
covery systems [21-23] and variable valve timing [24-26] can further enhance the energy
utilization of the engine. By improving combustion efficiency and reducing specific fuel
consumption, engine optimization not only decreases operational costs but also results in
a significant reduction in greenhouse gas (GHG) and pollutant emissions [27,28]. These
measures contribute to the overall energy efficiency of the vessel, aligning with the IMO’s
energy efficiency standards and decarbonization targets.

The integration of Power Take-Off (PTO) systems and shaft generators in marine
propulsion provides an effective means of reducing fuel consumption and enhancing
overall vessel energy efficiency. A PTO system utilizes the mechanical energy from the
main engine shaft to generate electrical power through a shaft generator, thereby reducing
or even eliminating the need to operate auxiliary diesel generators during navigation. By
exploiting the surplus energy from the main propulsion engine, this approach optimizes
fuel utilization, as the specific fuel consumption of the main engine is typically lower than
that of auxiliary engines operating at partial loads. Modern PTO configurations can be
coupled with variable frequency drives (VFDs) and energy management systems to ensure
stable and efficient power generation under varying engine speeds and load conditions.
Additionally, hybrid PTO/PTI (Power Take-In) arrangements enable the system to function
bidirectionally, allowing the electric motor to assist propulsion during low-speed operations
or when the main engine load is suboptimal, further improving energy efficiency. The
adoption of PTO and shaft generator systems has demonstrated potential fuel savings of
5-10% in conventional vessels [29], while also contributing to lower emissions by reducing
the operational hours of auxiliary engines. These systems align with the broader objectives
of ship energy efficiency measures and support compliance with the International Maritime
Organization’s Energy Efficiency Design Index (EEDI) and Energy Efficiency Existing Ship
Index (EEXI) regulations.

One notable approach involves upgrading traditional PTO systems to Auxiliary Power
Systems (APS) with electrification. Gully et al. [30] demonstrated that retrofitting con-
tainer ships with electrified APS can significantly reduce fuel consumption across different
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operational scenarios, highlighting the potential for scalable fuel savings dependent on
APS capacity. Similarly, Souflis-Rigas et al. [31] investigated PTO integration on a liquified
natural gas (LNG) carrier, revealing multiple benefits including improved engine load-
ing, optimized auxiliary engine usage, reduced maintenance costs, and enhanced Specific
Fuel Oil Consumption (SFOC). Their findings underscored the financial viability of PTO
investments, with additional fuel savings possible through improvements in PTO efficiency.

From a technical perspective, advances in marine electric machine design have ex-
panded the operational capabilities of propulsion systems. Stanic et al. [32] introduced a
novel synchronous machine with dual independent exciters enabling both shaft generator
and variable-speed propulsion motor functions. This design facilitates full electric pro-
peller control from zero speed, surpassing the operational limits of conventional PTO/PTI
(Power Take-In) systems and providing enhanced speed range and flexibility. Building on
this, Reusser et al. [33] applied a torque field-oriented control (FOC) scheme with selec-
tive optimization on a Permanent Magnet Synchronous Machine (PMSM). Their control
strategy dynamically switches between PTO and PTI modes to operate diesel engines at
the minimum emission operating points (MEOPs), effectively reducing emissions while
maintaining compliance with the EEDI.

Operational safety and propulsion reliability are additional focal points.
Losiewicz et al. [34] addressed propulsion failures in oil tankers, which can result in
loss of directional control and increased risk of capsizing during storms. By employing
PTO/PTI systems that allow shaft generators to function as electric motors in emergency
scenarios, their reliability analysis showed enhanced propulsion system resilience and
safer vessel maneuvering under critical conditions. Complementing this, Sui et al. [35]
highlighted the importance of integrating dynamic engine behavior into safety assessments
of low-powered cargo ships navigating adverse sea states. Their integrated propulsion,
maneuvering, and sea state model demonstrated that utilizing PTO/PTI modes combined
with propeller pitch adjustments enhances thrust availability and prevents engine overload
during heavy weather, thereby improving operational safety.

Further challenges arise in hybrid power ships, particularly regarding mechanical
wear and fluctuations in shaft speed during mode transitions. Fan et al. [36] modeled a
7500-ton bulk carrier’s hybrid propulsion system and applied a modified adaptive particle
swarm optimization (MAPSO) to control shaft motor torque and clutch oil pressure. Their
control approach reduced shaft speed overshoot, rotational jerk, and clutch wear by over
50%, validating the model with high simulation accuracy and demonstrating practical
improvements in hybrid powertrain durability and performance.

In related hydrodynamic considerations, Chun et al. [37] studied stern boat deploy-
ment systems, identifying how stern wake and water jet interactions challenge maneuvering
near stern ramps. Their proposed safe recovery course and experimental operability assess-
ments contribute indirectly to optimizing vessel auxiliary operations and safety, which are
integral to overall ship energy management.

Collectively, these studies highlight the multifaceted benefits of integrating electrified
PTO/PTI systems, advanced control strategies, and hybrid powertrain optimizations to en-
hance fuel efficiency, reduce emissions, improve operational safety, and increase propulsion
reliability in modern marine vessels. The ongoing evolution of marine electric machines
and control algorithms further supports the maritime industry’s transition towards more
sustainable and resilient propulsion architectures.

3. Research Motivation and Innovation

While previous studies have demonstrated the technical and operational benefits of
PTO/PTI systems and electrified auxiliary power solutions, this work introduces a novel
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computational framework that enables rapid and reliable estimation of fuel savings, emis-
sion reductions, and economic viability during the design phase. Most existing research
relies on high-fidelity simulations or experimental testing, which, while accurate, are often
computationally intensive and time-consuming. Such approaches limit their application in
real-time decision support or early design optimization. Similarly, prior control-oriented
studies primarily focus on hardware performance optimization without explicitly address-
ing the need for a fast and holistic method to estimate the energy, environmental, and
financial effects of different PTO/PTI or SG operating modes.

In contrast, the proposed model offers a streamlined yet comprehensive approach for
quantifying the technical, environmental, and economic impacts of SG integration across
various operational scenarios. The novelty of this study lies not in the use of fundamental
propulsion equations but in their integration into a unified computational framework that
simultaneously evaluates the energy efficiency, emission characteristics, and investment
performance of SG systems operating with multiple fuel types.

The framework dynamically integrates the propulsion power balance, emission factor—
based environmental modeling, and Monte Carlo—driven financial analysis into a single
decision-support tool. This integration allows for rapid performance assessment and sensi-
tivity evaluation across various SG load levels, fuel types, and price conditions, supporting
both retrofit and newbuild applications. By bridging the gap between theoretical modeling
and practical operational decision-making, the proposed framework enhances the applica-
bility and scalability of SG systems in real-world maritime operations and contributes to
the broader goal of data-driven ship energy management and decarbonization planning.

4. Methodology and Numerical Model

The numerical model developed in this study aims to evaluate the fuel consumption,
energy balance, and emission reductions associated with the installation of a shaft generator
(SG) on a bulk carrier equipped with a 2-stroke low-speed main engine. The effective power
in kW, Pg, as in the Equation (1) is then linked to the main engine brake power through
the mechanical efficiency of the propulsion train, enabling the calculation of main engine
fuel consumption across different operating points [38]. The auxiliary power demand
is subsequently superimposed to represent the hotel load and electrical requirements,
which can be supplied either by diesel generators or by the shaft generator. By comparing
these two scenarios, the model quantifies the net fuel savings, emission reductions, and
associated cost benefits attributable to the SG installation.

N Rt x Vs
MH

Pe 1)
where Rr is the total resistance of the vessel (N), Vs is the ship speed (m/s), and ny is the
hull efficiency. Then, the main engine brake power in kW, Pyg, is computed using the

following equation:
P
Pye = "D X s X IR )
where np, ns, and 1R are incorporated into the ny parameter and represent the propeller,
shaft line, and relative rotative efficiencies, respectively.
In the presence of the SG, a portion of the main engine output is diverted to generate
electrical power, reducing the net power available for propulsion. The total brake power

demand of the main engine in kW, Pyg-tota1, can therefore be expressed as:

PrE—total = PMmE + Psg 3)

where Pgg is the SG power demand.
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The ship speed Vs is related to the delivered power through the empirical cubic law.
The cubic law provides a reasonable approximation in the absence of detailed resistance
curves and is widely applied in preliminary performance and fuel consumption assess-
ments. In this study, the computational range extends between 35% and 85% of the main
engine’s Maximum Continuous Rating (MCR), representing typical slow-steaming and full-
service conditions for bulk carriers. Although engine manufacturers recommend avoiding
continuous operation below 40% MCR to prevent incomplete combustion and mechanical
stress [29], the model is extended down to 35% MCR (corresponding to approximately
10 knots) to capture the vessel’s low-speed, fuel-efficient operating regime, which is increas-
ingly adopted in practice under slow-steaming strategies. This extension enables a more
comprehensive evaluation of SG performance across realistic operating scenarios. By using
the following expression, the propulsion power demand at reduced operating speeds can
be readily estimated, allowing for the evaluation of shaft generator performance across
various operating conditions [39]:
Py o< V3 4)

The simulation will be performed for three types of fuels, (1) HFO, (2) Fatty Acid
Methyl Esters (FAMEs) and (3) methanol, in a dual-fuel engine. The main engine SFOC
is assumed to be constant at NCR (159 g/kWh + 7% margin) in the case of HFO. The
total daily fuel consumption of the main engine (ME), FCysg, is expressed in the following
equation [40]:

Pyg’ - SFOCpg - 24
1000

FCyg = )

where FCyg is in t/day.
The daily auxiliary fuel consumption based on diesel generators (DG), FCpg, is
expressed using the following equation:

Ppc - SFOCpg - 24
1000

FCpe = (6)
where Ppg is the auxiliary power demand in kW, and SFOCpg is the DG-specific fuel
consumption in g/kWh.

The SG power take-off is modeled as a constant auxiliary electrical load ranging
from 300 to 600 kW, applied to the main engine via the reduction gearbox. The model
assumes steady-state operation, constant propeller efficiency, and uniform main engine
loading, providing a reliable and computationally efficient approximation for design-stage
techno-economic and environmental evaluation of SG performance. When using the SG,
part or all of the auxiliary demand is covered by the main engine via the shaft generator,
reducing FCpg and increasing FCyg slightly. The net saving, AFC, is computed using the
following expression:

AFC = FCme-pc — FCuME-sG @)

where FCME-DG is the total consumption of the main engine and DG, and FCME-SG is the
total consumption of the main engine, while adding the loads from SG.

The reduction in greenhouse gas and pollutant emissions is estimated based on stan-
dard fuel emission factors (EF). For exhaust emissions, the emission reduction is expressed
by the following equations:

Eco2 = AFC X EFC02 (8)

Eno, = AFC x EFyo, (9)

ESOX = AFC X EFsox (10)
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where EFcop, EFnox, and EFgoy are the emission factors of carbon dioxide (CO;), nitrogen
oxides (NOy), and sulphur oxides (SOx) emissions, respectively, as presented in Table 1
and depending on engine Tier and fuel chemical composition [41]. The emission factor of
methanol, when used as the primary fuel in a dual-fuel engine, is calculated in relation to
MDO, assuming a 95% methanol share.

Table 1. Emission factors for different types of fuels [41-44].

Unit HFO MDO FAME Methanol
EFco, tco, / truel 3.114 3.206 2.99 1.375
EFNOx kegnox/ truel 89 89 91.35 13
EFsox ts0x / tRuel 20x (0.5%) 20x (0.5%) 20x (0.5%) 20x (0.0%)

The annual fuel cost savings, Sgyel.cost, from the SG installation are calculated using
the following expression for each type of fuel considered:

SFuel—Cost = [(FCME X Pume X Chro + FCpg X Ppg X Cmpo) — (FCumEe-sc X Pme-sc X Chro)] 11)
Xdyenr

where Cg is in $/t, and it represents the current fuel price of the used fuel for the main
engine and MDO for the DG, and dyear is the number of operating days per year. The prices
of the HFO, MDO, FAME and methanol are 522, 794, 1795 and 350 $/t, respectively.

The economic feasibility of the SG installation is assessed using three complementary
financial indicators: net present value (NPV), internal rate of return (IRR) and payback
period (PBP) [45,46]. The NPV accounts for the time value of money by discounting future
annual savings back to present value. It is calculated as:

n
S Fuel—
NPV::EQA%%;%¥~—CAPEXﬂ; (12)

where r is the interest rate and is assumed to be 5% according to Flexible Academy of
Finance [47], n is the project life time and is equal to 5 years and CAPEXg is the installation
cost of the SG. For a 640 kW SG, the typical CAPEX ranges from $250,000 to $500,000,
depending on the design and integration [48].

The IRR is the interest rate that makes the NPV exactly zero, calculated using the
following equation.

o Z SFuel Cost —CA PEXSG (13)
(1+IRR)

The PBP for the SG installation is calculated using the ratio between the CAPEX,
including equipment, installation, and commissioning, and the annual operational savings
achieved through reduced fuel consumption, taking into account variations in vessel
operating profiles and fuel price scenarios.

CAPEXsc

PBP =
Sl-”uel—Cost

(14)
5. Case Study and Discussion
5.1. Ship Characteristics for Case Study

A bulk carrier with an overall length of 200 m is considered for the computational
analysis. The vessel is equipped with a single fixed-pitch propeller directly coupled to

the main propulsion engine. Under standard operating conditions, the ship achieves a
cruising speed of 13.5 knots at 85% of its MCR. The propulsion system comprises a low-
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speed, two-stroke marine diesel engine with a maximum power output of 6400 kW and
a SFOC of 159 (+7%) g/kWh. The vessel primarily utilizes heavy fuel oil (HFO) and its
low-sulphur variants to ensure compliance with international emission regulations while
maintaining operational cost efficiency. The diesel generator is operated using marine
diesel oil (MDO). Although it is more expensive than HFO, MDO is required due to its
superior ignition quality, lower viscosity, and compliance with international regulations on
sulphur emissions for auxiliary engines. A comprehensive overview of the ship’s principal
specifications, engine performance parameters, and fuel consumption characteristics is
presented in Table 2.

Table 2. Ship and engines characteristics.

Characteristic Unit Value
Ship type - Bulk carrier
Waterline Length m 200
Shi Breadth m 23.8
P Draft m 10.8
Deadweight tonne 35,000
Design speed at 85% MCR knots 13.5
Rated power kW 6400
. . Rated speed rpm 85.2
Main Engine SFOC g/kWh 170
Ccv kJ/kg 42,700
Number - 3
. Rated power kWe 640
Diesel Generator Rated speed rpm 900
SFOC g/kWh 205

5.2. Results and Discussion

The numerical model is developed and implemented in the MATLAB R2025a envi-
ronment. It is applied to the case study bulk carrier to quantify the effect of SG integration
on fuel consumption, costs, and exhaust gas emissions. Results are presented for ship
speeds between 10 and 13.5 knots, representing typical operating conditions of the vessel.
Two scenarios are compared: (i) main engine with auxiliary diesel generators (ME + DG)
and (ii) main engine with shaft generator (ME + SG). Four load cases have been consid-
ered for both the DG and SG, with auxiliary electrical demands varying from 300 kW to
600 kW in increments of 100 kW, to evaluate the impact of different hotel load levels on
fuel consumption, cost savings, emission reductions, and the overall payback period of the
system. Three different fuel types—HFO, FAME, and methanol—are considered primary
fuels for operating the main engine, and the results are presented in Table 3.

Across all operating conditions, total daily fuel consumption increases with both ship
speed and auxiliary load, as expected from the cubic dependence of propulsion power
on ship speed. For instance, in the case of HFO (SFOC = 170 g/kWh), at 10 knots, the
total fuel consumption rises from 10.59 t/day at a 300 kW DG load to 12.06 t/day at
600 kW, while the equivalent SG scenario shows slightly lower values ranging from
10.34 to 11.56 t/day. At higher speeds, such as 13.5 knots, the difference becomes more
pronounced, with DG-driven consumption ranging from 23.89 to 25.37 t/day, compared to
23.64-24.87 t/day when the SG supplies the electrical demand. This reflects the consistent
efficiency advantage of the SG configuration over DG operation.
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Table 3. Comparison between fuel consumption in t/day for the two studied configurations along
the different types of fuels.

Fuel Types ME + DG ME + SG
DG Loads (kW) SG Loads (kW)

Vs 300 400 500 600 Vs 300 400 500 600
10 1058 1107 1156 1206 10 1033 1074 1114 1155
11 1359 1409 1458 1507 11 1334 1375 1416 1457
113 1461 1510 1560 1609 113 1436 1477 1518 1558
12 1721 1770 1819 1868 12 1696 1736 1777  18.18
HFO 123 1842 1891 1940 1989 123 1817 1857 1898  19.39
13 2148 2197 2246 2295 13 2123 2163 2204 2245
132 2241 2291 2340 2389 132 2216 2257 2298 2339
135 2388 2437 2486 2535 135 2362 2403 2444 2485

10 1165 1214 1264 1313 10 1154 1200 1246 1291
11 1502 1551 1600 1649 11 1491 1537 1582 1628
113 1616 1665 1714 1763 113 1605 1651 1696 1742
12 1906 1955 2004 2053 12 1895 1941 1986  20.32
FAME 123 2041 2090 2139 2189 123 2030 2076 2121 2167
13 2383 2432 2481 2531 13 2372 2418 2463 2509
132 2488 2537 2586 2635 132 2477 2523 2568  26.14
135 2651 2700 2749 2799 135 2640 2686 2731 2777
10 1874 1923 1972 2021 10 1958 2036 21.13  21.90
11 2445 2494 2544 2593 11 2530 2607 2684  27.62
113 2638 2688 2737 2786 113 2723 2800 2878 2955
, 12 3131 3180 3229 3278 12 3215 3292 3370 3447
Methanol-Diesel 123 3360 3409 3458 3508 123 3444 3522 3599 3677
13 3940 39.89 4039 4088 13 4025 4102 4179 4257
132 4118 4167 4216 4266 132 4202 4280 4357 4435

135 4395 4444 4493 4542 135 4479 4557 4634 4711

When comparing fuels, the impact of SFOC becomes apparent. FAME, with a higher
SFOC of 190 g/kWh, consistently records higher fuel consumption than HFO under equiv-
alent operating conditions. At 13.5 knots and 600 kW load, FAME reaches 27.99 t/day
(ME + DG) compared with 25.37 t/day for HFO, representing an increase of roughly 10%.
Methanol-diesel blends, with the highest assumed SFOC of 320 g/kWh, exhibit the most
significant fuel demand, reaching 28.65 t/day at 13.5 knots and 600 kW load. This trend
holds across all speeds, with methanol-diesel showing 2-5% higher consumption than
FAME and up to 15% higher than HFO.

Significantly, across all fuels, the SG consistently reduces total fuel consumption
relative to the DG scenario, with average daily savings of 0.2-0.5 t/day, depending on the
auxiliary load. These results confirm the advantage of extracting electrical power directly
from the main engine rather than using standalone diesel generators.

It is acknowledged that real-world operational data for methanol-fueled ships remain
limited due to the early stage of commercial deployment of methanol propulsion systems.
Accordingly, the methanol-diesel dual-fuel engine performance parameters employed in
this study are derived from available engine data from WinGD project guides [49]. While
this approach provides a reasonable approximation of current dual-fuel engine behavior,
the results should be interpreted as indicative rather than absolute. The robustness of these
findings would benefit from validation through experimental measurements or long-term
operational data as methanol-fueled vessels become more widespread.
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Figure 1 illustrates the net fuel consumption savings achieved when replacing DG
operation with SG power at different auxiliary load levels (300-600 kW) for the three
fuel types. For HFO, the SG integration yields steady improvements, with daily savings
ranging from 0.25 t/day at 300 kW to nearly 0.50 t/day at 600 kW. For FAME, savings are
smaller, typically between 0.10 and 0.25 t/day, reflecting its lower calorific value and higher
SFOC. In contrast, methanol-diesel operation shows an opposite trend, with total fuel
consumption increasing under SG utilization due to the low energy density of methanol
and its elevated SFOC, leading to a “fuel penalty” of up to 1.6 t/day at higher loads.

——HFO —&—FAME —#—Methanol

1.00
B 0.50 —e
'-O -
g o ——
o0 — —— —h— *
£ 0.00
8 250 300 350 400 450 500 550 600 650
§-050
a
=
7 —1.00
=
o]
Q
T-1.50
s
-2.00

DG/SG Loads (kW)

Figure 1. Fuel consumption savings between ME + DG and ME + SG configurations at different
auxiliary load levels (300-600 kW) and for three fuel types.

When extrapolated to a typical operating period of 300 days per year, these daily
variations translate into significant annual impacts. For HFO, annual fuel savings range
from approximately 75 tonnes per year at 300 kW to 150 tonnes per year at 600 kW,
representing substantial operational and emission benefits. For FAME, annual savings
range between 30 and 75 tonnes, providing moderate but meaningful reductions in both
fuel costs and CO; output. Conversely, for methanol-diesel, the annual fuel increase is
estimated between 240 and 480 tonnes, depending on SG load. Despite this rise in total
fuel mass, methanol-fueled systems still achieve up to 50% lower CO; emissions and
negligible SOy levels compared to HFO, highlighting a trade-off between energy efficiency
and emission reduction.

The combined results confirm that the performance of SG systems is dependent on
fuel. HFO demonstrates the most significant efficiency improvement and predictable
operational behavior. FAME provides steady but limited gains due to its lower energy
content. Methanol-diesel currently experiences increased fuel consumption under SG
operation, although it offers clear environmental advantages.

In general, SG integration yields daily fuel savings between 0.1 and 0.5 t/day for
conventional fuels, corresponding to large cumulative annual savings and emission reduc-
tions in vessels with continuous electrical loads. These results affirm the SG as a robust
energy-efficiency measure for both existing and newbuild ships. As the maritime sector
transitions toward low- and zero-carbon propulsion systems, optimizing SG-engine control
and hybrid configurations will be essential to balance energy efficiency, fuel economy, and
emissions compliance across diverse fuel strategies.
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In terms of fuel costs, Table 4 presents the daily fuel costs associated with the two
configurations studied. Fuel costs are calculated using 522 $/t for HFO in the main
engine and 794 $/t for MDO in the auxiliary engine, 716 $/t for FAME and 350 $/t for
methanol [50]. The comparison reveals that shaft generator integration reduces the total
daily fuel expenditure for all fuels, though the magnitude of savings varies according to
fuel type, energy content, and SFOC.

Table 4. Comparison between the daily fuel cost in $/day for the two studied configurations.

Fuel Types ME + DG ME + SG
DG Loads (kW) SG Loads (kW)

Vs 300 400 500 600 Vs 300 400 500 600

10 5924 6315 6706 7096 10 5391 5604 5817 6030

11 7497 7888 8279 8669 11 6964 7177 7390 7603

113 8029 8420 8810 9201 113 7496 7709 7922 8135

12 9384 9775 1065 10556 12 8851 9064 9277 9490
HFO 123 10015 10,406 10,797 11,87 123 9482 9695 9908 10,121
13 11613 12,003 12,394 12785 13 11,080 11293 11506 11,719
132 12,102 12493 12883 13274 132 11569 11,782 11,995 12,208
135 12864 13255 13,646 14036 135 12331 12,544 12,757 12,970

10 8457 8848 9239 9629 10 8265 8591 8918 9244
11 10869 11259 11650 12,041 11 10676 11,003 11,329 11,656
113 11684 12075 12465 12856 113 11491 11,818 12,144 12471
12 13761 14152 14542 14933 12 13569 13895 14222 14,548
FAME 123 14729 15120 15510 15901 123 14537 14863 15190 15516
13 17178 17568 17959 18350 13 16985 17312 17,638 17,965
132 17,928 18319 18709 19,100 132 17736 18,062 18388 18,715
135 19097 19487 19878 20269 135 18904 19231 19,557 19,884

10 7597 7988 8378 8769 10 7289 7577 7865 8153
11 9724 10115 10,505 10,896 11 9416 9704 9992 10,280
113 10443 10,833 11224 11,615 113 10135 10423 10711 10,999
, 12 12275 12,665 13,056 13447 12 11967 12255 12,542 12,830
Methanol-Diesel 123 13128 13519 13910 14300 123 12820 13,108 1339 13,684
13 15288 15679 16069 16460 13 14980 15268 15556 15,844
132 15950 16340 16731 17,122 132 15642 15930 16217 16,505
135 16980 17371 17762 18152 135 16672 16960 17,248 17,536

For HFO, SG integration provides the most consistent and substantial financial savings.
As shown in Figure 2, the daily cost reduction increases almost linearly with SG load,
ranging from approximately 530 $/day at 300 kW to over 1050 $/day at 600 kW. This
trend reflects the efficiency advantage of the main engine over auxiliary diesel generators,
whose higher SFOC at partial load leads to greater relative savings when replaced by shaft-
generated power. The linear growth also indicates that SG operation becomes progressively
more cost-effective at higher auxiliary demand, making it particularly advantageous for
bulk carriers and large cargo vessels with continuous electrical loads.

In the case of FAME, despite its higher unit price and SFOC, the financial benefits of
SG integration remain positive though comparatively modest. Daily savings range from
about 200 $/day at 300 kW to 400 $/day at 600 kW, primarily due to the reduced difference
in efficiency between the main engine and the auxiliary generators when operating with
biofuels. Nonetheless, the results confirm that even for renewable fuels, the SG contributes
measurable economic gains while simultaneously supporting compliance with sustainable
fuel adoption policies.
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Figure 2. Daily fuel cost savings between ME + DG and ME + SG configurations at different auxiliary
load levels (300-600 kW) and for three fuel types.

For methanol-diesel dual-fuel systems, the cost savings are more moderate in relative
terms but substantial in absolute value, ranging from approximately 400 $/day at 300 kW
to 600 $/day at 600 kW. This trend demonstrates that even though methanol has a lower
calorific value and higher SFOC, its lower cost per tonne can still result in meaningful
operational savings when SG power replaces DG generation. The positive gradient of the
methanol cost-saving curve (Figure 2) further highlights the increasing profitability of SG
utilization at higher electrical loads, particularly when methanol prices remain low relative
to marine diesel oil.

When these daily savings are extrapolated to a typical 300-day operational year, the
cumulative financial benefits become considerable. For HFO, the total annual cost reduction
is estimated between $160,000 and $320,000, while FAME yields approximately $60,000
to $120,000 in yearly savings. Methanol-diesel operation achieves comparable annual
reductions ranging from $120,000 to $180,000, confirming that SG utilization remains
economically advantageous across all fuel options under realistic market conditions. The
results underline the scalability of the SG system’s financial impact: even modest daily
savings translate into significant long-term operational cost reductions when applied to
full-year service profiles.

Figure 2 clearly demonstrates the nearly linear relationship between SG load and daily
cost savings for all fuels, indicating that the economic benefit of SG integration grows
steadily with higher power demand. HFO consistently delivers the highest cost savings
due to its low unit price and substantial efficiency differential between the main engine and
DGs. FAME, constrained by its higher SFOC and price, offers smaller yet stable benefits,
whereas methanol-diesel systems show competitive performance that improves further at
high SG loads.

In summary, the analysis confirms that integrating a shaft generator provides tangi-
ble and scalable economic benefits across all fuel types and operating conditions. While
the magnitude of daily savings depends on both fuel price and efficiency characteris-
tics, the overall trend demonstrates that SG adoption is desirable for vessels with sus-
tained auxiliary power requirements, enhancing both operational efficiency and investment
feasibility—especially under future fuel cost and carbon pricing scenarios.

The impact of SG integration on exhaust emissions is strongly influenced by the
type of fuel used, the ship’s operational speed, and the auxiliary electrical load. Table 5
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summarizes the calculated CO,, NOy, and SOy emissions for the three fuels under different

load and speed conditions, while Figures 3-5 illustrate the corresponding daily emission

reductions achieved through SG utilization compared to the conventional diesel generator

(DG) configuration.

Table 5. Comparison between the estimated exhaust emissions in t/day for different fuel types.

Fuel Types CO; Emissions NOy Emissions SOy Emissions
Vs 300 400 500 600 Vs 300 400 500 600 Vs 300 400 500 600
10 322 334 347  36.0 10 0919 0956 0.992 1.028 10 0.103 0.107 0.111 0.116
11 415 428 441 454 11 1187 1.224 1260 1.296 11 0.133 0.137 0.142 0.146
113 447 460 473 485 113 1278 1314 1351 1387 113 0144 0.148 0.152 0.156
HFO 12 528 541 553  56.6 12 1509 1.545 1582 1618 12 0.170  0.174 0.178 0.182
123 566 578 591 604 123 1617 1653 1.689 1726 123 0182 0.186 0.190 0.194
13 66.1 674 686 699 13 1.889 1.925 1962 1.998 13 0212 0216 0220 0.224
132 690 703 716 728 132 1972 2009 2045 2081 132 0222 0226 0230 0234
13.5 73.6 74.8 76.1 774 13.5 2102 2139 2175 2211 135 0236 0240 0.244 0.248
10 345 359 372 386 10 1.054 1.096 1138 1.179 10 0.115 0.120 0.125 0.129
11 446 459 473 487 11 1362 1.404 1445 1487 11 0.149 0.154 0.158 0.163
113 480 494 507 521 113 1466 1508 1549 1591 113 0160 0.165 0.170 0.174
FAME 12 567 580 594  60.8 12 1731 1773 1814 1.856 12 0.190 0.194 0.199 0.203
123 607 621 634 648 123 1855 1896 1938 1980 123 0203 0.208 0212 0.217
13 709 723 737 750 13 2.167 2209 2250 2.292 13 0237 0242 0246 0.251
132 741 754 768 782 132 2263 2304 2346 2388 132 0248 0252 0257 0.261
135 789 803 817 830 135 2412 2454 2495 2537 135 0264 0269 0273 0278
10 28.7 299 310 321 10 0329 0342 0.355 0.368 10 0.010 0.010 0.011 0.011
11 371 382 394 405 11 0425 0438 0451 0464 11 0.013 0.013 0.013 0.014
11.3 39.9 41.1 422 43.3 11.3 0457 0470 0483 049 11.3 0.014 0.014 0.014 0.015
Methanol-Diesel 12 472 483 494  50.6 12 0540 0553 0.566 0.579 12 0.016 0.016 0.017 0.017
ethanol-Diese 123 505 516 528 539 123 0579 0592 0605 0.618 123 0.017 0.018 0.018 0.018
13 59.0 602 613 624 13 0.676  0.689 0.702 0.715 13 0.020 0.021 0.021 0.021
132 616 628 639 650 132 0706 0719 0732 0745 132 0.021 0.021 0.022 0.022
135 657 668 680 691 135 0753 0766 0779 0792 135 0.022 0.023 0.023 0.024
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Figure 3. CO, emission reduction between ME + DG and ME + SG configurations at different
auxiliary load levels (300-600 kW) and for three fuel types.

Across all fuel types, emission levels increase with ship speed and auxiliary load,

corresponding to the rise in total fuel consumption. However, in every case, the integration

of the SG results in lower emissions than DG operation, confirming that the main engine

supplies electrical power more efficiently than smaller DG units working under partial load.

The magnitude of emission reduction varies by fuel, reflecting both the intrinsic chemical

composition of the fuel and its combustion characteristics.
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Figure 4. NOy emission reduction between ME + DG and ME + SG configurations at different
auxiliary load levels (300-600 kW) and for three fuel types.
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Figure 5. SOy emission reduction between ME + DG and ME + SG configurations at different auxiliary
load levels (300-600 kW) and for three fuel types.

For vessels operating on HFO, the absolute emission levels remain the highest among
the fuels studied due to the fuel’s high carbon and sulfur content. At 13.5 knots and
600 kW, total CO, emissions reach approximately 77.4 t/day, NOx emissions 2.21 t/day,
and SOy emissions 0.25 t/day under DG operation. When the SG is utilized, these emissions
decrease consistently across all load levels. As shown in Figures 3-5, the daily emission
reductions range from about 1.0 to 1.8 t/day for CO,, 0.03 to 0.05 t/day for NOy, and
0.004 to 0.008 t/day for SOx as SG load increases from 300 to 600 kW. These improve-
ments, while modest in daily magnitude, accumulate substantially over time. Assuming
300 operational days per year, the annual reduction in CO, emissions can exceed
450 tonnes per vessel, alongside a reduction of approximately 10-15 tonnes of NOy and
1-2 tonnes of SOy. These results demonstrate that even for carbon-intensive fuels like
HFO, SG integration provides significant environmental benefits through enhanced energy
efficiency and reduced auxiliary engine usage.

The emissions profile for FAME differs notably due to its renewable origin and lower
sulfur content, although its higher SFOC leads to relatively greater fuel consumption and
hence increased CO, output compared to HFO for the same operational load. At 13.5 knots
and 600 kW, CO; emissions reach about 83.0 t/day, NOx emissions 2.54 t/day, and SOx
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emissions 0.28 t/day in the DG configuration. With SG integration, daily reductions of
approximately 0.8-1.4 t/day of COy, 0.02-0.04 t/day of NO, and 0.002-0.004 t/day of SOx
are observed. The overall emission reduction potential is therefore somewhat lower than
that of HFO, but the environmental advantages remain meaningful when the renewable
nature of FAME is considered. Over a year of continuous operation, these daily savings
correspond to approximately 250-400 tonnes of CO; reduction, reinforcing the role of SG
technology in improving the sustainability of biofuel-powered vessels.

Methanol-diesel systems exhibit a distinctly different emissions profile. Methanol’s
low carbon-to-hydrogen ratio and negligible sulfur content lead to substantially lower
CO; and SOy emissions compared to HFO and FAME, while NOyx emissions remain com-
parable due to similar combustion temperatures. Under DG operation at 13.5 knots and
600 kW, CO, emissions amount to 69.1 t/day, NOy 0.79 t/day, and SOx 0.024 t/day. When
the SG is introduced, emissions decrease significantly, with reductions of approximately
1.5-2.8 t/day for CO,, 0.08-0.18 t/day for NOy, and 0.015-0.025 t/day for SOy, depend-
ing on SG load. On an annual scale, these daily reductions translate to approximately
450-840 tonnes less CO,, 30-50 tonnes less NOx, and nearly 7 tonnes less SOx per vessel.

Although methanol operation shows a higher total fuel mass consumption due to
its lower energy density, its emission advantages far outweigh the fuel penalty. The
results confirm that the combination of SG integration and methanol use provides the most
significant emission reductions among all fuels analyzed, positioning it as a promising
pathway toward compliance with IMO decarbonization targets and regional emission
control area (ECA) regulations.

Overall, the emission reductions achieved through SG integration increase almost
linearly with auxiliary load for all fuels. The highest improvements are observed in CO,,
followed by NOy and SOy, reflecting the relative proportion of these gases in the exhaust
stream. HFO yields the greatest absolute reduction due to its high baseline emissions, while
methanol offers the highest relative percentage reduction, achieving up to 50% lower CO,
and nearly zero SOy compared to HFO. FAME occupies an intermediate position, offering
measurable CO, and NOy reductions along with renewable sourcing benefits.

When aggregated across 300 operational days, the SG’s emission-reduction potential
becomes substantial for fleet-level deployment. Even moderate daily savings translate into
hundreds of tonnes of CO; and several tonnes of NOx and SOy avoided annually per vessel,
contributing meaningfully to corporate and regulatory decarbonization targets. These
findings underscore that SG integration not only enhances fuel economy and cost efficiency
but also provides a quantifiable and scalable environmental advantage—particularly when
paired with low- or zero-carbon fuels such as methanol.

The economic feasibility of the SG installation is assessed by calculating the NPV,
IRR and PBP under conditions of fuel price and capital cost uncertainty. To account
for the time value of money, the NPV is calculated by discounting the stream of annual
savings over the project lifetime at a specified discount rate and subtracting the SG capital
cost. A consistently positive NPV indicates that the project generates long-term financial
value, even under unfavorable market conditions. The IRR complements this analysis
by representing the discount rate at which the NPV equals zero, thereby expressing the
profitability of the investment as a percentage return. The PBP is defined as the ratio
between the investment cost of the SG system and the annual operational savings, providing
a straightforward measure of the time required to recover the initial investment. Together,
these three indicators provide a comprehensive evaluation of the economic performance of
the SG system, capturing both short-term payback and long-term profitability.

To account for market variability, the Monte Carlo simulation effectively serves as
a probabilistic sensitivity analysis, capturing the combined effects of fuel price volatility
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and SG capital cost variability on the key economic indicators (NPV, IRR, and PBP). By
sampling 1000 random realizations within the specified uncertainty ranges, this approach
provides a statistically robust quantification of the variability and confidence intervals
of the predicted outcomes, thereby accounting for real-world uncertainty in market and
investment conditions. Two sources of uncertainty are considered:

1. Fuel price variation: random multipliers within a £20% range of the baseline fuel
prices are applied, generating 1000 possible realizations of daily savings.

2. SG capital cost variation: 1000 random investment costs are drawn from a uniform
distribution in the range of $250,000-$500,000, representing typical values reported
for a 640 kW shaft generator installation.

In each iteration, the simulated daily fuel cost saving is converted into an annual
value by assuming 300 operating days per year. This annual saving is then divided by
the randomly generated shaft generator capital cost, resulting in an NPV, IRR and PBP
estimate. Repeating this process for 1000 iterations produced a probability distribution of
each parameter for each auxiliary load case (300—-600 kW).

Figure 6 provides a comparative visualization of the economic viability of SG inte-
gration across three fuel types. The NPV, expressed in millions of $, serves as the primary
metric for evaluating the financial attractiveness of SG deployment.
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Figure 6. Distribution of NPV for SG Loads and fuel types.

Across all fuel types, the boxplot reveals a clear upward trend in NPV with increasing
SG load. This indicates that higher SG utilization leads to greater operational savings,
primarily through reduced fuel consumption and improved energy efficiency. The median
NPVs increase progressively from 300 kW to 600 kW, suggesting that the economic return
on investment strengthens as the SG supplies more auxiliary power.

The interquartile ranges (IQRs) also narrow slightly at higher loads, particularly for
HFO and Methanol-Diesel, implying reduced uncertainty and more consistent financial
performance. This trend supports the strategic recommendation to maximize SG load
where feasible, especially in vessels with high auxiliary demand.

HFO shows moderate to high NPVs, with medians ranging from $0.3 million at
300 kW to over $1 million at 600 kW. Despite its higher carbon and sulfur content, HFO
benefits from low fuel costs and a favorable efficiency differential between the main engine
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and auxiliary DGs. The wider IQRs and presence of outliers reflect sensitivity to fuel price
volatility and capital cost assumptions.

FAME yields the lowest NPVs among the three fuels, with medians ranging from
$0.1 million at 300 kW to $0.1 million at 600 kW. The relatively lower economic return is
due to its higher SFOC and fuel cost, which reduce the net savings achievable through SG
integration. However, the narrow IQRs suggest stable performance, making FAME a viable
option in sustainability-driven operations where environmental benefits may outweigh
financial metrics.

Methanol-diesel dual-fuel operation exhibits a broad range of NPV outcomes, re-
flecting both its promising potential and the sensitivity of its economic performance to
market and technical conditions. The NPVs increase from around $0.05 million at 300 kW
to nearly $0.8 million at 600 kW, demonstrating that while high-load operation can yield
substantial economic returns, lower-load scenarios may still result in marginal or even
negative profitability.

This variability arises from differences in SFOC, fuel cost, and market price fluctu-
ations across all investigated fuels. At lower SG loads, the reduction in auxiliary diesel
generator usage remains modest, which limits the achievable fuel savings and may not fully
offset the initial installation cost of the SG system. However, as SG utilization increases,
a larger share of the electrical demand is met by the main engine, resulting in greater
displacement of diesel generator operation. This leads to notable improvements in overall
energy efficiency, substantial reductions in total fuel consumption, and cumulative cost
savings that significantly enhance the system’s economic performance.

Figure 7 provides a comparative visualization of the economic viability of SG integra-
tion across three fuel types. The IRR, expressed in millions of percentage, serves as the
second metric for evaluating the financial attractiveness of SG deployment.
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Figure 7. Distribution of IRR for SG Loads.

HEFO exhibits the highest IRR values among the three fuels, confirming its strong
financial viability under current market conditions. The median IRR increases from approx-
imately 35-40% at 300 kW to nearly 100% at 600 kW, with upper quartile values exceeding
140% at the maximum load. This pronounced growth reflects the substantial fuel cost
savings achieved when the SG is operated at higher loads, where a greater portion of
the electrical demand is supplied by the more efficient main engine rather than auxiliary
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diesel generators. The relatively wide IQRs and presence of a few low-end outliers suggest
sensitivity to fuel price volatility and capital cost variation, yet the overall distribution
remains firmly positive. These results confirm that SG deployment with HFO offers the
most attractive and stable economic performance among the studied fuels.

FAME continues to demonstrate the lowest IRR values, with medians ranging from
approximately 10% at 300 kW to 20-25% at 600 kW. Although incremental improvements
occur at higher SG loads, the results indicate that FAME-fueled systems are unlikely
to achieve strong financial returns without external policy or market incentives. The
consistently low IRR is driven by FAME's elevated SFOC and higher unit cost compared to
HFO, which limit the net financial benefit of SG integration. The narrow IQRs across all load
levels indicate predictable, low-variance performance but also highlight that profitability
remains marginal under typical fuel price conditions.

Methanol-diesel dual-fuel configurations yield moderate IRR values, with medians
increasing from around 10-15% at 300 kW to roughly 60-70% at 600 kW, indicating a
progressive strengthening of economic viability as SG utilization rises. The lower quartile
values occasionally dip below zero at lower loads, showing that methanol’s higher SFOC
and market price can reduce profitability when SG contribution is limited. However, at
higher loads, the IRR distribution shifts strongly upward, with most realizations well
above 50%, and upper quartiles approaching 100%. This trend reflects the compounded
benefits of enhanced energy efficiency, reduced fuel consumption, and lower emissions
penalties when methanol-fueled systems are paired with high SG loads. The narrowing
IORs at elevated loads suggest improved investment stability and reduced exposure to
market uncertainties.

Overall, the IRR analysis demonstrates that the financial attractiveness of SG integra-
tion is highly dependent on both the fuel type and the SG load. HFO delivers the strongest
returns and resilience to uncertainty, methanol-diesel provides competitive performance
with growing profitability at higher loads, and FAME remains limited in financial potential
unless supported by carbon pricing or incentive mechanisms.

The IRR trends are consistent with the NPV results, confirming that both indicators
follow the same load-dependent behavior. As shaft generator utilization increases, the
economic benefits grow substantially due to higher fuel displacement and improved main
engine efficiency. HFO consistently demonstrates the most favorable financial performance,
with both the NPV and IRR rising sharply at higher SG loads. Methanol-diesel systems
show similar upward trends but with moderate overall returns, reflecting their sensitivity to
fuel cost and SFOC assumptions. FAME, while environmentally advantageous, remains the
least profitable option under current market conditions. Together, these findings emphasize
that the financial viability of SG integration is closely linked to the selected fuel type, fuel
pricing structure, and operational load strategy, offering valuable guidance for both retrofit
and newbuild energy efficiency planning.

Figure 8 presents the boxplot analysis of the PBP distributions obtained from the
Monte Carlo simulations for SG load levels. Each boxplot summarizes the variability in the
PBP values resulting from 1000 random realizations of fuel prices and SG capital costs. The
PBP, expressed in years, serves as the last metric for evaluating the financial attractiveness
of SG deployment.
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PBP Distribution by Fuel Type and SG Load
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Figure 8. Distribution of Payback Periods for SG Loads.

The PBP analysis further confirms the strong correlation between fuel type, SG load,
and investment performance. Across all fuels, increasing SG utilization results in shorter
and more stable PBPs, reflecting the compounded benefits of higher energy efficiency and
reduced dependence on auxiliary diesel generator operation.

HFO demonstrates the lowest and most consistent PBP values, with medians decreas-
ing from approximately 2.5 years at 300 kW to about 1.0 year at 600 kW. The narrow IQRs
indicate stable returns even under fluctuating fuel prices or variations in capital costs. The
minimal spread across all loads highlights the reliability of HFO-based SG installations,
which deliver rapid cost recovery and strong financial robustness. This makes HFO the
most economically favorable configuration, particularly for conventional bulk carriers and
similar vessels that have continuous auxiliary power demands.

FAME, by contrast, exhibits the longest PBPs and the widest variability, especially at
lower SG loads. Median values exceed 6 years at 300 kW, gradually declining to around
4 years at 600 kW. The large spread and high upper quartile values—reaching up to
10 years—indicate that profitability is highly sensitive to biofuel pricing and operational
conditions. Although higher SG utilization improves cost recovery, the consistently long
PBPs reflect the combined effect of FAME’s elevated SFOC, higher fuel price, and lim-
ited efficiency margin between main engine and DG operation. These findings suggest
that FAME-fueled SG integration would require additional economic incentives or policy
support to achieve financial feasibility.

Methanol-diesel dual-fuel systems occupy an intermediate position between HFO and
FAME, showing progressive improvement as SG load increases. Median PBPs drop from
around 4 years at 300 kW to roughly 2 years at 600 kW, with IQRs narrowing considerably
at higher loads. This indicates growing economic attractiveness and reduced uncertainty
when the SG is heavily utilized. While the presence of a few upper outliers at low loads
suggests sensitivity to methanol pricing, the overall trend indicates that methanol-diesel
systems can achieve payback periods comparable to those of HFO under optimal opera-
tional conditions. The combination of lower emissions and competitive capital recovery
strengthens methanol’s role as a transitional fuel supporting both environmental and
economic objectives.

Overall, the PBP distribution highlights that higher SG loads consistently enhance the
financial viability of all fuel configurations. HFO provides the fastest and most predictable
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payback, methanol-diesel achieves competitive recovery times at high loads, and FAME
remains the slowest but environmentally favorable option. These results reinforce the
conclusion that maximizing SG utilization is key to achieving rapid capital recovery and
long-term operational efficiency across different fuel pathways.

The results presented in this study are valid for the analyzed operational envelope
corresponding to ship speeds between 10 and 13.5 knots, equivalent to 35-85% of the main
engine’s MCR, and for SG load fractions between 300 and 600 kW. Within this range, the
propulsion and SG systems operate under stable and efficient conditions consistent with
manufacturer recommendations. It should be noted that shaft generator operation is not
recommended below 40% of MCR, as the main engine torque and exhaust temperature may
become insufficient to maintain stable electrical generation. At very low speeds (below 40%
MCR) or under adverse sea states, deviations from the cubic power—speed relationship and
increases in hydrodynamic resistance can occur, leading to reduced propulsion efficiency
and higher fuel consumption. Therefore, results in these conditions should be interpreted
conservatively, and further model refinement or experimental validation is recommended
for extended low-load or rough-weather scenarios.

6. Conclusions and Future Recommendations

This study provides a comprehensive numerical investigation into the techno-
economic and environmental effects of integrating SGs into marine propulsion systems,
focusing on their performance under various fuels, loads, and operating conditions. The
developed model, applied to a bulk carrier case study, quantified how SG utilization
influences fuel consumption, emission profiles, and investment feasibility across three
representative fuels: HFO, FAME, and methanol-diesel dual fuel. The developed computa-
tional framework represents a practical design-stage tool capable of quantifying SG system
performance and investment feasibility across multiple alternative fuel scenarios, offering
a faster and more holistic assessment than existing single-domain simulation approaches.

Operationally, SG integration demonstrated consistent improvements in energy effi-
ciency, reducing daily fuel consumption by 0.1-0.5 t/day depending on load and fuel type.
The advantage becomes the most pronounced at higher SG loads (500-600 kW), where
auxiliary diesel generator operation is largely displaced, resulting in annual fuel savings
exceeding 150 tonnes per vessel. The model confirms that SG systems are particularly
beneficial for vessels with continuous electrical demand, such as bulk carriers and container
ships, where high utilization ensures strong technical and financial performance.

From an environmental perspective, SG operation significantly reduces CO,, NOx,
and SOx emissions across all fuels. For HFO, daily reductions reach up to 1.8 t/day of CO,,
0.05 t/day of NOy, and 0.008 t/day of SOy, translating into annual cuts of over 450 tonnes
of CO, and 15 tonnes of NOx. FAME, despite higher fuel consumption, provides additional
benefits due to its renewable origin and low sulphur content. Methanol-diesel systems
deliver the most pronounced relative reductions, achieving 50% lower CO, and near-zero
SOx emissions, confirming their potential as transitional low-carbon solutions aligned with
IMO and FuelEU Maritime decarbonization targets.

The economic evaluation further validates the SG as a financially sound investment.
Across all fuels, cost savings increase linearly with SG load, yielding up to $1050 per
day for HFO and $600 per day for methanol-diesel systems. Over a standard 300-day
operational year, this equates to annual fuel cost reductions of up to $320,000 per vessel. The
Monte Carlo-based financial analysis confirms strong profitability, with NPVs exceeding
$1.4 million, IRRs exceeding 100%, and payback periods of under one year at high SG
utilization. HFO offers rapid and stable payback, while methanol-diesel delivers balanced
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environmental and economic performance. In contrast, FAME, although sustainable,
requires policy incentives or carbon pricing mechanisms to achieve comparable viability.

Overall, this research demonstrates that SG integration provides a scalable, fuel-
flexible, and economically attractive pathway for improving ship energy efficiency while
reducing emissions. The developed model establishes a practical decision-support frame-
work for evaluating SG applications in both retrofit and newbuild designs. Future research
should incorporate experimental validation through collaboration with ongoing SG pilot
installations, including real-time engine monitoring and voyage data collection. Extend-
ing this framework to include emerging clean fuels such as ammonia and hydrogen and
regulatory-driven lifecycle assessments will further refine its predictive capability and
ensure its relevance to the maritime sector’s ongoing energy transition.

Although this study focuses on a bulk carrier as a representative case, the developed
framework is inherently modular and can be readily adapted to other vessel types and
propulsion configurations. Future research will expand the analysis to include a broader
range of ship categories—such as container ships, tankers, and Ro-Pax ferries—to enhance
the general applicability of the results and further validate the model’s robustness under
different operational and design conditions. In addition, forthcoming studies will build
upon the current probabilistic assessment by performing a comprehensive multi-parameter
sensitivity analysis, examining the effects of variables such as main engine SFOC, emission
factors, discount rate, and operational profile duration. This extended analysis will help
identify the most influential parameters governing the techno-economic and environmental
performance of shaft generator systems, thereby improving the model’s predictive reliability
and practical relevance.

While the present work primarily evaluates the techno-economic performance of shaft
generator integration in terms of operational fuel costs and investment feasibility, a more
comprehensive assessment should also consider fuel availability, production scalability, and
supply chain infrastructure. Future research will therefore incorporate these broader factors,
drawing upon standardized methodologies for the evaluation of alternative fuels [51].
Integrating such parameters will provide a more holistic understanding of how market
maturity, regional distribution networks, and storage logistics influence the long-term
economic competitiveness and adoption potential of emerging marine fuels.
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Nomenclature

APS Auxiliary Power Systems

CAPEX  Investment cost of the system

Cruel Fuel price

CO, Carbon dioxide

CV Calorific value

DG Diesel generators

dyear Number of operating days per year
EEDI Energy efficiency design index

EEXI Energy Efficiency Existing Ship Index
EF Emission factor

FCpg Auxiliary fuel consumption

FCumE Fuel consumption of the main engine

FCymepg  Total consumption of main engine and DG
FCyesg — Total consumption of main engine while adding the loads from SG

FOC Field-oriented control

GHG Greenhouse gas

HFO Heavy fuel oil

IMO International Maritime Organization
IOR Interquartile range

IRR Internal Rate of Return

LNG Liquified natural gas

MAPSO  Modified adaptive particle swarm optimization
MCR Maximum Continuous Rating

MDO Marine diesel oil

MEOPs Minimum emission operating points
NCR Normal Continuous Rating

NOy Nitrogen oxides

NPV Net Present Value

PBP Payback period

Pg Effective power

PME Brake power demand of the main engine
PMSM Permanent Magnet Synchronous Machine
Psg SG power demand

PTI Power Take-In

PTO Power Take-Off

Q Quarter

Rt Total resistance

SFOC Specific Fuel Oil Consumption
SFuel-Cost  Fuel cost savings

SG Shaft generator

SOx Sulphur oxides

VFD Variable frequency drives
Vs Ship speed

AFC Net saving

np Propeller efficiency

H Hull efficiency

1R Relative rotative efficiency

s Shaft efficiency
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