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With growing concerns of marine pollution, the International Maritime Organization (IMO) has
recently adopted a new Resolution MEPC.304 (72), presenting a strategy on curbing greenhouse gas
emissions (GHGs) from shipping. Along with this, a series of stringent regulations to limit emissions
from shipping activities has been produced at both the international and local level. Such ambitious
regulatory works urge us to trust that cleaner production and shipping is one of the most urgent issues
in the marine industry.

In order to contribute to global efforts by addressing the marine pollution from various emission
types, this Special Issue of the Journal of Marine Science and Engineering was inspired to provide a
comprehensive insight for naval architects, marine engineers, designers, shipyards, and ship-owners
who strive to find optimal ways to survive in competitive markets by improving cycle time and capacity
to reduce design, production, and operation costs while pursuing zero emission.

In this context, this Special Issue is devoted to providing an insight into the latest research and
technical developments of ship systems and operation with a life cycle point of view. The goal of this
Special Issue is to bring together researchers from across the entire marine and maritime community
into a common forum to share cutting-edge research on cleaner shipping. It is strongly believed that
such a joint effort will contribute to enhancing the sustainability of marine and maritime activities.

Six novel publications have been dedicated to this Special Issue. First of all, as a proactive response
to transitioning to cleaner marine fuel sources, the excellence of the fuel-cell based hybrid ships in
several aspects was demonstrated through three publications. Jeon et al. [1] investigated the technical
applicability of a molten carbonate fuel cell (MCFC), which is applicable for medium and large-sized
ships by means of actual experiment on a hybrid test bed with combined power sources: a 100 kW
MCFC, a 30 kW battery bank, and a 50 kW diesel generator. Research outputs demonstrated the
technical reliability of MCFC applications on large vessels. Jeon et al. [2] focused on evaluating the
safety and reliability of fuel cell-based hybrid power systems applicable for large ships. They adopted
the failure mode and effects analysis (FMEA) method with risk priority number (RPN) to evaluate
the potential risk of fuel cell systems, providing guidance on the proper approaches into the safety
evaluation of marine fuel cells. Roh et al. [3] estimated the economic and environmental impacts of a
fuel-cell system. Experiments with the test bed with the hybrid power system were conducted. While
applying actual operating conditions for ocean-going ships, fuel consumption, CO2 emission reduction
rates of the hybrid, and conventional power sources were measured. The analysis results from the
data of several merchant ships in operation have now revealed the sensitivity of different operating
modes on the actual electrical power consumption. The CO2 emissions of the hybrid system was
compared with the case of the diesel generator alone operating in each load scenario where an average
of 70%~74% reduction for both fuel consumption and CO2 emissions was concluded. This research
confirmed the excellence of fuel-cells being used as ship power systems. In addition, Jeon et al. [4]
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introduced an excellent Active-Front-End (AFE) rectifier applicable for a large electric propulsion ship
system. Through a series of simulation, they confirmed the technical maturity of the AFE rectifier as
well as the feasibility of the system.

Two publications demonstrated the application of life cycle assessment (LCA) for case studies.
Hwang et al. [5] performed a comparative analysis between the conventional diesel fuel oil and
liquefied natural gas (LNG) for a 50,000 dead weight tonnage (DWT) bulk carrier, which was the
world’s first LNG-fueled bulk carrier. Studies have shown that the emissions levels for LNG cases are
significantly lower than for MGO cases in all potential impact categories. Gualeni et al. [6] introduced
LCA for ship maintenance as a performance assessment (LCPA) tool, which could allow an integration
of design with the evaluation of both costs and environmental performances on a comparative basis.
An examination of both of these studies concluded that life cycle assessments could provide a better
understanding of the overall emissions levels contributed by marine fuel from cradle-to-grave. These
conclusions would address the shortcomings of current maritime emission indicators.

From cradle-to-grave, a ship is engaged in various activities, leading to cost investment, energy
consumption, and emissions production. This Special Issue has broadly dealt with various aspects of
cleaner ship performance and will offer insights into the marine industry with an LCA approach for
the application of sustainable energy in marine power systems.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jeon, H.; Kim, S.; Yoon, K. Fuel Cell Application for Investigating the Quality of Electricity from Ship Hybrid
Power Sources. J. Mar. Sci. Eng. 2019, 7, 241. [CrossRef]

2. Jeon, H.; Park, K.; Kim, J. Comparison and Verification of Reliability Assessment Techniques for Fuel
Cell-Based Hybrid Power System for Ships. J. Mar. Sci. Eng. 2020, 8, 74. [CrossRef]

3. Roh, G.; Kim, H.; Jeon, H.; Yoon, K. Fuel Consumption and CO2 Emission Reductions of Ships Powered by a
Fuel-Cell-Based Hybrid Power Source. J. Mar. Sci. Eng. 2019, 7, 230. [CrossRef]

4. Jeon, H.; Kim, J.; Yoon, K. Large-Scale Electric Propulsion Systems in Ships Using an Active Front-End
Rectifier. J. Mar. Sci. Eng. 2019, 7, 168. [CrossRef]

5. Hwang, S.; Jeong, B.; Jung, K.; Kim, M.; Zhou, P. Life Cycle Assessment of LNG Fueled Vessel in Domestic
Services. J. Mar. Sci. Eng. 2019, 7, 359. [CrossRef]

6. Gualeni, P.; Flore, G.; Maggioncalda, M.; Marsano, G. Life Cycle Performance Assessment Tool Development
and Application with a Focus on Maintenance Aspects. J. Mar. Sci. Eng. 2019, 7, 280. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

2



Journal of

Marine Science 
and Engineering

Article

Large-Scale Electric Propulsion Systems in Ships
Using an Active Front-End Rectifier

Hyeonmin Jeon 1, Jongsu Kim 1 and Kyoungkuk Yoon 2,*

1 Department of Marine System Engineering, Korea Maritime and Ocean University, 727 Taejong-ro,
Busan 49112, Korea; jhm861104@kmou.ac.kr (H.J.); jongskim@kmou.ac.kr (J.K.)

2 Department of Electricity, Ulsan Campus of Korea Polytechnics, 155 Sanjeon-gil, Ulsan 44482, Korea
* Correspondence: kkyoon70@kopo.ac.kr; Tel.: +82-10-5541-0424

Received: 1 May 2019; Accepted: 30 May 2019; Published: 1 June 2019

Abstract: In the case of the electric propulsion system on the vessel, Diode Front End (DFE) rectifiers
have been applied for large-sized ships and Active Front End (AFE) rectifiers have been utilized
for small and medium-sized ships as a part of the system. In this paper, we design a large electric
propulsion ship system using AFE rectifier with the proposed phase angle detector and verify the
feasibility of the system by simulation. The phase angle derived from the proposed phase angle
detection method is applied to the control of the AFE rectifier instead of the zero-crossing method
used to detect the phase angle in the control of the conventional AFE rectifier. We compare and
analyze the speed control, Direct Current (DC)-link voltage, harmonic content and measurement data
of heat loss by inverter switch obtained from the simulation of the electric propulsion system with the
24-pulse DFE rectifier, the conventional AFE rectifier, and the proposed AFE rectifier. As a result of
the simulation, it was confirmed that the proposed AFE rectifier derives a satisfactory result similar
to that of a 24-pulse DFE rectifier with a phase shifting transformer installed according to the speed
load of the ship, and it can be designed and applied as a rectifier of a large-sized vessel.

Keywords: electric propulsion system; DFE rectifier; AFE rectifier; phase angle detector

1. Introduction

As environmental pollution has become a global issue, the International Maritime Organization
(IMO) has been strengthening regulations on emissions of sulfur oxides, nitrogen oxides, and carbon
dioxide from ships [1,2]. As a result of that various researches are being carried out in order to cope
with environmental regulations that are strengthening internationally in the shipbuilding and shipping
industries [3]. Moreover, the electric propulsion system of vessels with propulsion motors is also one of
emerging countermeasures [4–7]. As shown in Figure 1, the order of environmentally friendly electric
propulsion ship is dramatically increased on 2017 World Fleet Resister by Clarkson’s Research [8].

The components of the conventional large-sized electric propulsion ship are generally composed
of generator, DFE rectifier with phase shifting transformer, inverter and propulsion motor, and it is
possible to design the size of the engine room with some margin [9–11]. In an electric propulsion
ship, when the switching of inverters occurs, a harmonic current is generated in a power system [12].
Thus, large and small problems occur in the generator, transformer, and propulsion motor. Various
methods for reducing harmonics have been studied. In the case of large electric propulsion systems,
phase shifting transformer has been adopted as the most common method of installing a transformer
on the output side of a generator [3,13]. There are various methods of harmonics reduction of the
DFE rectifier using a phase shifting transformer, such as multi-pulse of the rectifier output [14–16],
active filter installation [17], and improvement of the transformer connection method [18–20].

J. Mar. Sci. Eng. 2019, 7, 168; doi:10.3390/jmse7060168 www.mdpi.com/journal/jmse3
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Figure 1. Annual ship newbuilding contracts.

However, when the phase shifting transformer is installed, there is a disadvantage as installation
space and cost increase. Moreover, it is difficult to apply it to a small and medium-sized ship with
limited space. AFE rectifiers have been mainly applied to small and medium-sized electric propulsion
ships [21,22], but recently, as the technologies of power semiconductors with high capacity and high
speed switching characteristics have been developed, so that it is possible to model a large-sized electric
propulsion system using AFE rectifier [23]. The AFE rectifier must be designed with a control circuit
that can control the semiconductor switch, and it is especially necessary to accurately detect the phase
angle of the power supply voltage. Zero crossing technique that can detect the phase angle quickly is
simple and has no special control method [24–27]. However, due to the fluctuation of generator output
voltage in case of high load, such as propulsion motor or bow thruster. The detection of the phase
angle may not be performed momentarily. Various methods have been studied to overcome the severe
disadvantage of this zero-crossing technique.

In large-sized commercial vessels, it is crucial to secure the space for cargo transportation as much
as possible [3,9]. However, to reduce the harmonics contained in the ship power system, the DFE
rectifiers with large-sized phase shifting transformer have a disadvantage to load cargo. And the AFE
rectifier using the existing zero-crossing technique also has various problems [28,29].

In this paper, an AFE rectifier using the Phase Locked Loop (PLL) method is applied to a large
electric propulsion system instead of the phase angle detection method using the zero-crossing
method [30–33]. We used the power analysis program, Power Simulation (PSIM), to model an AFE
rectifier that uses the PLL method. Comparison simulations were performed for large-scale electric
propulsion systems with the conventional DFE as well as proposed AFE rectifiers. Based on this
simulation, the resulting speed of the propulsion motor, DC output of the DC link, and harmonic
output characteristics of the input power supply were analyzed based on the type of rectification.
In addition, the thermal loss in the switching element, which is present in the inverter when AFE
rectifiers are used, as well as its stability, were evaluated. Based on these results, the characteristics of
the DFE and AFE rectifiers in a large-scale electric propulsion system were compared to confirm the
higher effectiveness of using the PLL-method-based AFE rectifiers in large-scale electric propulsion
systems compared with the use of conventional DFE rectifiers.
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2. Conventional Methods for Marine Electrical Prolusion Systems

2.1. Background

The DFE rectifier with a phase shifting transformer is mostly used for high-power drives, such as
the motors, fans, and compressors installed in the large plant in the industrial field [34]. Thanks to its
long history of operation with know-how and track records accumulated in the industrial field, it was
proved that stable operation would be possible. Therefore, the same high-power drive system of the
existing industrial field has been applied in the early large electric propulsion system [6].

As mentioned in the previous section, thus far, large-scale electric propulsion systems have
primarily consisted of a generator, phase shifting transformer, DFE rectifier, inverter, and propulsion
motor [35]. The generators that supply power to the large-scale electric propulsion systems are typically
brushless synchronous generators that can generate high voltages, such as 3300 V or 6600 V. To reduce
the detrimental effects of the aforementioned harmonics produced in these power systems, including
on the voltage and current of the generator, and to improve the output waveform of the rectified
DC current, a phase shifting transformer is installed before the DFE rectifier [36,37]. Furthermore,
to control the speed of the propulsion motor, an inverter which can control voltage and frequency
is installed. Induction motors are often used as propulsion motors because it is easy to control the
torque and speed of such motors. In addition, their maintenance is simple [38,39]. Figure 2 shows the
schematic diagram of a large-scale electric propulsion system.

Figure 2. Schematic diagram of a large-scale electric propulsion system.

Although contributing to decreasing the total harmonics distortion, the DFE rectifier with the
transformer is subject to the increase of volume and weight for the system as well as the design
complexity for the phase shifting transformer to obtain a linear DC waveform by increasing the number
of pulses. For example, Figure 3 shows the electric drawing of the electric propulsion system of ‘A’
company with a 24-pulse rectifier. Table 1 shows the comparison when an AFE rectifier is installed
instead of a 24-pulse rectifier [40]. The total volume and weight of the system will be increased
inevitably. Figure 4 shows the actual application of the transformer installed on the ship.

Table 1. Comparison of AFE rectifier vs. 24-pulse rectifier.

Component 24-Pulse DFE Rectifier AFE Rectifier

Propulsion Motor 2 pcs
41,679 kg × 2 = 83,358kg

2 pcs
41,679 kg × 2 = 83,358 kg

Phase Shifting Transformer 4 pcs
11,940 kg × 4 = 47,760kg -

Rectifier 8pcs
4730 kg × 8 = 37,840kg

4pcs
3760 kg × 4 = 15,040 kg

Inverter 4 pcs
3760 kg × 4 = 15,040kg

4 pcs
3,760 kg × 4 = 15,040 kg

Total Weight 183,998 kg 113,438 kg

5
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Figure 3. Typical configuration for a twin skeg electric propulsion ship.

Figure 4. Phase shifting transformer installed on large-scale electric propulsion system.

2.2. DFE Rectification Method in Large-Scale Electric Propulsion Systems

Electric propulsion systems require the AC current generated by the generator to be converted into
DC current. The conventional method involves the use of a DFE rectifier that employs a diode element
to generate 6-pulses. However, as shown in Table 2 below, 6-pulse rectifiers lead to high harmonic
distortion so that it cannot suit ship application. In order to reduce the harmonic distortion, as shown
in Figure 3, a typical electric propulsion system maker chooses the phase shifting transformer to reduce
the level of harmonics distortion by making 12-pulse, 24-pulse DC output [14,15]. Therefore, taking into
account the harmonics distortion in the existing electric propulsion system, complex structures of
phase shifting transformer have been applied with a number of DFE rectifiers. As a result, not only
does the initial installation cost increase but also the volume and weight of the system [35].

Consequently, the overall efficiency of the system is reduced because of this decrease in the
input power factor, as well as the severely distorted waveforms, owing to the DC output in a pulse
form [41]. To resolve these problems, a high-capacity passive filter and phase shifting transformer
must be installed, which, in turn, have their own drawbacks in that they considerably increase the
overall system size and installation costs associated with the system [9].

6
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Table 2. Total harmonic distortion for type of rectifier

Rectifier Type Total Harmonic Distortion (THD)

6-Pulse 25~27%
12-Pulse 8~11%
18-Pulse 4~5%
24-Pulse 2~3%

AFE 4~5%

2.2.1. 12-Pulse Rectifier

One rectification method for improving the harmonic characteristics of the output of the power
supply is to install a phase shifting transformer before the DFE rectifier to produce DC waveforms
with 12-pulses in each cycle [15]. Figure 5 shows the block diagram of a DFE-style 12-pulse rectifier
that uses a phase shifting transformer. The connections on the transformer’s secondary side consist of
Y-Y and Y-D connections. The phase shift angle for creating 12-pulses per cycle is 30◦ between each
phase, as indicated by Equation (1).

Δ = ∠eab − ∠eAB = 30◦ (1)

where, Δ is the phase shift angle, ∠eab is the line voltage of the primary side of the rectifier, and ∠eAB is
the line voltage of the secondary side of the rectifier.

Figure 5. Block diagram and Waveforms of a DFE-style 12-pulse rectifier.

7
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Thus, in this case, for the 12-pulse DC waveforms that occur during one cycle, there is a 30◦
difference in the phases of the Y and D connections on the secondary side of the phase shifting
transformer. In addition, there is a 30◦ difference in the phases of the 6-pulse DC waveforms generated
by each unit, which produce a 12-pulse-per-cycle DC waveform in the DC link unit. In terms of the
total harmonic distortion in the DC output waveform of the 12-pulse rectifier, the fifth order and
seventh order harmonics are entirely eliminated, and only the harmonics that are 11th order and above
remain. Thus, the rectifier effectively reduces the harmonic characteristics more effectively compared
with a 6-pulse rectifier.

2.2.2. 24-Pulse Rectifier

A 24-pulse rectifier uses a zig-zag-shaped phase shifting transformer to create 24-pulse waveforms
per cycle. Compared with the 12-pulse rectification method described above, this rectifier can produce
better DC voltage waveforms and reduce harmonics more effectively. Figure 6 shows a block diagram
of the 24-pulse rectifier. The phase shift angle of the phase shifting transformer, in this case, can be
expressed via Equation (2) specified below, in particular, there is a phase difference of 15◦.

Δ = ∠eab − ∠eAB = 15◦ (2)

where, Δ is the phase shift angle, ∠eab is the line voltage of the primary side, and ∠eAB is the line voltage
of the secondary side.

Figure 6. Block diagram and Waveforms of a 24-pulse rectifier.

8
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Considering the total harmonic distortion in the output waveforms generated by the 24-pulse
rectifier, all lower-order harmonics below the 19th order are eliminated. Therefore, the 24-pulse rectifier
has significantly better harmonic output characteristics than those of the 12-pulse rectifier. In addition,
because the waveforms of the DC link unit include 24-pulses per cycle, this leads to a voltage waveform
that is considerably similar to DC voltage.

2.3. AFE Rectification Method in Large-Scale Electric Propulsion Systems

The AFE rectifier uses semiconductor-based technologies, such as Insulated Gate Bipolar Transistor
(IGBTs), Integrated Gate Commutated Thyristor (IGCTs), and Metal Oxide Semiconductor Field Effect
Transistor (MOSFETs), among others, which can turn power semiconductor elements off and on as
required. Based on the control style of the semiconductor element, power conversion may be realized
automatically. In particular, a fixed DC output voltage can be maintained even if the load changes.
Thus far, AFE rectifiers have been primarily used in small- to mid-sized electric propulsion systems on
ships owing to the limited capacities of the power semiconductor elements in these rectifiers [42].

The AFE rectifier must continuously measure the supply voltage to control the rectifier. As shown in
Figure 7, the error of phase angle, which is crucial for the control of the rectifier, occurs momentarily due
to the deterioration of the voltage quality, such as harmonics and noise included in the supply voltage.

Figure 7. An example of phase angle error.

As shown in Figure 8, the form of the AFE rectifier is the same as that of an inverter that
converts DC current to AC current. The AFE rectifier consists of a total of three units and six power
semiconductor switches. In addition, it includes an inductor that controls the input current of the
power supply, as well as a capacitor that maintains a fixed DC output voltage.

Figure 8. Block diagram of an AFE rectifier.

9



J. Mar. Sci. Eng. 2019, 7, 168

Equation (3) is the voltage equation of the AFE rectifier.

eabc = Riabc + L
diabc
dt

+ Vabc (3)

where, eabc is the three-phase power supply voltage, iabc is the phase current, and Vabc is the input side
voltage of the rectifier.

The AFE rectifier controls the level and phase of the AC input current, is, while performing the
power conversion. The AFE rectifier must control the level of the voltage that is applied to the inductor
on the input side. In particular, is is controlled by controlling the input voltage of the rectifier, i.e., Vrec.
Figure 9 shows the equivalent circuit for an AFE rectifier. The voltage VL that is applied to the inductor
can be obtained using Equations (4) and (5).

es = VRec + VL (4)

VL = ωLis (5)

where, es is the AC input to the power supply, VL is the inductor voltage, and Vrec is the rectifier
input voltage.

Figure 9. Equivalent circuit of the AFE equivalent circuit.

In order to control the AFE rectifier, it is necessary to find the d-q axis coordinate and current
reference values that are in phase with the power supply voltage. To find these values, it is necessary
to find the phase angle θ. In the conventional AFE rectifiers, the zero-crossing technique is used to
find the phase angle θ for control. The zero-crossing technique involves measuring the power supply
voltage and finding the 0 values that occur at each half cycle to estimate the current phase angle θ.
Figure 10 shows the block diagram of a phase angle detector that uses the zero-crossing technique.

Figure 10. Phase angle detector using the zero-crossing technique.

In particular, to find the phase angle, the moment when the power supply voltage changes
from negative to positive can be set as the standard angle 0◦, as depicted in Figure 11 Alternatively,
the three-phase AC power supply values can be converted to a static coordinate system to find the
phase angle directly, as given by Equation (6).

θ = tan−1(
eα
eβ
) (6)

10
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Figure 11. Relationship between the power supply voltage and phase angle in the case of the
zero-crossing technique.

One advantage of the zero-crossing technique is that it can be used to find the phase angle in a
simple manner. However, in some cases, some zero points are missed during the phase detection step,
and consequently, its estimation speed is slow. Furthermore, another disadvantage of the zero-crossing
technique is that estimation errors occur when noise due to harmonics or voltage notching occurs.
Therefore, in this study, we created an AFE rectifier control circuit that uses the PLL method to
accurately find the phase angle.

3. Large-Scale Electric Propulsion System Using an Improved AFE Rectifier

With the recent development of high-capacity power semiconductor elements, which can be used
in large-scale electric propulsion systems, it has become theoretically possible for AFE rectifiers, which,
thus far, were primarily used in small- to mid-sized electric propulsion systems on ships, to be used in
large-scale electric propulsion systems.

3.1. Improved AFE Rectifier Control

As can be deduced from the voltage equation of the AFE rectifier, i.e., Equation (3), the three-phase
AC voltage and current values continuously change as time progresses. Therefore, it is difficult
to ensure stable control over the rectifier. To control the rectifier in a simple, yet accurate manner,
it is necessary to convert the coordinates of the three-phase AC power supply to a given standard
axis in order to convert the voltage equation of the AFE rectifier to that with a stable DC value.
In particular, by changing the coordinate system using such a conversion, the three-phase AC levels,
which continuously change over time, can be converted to two DC values d-q, which are easy to
control. These converted values can then be used to control the AFE rectifier [22,33].

Figure 12 shows the structure of a phase angle detector that uses the PLL method rather than
the existing zero crossing technique to find the phase angle in an AFE rectifier. The PLL phase angle
detector converts the voltage of the three-phase AC power supply to a value on the d-q axis in a
synchronous rotating coordinate system. These values can then be used to find voltages ed, eq, which are
DC voltages, and therefore, easy to control. In our study, ed is arbitrarily set to be the active power,
while eq is set to be the reactive power. Then, the value of the reactive power eq can be controlled to
ensure that it is 0.

Figure 12. Block diagram of a phase detector using the PLL method.
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Figure 13 shows the relationship between the q-axis voltage of the synchronous rotating coordinate
system and voltage phase angle for controlling eq so that it is zero. In Equation (7), Ps is the active
power supplied by the power supply.

Ps = eaia + ebib + ecic =
3
2

(
edid + eqiq

)
=

3
2

edid (7)

Figure 13. Imaginary phase angle, which is the same as the actual phase angle.

Thus, the power supply current is only affected by ed, which indicates the voltage value on the
d-axis, whereas the current value on the q-axis current does not have any effect on it. Therefore,
the supplied current can be given by Ps =

3
2 edid. If the active power values are set on the d-axis, and the

q-axis voltage is controlled so that it is 0, the actual phase angle θ becomes the same as the imaginary
phase angle θ̂ as shown in Figure 13. Consequently, the phase angle θ can be accurately determined.

To find the actual phase angle θ, Equations (8) and (9) can first be solved by performing a
coordinate conversion on the three-phase ea, eb, ec voltages of the AC power supply so that ea, eb, ec

transform into voltages on the α− β axis of the static coordinate system, as shown in Figure 14.

eα = E cosθ (8)

eβ = E sinθ (9)

where, E is the peak value of the input AC phase voltage, and θ is the phase angle between a and the
α-axis.

Figure 14. Conversion to input voltage’s coordinate axis.
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The values that have been converted to the static coordinate system with the α− β axis are then
converted to a synchronous rotating coordinate system with a d− q axis using Equation (10). This is
shown in Figure 15. [

ed
eq

]
=

[
cosθ sinθ
− sinθ cosθ

][
eα
eβ

]
(10)

Figure 15. Coordinate conversion to a synchronous rotating coordinate system.

If the phase angle is the imaginary phase angle θ̂ rather than the actual phase angle θ, the voltage
values on the d− q axis of the synchronous rotating coordinate system can be expressed using Equation
(11) as follows. [

ed
eq

]
=

[
cos θ̂ sin θ̂
− sin θ̂ cos θ̂

][
eα
eβ

]
. (11)

Equation (11) can be represented as Equations (12) and (13) on simplification. Furthermore,
Equations (8) and (9) can be used to obtain the voltage values in the static coordinate system using the
actual phase value, and if they are substituted in Equations (12) and (13), the resulting equations are
Equations (14) and (15), respectively.

ed = eα cos θ̂+ eβ sin θ̂ (12)

eq = −eα sin θ̂+ eβ cos θ̂ (13)

ed = E
(
cosθ cos θ̂+ sinθ sin θ̂) = Ecos(θ− θ̂

)
(14)

eq = E
(
− cosθ sin θ̂+ sinθ cos θ̂) = Esin(θ− θ̂

)
(15)

where, θ is the actual phase value between the α and d axes, whereas θ̂ is the imaginary phase angle.
In Equation (15), if q-axis voltage value eq is adjusted to be 0, then θ = θ̂, and Equations (16) and

(17) can be solved. Consequently, the imaginary phase angle θ̂ can be controlled so that it matches the
actual phase angle θ.

ed = Ecos
(
θ− θ̂

)
= E (16)

eq = Esin
(
θ− θ̂

)
= 0. (17)

If the three-phase input current is converted to the d − q coordinate axis system based on the
phase angle θ that is accurately obtained with the phase angle detector using the PLL control for
the AFE rectifier, the DC equivalent values of the AC current can be obtained. Thus, it is possible to
use a proportional integral controller to obtain an AFE rectifier with excellent control performance.
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Equations (18) and (19) represent the voltage equation in the synchronous rotating coordinate system
with the d− q axes.

ed = Rid + L
did
dt
−ωLiq + Vd (18)

eq = Riq + L
diq
dt
−ωLid + Vq. (19)

As is clear from Equations (18) and (19), there are speed electromotive and counter-electromotive
force components that represent a disturbance in the current control. In particular, these components
act as mutual interference components in the current control so that changes in the d-axis current
affect the q-axis current and vice-versa. Therefore, in order to obtain good control characteristics when
current control is performed in a synchronous rotating coordinate system, it is necessary to design a
current controller that includes feed-forward compensation for the counter-electromotive and speed
electromotive forces as indicated in Figure 16. If a feed-forward controller is included, the output
voltage of a proportional integral current controller in a synchronous rotating coordinate system can
be expressed as Equations (20) and (21).

e∗d = e∗d− f b + e∗d− f f (20)

e∗q = e∗q− f b + e∗q− f f (21)

Figure 16. Current controller in the AFE rectifier that compensates for the counter-electromotive force.

3.2. Controlling the Propulsion Motor Speed of a Large-Scale Electric Propulsion System Using the Improved
AFE Rectifier

In this study, we used an indirect vector control technique to control the propulsion motor speed
of a large-scale electric propulsion system. The indirect vector control technique uses flux current,
torque current, and electric motor constant in the synchronous rotating coordinate system to calculate
the slip reference angular speed. The integral value of this added to the rotor speed is considered as
the flux angle. For high-performance torque and flux control, the stator current that is provided to the
motor is divided into different components that match each of the components that are orthogonal to
the standard flux [38,43].

In Figure 17, the α − β axis is fixed to the stator, while the d–q axis rotates at the synchronous
angular speed ωθ. The rotating axis is matched to the d axis, while the slip angle (θsl) to the rotor axis
is maintained as the axis rotates. Therefore, the stator current supplied to the electric motor is divided
into the flux component current ids and torque component current iqs, which can be used to perform
high-quality torque and flux control.
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Figure 17. Indirect vector control.

In the case of rotator flux-based indirect vector control, the rotator flux is controlled to ensure that
it only exists as a d-axis component. Therefore, Equation (22) is valid.

λqr = ρλqr = 0 (22)

As can be deduced from Equation (23), the torque is proportional to iqs. Therefore, iqs can be
considered as the torque component current. Furthermore, when flux control is constant, the rotator
flux can be controlled via ids. Therefore, ids can be considered as the flux component.

Te =
3
2

P
2

Lm

Lr
λdriqs (23)

Thus, when ids is constant, the slip relational equation can be expressed as Equation (24).

ωsl =
Rr

Lr

iqs

ids
(24)

The position of the rotator flux can be obtained as the integral value of the sum of the electric
motor speed and slip reference angular speed, as shown in Equation (25) below.

θe =

∫
(ωr +ωsl)dt (25)

4. Methodology

In the present study, several different large-scale electric propulsion systems were modeled using
the DFE rectifier, phase shifting transformer, conventional AFE rectifier, and improved AFE rectifier.
A comparative analysis was performed on the operating characteristic results that were obtained for
the large-scale electric propulsion system with the improved AFE rectifier and conventional DFE and
AFE rectifiers in Figure 18. The modeled large-scale electric propulsion system is the same as the
electric propulsion systems that are installed and used in current LNG tankers. The propulsion motor
parameters are listed in Table 3. Figure 19 is a graph showing the oscillation of the output voltage of
the generator due to the load variation during the actual operation of the ship. Thus, in order to verify
the effectiveness of the proposed AFE rectifier, an arbitrary waveform was inserted into the output of
the generator during the simulation.
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Figure 18. Flowchart of comparison analysis with each rectifier.

Table 3. Propulsion of large-scale electric propulsion ships applied to simulations electric motor parameters.

Item Value Item Value

Rated Power 6000 Kw RS 0.0167 Ω
Rated Voltage 3300 V LS 1.49 mH
Rated Current 1200 A Rr 0.07 Ω
Rated Speed 650.8 rpm Lr 0.35 mH
Frequency 60 Hz Lm 48 mH

Number of Poles 10 J 169 Kg/m2

Figure 19. The hunting of the output voltage of generator due to load variation in the actual operation
of the ship.
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To compare the characteristics of the large-scale electric propulsion systems based on their
rectification method, systems were developed that used the improved AFE rectifier in Figure 20 as
well as one that used an existing 24-pulse rectifier in Figure 21 with a phase shifting transformer.
The improved AFE rectifier and power semiconductor in the inverter used the same IGBT module.
The primary specifications of the power semiconductor are listed in Table 4 [44].

Figure 20. Overall block diagram of the electric propulsion system with the improved AFE rectifier.

Table 4. Semiconductor model and specification for IGBT power used in AFE rectifier.

Model ABB Hi-Pak 5SNA 1200G450350

Collector-emitter voltage 4500 V
DC collector current 1200 A

Peak collector current 2400 A
DC forward current 1200 A

Figure 21. Overall block diagram of the electric propulsion system with a 24-pulse rectifier that employs
a phase shifting transformer.

In order to verify the robustness of the proposed AFE rectifier control, an irregular waveform was
arbitrarily generated by inserting instantaneous zero-point noise, harmonics, etc. in the output power
voltage of the generator during the simulation.

In Figure 20, the phase angle that is needed to control the proposed improved AFE rectifier was
obtained using a phase angle detector with a PLL controller, as shown in Figure 22. The q-axis voltage,
which is the reactive power component that is converted to a synchronous rotating coordinate system,
was controlled always to be 0, so that the phase angle would match the actual phase angle during
phase angle determination.
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Figure 22. Phase angle detector with a PLL controller.

The current controller for the AFE rectifier is shown in Figure 23. In particular, the output of the
DC link was compared with the reference voltage value in real time using the current controller used
for controlling the AFE rectifier. Furthermore, the error was controlled by the proportional integral
controller, and the feed-forward compensation technique was used to remove the mutual interference
components of the counter electromotive and speed electromotive forces.

Figure 23. Current controller for the AFE rectifier.

In addition, the inverter used the indirect vector technique to control the speed and torque of the
propulsion motor. This indirect vector control is depicted in Figure 24. Simulations of the modeled
circuits were performed to compare speed response characteristics of the propulsion motor, DC output
voltage waveforms of the DC link, input side harmonic output characteristics of the power supply,
and heat loss in the inverter switching element, among others based on the changes in the rectification
method of the simulated large-scale electric propulsion system.

Figure 24. Block diagram of the indirect vector control for propulsion motor speed.
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5. Analysis Simulations of the Operating Characteristics of Large-Scale Electric Propulsion
Systems According to Rectification Method

5.1. Speed Response Characteristics of the Propulsion Motor

Figure 25 shows the results of the simulation on the characteristics of the propulsion motor’s
response to step speed reference values. The standard speed value was set as 500 rpm. Based on these
results, it can be observed that the conventional AFE rectifier, 24-pulse rectifier, and improved AFE
rectifier all showed relatively good speed response characteristics to the reference value.

Figure 25. Speed response characteristics of the propulsion motor.
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5.2. Comparison of the DC Output Voltage Waveform in the DC Link

Figure 26 shows the DC output voltage in the DC link when different rectifiers are used.
The 24-pulse rectifier, which uses the phase shifting transformer, had the best response characteristics
to the reference DC voltage. Nevertheless, the improved AFE rectifier maintained the DC output
voltage in a more stable state than the conventional AFE rectifier.

Figure 26. DC output voltage in the DC link.

5.3. Comparison of the Total Harmonic Distortion in the Voltage of the Power Source

Figure 27 shows the results of the simulation for the total harmonic distortion in the power supply
at the output side. The estimated values for the electric propulsion system that used the improved
AFE rectifier were about 2% better than the case wherein the conventional AFE rectifier was used.
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Similar results were obtained for the 24-pulse rectifier. These values satisfied the recommendation for
total harmonic distortion that is included in the IEEE Standard 519-2014 [45], which specifies a total
harmonic distortion of 8% in power generators under 1 kV.

Figure 27. Total harmonic distortion of the power source on the voltage side.

5.4. Comparison of the Heat Loss in the Inverter Switching Element

The inverter’s IGBT module consists of the IGBT element and diode. Loss during power conversion
can be categorized into switching loss and conduction loss in the IGBT element as well as switching
loss and conduction loss in the diode element. The simulation estimated the power loss and heat
loss in the inverter module’s diode and IGBT element. The equation for obtaining conduction loss
and switching loss is as follows. Figure 28 shows the block diagram of the apparatus used to record
heat loss.
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Figure 28. Block diagram of the apparatus used to obtain the heat loss in the inverter switching element.

Conduction losses:
Pcond_Q = Vce(sat) × Ic ×D (26)

Switching losses:
Turn on Psw_Q_on = Eon × f ×Vcc ÷Vcc_datasheet (27)

Turn off Psw_Q_o f f = Eo f f × f ×Vcc ÷Vcc_datasheet (28)

where, Vce(sat) is the transistor collector–emitter saturation voltage, Ic is the collector current, D is
conducting duty cycle, Eon is the transistor turn-on energy losses, Eo f f is the transistor turn-off energy
losses, f is the frequency, and Vcc is the actual dc bus voltage.

Figure 29 shows the results of our simulations to estimate the sum of the switching and conduction
losses of the diode in the inverter of a large-scale electric propulsion system using the conventional
AFE rectifier, 24-pulse rectifier, and improved AFE rectifier. Table 5 lists the average of these results.
It is clear from these analysis results that the system with the improved AFE rectifier shows lower
switching losses than the one with the 24-pulse rectifier.

Table 5. Comparison of the heat losses from the inverter when using the conventional AFE rectifier,
DFE rectifier and improved AFE rectifier in a large-scale electric propulsion system modeled.

Conventional AFE 24 Pulse Improved AFE

Diode loss average [W] 514 453 445

IGBT loss average [W] 3717 3321 3350

Total loss average [W] 4231 3774 3795

Figure 29. Cont.
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Figure 29. Comparison of the switching loss in the inverter elements.

6. Conclusions

Relatively good propulsion motor speed response results were obtained for the large-scale electric
propulsion systems that were modeled using each of the rectification methods. However, the large-scale
electric propulsion system that used the improved AFE rectifier was able to accurately detect the phase
angle of the power supply voltage using a PLL control circuit. Therefore, it was able to obtain a more
stable DC link voltage output and reduced number of harmonics in the input power supply side
compared with the conventional AFE rectifier. Furthermore, the improved rectifier showed similar
output performance as the 24-pulse DFE rectifier, which uses a phase shifting transformer. In addition,
from the simulation results, it was observed that when the proposed AFE rectifier is used, the DC
output performance of the DC link in the rectifier was improved. Consequently, the switching loss of
the power semiconductor of the inverter used for controlling the speed of the propulsion motor was
similar to that of the 24-pulse rectifier.

So far, large-sized electric propulsion vessels have adopted the same high-power drive system of
the shore, but the use of phase shifting transformers with DFE rectifiers in a limited space and heavy
weight has several disadvantages. In this study, an improved AFE rectifier with superior performance
compared to the 24-pulse rectifier was applied. Research findings revealed that the proposed system
would mitigate the complexity of the electric converting system by reducing the number of the rectifiers
to be fitted. Therefore, the optimized spatial arrangement in the engine room could contribute to
increasing the cargo loading efficiency of the vessel.

Based on these simulation results, it was confirmed that it can be more effective for a large-scale
electric propulsion system to use an AFE rectifier that can turn a power semiconductor switch on and
off, rather than using an existing DFE rectifier employing a phase switching transformer.
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Abstract: The need for technological development to reduce the impact of air pollution caused
by ships has been strongly emphasized by many authorities, including the International Maritime
Organization (IMO). This has encouraged research to develop an electric propulsion system using
hydrogen fuel with the aim of reducing emissions from ships. This paper describes the test bed we
constructed to compare our electric propulsion system with existing power sources. Our system
uses hybrid power and a diesel engine generator with a combined capacity of 180 kW. To utilize
scale-down methodology, the linear interpolation method is applied. The proposed hybrid power
source consists of a molten carbonate fuel cell (MCFC), a battery, and a diesel generator, the capacities
of which are 100 kW, 30 Kw, and 50 kW, respectively. The experiments we conducted on the test bed
were based on the outcome of an analysis of the electrical power consumed in each operating mode
considering different types of merchant ships employed in practice. The output, fuel consumption,
and CO2 emission reduction rates of the hybrid and conventional power sources were compared
based on the load scenarios created for each type of ship. The CO2 emissions of the hybrid system
was compared with the case of the diesel generator alone operation for each load scenario, with an
average of 70%~74%. This analysis confirmed the effectiveness of using a ship with a fuel-cell-based
hybrid power source.

Keywords: hybrid power source; fuel cell; molten carbonate fuel cell (MCFC); carbon dioxide; electric
propulsion system

1. Introduction

In 2015, the “Third IMO Greenhouse Gas Study,” conducted by the International Maritime
Organization (IMO) [1], reported that air pollutants emitted from ships in 2012 accounted for 13%
of NOx, 12% of SOx, and 2.6% of CO2 in terms of global atmospheric pollutant emissions [2,3].
The International Council on Clean Transport (ICCT), an international environmental non-profit
organization, has analyzed and forecasted the pollutant emissions from ships from 1990 to 2050,
and reported that the NOx and SOx emitted from ships are expected to increase to 30% and 20%,
respectively, of all global pollutant emissions [3–5]. These study results support the view that the
long-term effects of atmospheric pollutants caused by ships are foreseen to become more severe,
considering the trend of increasing global trade in the future. Clearly, there is a need to develop
technology for reducing pollutant emissions from ships [6,7].

Currently, fuel cells that use hydrogen fuel to reduce pollutant emissions from ships are being
studied [8–11]. Fuel cells take the chemical energy within the hydrogen that is used as fuel and convert
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it into electrical and thermal energy through an electrochemical reaction with the oxygen present in the
air. They produce almost no pollutant emissions or noise when generating electricity, and they can
use various fuels as sources of hydrogen. Fuel cells are an eco-friendly energy source with very high
electrical efficiency. Fuel-cell-based power generation can reduce greenhouse gas emissions by 30%
compared to existing power generation methods [12]. Therefore, most advanced countries throughout
the world regard fuel cells as a next-generation technology and are actively developing them [13,14].

The research on a hybrid system combining a fuel cell system with a diesel engine, which is the
main power source of a ship, has been conducted in Europe [15–18]. The report of the European
Maritime Safety Agency (EMSA), ‘Study on the Use of Fuel Cells in Shipping’, applied fuel cells as the
main power or auxiliary power of ships from the beginning of 2000 and 24 projects in Europe and the
United States with the beginning of the ‘US Ship Service Fuel Cell Program [US SSFC]’ project [19].
Analysis of these studies shows that most of the methods are generally aimed at improving the
performance of hybrid systems (fuel cells, diesel generators) or the configuration of their systems
and that there is no experimental study on the reduction of CO2 emissions from the hybrid power
generation systems [20,21].

Therefore, an empirical study was conducted through experiments on CO2 reduction that has
not been carried out in previous projects so far. Molten carbonate fuel cells (MCFCs) were selected as
fuel cell systems of a combined power source because the characteristics of MCFCs are suitable for
application to ships [22,23]. Since MCFCs operate at high temperature, the reaction rate is fast, even
when using low-cost catalysts, as compared with relatively different fuel cell systems. Even when the
ship is sailing for a long time, the external reformer is not installed separately and natural gas or coal
gas is directly used as fuel. It is appropriate to apply it as the main power source for the base load of
the ship [24].

In this study, to reduce the emissions from ships, empirical experiments on the fuel consumption
and carbon dioxide emission reduction effect of a combined power source (fuel cell + battery + diesel
generator) instead of the diesel generator were conducted. The capacity of the combined power source
was 100 kW for MCFCs, 30 kW for batteries, and 50 kW for diesel generators. In order to carry out
the experiment on the test bed, the power amount for each operation mode was analyzed according
to the type of the commercial vessel, and the scale was downsized according to the capacity of the
test bed. The fuel consumption and carbon dioxide emissions of the ship were calculated, according
to the load profile of the ship, within 180 kW of the configured system. It can be confirmed through
the demonstration that carbon dioxide emission and fuel consumption was considerably reduced
compared to the conventional diesel power source.

2. Background

The International Convention for the Prevention of Marine Pollution from Ships (MARPOL)
agreed that emissions, such as NOx and SOx, from ships should be reduced by 20% or less of the
current emission amounts from 2008 to 2015. Since 2016, the agreement has recommended an 80%
reduction in pollutant emissions [25]. In addition, the IMO has introduced the energy efficiency design
index (EEDI), which is an index of factors to be considered in ship design to contribute toward reducing
CO2 emissions. The CO2 emission regulations based on the EEDI that were imposed by the IMO on all
new ships built since 2013 are listed in Tables 1 and 2. Ships that do not meet the required EEDI levels
are prohibited from entering ports [26]. In Table 2, the EEDI will be implemented in phases. Currently,
it is in phase 1, which runs from year 2015 to 2019. Phase 2 will run from year 2020 to 2024 and phase 3
from year 2025 onwards [27].
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Table 1. International Convention for the Prevention of Marine Pollution from Ships (MARPOL)
73/78—Annex VI Regulations for the Prevention of Air Pollution from Ships.

Year Built Capacity NOx SOx PM Remarks

2008~2015
>125 kW

7.7 g/kWh 24 kg/ton 1.2 kg/ton 20% decrease
2016~ 2.0 g/kWh 6 kg/ton 0.3 kg/ton 80% decrease

Table 2. The energy efficiency design index (EEDI)-based CO2 emission reduction goals.

Phase 0 (Year Built) Phase 1 Phase 2 Phase 3

2013~2014 2015~2019 2020~2024 2025~
Scheduled to take effect 10% decrease 20% decrease 30% decrease

National and international regulations are gradually being strengthened and require ocean
pollutant emissions from ships to be reduced continuously. However, it is not possible to address
this problem solely through modern engine technology without installing additional devices for
preventing environmental pollution. Therefore, there is an increasing demand for high-efficiency
power sources for ships with almost no pollutant emissions. Normal high-efficiency diesel engines
have an energy efficiency of approximately 40%, and facilities equipped with CO2-capturing devices
or pollutant-processing devices for emission gases have limited effectiveness owing to increases in the
system volume and fuel energy consumption [28].

On the other hand, if fuel cells powered by hydrogen, which are eco-friendly high-efficiency power
sources, could be an alternative solution, instead of diesel engines, to a propel ship, there could be almost
no emissions (for example, NOx, SOx, CO2, or PM); the fuel cells would produce no noise or vibration
and would have good power generation efficiency [14]. As such, fuel cells powered by hydrogen
have considerable potential as a next-generation main power source for ships. In addition, they can
be modularized to reduce complexities in terms of their construction and installation. Therefore,
their capacity can be adjusted such that it is most effective for specific types or functions of ships.
They have a very wide range of uses and are considered a technology that will play a leading role in
ship propulsion systems in the future [8,29].

3. Types and Properties of Fuel Cell Systems

Most fuel cells generate electricity and heat via the chemical reaction between hydrogen and
oxygen, and water is created as the product. Various types of fuel cells are being studied, and each of
these fuel cells is classified according to the characteristics of its electrolyte. The properties of these
cells are described in Figure 1 and Table 3 [19,24].

Figure 1. Comparison of efficiency versus power generation in each type of fuel cell.
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Table 3. Fuel cell types (catalyst, durability, and hydrogen storage).

Fuel Cell
Types

Main Fuel Electrolyte
Temperature of

Generation
Level of Technology

Subject of
Application

PEMFC
Hydrogen Ion conductive

polymer film
Ordinary

temperature~100 ◦C
Development and

demonstration phase

Small power
source,

Methanol Automobile

MCFC
Natural gas Molten

carbonate
600~700 ◦C Development phase Hybrid power

generationCoal gas

PAFC
Natural gas Phosphoric

acid
150~200 ◦C Commercialization

phase
Distributed

power systemMethanol

SOFC
Natural gas

Solid oxide 700~1000 ◦C Development phase Hybrid power
generationCoal gas

AFC Hydrogen Potassium
hydroxide 80~120 ◦C Commercialization

phase Space missions

Although there are various types of fuel cells, such as in Table 3, in this paper, MCFCs are
considered to be the main power source for the base load of the ship and were applied on the test
bed. Because MCFCs operate at a high temperature, they can achieve a fast reaction rate even with a
comparatively low-cost catalyst, a simple system design of a fuel cell, and low initial investment cost.
In addition, even when the ship is sailing for a long time, natural gas or coal gas can be directly used as
a fuel without installing an external reformer separately [16,22,23].

4. Comparative Analysis of Fuel Consumption and CO2 Emission Reductions in Hybrid Power
Sources vs. Conventional Commercial Diesel Generators

4.1. Greenhouse Gas Calculation Method

4.1.1. Intergovernmental Panel on Climate Change (IPCC) Emission Coefficient

Emissions from ships include greenhouse gases (GHGs) emitted from the diesel engines, steam
engines with boilers, and gas turbines, which are the main engine types used to power ships, ranging
from leisure crafts to large-scale freighters. The emitting crafts, which are the focus of the ship section
of the “Intergovernmental Panel on Climate Change (IPCC) Guidelines 2006” report, include sailing
ships, fishing boats, and other ships. The method for calculating GHG emissions is presented in
Table 4 [30].

Table 4. Calculation methods according to emission gas.

CO2 CH4 N2O

Estimate methodology Tier 1,2 Tier 1,2 Tier 1,2

The activity data used in the Tier 1 method are based on fuel consumption, thus emission
coefficients are needed for each fuel and pollutant. In the case of CO2, SO2, and heavy metals, there is
a close relationship between the emission coefficient and the CO2, SO2, and heavy metal content of the
fuels. The calculations must take into account the related pollutant content in the fuel for each year
and the target class of the ship according to the national region.

Tier 1 and Tier 2 emissions were calculated by using a method that uses petroleum sales as the
index for the basic level of activity. It performs calculations by assuming the averaged characteristics of
each ship type. The method to calculate Tier 3 emissions was based on the operating profile information
of the ship. The Tier 3 method can be used when it is possible to collect not only the data on the engine,
fuel usage, and duty cycle of the ship, but also information about its voyage. Because the actual voyage
data of the ship must be taken into account, port arrival/departure statistical data regarding the voyage
of the ship was used to calculate the fuel consumption and emissions while taking into account the
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emissions for each operating profile and the ship type, fuel type, engine type, technical specifications,
and engine load, yearly operating time, etc.

4.1.2. IMO Conversion Emission Factor

At the 1997 MARPOL conference, research on the GHGs emitted by ships was presented via a
discussion on “CO2 emissions from ships.” The first GHG study performed by the IMO was presented
at the 45th the Marine Environment Protection Committee [MEPC] conference. At the 56th MPEC
conference, it was determined that a second IMO GHG study would be performed to examine
atmospheric emissions caused by exhaust gas emissions, volatile fuel emissions, and refrigerant leaks.

One goal of this study is to calculate the CO2 emissions occurring when a hybrid power source
is used in a ship. For this, only the exhaust gas emissions of the diesel engine and fuel cell were
considered. Although the IPCC calculates GHG emissions by taking into account the ship type, fuel
type, engine type, etc., this study used the CO2 mass conversion factor, a dimensionless constant,
presented in the “Calculation of Energy Efficiency Operational Indicator Based on Operational Data”
to calculate the CO2 emissions (IMO MEPC1/Circ 684 2009). GHG emissions were calculated by using
the IPCC 2006 guidelines for CH4 and N2O in Table 5 (IPCC 2006), and the ISO 8217 Grades DMX
conversion factor was used for CO2 [31–33].

Table 5. Fuel-based exhaust gas emission factors.

Emission Emission Factor Guideline Reference

CH4 0.3 [TCH4/TFuel] IPCC 2006
N2O 0.08 [TN2O/TFuel] IPCC 2006
CO2 3.206 [TCO2/TFuel] ISO 8217 Grades DMX

4.2. Specifications of Components in the Fuel-Cell-Based Hybrid Power Source Test Bed

The process flow diagram (PFD) of the fuel-cell-based hybrid power source test bed is shown in
Figure 2. The test bed was composed of the following specific components: The MCFC system, energy
storage system (ESS), diesel generator, load bank, and intelligent energy management system [34–37].

Figure 2. Process flow diagram of the test bed.

4.2.1. MCFC System

The fuel cell used in the test bed was a 300 kW MCFC system composed of a stack module,
an electric balance of plant (EBOP), and a machinery balance of plant (MBOP) [38]. The fuel cell system
constituting the combined power source was operated with a rated capacity of 300 kW. However,
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a 100 kW output was used in a practical test bed. The MBOP was pretreated to make a better chemical
reaction between the fuel gas and air, which concludes a pre-former, heater, humidifier, valves, pump,
and blower [39]. The specifications are listed in Table 6.

Table 6. DFC300 MA system specifications.

DFC300 MA Generation Plant Specifications

Machinery Balance of Plant [MBOP]

Height (Main enclosure) 9.6‘
Height (Ship loose items) 14.6‘

Width 8.0‘
Length 19.8‘
Weight 12,292 kg

Electric Balance of Plant [EBOP]

Height 9.5‘
Width 3.5‘
Length 9.0‘
Weight 12,292 kg

Stack Module 8.4‘
Height 8.2‘
Width 15.0‘
Length 18,143 kg
Weight

Total Weight 42,727 kg

Power output

Rated output 250 kW
Voltage 380~480 VAC

Frequency 50~60 Hz
Power quality Per IEEE 519

The peripheral equipment needed by the fuel cell system is shown in Figure 3. It includes a
fuel injection part for supplying natural gas, a potable water injection part for producing ultrapure
water, a part for emitting drainage water resulting from the production of ultrapure water, and a
nitrogen/mixed gas injection part for protecting the stack. The air injection and exhaust gas emission
parts were at the top of the MBOP. Two exhaust fans were installed within the MBOP [40].

Figure 3. Configuration diagram of peripheral equipment for DFC300 MA.

The power generation concept of the fuel cell system is shown in Figure 4. The system was
composed of a heat-up operating mode, which increases the initial temperature of the fuel cell stack
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module, a ramp-up operating mode, which increases the power to the rated output for actual power
generation, and the operation mode, which produces the rated output.

Figure 4. Concept of Power generation for fuel cell system.

4.2.2. Energy Storage System (ESS)

The energy storage system is the electricity storage device, which uses electricity in the battery
generated by the fuel cell stored. As shown in Figure 5, it is composed of a secondary battery and
power conditioning system (PCS) [41].

Figure 5. Basic diagram for the energy storage system (ESS).

A lead-acid battery was used for the ESS in the test bed, and it was built using the bidirectional
connection system, of which the specifications are listed in Table 7. The PCS has functions for checking
the state of charging (SOC) of batteries in real time and controlling the temperature, current, and voltage
to enable the system to be operated in a stable manner. It also has functions for surge protection,
automated prevention of overcharging/overload, overvoltage alarms, and overvoltage prevention.
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Table 7. ESS general battery and inverter specifications.

Division Item Specification

Battery General

Rated output 100 kW
Rated voltage 407 VDC

Capacity 300 AH
Assembly of Cell 110S/2P
Range of voltage 352 V~451 V

Max discharge current 600 A
Protection OVP, UVP, OCP, OTP

Communication RS 232C, CAN 2.0

Inverter

Alternating Current [AC]
Input

Composition 3 Phase
Voltage 440 VAC

Frequency 50/60 Hz
Rated output 100 kW

Total Harmonic
Distortion [THD] Below 5%

Output
Voltage 440 VAC

Frequency 50/60 Hz
Rated output 100 kW

Function Protection
Over current, Over temperature,

Over voltage, Low battery
shutdown, Reverse flow

4.2.3. Diesel Generator System (DGS)

The 50 kW synchronous generator used in the test bed is a revolving-field-type generator which
uses a permanent magnet. Its specifications are given in Table 8.

Table 8. Hybrid test bed and generator specifications.

Item Specification

Engine part

Standby power rating >95 PS
Engine type 4 Stroke, Water cooled
Revolution 1800 rpm

Number of cylinders 6
Cylinder type Vertical series
Governor type Speed control type
Cooling system Radiator type

Fuel Diesel
Starting system DC 24 V battery start

Generator part

Type Revolving field magnet
Standby power rating 50 kW/62.5 kVA

Prime power rating 45 kW/56 kVA
Voltage 440/254 V
Current 82 A

Phase and wire Three phase four wire
Frequency 60 Hz

Power factor 0.8 Lag
Pole 4

Revolution 1800 rpm

4.2.4. Load Bank

The load bank is a forced air-cooled load bank with a rated capacity of 300 kW. It has high resistivity
and experiences little change in resistance due to temperature increases. It uses an iron-chrome type
2 heating wire (FCHW-2). The load bank was used in the test bed to provide the electrical load for
testing power sources, such as the generator or the uninterruptable power supply. The specifications
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of the load bank are listed in Table 9. The resistance of the load bank was connected in parallel to allow
the load capacity to be adjusted.

Table 9. Load bank specifications.

Rated Capacity 300 kW

Rated Voltage 3 Phase, 440 V, 60 Hz

Current and Resistance Value for Each Capacity

Unit Capacity
(kW)

Quantity
Synthetic

Capacity (kW)
Unit Current

(A)
Unit

Resistance
Enclosure

Configuration

0.1 1 0.1 0.13 1936 Ω

1 box

0.2 1 0.2 0.26 968 Ω
0.4 1 0.4 0.52 484 Ω
0.8 1 0.8 1.04 242 Ω
1 1 1 1.31 193.6 Ω
2 1 2 2.62 96.8 Ω
4 1 4 5.24 48.4 Ω
8 1 8 10.49 24.2 Ω
16 1 16 20.99 12.1 Ω
32 1 32 41.98 6.05 Ω
60 4 240 78.78 3.22 Ω

Total 15 304.5 399.7 -

4.2.5. Intelligent Energy Management System (IEMS)

The intelligent energy management system (IEMS) is a control system which monitors the voltage,
current, and output of each device and the system state in real time and enables the system to be
operated reliably. It adjusts the load of the load bank according to the load pattern in real time and
allows the different devices to be synchronized [42–46].

The test bed was organized such that the IEMS and power sources (MCFC, diesel generator system
(DGS), and ESS) could send and receive device statuses and operation commands through an interface,
as shown in Figure 6. Communications were based on an RS-285 and Ethernet to take into account
noise and effects of external factors, such as surrounding devices. In addition, an external connection
to the internet was used to allow the operating test bed system to be monitored from locations with
internet connectivity.

Figure 6. Diagram of interface design.

As shown in the Table 10 below, the control logic was configured to control the complex power
system according to the SOC of the ESS according to the load.
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Table 10. Configuration of control logic for power system.

Load Control Condition

≤100 kW
ESS SOC ≥ 80% MCFC and Consumption Load leveler
ESS SOC ≤ 80% MCFC and Charging ESS

101 kW ≤ Load ≤ 130 kW
ESS SOC ≥ 60% MCFC and Charging ESS and Diesel Generator [D/G] Off

40% ≤ ESS SOC ≥ 60% MCFC and ESS Discharging
ESS SOC ≤ 40% MCFC and ESS Discharging and D/G Operation

131 kW ≤ Load ≤ 180 kW
ESS SOC ≤ 35% MCFC and D/G Operation, ESS limit (≤20 kW)
ESS SOC ≤ 30% MCFC and D/G Operation, ESS limit (≤10 kW)
ESS SOC ≤ 25% MCFC and D/G Operation, ESS off

4.3. Comparison of Fuel Consumption and CO2 Emission Reduction Rates of the Conventional Commercial
Diesel Engine vs. the Hybrid Power Source

4.3.1. Conventional Commercial Diesel Power Source vs. the Fuel-Cell-Based Hybrid Power
Source (FCHPS)

The conventional commercial diesel power source was selected from the Doosan Infracore’s P126-TI
model with a capacity of 241 kW, which was optimized for an average load of 80%. This generator’s
specific rated power was 80% load of 241 kW, 192.8 kW and selected as the standard model of the
diesel generator of the test bed. The diesel generator for fuel cell-based hybrid power source was
selected as a DB-58 model with a capacity of 70 kW among the diesel engines of the Doosan Infracore’s
generator. The generator was also optimized for an average load of 80%, 56 kW was selected as the
diesel generator reference model for the combined power source of the test bed.

In order to analyze the CO2 emissions reduction of the combined power source, the fuel
consumption and the carbon dioxide emissions of the commercial diesel generator optimized for the
same power as the hybrid power source were applied to the baseload. To compare the fuel consumption
of the MCFC and the diesel generator of the combined power source, each fuel consumption amount
was converted into the petroleum conversion factor (1 Tonnage of oil equivalent [TOE] = 1000 kgoe).
As shown in the Tables 11 and 12, the fuel consumption factor of the diesel generator and the MCFC
were matched by applying the energy calorific value conversion factor to each fuel consumption
amount for application of the petroleum conversion factor.

Table 11. Flow conversion formula and CO2 emission calculation formula.

Power Source
Calculation Method of Fuel

Consumption
Calculation Method of CO2

Diesel generator Kgoe/h = flow (L/h) × 0.901 CO2 = 0.857 × flow (L/h) × (3.206 + 0.3 + 0.08)
Fuel cell Kgoe/h = flow (m3/h) × 1.043 CO2 = 0.631 × Electric Energy (kWh)

Table 12. Conversion standard of energy calorific value.

Fuel Unit
Gloss Calorific Value Net Calorific Value

MJ kcal 10−3 TOE MJ kcal 10−3 TOE

Diesel L 37.7 9010 0.901 35.2 8420 0.842
LNG Nm3 43.6 10,430 1.043 39.4 9420 0.942

Estimation of greenhouse gas emissions was based on the methodology presented in the IPCC
Guidelines. In international organizations and countries, emission factors are calculated and used
according to the IPCC Guidelines. IMO has also developed a method for estimating carbon dioxide
emissions for ships based on the IPCC Guidelines. However, the IPCC Guidelines provide a
methodology for estimating emission factors, but IMO suggests a calculation method using conversion
factors [47]. Tables 11 and 12 show a calculation formula and conversion standard.
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4.3.2. Analysis of Fuel Consumption and CO2 Emissions Reduction in Hybrid Power Source

The test bed used in this study consisted of a hybrid power source with a combined capacity
of 180 kW (100 kW fuel cell, 30 kW battery, and 50 kW diesel generator). The power generation in
the hybrid power source was designed such that the fuel cell was set for base-load operation and the
battery and diesel generator operated in sequence. At 100 kW in Figure 7, there is a 1% difference in the
fuel consumption of the commercial diesel generator and the fuel cell. At 130 kW, the difference in fuel
consumption with the diesel generator increases because the fuel cell and the battery, which does not
need fuel supply, are operating. At 180 kW, the fuel cell, battery, and diesel generator were operating,
and it can be seen that there was a reduction in the fuel consumption and CO2 emissions of the hybrid
power source compared to the commercial diesel generator. At 100 kW in Figure 8, the CO2 emissions
of the fuel cell are 9% of those of the commercial diesel engine. At 130 kW, at which the fuel cell and
battery were operating, the difference in CO2 emissions compared with the diesel generator increases.
At 180 kW, at which the fuel cell, battery, and diesel generator were operating, the CO2 emissions of
the hybrid power source were reduced by 39% compared to that of the commercial diesel generator.
Table 13 shows the CO2 emission reduction rates.

Figure 7. Comparison of fuel consumption of the commercial diesel generator and the hybrid
power source.

Figure 8. Comparison of CO2 emissions of the commercial diesel generator and the hybrid power source.
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Table 13. CO2 emission reduction rates in the commercial diesel generator vs. the hybrid power source.

Fuel Consumption (kgoe/h) CO2 Emissions (kgCO2/h)

Diesel generator 43.5 148.5
Hybrid power source 35.6 57.7

CO2 reduction rate 61%

5. Analysis of Fuel Consumption and CO2 Emission Reduction in a Fuel-Cell-Based Hybrid
Power Source Using Simulations of Operating Profiles by Type of Ship

The actual electric load analysis values that were used in this study were taken from the operating
profiles of ships, including a 5500 TEU Reefer Container, a 13000 TEU Container, a 40 k DWT Bulk
Carrier, 130 k DWT LNG Carrier, and 300 k DWT very large crude oil carrier (VLCC). These values
were scaled down for each operation mode and suitable load scenarios for each ship type were used.
To utilize scale-down methodology, the linear interpolation method is applied [48]. For example, if the
original 5500 TEU Reefer Container’s rated power is 4154 kW, the rated power of the test bed is 180 kW,
when applying the scale down method. At part load, 1424 kW will be converted to 61 kW. All following
test bed operating loads were calculated in this way. For the load scenarios in Table 14, according to
the ship type operating scenarios, the following power sources were applied.

Table 14. Load scenario according to the ship type.

Vessels Operation Mode Power Sources

5500 TEU Reefer Container

Normal seagoing (w/o reefer) Fuel Cell
Normal seagoing (w/reefer) Fuel Cell + Battery + D/G

Port in/out (w/o thruster) Fuel Cell
Port in/out (w/ thruster) Fuel Cell + Battery + D/G

Load/Unload Fuel Cell + Battery + D/G

13,000 TEU Container

Normal seagoing Fuel Cell
Port in/out (w/o thruster) Fuel Cell + Battery
Port in/out (w/ thruster) Fuel Cell + Battery + D/G

Load/Unload Fuel Cell
Harboring Fuel Cell

40 k DWT Bulk Carrier

Normal seagoing Fuel Cell
Port in/out Fuel Cell + Battery + D/G

Loading (shore crane) Fuel Cell + Battery
Loading (crane) Fuel Cell + Battery + D/G

Harboring Fuel Cell

130 k DWT LNG Carrier

Normal seagoing Fuel Cell
Port in/out Fuel Cell + Battery + D/G

Port discharging Fuel Cell + Battery + D/G
Port loading Fuel Cell + Battery + D/G

Port idle gas free Fuel Cell

300 k DWT VLCC

Normal seagoing Fuel Cell
W/I.G.S Topping up Fuel Cell + Battery

Tank cleaning Fuel Cell + Battery + D/G
Port in/out Fuel Cell + Battery + D/G

Load/Unload Fuel Cell + Battery + D/G

5.1. 5500 TEU Reefer Container

The 5500 TEU reefer container uses the following operating modes during operations: Normal
seagoing (without reefer), normal seagoing (with reefer), port in/out (without thruster), port in/out
(with thruster), and load/unload. To perform the test bed experiments, the scale of the values obtained
as a result of the electric load analysis were adjusted to reflect the output of each operating mode of an
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actual ship. As shown in Figure 9, the hybrid power source was used in the load scenarios of this ship.
Normal seagoing (without reefer) was a fuel cell operation interval. Normal seagoing (with reefer)
was a fuel cell + battery + diesel generator operation interval. Port in/out (without thruster) was a fuel
cell operation interval. Port in/out (with thruster) and load/unload were fuel cell + battery + diesel
generator operation intervals. The scale-adjusted electric load analysis was applied to the test bed,
and the output tests were carried out.

Figure 9. Power consumption of 5500 TEU reefer container during different operation modes.

Figure 10 compares the fuel consumption during each operating mode of this ship. The fuel
consumption reached a maximum during the normal seagoing (with reefer) mode and a minimum
during the normal seagoing (without reefer) mode. As the load increased, the fuel consumption
increased; similarly, as the load decreased, the fuel consumption decreased. However, when observing
the CO2 emission reduction rates shown in Figure 11, it can be seen that the CO2 emission reduction
rate was the highest in the port in/out (without thruster) mode, during which the second least amount
of fuel was consumed.

Figure 10. Fuel consumption in each operating mode of the 5500 TEU reefer container.
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Figure 11. Comparison of CO2 emissions and CO2 emission reduction rate in each operating mode of
the 5500 TEU reefer container.

5.2. 13000 TEU Container

The 13000 TEU container uses the following operating modes during voyage: Normal seagoing,
port in/out (without thruster), port in/out (with thruster), load/unload, and harboring. The test bed
experiments were conducted by adjusting the scale of the values obtained from the electric load analysis
or the output of each operating mode of an actual ship. As shown in Figure 12, the hybrid power
source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation interval.
Port in/out (without thruster) was a fuel cell + battery operation interval. Port in/out (with thruster)
was a fuel cell + battery + diesel generator operation interval. Load/unload and harboring were fuel
cell operation intervals. The scale-adjusted electric load analysis was applied to the test bed, and the
output tests were performed.

Figure 12. Operating modes of the 13000 TEU container.

Figure 13 compares the fuel consumption during each operating mode of this ship. The fuel
consumption was at maximum during the port in/out (with thruster) mode and at minimum during
the load/unload mode. The load increased (and decreased) as the fuel consumption increased
(and decreased), respectively. However, on observing the CO2 emission reduction rates shown in
Figure 14, it can be seen that the CO2 emission reduction rate was low in the load/unload and harboring
modes despite the low fuel consumption.
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Figure 13. Fuel consumption in each operating mode of the 13000 TEU container ship.

Figure 14. Comparison of CO2 emissions and CO2 emission reduction rate in each operating mode of
the 13000 TEU container ship.

5.3. 40 k DWT Bulk Carrier

The 40 k DWT bulk carrier uses the following operating modes during operations: Normal
seagoing, port in/out, loading (shore crane), loading (deck crane), and harboring. To perform the test
bed experiments, the scale of the values obtained as a result of the electric load analysis was adjusted
according to the output of each operating mode of an actual ship. As shown in Figure 15, the hybrid
power source was used in the load scenarios. Normal seagoing was a fuel cell operation interval. Port
in/out was a fuel cell + battery + diesel generator operation interval. Port in/out (with thruster) was a
fuel cell + battery + diesel generator operation interval. Loading (shore crane) was a fuel cell + battery
operation interval. Loading (deck crane) was a fuel cell + battery + diesel generator operation interval.
Harboring was a fuel cell interval. The scale-adjusted electric load analysis was applied to the test bed
before the output tests were performed.
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Figure 15. Operating modes of the 40 k DWT bulk carrier.

Figure 16 compares the fuel consumption during each operating mode of this ship. The fuel
consumption was at maximum during the loading (deck crane) mode and at minimum during the
harboring mode. The fuel consumption increased as the load increased, and decreased as the load
decreased. However, on observing the CO2 emission reduction rates shown in Figure 17, it can be
seen that the CO2 emission reduction rate of the loading (shore crane) mode was as high as 85% even
though this operation consumed more fuel than during normal seagoing operations.

Figure 16. Fuel consumption in each operating mode of the 40 k DWT bulk carrier.
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Figure 17. Comparison of CO2 emissions and CO2 emission reduction rate in each operating mode of
the 40 k DWT bulk carrier.

5.4. 130 k DWT LNG Carrier

The 130 k DWT LNG carrier uses the following operating modes during its operations: Normal
seagoing, port in/out, port discharging, port loading, and port idle gas free. The test bed experiments
were conducted by adjusting the scale of the values obtained from the electric load analysis based
on the output of each operating mode of an actual ship. As shown in Figure 18, the hybrid power
source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation interval.
Port in/out, port discharging, and port loading were fuel cell + battery + diesel generator operation
intervals. Port idle gas free was a fuel cell operation interval. The scale-adjusted electric load analysis
was applied to the test bed, and the output tests were performed.

Figure 18. Operating modes of the 130 k DWT LNG carrier.

Figure 19 compares the fuel consumption during each operating mode of this ship. The maximum
amount of fuel was consumed during the port discharging mode, whereas it reached a minimum
during the port idle gas free mode. The fuel consumption increased and decreased as the load increased
and decreased, respectively. However, on examining the CO2 emission reduction rates shown in
Figure 20, it can be seen that the CO2 emission reduction rate of the normal seagoing mode was as high
as 83%, even though the fuel consumption in this mode exceeded that in the port idle gas free mode.
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Figure 19. Fuel consumption in each operation mode of the 13 0k DWT LNG carrier.

Figure 20. Comparison of CO2 emissions and CO2 emission reduction rate in each operating mode of
the 130 k DWT LNG carrier.

5.5. 300 k DWT Very Large Crude Oil Carrier (VLCC)

The 300 k DWT VLCC uses the following operating modes during operations: Normal seagoing,
with an inert gas supply system (IGS) topping up, tank cleaning, port in/out, and load/unload.
An adjustment was made to the scale of the values of the electric load analysis of the output of each
operating mode of an actual ship to perform the test bed experiments. As shown in Figure 21, the hybrid
power source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation
interval. With IGS topping up was a fuel cell + battery operation interval. Tank cleaning, port in/out,
and load/unload were fuel cell + battery + diesel generator operation intervals. The scale-adjusted
electric load analysis was applied to the test bed, and the output tests were performed.
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Figure 21. Operating modes of the 300 k DWT VLCC.

Figure 22 compares the fuel consumption during each operating mode of this ship. The fuel
consumption was at maximum during the port in/out mode and at minimum during the normal
seagoing mode. The fuel consumption increased as the load increased and decreased as the load
decreased. However, on observing the CO2 emission reduction rates shown in Figure 23, it can be seen
that the CO2 emission reduction rate in the IGS topping up mode was as high as 85%, even though the
fuel consumption in this mode was higher than in normal seagoing mode.

Figure 22. Fuel consumption in each operating mode of the 300 k DWT VLCC.
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Figure 23. Comparison of CO2 emissions and CO2 emission reduction rate in each operating mode of
the 300 k DWT VLCC.

Operating profile scenarios for each type of ship were developed, and the five developed load
scenarios were applied to the test bed. The results are presented in Table 15.

Table 15. Cumulative CO2 emissions and reductions at load scenario.

Case

CO2 Emissions (kgCO2) Fuel Consumption (kgoe)
CO2

Reduction
Rate

Experiment
Time (h:m:s)Diesel

Generator

Hybrid
Power
Source

Diesel
Generator

Hybrid
Power
Source

5500 TEU
Reefer

Container
205.6 56.8 60.3 54.1 72 2:50:59

13,000
Container 233.9 69.5 68.6 57.8 70 4:01:01

40 k DWT
Bulk Carrier 184.9 49.8 54.2 52.0 73 2:01:07

130 k DWT
LNG Carrier 217.7 59.6 63.8 54.9 73 2:00:23

300 k DWT
VLCC 238.5 62.8 69.9 55.8 74 2:00:20

6. Conclusions

This study analyzed the fuel consumption and CO2 emission reduction rates when a fuel-cell-based
hybrid power source instead of a conventional commercial diesel power source was used in ships.
The results showed that under the rated output on a test bed with a load bank of 180 kW, the conventional
commercial diesel generator consumed fuel at 43.5 kgoe/h and emitted CO2 at 148.5 kg/h, whereas
the fuel-cell-based hybrid power source consumed fuel at 35.6 kgoe/h and emitted CO2 at 57.7 kg/h,
as given in Table 11. The hybrid power source reduced fuel consumption by 18% and CO2 emissions
by 61% at part load in the port period. These results indicate that it is possible to reduce CO2 emissions
by up to 61% if a hybrid power source of the same capacity is used to power a ship.

In this study, the actual electric load analysis values of the 5500 TEU Reefer Container, 13 k TEU
Container, 40 k Bulk Carrier, 130 k DWT LNG Carrier, and 300 k DWT Crude Oil Tanker were scaled
down according to the operation mode, and the control logic and systems of the test bed developed in
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this study were operated normally according to the respective load scenarios. The experimental results
of applying the developed five load scenarios to the test bed are shown in Table 15.

Because the output characteristics and control time of the diesel generator, according to the power
source of the hybrid system, were reduced, according to the load variation pattern of the ship and the
ship’s type, the CO2 emissions of the hybrid system, as compared with the case of the diesel generator,
alone operated for each load scenario with an average of 70%~74% less.

In order to apply the hybrid system to ships, it is possible to maximize the CO2 emission reduction
effect by setting the capacity of the fuel cell + battery to be able to take charge of the base load of the
ship through analysis of the base load of each ship type.
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Nomenclature

AFC Alkaline fuel cell
DWT Deadweight tons
EBOP Electric balance of plant
EEDI Energy efficiency design index
EPSS Electric power switching system
ESS Energy storage system
IEMS Intelligent energy management system
IGS Inert gas system
IMO International maritime organization
IPCC Intergovernmental panel on climate change
KGOE Kilograms of oil equivalent
MARPOL The international convention for the prevention of marine pollution from ships
MCFC Molten carbonate fuel cell
MDOP Machinery balance of plant
PAFC Phosphoric acid fuel cells
PCS Power conditioning system
PEMFC Polymer electrolyte membrane fuel cell
PFD Process flow diagram
PM Particulate matter
SFC Specific fuel consumption
SOC State of charge
SOFC Solid oxide fuel cell
TEU Twenty-foot equivalent units
VLCC Very large crude-oil carrier
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Abstract: Since recent marine application of fuel cell systems has been due largely limited to
small-sized ships, this paper was aimed to investigate the technical applicability of molten carbonate
fuel cell (MCFC) for medium and large-sized ships, using a 180 kW class hybrid test bed with
combined power sources: A 100 kW MCFC, a 30 kW battery and a 50 kW diesel generator. This study
focused primarily on determining whether the combined system designed in consideration of actual
marine power system configuration could function properly. A case study was conducted with a
5500 Twenty-foot Equivalent Unit (TEU) container vessel. The operation profile was collected and
analyzed in order to develop electric load scenarios applicable to the power system. Throughout
the experiment, we evaluated the power quality of the voltage and frequency in the process of
synchronization and de-synchronization across the power sources. Therefore, research results
revealed that power quality continued to be excellent. This outcome provides insight into the
technical reliability of MCFC application on large marine vessels.

Keywords: Molten carbonate fuel cell (MCFC); Hybrid test bed; Operation profile; Power quality

1. Introduction

Recently, hydrogen has started to be regarded as an alternative ocean fuel source. As a result,
studies on hydrogen-fueled fuel cells have been actively conducted in Europe and the United States [1–3].

Fuel cells are known as a technology in which the chemical energy associated with hydrogen
molecules is converted to electricity and thermal energy through electrochemical reactions with air.
Thanks to the minimization of emissions, the noise in operation and high adaptability of various fuel
sources, fuel cells are considered a next-generation technology for clean production [4,5].

In particular, fuel cell-based power plants are expected to reduce greenhouse gas emissions by 30%
compared to fossil fuel-based power generation. Considering such benefits, many developed countries
have been carried out a number of projects to stimulate the fuel cell application to industries [4–10].

According to a report of the European Maritime Safety Agency (EMSA), since the first project ’US
SSFC’ was launched in 2000, 24 projects have been made available to facilitate the application of marine
fuel cells. Eleven of them selected the Proton Exchange Membrane Fuel Cell (PEMFC) type composed
of polymer resin with several advantages: Relatively low operating temperature, about 80 ◦C; shorter
time to reach the operating temperature; unnecessary of peripheral devices [11].

On the other hand, to ensure the reliability of the stakes, it requires pure hydrogen which is
operated in a very low temperature with the late response time. In order to reduce such drawbacks,
expensive catalyst and electrode are applied [12–14].

To obtain pure hydrogen, a separate reforming system is additionally required. That limits the
application of PEMFC for the propulsion of medium-large ships. The Zero Emissions Ships (ZEMShip)
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project has demonstrated the excellent performance of a fuel cell by applying a 96 kW fuel cell to the
Motor Vessel (MV) ‘Alsterwasser’ [15–19].

In ‘FellowSHIP’ and ‘Molten Carbonate Fuel Cells for Waterborne Application (MC-WAP)’ projects,
molten carbonate fuel cell (MCFC) type was applied to supplement auxiliary power rather than the
main propulsion power. In particular, ‘FellowSHIP’ from 2003 to 2017, applied MCFC fuel cells for MV
‘Viking Lady’, 6,000 Deadweight Tonnage (DWT) Offshore Support Vessel (OSV), The project results
showed excellent performance of the fuel cell in reducing emission levels [8,20–22].

Because MCFCs can operate at high temperatures, low-cost catalysts are available, which
simplifying system design and reducing costs. In addition, even with long voyages, this type of fuel
cell can utilize natural gas or coal gas as a direct fuel instead of using an external reformer. These
advantages may be suitable for application as a major source of power for the ship’s fundamental loads.
Despite many research and projects for fuel cell applications in the marine industry, attempts to use
the MCFC type for medium and large vessels for propulsion are scarce. Given this background, this
study was motivated to investigate the suitability of the MCFC for the large vessel propulsion [23–27].

This paper was focused on analyzing the power quality of each power source in synchronization
and breakaway. A test bed with a capacity of 180 kW was constructed using 100 kW fuel cells, 30 kW
batteries and 50 kW diesel generator.

An actual voyage data for 5,500 TEU container vessel was used to verify the power quality of
the fuel cell. Three load scenarios were developed by examining the performance characteristics of
the fuel cell, battery and diesel generator systems based on normal navigational conditions. Each
developed scenario was applied to the hybrid power sources, and the quality of voltage and frequency
was examined during synchronization and breakaway phases.

2. Methodology

Given that the past research was largely focused on the marine application of MCFC as the
main power source for small-sized vessel, this research would be a record of the first research for
investigating the practicability of MCFC for medium- and large-sized vessels. To achieve this goal, a
5,500 TEU class container ship was selected as a case ship, and its operating data was applied for the
test bed simulation in order to analyze the power quality of the system.

For this research, a combined power source test bed composed of MCFC, battery and diesel engine
was constructed. Based on the developed load scenario from the case ship, we analyzed the quality of
voltage and frequency in response to the synchronization and de-synchronization between each power
source in the test bed and evaluated whether the results could meet the current regulations. Figure 1
shows the outline of the research process.

Figure 1. Flowchart for research procedure.
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3. Design and Construction of Fuel Cell-Based Hybrid Power Source Test Bed

3.1. Design

Figure 2 shows the basic structure of the energy management system (EMS) used to control the
hybrid power system in the test bed in accordance with load variations. In detail, the main parts of the
test bed consist of MCFC system, energy storage system (ESS), diesel generator, load bank and EMS
and electric power switching system (EPSS). In addition, the test bed was also optimally programmed
to reliably synchronize hybrid power systems.

Figure 2. Basic outline of hybrid power systems for the test bed.

3.2. Components of the Test Bed for Fuel Cell-Based Ship Hybrid Power Systems

Figure 3 shows the arrangement of the fuel cell-based ship hybrid power system test bed.

Figure 3. Actual placement of the test bed.

3.2.1. MCFC System

The fuel cell to be applied to the test bed is a 300 kW class MCFC system ‘DFC300MA’ model
manufactured by ‘POSCO Engineering’ [28]. It is also a model that ‘FuelCell Energy (FCE)’ in the USA
has developed as a basic model. Various development and experiments in several stages made the
most optimized system at present. The fuel cell system consists of a stack module. EBOP (electric
balance of plant) and MBOP (machinery balance of plant). The specification of the fuel cell system is
shown in Table 1.
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Table 1. Specification of the fuel cell system.

Specification for ‘DFC300MA’.

Power Output -
-Rated output 250 kW

-Voltage 380 - 480 VAC
Frequency 50 ~ 60 Hz

-Power Quality Per IEEE 519

Emissions -
-NOx <0.02 lb/MWh
-SOx <0.001 lb/MWh
-CO <0.05 lb/MWh

Figure 4 shows the peripheral equipment for the fuel cell system: Particularly, a fuel injection part
for natural gas supply, a water injection part for making ultrapure water, a water discharge part and
nitrogen/mixed gas injection part for stack protection. The Air injection part and the water discharge
part are located on the upper side of MBOP within which two sets of exhaust fans are fitted.

Figure 4. Overall configuration for fuel cell system.

Figure 5 describes the concept of the electricity generation process. The system consists of three
modes: A ’heat-up mode’ for increasing the initial temperature of the fuel cell stack module, a ’ramp-up
mode’ for increasing the power output to the rated output, and an ’operating mode’ for continuing the
rated output.

Figure 5. Concept of the fuel cell power generation.
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In the ‘heat-up’ mode of the fuel cell system, as shown in Figure 5, the Terminal Breaker (TB) is
closed, and the fuel cell is operated by receiving electricity from the system. Since only the fuel cell
consumes power, the Customer Critical Breaker (CCB) is opened. Respectively, it is designed to close
the CCB to charge the ESS internal battery. In the ‘ramp-up’ mode (when the ‘heat-up’ is completed,
and the fuel cell outputs power), the CCB is closed, and the EMS judges whether the ESS is on or off.

3.2.2. Energy Storage System (ESS)

ESS refers to a small/medium-sized electrical storage facility that is to store electrical energy and
use it when necessary in aids of a distributed power source in a micro-grid. As shown in Figure 6,
ESS comprises the battery and power conditioning system (PCS).

Figure 6. Configuration diagram energy storage system (ESS).

A lead-acid type battery was applied to the test bed. According to Table 2, it was modelled based
on the two-way grid connected type.

Table 2. Specification of ESS.

ESS Specification

Input Voltage 440VAC 3phase 3wire(60 Hz)
Output Voltage 440VAC 3phase 3wire(60 Hz)
Load Capacity 30 kW

Battery Ampere-hour 400 Ah
Inverter Type Bi-directional grid connected type

The PCS is designed to perform bidirectional power control for DC power and AC power between
the grid and the rechargeable battery, to improve the reliability of the power system, and to supply the
stored energy quickly at peak power demand.

Therefore, The PCS is to balance active powers from hybrid power systems when the load
fluctuation, accidental power supply, or load drop occurs by means of charging or discharging the
battery and to contribute to enhancing system stabilization by adjusting the frequency. In addition,
it has a functionality to monitor the state of charge (SOC) of the battery in real time and to control the
temperature, current and voltage so that it can make the system to be operated with high reliability.
It also provides surge protection, automatic overcharge / overload protection as well as overvoltage
protection [29,30].

3.2.3. Diesel Generator System

A 50 kW diesel generator used in the test bed is a revolving-field type using a permanent magnet.
This system is soundproofed to 75 db or less. As shown in Figure 7, and Tables 3 and 4, it has the
synchronous speed of 1800 rpm with four poles.
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Figure 7. Appearance of diesel generator.

Table 3. Major specification of diesel generator engine.

Item Specification

Standby Power Rating >95 PS
Engine Type 4 stroke, water cooled
Revolution 1800 RPM

Number of Cylinders 6
Fuel Diesel

Table 4. Major specification of diesel generator.

Item Specification

Type Salient Pole Generator
Standby Power Rating 50 kW / 62.5 kVA

Prime Power Rating 45 kW / 56 kVA
Voltage 440 / 254 V
Current 82 A

Phase and Wire 3phase 4wire
Frequency 60 Hz

Number of Pole 4 P
Revolution 1800 RPM

Excitation System Blushless Self-Exciter

3.2.4. Load Bank

The load bank is a device designed to provide an electrical load for testing power sources, such as
generators or uninterruptible power sources. In the case of a load bank used in a test bed, a power line
is constructed for load testing, and the current load factor is calculated in the EMS and adjusts the load
output from the load bank. The consumption of the voltage and current during this operation was
monitored by an analog signal.

As shown in Table 5, the 300 kW load bank adopted the second type of iron chrome (FCHW-2)
with high resistivity and low resistance against temperature increase and used a forced air-cooled load
bank which was connected in parallel so that the load capacity could be adjusted.
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Table 5. Specification of the load bank.

Rated Power 300 Kw

Rated Voltage 3∅ 440 V, 60 Hz

Current and resistance value for each capacity

Unit Capacity
(kW) Quantity Total Capacity

(kW)
Unit Current

(A)
Unit

Resistance Cabinet

0.1 1 0.1 0.13 1936Ω*3∅

1 box

0.2 1 0.2 0.26 968Ω*3∅
0.4 1 0.4 0.52 484Ω*3∅
0.8 1 0.8 1.04 242Ω*3∅
1 1 1 1.31 193.6Ω*3∅
2 1 2 2.62 96.8Ω*3∅
4 1 4 5.24 48.4Ω*3∅
8 1 8 10.49 24.2Ω*3∅
16 1 16 20.99 12.1Ω*3∅
32 1 32 41.98 6.05Ω*3∅
60 4 240 78.78 3.22Ω*3∅

Total 15 304.5 399.7 -

3.2.5. Energy Management System

EMS is a control system configured to monitor the voltage, current, output amount, and system
status of each device in real time to operate the system stable. It is to balance the load of the load bank
in real time according to the load variations so that each device can be synchronized properly [31–35].

The EMS and each power source—namely MCFC, diesel generator and ESS—are configured
to send and receive status and operation commands of the device via the interface as presented in
Figure 8.

Figure 8. Integrated power control system configuration.

The power source (fuel cell, battery, diesel generator) constituting the hybrid system was controlled
by EMS, according to the output range. In the output range of 0−100 kW, the fuel cell produces an
output of 100 kW as the base load. When the required load is less than 100 kW, the battery is set to be
charged, or the energy is sent to load leveler.

In addition, in the 100−130 kW output period, the battery power is additionally supplied to the
load with fuel cell power, and the diesel generator is controlled to operate in the output period of
130 kW or more. When the proposed hybrid system was operated on the basis of the above conditions,
the power quality was analyzed by measuring the voltage variation rate and frequency variation rate
for each scenario.
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4. System Composition for Power Quality Analysis

Figure 9 represents the configuration of MCFC system so that we can monitor and analyses
frequency stabilization time as well as the voltage fluctuation rate and frequency fluctuation rate which
can occur in the process of synchronizing the other power sources, such as ESS and diesel generator.

Figure 9. Overall system configuration for power quality analysis.

As shown in the figure, the overall system is designed for power quality analysis which is to
measure the voltage, current, power, frequency, and power factor generated during power conversion
through the synchronous test, thereby to evaluate the suitability of the combined power source to a
marine vessel.

Figure 10 shows the monitoring system configuration for power quality analysis. We could monitor
power data (voltage, current, frequency, voltage variation, frequency variation, apparent/active/reactive
power and power factor) in real time and store them on the LabVIEW interface.

Figure 10. Monitoring system configuration for power quality analysis.

Twelve channels of the measuring points were assigned on MCFC, ESS and secondary power
supply R, T of diesel generator. A high-voltage probe (TP0200) was used for the measurement as
pictured in Figure 11, whereas a current measuring clamp i410 type was applied, as shown in Figure 12.
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Figure 11. Installed voltage measuring equipment.

 

Figure 12. Installed current measuring equipment.

5. Development of Load Scenario for Power Quality Analysis of Fuel Cell-Based Marine Hybrid
Power System

5.1. Load Scenario Development

In this study, when the MCFC, which is responsible for the base load of the fuel cell-based
combined power source, is applied to the ship with other power sources, such as ESS and diesel
generator, we developed a load scenario for power quality analysis through voltage fluctuation
rate, frequency fluctuation rate, and frequency stabilization time for power faults that may occur in
the process of synchronizing to or disconnection from a single bus line. Scenario requested sailing
information of the 5,500 TEU vessel of ‘H’ shipping company and collected and analyzed the data.

Based on the data of main engine and generator output of 5,500 TEU class container ship,
we analyzed the load variation characteristics in normal seagoing operation in order to investigate
whether each power source can maintain proper power quality for load fluctuation, such as
synchronization and system deviation. We have developed a Load Scenario to determine if it
is possible.

Using the real-time operation data, the load case was developed based on the following steps.

• Analyzes the load pattern according to the size of the fluctuating load when analyzing
operational data.
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• Exclude generator load which is 2.5−5% of the main engine loads as documented in IMO MEPC.1
/ Circ.681

• Develop Load Scenario for verifying load followability of the fuel cell-based ship’s hybrid power
systems according to load variation

• For cargo ships with the main engine power of 10000 kW or above, PAE is defined as Equation (1);

PAE(MCRME>10000kW) = (0.025 X
nME∑
i=1

MCRMEi) + 250. (1)

• For cargo ships with the main engine power below 10000 kW, PAE is defined as equation (2);

PAE(MCRME<10000kW) = (0.05 X
nME∑
i=1

MCRMEi). (2)

5.2. Development of Load Scenario Using Real-Time Operation Load Pattern

5.2.1. Sync Phase and Conditions for Normal Seagoing Case 1

Figure 13 and Table 6 summarize the synchronization and off-gird of the load pattern of the
normal seagoing case 1 with the peak load of 127 kW of the combined power source. ESS is configured
to discharge after one synchronization at a time when the total load of the complex power source is
over 100 kW, and then it is changed to the charging mode by the ESS SOC reference value, and the
charging is progressed in the state connected to the system.

Figure 13. Synchronization and system deviation for load pattern of normal seagoing case 1.

Table 6. Synchronization condition in normal seagoing case 1.

Status Power Sources

1� ESS sync. MCFC + ESS
2� ESS Charging (keep sync.) MCFC + ESS

5.2.2. Sync Phase and Conditions for Normal Seagoing Case 2

Figure 14 and Table 7 summarize the synchronization and out of gird areas when the load of the
combined power source reaches 140 kW according to the load pattern of the normal seagoing case 2.
The ESS is synchronized with the MCFC at the moment when the total load exceeds 100 kW. The diesel
generator is synchronized with the system at a total load of 130 kW or more, and is configured so that
when the load drops below 130 kW, the system disengages. When the load drops below 100 Kw, the
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ESS is also separated from the MCFC, and the scenario is configured to synchronize with the ESS as
soon as the total load rises above 100 kW again.

Figure 14. Synchronization and system deviation for load pattern of normal seagoing case 2.

Table 7. Synchronization condition in normal seagoing case 2.

Status Power Sources

1� ESS 1st sync. MCFC + ESS
2� D/G 1st sync. MCFC + ESS+ D/G

3� D/G 1st sync. deviation MCFC + ESS
4� ESS 1st sync. deviation MCFC

5� ESS 2nd sync. MCFC + ESS

5.2.3. Sync Phase and Conditions for Normal Seagoing Case 3

Figure 15 and Table 8 summarize the synchronization and off grid part of the normal seagoing case
3. In the ESS, there are two synchronization periods and system outages repeatedly according to the
load of the combined power source. In the section where the charge interval and the discharge interval
are repeated, charging and discharging are performed in a state, in which the system synchronization
is maintained. The diesel generator has two synchronization periods and a system outage period.

Figure 15. Synchronization and system deviation for load pattern of normal seagoing case 3.
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Table 8. Synchronization condition in normal seagoing case 3.

Status Power Sources

� ESS 1st sync. MCFC + ESS
� ESS 1st sync. deviation MCFC

� ESS 2nd sync. MCFC + ESS
� D/G 1st sync. MCFC + ESS + D/G

� D/G 1st sync. deviation MCFC +ESS
� D/G 2nd sync. MCFC + ESS + D/G

� D/G 2nd sync. Deviation MCFC + ESS
	 ESS Charging (keep sync.) MCFC + ESS


 ESS Discharging (keep sync.) MCFC + ESS⑪ ESS sync. Deviation MCFC

6. Procedures for Power Quality Test for Ship Hybrid Power System

6.1. Synchronization Procedure between Hybrid Power Sources

6.1.1. The procedure for ESS Synchronization

ESS system voltage is followed by priority, and when the system voltage is transmitted to the
power conversion device (PCS) of the ESS via the sensor, the voltage is controlled by following the
system voltage.

When the synchronous signal is transmitted from the EMS to the PCS, the PCS follows the system
frequency. The PCS adjusts the frequency so that the system can be stably maintained. In this case, the
PCS controls the system using the current and perform charging and discharging actions in accordance
with the pre-setting power outputs.

The ESS synchronization time would be approximately 0.5 seconds during which PCS turns on,
and EMS generates a synchronization signal in the normal operation state in which charging and
discharging are enabled.

6.1.2. Procedure of Diesel Generator

When the synchronization signal is produced to the EMS in normal operation, the diesel generator
adjusts the voltage based on the grid voltage and synchronizes with the system frequency. The
synchronization controller of the diesel generator plays a role in maintaining the system stable by
adjusting the frequency. At this time, the amount of electric power in the form of current control mode
is limited, so that more current of electric power than the pre-set can be prevented from flowing to
the system.

Once the EMS synchronization signal is generated in the normal operation state of the diesel
generator, it takes about 3−4 seconds to synchronize to the system.

6.2. Power Measurement Point and Selection Criteria When Synchronizing Hybrid Power Sources

The effect of voltage and frequency on the system was investigated by measuring the
synchronization time between the ship’s combined power source in two times: Two seconds before
synchronization and five seconds after synchronization. The measuring time was established based on
Korean Classification Rule. Therefore, the built-in LabVIEW-based power analysis system for test bed
experiment can store one power measurement data every 33.3 ms.

The ESS was configured to measure two seconds before synchronization and five seconds after
synchronization in consideration of the short synchronization time; it could be confirmed through data
that ESS took 7−10 seconds depending on the system condition when synchronizing.

The synchronization time of the diesel generator was designed to measure two seconds before
synchronization and five seconds after synchronization in the same manner as ESS. However, in case
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of diesel generator, it took about 10−12 seconds because the synchronization time usually took 3−5
seconds, which was confirmed through the results.

7. Analysis Result of Power Quality Data

7.1. Target of Voltage, Frequency Variation and Stabilization Time

With regard to synchronization of MCFC, ESS and diesel generation, the voltage, frequency
variation, and frequency variation and stabilization time in the transient state of disconnection from
the grid were tested with reference to the Korean Register of Shipping, “Class 6 Electrical Equipment
and Control Systems” in Table 9 [36].

Table 9. Rules for the classification of electrical installation and control systems of the Korean Register
of Shipping.

Item
Regulation

Stabilization Time
Steady State Transient State

Frequency ±5% ±10% (5s) <15s
Voltage +6%, −10% ±20% (1.5s) -

7.2. Test Results of Synchronization Interval and Breakaway Interval

7.2.1. Test Results for ESS Synchronization and Breakaway

Figure 16 shows the voltage fluctuation trend of the ESS before and after the synchronization in
the MCFC system. It can be found that the system voltage before the ESS synchronization encountered
a slight deviation, but the follow-up control was effectively confirmed after the ESS synchronization.

Figure 16. Voltage change during ESS synchronization.

In Figure 17, the synchronous signal from IMES followed the system voltage and frequency. The
reference frequency for both MCFC and ESS was 60 HZ, and that was exactly matched each other
after synchronization.
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Figure 17. Frequency change during ESS synchronization.

When a system breakaway signal was generated from the IMES, the ESS was disconnected from
the system. As shown in Figure 18, the separation time of the ESS from the system was estimated less
than 0.5 seconds, which was the same as the synchronization time. The voltage fluctuation trend of the
ESS, before and after synchronization in the MCFC system, was also clearly presented in the figure.

Figure 18. Voltage change when the ESS system was disconnected.

Figure 19 shows that the parallel operation of the MCFC and the ESS and the breakaway
proceedings when the system breakaway signal was sent from the IMES to the ESS. In this case, the
frequency was observed to be slightly hunt, but it did not affect the existing system.
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Figure 19. Frequency change in ESS system deviation.

7.2.2. Test Results For Diesel Generator Synchronization and Breakaway

Figure 20 shows the voltage fluctuation trend before and after the synchronization of the diesel
generator with the MCFC and ESS systems. When the EMS sent the synchronization signal, it followed
the system voltage so that the voltage could be synchronized—thereby, the system voltage was
exactly matched.

Figure 20. Voltage change when synchronizing diesel generators.

Figure 21 shows the frequency fluctuation trend before and after synchronizing the diesel generator
with the MCFC and ESS systems. It revealed that once the EMS sent the diesel generator synchronization
signal, it started to follow the system voltage and achieved the voltage synchronization. Thereafter, it
followed the system frequency and attained frequency synchronization.
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Figure 21. Frequency change when synchronizing diesel generators.

When the system separation signal was generated from the EMS, the diesel generator was
disconnected from the system by the synchronization switch fitted in the synchronization controller. In
Figure 22, a waveform similar to the synchronous voltage waveform was plotted in the same manner
as in the system state before synchronizing the diesel generator.

Figure 22. Voltage change when diesel generators are broken away.

Figure 23 shows the synchronous operation of all power systems in parallel. When the system
breakaway signal went off to the IG-NT from the IMES, the frequency was observed to be a hunt,
which occurred after the breakaway, thereby such an outage had no effect on the existing system.
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Figure 23. Frequency change when leaving diesel generator system.

7.3. Analysis of Frequency Variation Rate and Frequency Stabilization Time Data Based on Load Scenarios

7.3.1. Power Data before and after Synchronization for Normal Seagoing Case 1

Table 10 shows the analysis results pertinent to the voltage and frequency fluctuation measured in
the load pattern of the normal seagoing case 1.

Table 10. Power data analysis before and after ESS synchronization.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 440.8 440.8 443.7 444.0 - - 60.1 60.1 60.2 60.2 - -
Minimum 438.4 438.3 440.1 438.5 - - 60.0 59.9 59.8 59.9 - -
Average 439.6 439.7 441.8 440.2 - - 60.0 60.0 60.0 60.0 - -

Maximum rate
of change (%)

1.00 1.00 1.01 1.01 - - 1.00 1.00 1.00 1.00 - -

Minimum rate
of change (%)

1.00 1.00 1.00 1.00 - - 1.00 1.00 1.00 1.00 - -

Regulation (%) ±1.00 ±1.00 ±1.00 ±1.00 - - ±1.00 ±1.00 ±1.00 ±1.00 - -

When the ESS was synchronized with the system, the voltage fluctuation rate was within ±1.01%,
and the voltage fluctuation rate ranged from +6 to −10 %. Therefore, it could be confirmed that the
voltage fluctuation hardly occurred during system synchronization, and the voltage characteristic was
kept stable.

Likewise, the stability of frequency was also confirmed since the frequency variation rate was
within ±1.01%, much lower than the standard of ±5%.

7.3.2. Power Data before and after Synchronization for Normal Seagoing Case 2

Tables 11–14 describe the analysis results from power data measured during synchronization and
breakaway of the diesel generator under the normal seagoing case 2.
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Table 11. Power data analysis before and after ESS synchronization.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 439.6 439.5 445.0 440.7 - - 60.1 60.1 60.1 60.4 - -
Minimum 437.2 437.5 440.8 437.8 - - 60.0 60.0 0.0 60.0 - -
Average 438.6 438.5 442.5 438.8 - - 60.0 60.0 8.1 60.0 - -

Maximum rate
of change (%)

1.00 1.00 1.01 1.00 - - 1.00 1.00 1.00 1.01 - -

Minimum rate
of change (%)

0.99 1.09 1.00 1.09 - - 1.00 1.00 0.00 1.00 - -

Regulation (%) ±1.00 ±1.00 ±1.01 ±1.00 - - ±1.00 ±1.00 ±0.13 ±1.00 - -

Table 12. Power data analysis before and after diesel generator synchronization.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 441.1 440.7 442.8 442.4 445.1 444.6 60.1 60.1 60.1 60.1 60.0 60.2
Minimum 438.0 437.9 439.6 439.6 426.9 438.2 60.0 60.0 60.0 60.0 59.8 59.9
Average 440.0 439.6 441.6 441.3 434.8 440.5 60.0 60.0 60.0 60.0 59.9 60.0

Maximum rate
of change (%)

1.00 1.00 1.01 1.01 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00

Minimum rate
of change (%)

1.00 1.00 1.00 1.00 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Regulation (%) ±1.00 ±1.00 ±1.00 ±1.00 ±0.99 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00

Table 13. Power data analysis before and after departing from the diesel generator system.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 438.5 439.2 440.2 440.9 438.5 444.4 60.1 60.1 60.1 60.1 60.1 60.4
Minimum 434.5 436.2 436.2 437.9 434.5 436.0 60.0 59.9 60.0 59.9 60.0 59.9
Average 437.2 437.6 438.9 439.3 437.2 439.6 60.0 60.0 60.0 60.0 60.0 60.0

Maximum rate
of change (%)

1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.00 1.00 1.01

Minimum rate
of change (%)

0.99 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00

Regulation (%) ±0.99 ±0.99 ±1.00 ±1.00 ±0.99 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00

Table 14. Power data analysis before and after ESS system outage.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 441.2 440.7 443.3 441.5 - - 60.1 60.1 60.3 60.1 - -
Minimum 438.1 437.2 438.4 438.8 - - 60.0 60.0 60.0 59.9 - -
Average 439.9 439.2 440.3 440.4 - - 60.0 60.0 60.0 60.0 - -

Maximum rate
of change (%)

1.00 1.00 1.01 1.00 - - 1.00 1.00 1.00 1.00 - -

Minimum rate
of change (%)

1.00 0.99 1.00 1.00 - - 1.00 1.00 1.00 1.00 - -

Regulation (%) ±1.00 ±1.00 ±1.00 ±1.00 - - ±1.00 ±1.00 ±1.00 ±1.00 - -

The voltage fluctuation rate was observed within ±1.01% when the ESS and the diesel generator
were synchronized to the system. Since the voltage fluctuation was placed in the standard range of +6
to −10 %, the system stability was verified for this case as well.

68



J. Mar. Sci. Eng. 2019, 7, 241

The frequency deviation was within ±1.01%. In the same way, given the standard range of ±5%,
frequency stability has been confirmed.

7.3.3. Power Data before and after Synchronization for Normal Seagoing Case 3

The analysis results for the voltage and frequency variation measured in the load pattern of normal
seagoing case 3 are shown across Tables 15–18 which deal with power data for ESS synchronization
and breakaway, as well as that for the diesel generator.

Table 15. Power data analysis before and after ESS synchronization.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 442.9 442.6 445.2 442.9 - - 60.1 60.1 60.2 60.1 - -
Minimum 440.4 440.3 440.6 440.5 - - 60.0 60.0 59.9 60.0 - -
Average 441.7 441.5 442.7 441.8 - - 60.0 60.0 60.0 60.0 - -

Maximum rate
of change (%)

1.01 1.01 1.01 1.01 - - 1.00 1.00 1.00 1.00 - -

Minimum rate
of change (%)

1.00 1.00 1.00 1.00 - - 1.00 1.00 1.00 1.00 - -

Regulation (%) ±1.00 ±1.00 ±1.01 ±1.00 - - ±1.00 ±1.00 ±1.00 ±1.00 - -

Table 16. Power data analysis before and after ESS system outage.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 441.3 441.4 441.6 443.5 - - 60.0 60.0 60.0 61.3 - -
Minimum 439.0 438.7 439.4 438.2 - - 60.0 60.0 60.0 59.8 - -
Average 440.4 440.3 440.8 440.8 - - 60.0 60.0 60.0 60.0 - -

Maximum rate
of change (%)

1.00 1.00 1.00 1.01 - - 1.00 1.00 1.00 1.02 - -

-Minimum rate
of change (%)

1.00 1.00 1.00 1.00 - - 1.00 1.00 1.00 1.00 - -

Regulation (%) ±1.00 ±1.00 ±1.00 ±1.00 - - ±1.00 ±1.00 ±1.00 ±1.00 - -

Table 17. Power data analysis before and after diesel generator synchronization.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 437.3 437.7 438.9 439.3 444.6 443.5 60.1 60.1 60.1 60.1 60.2 60.5
Minimum 432.8 433.2 434.4 434.8 426.4 433.0 59.9 59.9 59.9 59.9 59.7 59.9
Average 435.5 435.7 437.1 437.3 434.8 436.7 60.0 60.0 60.0 60.0 59.9 60.0

Maximum rate
of change (%)

0.99 0.99 1.00 1.00 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.01

Minimum rate
of change (%)

0.98 0.98 0.99 0.99 0.97 0.98 1.00 1.00 1.00 1.00 1.00 1.00

Regulation (%) ±0.99 ±0.99 ±0.99 ±0.99 ±0.99 ±0.99 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00
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Table 18. Power data analysis before and after diesel generators outage.

Item
Voltage Fluctuation Frequency Fluctuation

MCFC ESS D/G MCFC ESS D/G

Condition of
Synchronization

Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft Bef Aft

Maximum 439.1 439.7 440.7 441.2 439.0 444.8 60.1 60.1 60.1 60.1 60.1 60.3
Minimum 435.3 436.1 436.9 437.7 435.2 436.1 60.0 59.9 60.0 59.9 60.0 59.9
Average 437.4 437.7 439.0 439.3 437.3 439.3 60.0 60.0 60.0 60.0 60.0 60.0

Maximum rate
of change (%)

1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.00 1.00 1.01

Minimum rate
of change (%)

0.99 0.99 0.99 0.99 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00

Regulation (%) ±0.99 ±0.99 ±1.00 ±1.00 ±0.99 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00 ±1.00

Since when synchronized to ESS and diesel generators, voltage stability was confirmed with the
voltage fluctuation rate measured between ± 1.01 % (standard range of +6 to −10%).The frequency
variation was measured within ± 1.01 %—therefore, it can be seen that frequency fluctuation hardly
occurs during system synchronization.

During the breakaways of ESS and diesel generator, it was confirmed that the voltage and
frequency were not subjected to the deviation from the acceptable ranges.

8. Conclusions

Until now, most of the marine fuel cell research works have been limited to concentrating on the
low power capacity of PEMFCs for small vessels or MCFCs for medium and large-sized vessels as
auxiliary power sources.

However, in this paper, a hybrid power system was constructed along with a battery and a
generator system, in order to apply the MCFC as the main power source for medium and large-sized
ships. Their performance in parallel operation was monitored and investigated based on the actual
experiment with the test bed.

Experiment results revealed that the deviation levels of voltage and frequency were kept within
the standard ranges across all operational cases. Therefore, system synchronization was proven stable.
It also confirmed that power quality of the built-in hybrid power source the test bed was compliant
with the rules of the Korean Register of Shipping.

Therefore, the novelty of this research can be placed on this contribution to the design and the
application of the hybrid power system using MCFC for the propulsion power system of the middle
and large-sized ships.
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22. Martinić, F.; Radica, G.; Barbir, F. Application and Analysis of Solid Oxide Fuel Cells in Ship Energy Systems.
Brodogradnja 2018, 69, 53–68. [CrossRef]

23. Varga, A. Introduction to Fuel Cell Technology; Springer: Boston, MA, USA, 2007; pp. 1–32.
24. Inci, M.; Türksoy, Ö. Review of Fuel Cells to Grid Interface: Configurations, Technical Challenges and Trends.

J. Clean. Prod. 2019, 213, 1353–1370. [CrossRef]
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Abstract: In order to secure the safe operation of the ship, it is crucial to closely examine the suitability
from the design stage of the ship, and to set up a preliminary review and countermeasures for failures
and defects that may occur during the construction process. In shipyards, the failure mode and effects
analysis (FMEA) evaluation method using risk priority number (RPN) is used in the shipbuilding
process. In the case of the conventional RPN method, evaluation items and criteria are ambiguous,
and subjective factors such as evaluator’s experience and understanding of the system operate a
lot on the same contents, resulting in differences in evaluation results. Therefore, this study aims
to evaluate the safety and reliability for ship application of the reliability-enhanced fuel cell-based
hybrid power system by applying the re-established FMEA technique. Experts formed an FMEA team
to redefine reliable assessment criteria for the RPN assessment factors severity (S), occurrence (O), and
detection (D). Analyze potential failures of each function of the molten-carbonate fuel cell (MCFC)
system, battery system, and diesel engine components of the fuel cell-based hybrid power system set
as evaluation targets to redefine the evaluation criteria, and the evaluation criteria were derived by
identifying the effects of potential failures. In order to confirm the reliability of the derived criteria,
the reliability of individual evaluation items was verified by using the significance probability used
in statistics and the coincidence coefficient of Kendall. The evaluation was conducted to the external
evaluators using the reestablished evaluation criteria. As a result of analyzing the correspondence
according to the results of the evaluation items, the severity was 0.906, the incidence 0.844, and the
detection degree 0.861. Improved agreement was obtained, which is a significant result to confirm
the reliability of the reestablished evaluation results.

Keywords: hybrid power system; failure mode and effects analysis; risk priority number; ship safety;
Kendall’s coefficient

1. Introduction

In the early 2000s, the Maritime Safety Committee (MSC) of the International Maritime
Organization (IMO) adopted the item goal-based new ship construction standards (GBS) [1],
which present new ship design and construction concepts for the long-term organizational work
plan. They then developed safety level approach (SLA)-based GBS that are applicable to all ships [2].
The IMO has since actively strengthened the Safety of Life at Sea (SOLAS) standards based on the
GBS to reduce the underlying causes of marine accidents and environmental pollution from ship
construction and to prioritize ship safety [3].

To assess safety in the ship construction stage, a hazard identification and risk analysis (HIRA)
is conducted to identify and evaluate the risk of the system installed in a ship. Specific evaluation
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methods for analyzing hazards in HIRA include hazard identification (HAZID), hazardous operability
(HAZOP), what-if/checklist, and failure mode and effects analysis (FMEA) [4].

FMEA, a type of risk assessment method, was developed for the Apollo project by the National
Aeronautics and Space Administration (NASA) in the mid-1960s. Since then, three major US automakers
have introduced their own assessment system “QS-9000” [4]. However, FMEA is the most common
way to evaluate device reliability [5]. It is a preventive reliability assessment method performed at the
design stage for system or component changes, and it uses an empirical perspective for the analysis
and component changes to achieve the optimal results. It is extensively used to assess the design,
process, and system risks across all industries including the shipbuilding and marine sectors.

FMEA is advantageous in that it enables systematic analysis using simple methods. The evaluation
criteria for the expected severity, occurrence, and detection are established using the risk priority
number (RPN) technique, and the failures for individual components are assessed [5,6]. These results
are combined to obtain the criticality. However, the logic is inferior to other methods because it uses a
qualitative evaluation, and the evaluation results may vary depending on the experience or inclination
of the evaluator assessing the failure.

Researchers have performed various studies to increase the objectivity of FMEA. Research has
been conducted on an approach combining FMEA and the Boolean representation method (BRM) [7],
a method that describes the elements required for FMEA and then develops and applies an appropriate
FMEA form for an effective evaluation. Studies have also used a computer system method that supports
FMEA evaluations on the Internet [8], the risk priority ranks (RPR) approach to prioritize failure
modes [9], a method based on fuzzy logic that considers the interdependence between various failure
modes [10–14], a fuzzy-based FMEA performance improvement method using GRAY relationship
theory [15], and a method that provides a framework for automatically generating FMEA from past
FMEA data using functional inference techniques [16]. Research has additionally been conducted on
how to most effectively apply the FEMA system due to difficulties related to its numerous subsystems
and the lack of consideration for the indirect relationship between the components in the RPN technique.

In particular, in recent years, in order to apply environmentally friendly ships, ships using hybrid fuel
cells, batteries, etc. are being operated mainly on small coastal ships. These vessel systems are very different
from the diesel engines used as conventional ship power sources, so new FMEA evaluation criteria and
items should be provided to evaluate the safety and reliability of such vessels. However, even in shipyards
that are currently building vessels, FMEA evaluation criteria or items have not been specifically set.

Therefore, in this study, the proposed FMEA was conducted to secure the safety and reliability for
applying the fuel cell-based (molten-carbonate fuel cell (MCFC; 100 kW), battery (30 kW), and diesel
generator (50 kW)) test bed to the actual ship. We analyzed various problems in evaluating RPN,
which is mainly used in FMEA, and formed an FMEA expert team to select evaluation criteria
and items. As a result, we developed a worksheet applying the reestablished RPN evaluation
criteria, and applied Kendall’s coefficient of correspondence to the existing evaluation results and the
reestablished evaluation results for objective determination of the reestablished evaluation criteria.
It was confirmed that the reestablished assessment in the FMEA evaluation of the combined power
source showed more reliable results. In addition, the criteria for establishing countermeasures based on
the results of the FMEA were prepared, and the proposed evaluation method was found to be effective
for the application of the assessment of the safety and reliability of the combined power source.

2. Theoretical Background of FMEA and RPN Introduction

2.1. What is FMEA?

FMEA was first used in the NASA Apollo project in the 1960s. In 1974, it was used to
develop United States Navy missiles and was established as the United States MIL-STD-1629 standard.
Afterwards, the QS-9000 standard was established by the United States automobile industry, and FMEA
was introduced in all industries, including shipbuilding [4]. The FMEA method prioritizes resources,
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ranks risks, and creates an activity and control plan to analyze the target system [5,6], thereby analyzing
failure types and their influence and examining improvement measures with consideration of criticality [17].

The objectives of FMEA are as follows:

(1) Identify potential defects inherent in the system and evaluate the severity of their effects.
(2) Identify key management items.
(3) Recognize important potential design and process defects
(4) Prevent severe product accidents and customer complaints.
(5) Provide a basis for establishing sector-specific measures to eliminate or reduce defects.
(6) Enhance efficiency by verifying design and production problems.

Figure 1 illustrates the typical FMEA process.

 

Figure 1. Block diagram of the typical failure mode and effects analysis (FMEA) process.

2.2. RPN Technique

RPN is a relative potential failure evaluation measure that is primarily used in FMEA, and it
prioritizes management and corrective actions. RPN consists of three items: severity (S), occurrence
(O), and detection (D). The value of each item is divided into 10 levels from 1 (bad) to 10 (good); the
value of RPN is between 1 and 1000 and is obtained by the product of each item [17–20]:

RPN = S × O × D.

Figure 2 shows the meaning of each RPN item. S affects the customer in relation to the process or
product when a potential failure occurs. The degree of S of the effect is scored and evaluated, and a
reduction in the S class can only be affected through design changes. O refers to the possibility of the
cause and mechanism taking place. The O class must be consistent. D indicates whether a potential
failure mode and its cause can be discovered or detected.

Figure 2. The meaning of each risk priority number (RPN) item.
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3. Problem Analysis and Solution of the Existing RPN Evaluation Method

3.1. Problems with the Existing RPN Evaluation Method

There are numerous problems with the existing RPN evaluation method; the following issues
directly affect the evaluation [4,18,19].

(1) S, O, and D, the components of RPN evaluation, are influenced by many subjective factors
that depend on the evaluator. Therefore, if the evaluator is insufficiently experienced with
and knowledgeable of the system, the results may differ from those of another evaluator using
the same criteria. The evaluation results of RPN are sensitive to the score variations of each
component (S, O, and D). Therefore, if the evaluation criteria are unclear, the evaluation results
can differ. For example, assuming that S and O are fixed at a class of 7 and D has a 1 class
difference, the RPN score varies by a sizeable 64 points.

(2) In some cases, the evaluation criteria are inappropriate for the particular product or system being
evaluated. For example, the RPN standards for shipbuilding differ significantly from those of
automakers; applying uniform criteria to both systems greatly increase the likelihood of issues
occurring when operating the product.

(3) While the evaluation components of RPN can be assessed individually, the influence of S, O,
and D on each other is not taken into account. For example, assume that for RPN1, S, O, and
D are 4, 5, and 6, respectively, and the RPN has value of 120. The S, O, and D of RPN2 are 4, 6,
and 6, respectively, and the total RPN is 144.

(4) The evaluator responsible for the system is in charge of establishing and implementing measures;
therefore, they may be reluctant to thoroughly evaluate the system RPN and may intentionally
underestimate it. RPN underestimation and product recalls can lead to enormous time and
financial losses, and damage to the manufacturer’s image.

(5) If the system evaluation criteria are ambiguous, the evaluator may assess them arbitrarily, leading
to vast RPN differences between evaluators.

Overestimating RPN leads to the implementation of unnecessary countermeasures and an
excessively safe system design, increasing system installation costs. In contrast, if RPN is underestimated,
the appropriate measures for the effects of each failure mode are not established, risking the
preventability of future accidents. This can then lead to huge time and money losses. For example,
in 1998, GM in the United States received a $4.97 billion fine to compensate the explosion of an
automobile fuel tank following a traffic accident. According to the company internal report, the
reliability assessment recognized that there was an explosion risk if the fuel tank was manufactured
at a low cost. In spite of having access to this information, the vehicle was released without any
modifications, leading to the highest payout for individuals in American history [5].

Although FMEA poses numerous problems, it is the most frequently applied reliability evaluation
method across all industries because of its simple and systematic analysis. To strengthen the
FMEA evaluation performance to supplement the existing problems of FMEA, researchers have
investigated methods and approaches from various perspectives [21,22], including a method where,
after pre-selecting the factors necessary for FMEA [23], the relationship between the failure mode and
effect can be determined by applying various control methods such as fuzzy logic, neural network,
functional inference theory [10–14,24–28]; a FMEA matrix, which graphically assesses the relationship
between the elements of a system, failure modes, and failure effects [29,30]; methods to effectively
prepare the appropriate FMEA form for a given objective [31,32]; methods to provide a worksheet that
automatically generates the FMEA using past FMEA data [33]; and other approaches to derive more
objective FMEA results [34].
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3.2. Improvement in the RPN Technique and Improvement of the Evaluation Method Using Kendall’s
Concordance Coefficient

To improve the problems that occur in RPN evaluation using FMEA and derive objective
results, as shown in Figure 3b, this study precisely identified the potential failure types matching the
characteristics of the fuel cell-based hybrid power system for ships and analyzed the RPN evaluation
criteria. Figure 3a shows the process for determining the existing RPN evaluation items, and Figure 3b
shows the process for determining the RPN evaluation items applied in this study.

  
(a) (b) 

Figure 3. (a). The process for determining the existing RPN evaluation items. (b). The process for
determining the RPN evaluation items applied in this study.

Minimizing differences between the results of various evaluators can increase RPN evaluation
reliability. To increase the reliability of the evaluation results, team members with a certain amount of
experience in specialty fields were selected for the FMEA team in this study. They performed a system
analysis by function. The FMEA team is aware of the problems with existing FMEA because it has been
working in the field for a certain period of time and selected experts with basic experience in FMEA
evaluation. Therefore, we understand the importance of FMEA evaluation criteria and item setting.

The composition of the FMEA team and the criteria for selecting experts are as follows:

(1) The FMEA team consists of 10 experts for the group;
(2) The selected experts are currently employed in shipyards, research institutes, classification society,

engine makers, test and certification institutes, and educational institutions;
(3) Over 5 years of experience in fuel cell, battery, and diesel engine system;
(4) Have more than 10 times of experiences in evaluation FMEA.

Based on the functional analysis of potential failures, this study designed clear evaluation criteria
for S, O, and D. The existing effects of potential failures were identified, then the RPN evaluation
criteria were created, and an evaluation was immediately performed. However, when creating the
RPN evaluation criteria, this study identified the effects of the potential failures of S, O, and D.
The reliability of the evaluation criteria were then confirmed, and the criteria were established using
the following procedure.
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First, the evaluation items for S, O, and D were established, after which the following research
hypothesis for the evaluation items was set: “the evaluation scores by item of the evaluators will be
similar.”. The FMEA team then performed its own internal evaluation, confirming the significance
probability results for the reestablished evaluation items and validating the research hypothesis.
Next, the team RPN internal evaluation results were compared with Kendall’s concordance coefficient
to determine the reliability of each evaluation item. In this paper, Kendall’s coefficient of consensus
mentioned to verify the reliability of the evaluation items is one of the methods used in nonparametric
statistics to analyze the relationship between phenomena measured on the sequence scale [35]. Kendall’s
coincidence coefficient is typically used for attribute agreement analysis, with coefficient values ranging
from 0 to 1. The higher the value of the coefficient, the stronger the association. If the coefficient is
greater than 0.9, the relevance is considered very high and the high or significant Kendall’s coefficient
means that the evaluators apply essentially the same standard when evaluating the sample [36].
Applying the same criteria decreases the ambiguity of the evaluation items, removing arbitrariness
and encouraging objectivity. Then, the significance probability of the evaluation criteria items and the
results of Kendall’s concordance coefficient were determined. If the reliability of the evaluation criteria
was lower than the threshold, then the process returned to the previous steps to identify the effect of
potential failures; once the reliability of the evaluation criteria reached the threshold, the evaluation
criteria was confirmed.

This final evaluation criteria were then used as the basis to assess the external evaluators.
Finally, by comparing the results with the existing evaluation criteria, this study numerically confirmed
the high reliability of the reestablished evaluation criteria.

4. FMEA Methodology of This Study

4.1. FMEA Procedure of This Study

According to the IEC 60812 standard, the FMEA procedure can be divided into three steps: the
preparation, performance, and finishing [37].

4.1.1. Preparation Step

To implement FMEA, it is necessary to examine the criteria applied to each power source and
hybrid power system configured in the test bed. As a marine fuel cell was applied to an Eidesvik
Offshore support vessel of, this study collected and referenced safety-related data such as fuel supply
facilities, fire protection facilities, and ventilation systems. This study also examined the “Guidance for
Fuel Cell Systems on Board of Ships” published in the Korean Register of Shipping, the “Approval
in principle fuel cell installation for LNG Tanker” standard, and the “Guideline for the use of fuel
cell systems on board of ships and boats” published in the Det Norske Veritas-Germanischer Lloyd
(DNV-GL) registrar [38].

The FMEA worksheet, an important component of FMEA, should be confirmed before performing
FMEA. S classification, one of the items in the worksheet, is particularly important; this should be
completed with reference to Table 1, which indicates the severity class presented in IMCA M 166 [39].

Table 1. Example of severity ratings as outlined in IMCA M 166.

Classification Degree Description

1 Minor Functional failure of machinery and process components without the
effects of injury, damage, or contamination.

2 Critical Failure without severe damage, contamination, or injury to the system.

3 Major Critical damage to the system, including the possibility of injury or
minor contamination.

4 Catastrophic Failure causing total system loss with high possibility of fatal injury or
large contamination.
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4.1.2. Performance Step

In the FMEA performance step, the causes, effects, countermeasures, and severity for each
failure mode were discussed; these items were recorded and organized through a worksheet [4].
Here, the effect of the failure mode could be confirmed through the experience of the evaluator,
drawings, or simulations. The RPN was used in the evaluation, which indicates the S, O, and D when
performing FMEA [5].

4.1.3. Finishing Step

In the FMEA finishing step, FMEA was performed, and all the generated data were organized
into a report. The standards, design drawings, single line diagrams, and worksheets used in the report
should be organized in a manner that is useful as design data and for the revision step of the system
conducted later on. Figure 4 is the FMEA one cycle.

Figure 4. The FMEA one cycle.

4.2. RPN Evaluation Criteria Reestablished in This Study

4.2.1. RPN Evaluation—Severity Criteria

Table 2 shows the S criteria, one of the RPN evaluation factors for a fuel cell-based hybrid power
system. The newly applied evaluation criteria were classified as 1, 2, or 3 to enable the accurate
evaluation of S from the system and the customer perspectives. Evaluation Criteria 1 simultaneously
reflects both the system and customer effects, while Evaluation Criteria 2 contains the corresponding
more detailed effects. Evaluation Criteria 3 consists of the effects on the development stage.
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4.2.2. RPN Evaluation—O Criteria

Table 3 shows the O criteria, one of the RPN evaluation factors for fuel cell-based hybrid power
systems. To precisely evaluate O, the evaluation criteria were classified into 1 (failure occurrence
frequency), 2 (possibility of occurrence), 3 (high occurrence rate), and 4 (Cpk value). In the third stage,
the high incidence rate was evaluated by applying the PPM(Parts Per Million) index and the Cpk
statistical tool was used, which measures the ability of the process to produce output within the required
specifications. Cpk represents the capability of the process. If both sides have specifications (upper and
lower limits) and the center of the distribution does not match the median of both specifications, bias
occurs. In order to prepare and evaluate the incidence criteria of the entire system in detail, evaluation
criteria were divided into three stages and four stages. In general, the O is considered good when Cpk
is 1.33 or greater for a system or a process. The method for obtaining Cpk is as follows [40].

Table 3. RPN criteria for occurrence.

Class

Occurrence

Evaluation Criteria 1
Evaluation
Criteria 2

Evaluation Criteria 3
Evaluation
Criteria 4

Failure Occurrence
Frequency

Possibility of
Occurrence

High Occurrence Rate Cpk Value

10 Very High relationship Guaranteed
occurrence

1/2 = 500,000 PPM Less than 0.33

9 High relationship 1/3 = 333,000 PPM 0.33↑

8 Somewhat High
relationship Frequent

occurrence
1/8 = 125,000 PPM 0.51↑

7 Lower than high
relationship 1/20 = 50,000 PPM 0.67↑

6 Higher than normal
relationship Occasional

occurrence

1/80 = 12,500 PPM 0.83↑
5 Normal relationship 1/400 = 2500 PPM 1.00↑

4 Lower than normal
relationship 1/2000 = 500 PPM 1.17↑

3 Low relationship Relatively
infrequent
occurrence

1/15,000 = 66.67 PPM 1.33↑
2 Very low relationship 1/150,000 = 6.67 PPM 1.50↑

1 Almost no relationship Almost no
occurrence

1 or less/1,500,000 =
0.66 PPM or less 1.67↑

To get the value of Cpk, the capability index Cp is required. Cp is calculated to assess the degree
of process capability. Cp can be obtained as Equation (1).

Cp =
USL− LSL

6σ
=

Size o f stanard
Actual Process Scatter index

. (1)

Here, USL: upper specification limit and LSL: lower specification limit.
The value of Cpk can be calculated from the measured data. If there is only an upper limit of the

specification, if there is only a lower limit of the specification, it can be divided into a case where both
the upper and lower limits of the specification, the calculation formula is as follows (2)–(4).

Only upper limit of specification : Cpk =
USL − X

3σ
, (2)

Only lower limit of specification : Cpk =
X − LSL

3σ
, (3)
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When both upper and lower limit are specified : Cpk = (1− k) × Cp, (4)

where Cp is the capability index and K is the bias.
K is obtained as follows (5).

K =

(USL+LSL)
2 −X

(USL−LSL)
2

. (5)

4.2.3. RPN Evaluation—D Criteria

Table 4 shows the D criteria, one of the RPN evaluation factors for fuel cell-based hybrid power
systems. The evaluation criteria were divided into 1 (detectability), 2 (detection difficulty), and 3
(detailed description) to minimize ambiguity and ensure evaluation accuracy.

Table 4. RPN criteria for detection.

Class

Detection

Evaluation Criteria 1 Evaluation Criteria 2 Evaluation Criteria 3

Detectability Detection Difficulty Detailed Description

10 Failure (problem) condition
completely undetectable.

Not detectable by known
methods.

No control measures able to
detect failure type.

9 Failure (problem) condition
undetectable.

Detection through indirect,
uncertain, or unverified

methods.

Very low detectability
according to current system

management.

8 In sensory evaluation, while
macrography is possible, failure
(problem) condition detection is

difficult.

Detected in customer
reliability test.

Low detectability according to
system-wide management.

7 Detected in internal reliability
test.

Very low likelihood of
detection.

6 Failure (problem) condition
normally detected.

Detected in self-mount test. Low likelihood of detection

5 Detected in mass production
test.

Less than 50% probability of
detection.

4 Failure (problem) condition
sufficiently detected.

Detected in component
evaluation.

Detection probability slightly
higher than normal, 50% or

more.

3 Detected in initial sample step. Slightly high detectability.

2 Almost certainly automatically
detected during the process.

Detected in design simulation. Very high detectability.

1 Detected in concept design. Certainly detected.

4.3. Evaluation Method for RPN Evaluation Items Using Kendall’s Concordance Coefficient

First, the research hypothesis was established for the RPN evaluation items S, O, and D, and the
evaluation items reestablished within the FMEA team were evaluated. Based on the results of the
internal evaluation, the significance probability was compared to confirm the validity of the research
hypothesis for the evaluation items. The process returned to the potential effect evaluation step if the
research hypothesis was rejected. Here, ‘P’ indicates the significance probability, i.e., the probability
that the null hypothesis occurs. The probability that the research hypothesis occurs is set to ‘1-P’; if the
significance probability is less than 5%, then the null hypothesis is rejected, and the research hypothesis
is supported. Table 5 shows the null and research hypotheses of this study [35].
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Table 5. The null and research hypotheses of this study.

Research hypothesis: The evaluation scores by item of the evaluators will be similar, thus resulting in high
reliability.

H0: The evaluation scores by item of the evaluators will not be similar, thus resulting in low reliability.
H1: The evaluation scores by item of the evaluators will be similar, thus resulting in high reliability.

H0 is the null hypothesis, which refers to the already established hypothesis. H1 is the research
hypothesis, which negates the null hypothesis; it refers to the method of validating the established
research hypothesis.

There are many ways to find correlations, but the most common correlation coefficients are
Pearson, Kendall, and Spearman. For the FMEA evaluation items, a non-parametric test was applied
instead of a parametric test because an analysis method that directly calculates the probability and
statistically tests the data is appropriate regardless of the shape of the population. Pearson is basically
used for the correlation analysis, but since it is a parametric test that shows correlations when variables
are continuous data, one of the Kendall and Spearman’s methods was used to apply nonparametric tests
without linear correlation. Spearman generally has higher values than Kendall’s correlation coefficient,
but is sensitive to deviations and errors in the data. Therefore, Kendall’s correlation coefficient was
applied in this study because the sample size was small and the data dynamics were large.

The internal evaluation of the FMEA team confirmed the validity of the research hypothesis on
the reestablished evaluation items, after which the Kendall’s concordance coefficient was compared to
determine the reliability of the evaluation items for the individual evaluations. Kendall’s concordance
coefficient indicates a correlation between multiple evaluators assessing the same sample. The coefficient
ranges from 0 to 1, with a higher value indicating stronger correlations. Coefficients above 0.9 are
generally considered to indicate very high concordance, meaning that the evaluators apply essentially
the same criteria when evaluating the samples, decreasing the ambiguity of the evaluation items,
removing evaluation arbitrariness, and encouraging objectivity [36]. If the coefficients for each item
deviate from the criteria, the process returns to the potential effect evaluation step.

This study calculated Kendall’s concordance coefficient using Equations (6)–(8) and Statistical
Package for the Social Sciences (SPSS), a widely used program in statistical analysis. The coefficient
was calculated to analyze the concordance between the evaluators for the reestablished S, O, and D
evaluation results.

W =

⎡⎢⎢⎢⎢⎣ 12
∑

T2
i

K2N(N2 − 1)

⎤⎥⎥⎥⎥⎦− 3(N + 1)
N − 1

, (6)

where TI is the sum of the classes assigned to each target item by the evaluators, K is the number of
evaluators, and N is the number of target items.

The formula for calculating Ti finds the mean (Ri) for the sum of sequence scales.

Ri =

∑
Ri

N
. (7)

Then, the average deviation Ti for each item can be obtained as follows.

Ti =
∑

(Ri −Ri)
2
. (8)

When establishing the evaluation items, the reliability of the internal evaluation results is verified
using the significance probability for the research hypothesis for S, O, and D. The Kendall concordance
coefficient was applied to reestablish the evaluation items that satisfy the criteria.

Based on the confirmed evaluation items, the external evaluators were requested to simultaneously
evaluate both the existing and reestablished evaluation items. The significance probability and Kendall’s
concordance coefficient could again be applied to the results of the existing and reestablished evaluation
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items to judge the application of the same standard. Thus, using the reestablished evaluation items,
it is possible to verify that the evaluators are making objective, rather than arbitrary, decisions.

5. System Configuration and Subsystem Classification of the Hybrid Power System for Ships
Subject to FMEA Evaluation

The fuel cell-based hybrid power system for ships consists of a power generation, power distribution,
output performance verification, and control and management system. Figure 5 shows the subsystems
of each system. The power produced by the power generation system is dispersed in the power
distribution system, and the product of the output verification system is regulated according to the
control and management system commands. The power distribution, output performance verification,
and control and management systems have already been applied to all the ships currently under
construction; hence, their operation reliability is sufficiently secured, and they were excluded from the
FMEA of this study. Out of the subsystems of the hybrid power system, the power generation system
(i.e., the failure mode and failure effect of the power source) was evaluated.

 

Figure 5. System configuration and subsystem classification of the hybrid power source for the ship.

5.1. Overall Composition of Power Generation System of the Hybrid Power System for Ships

The power generation system can be divided according to the power use purpose, as shown in
Figure 6: main power, emergency power, auxiliary power, and alternative maritime power (AMP).
The fuel cell, generator, and battery supply power to the main and auxiliary power sources. While AMP
is generally supplied from onshore sources through cold ironing, in the hybrid power system, depending
on the anchoring period, fuel cells with low greenhouse gas emissions can supply power on board.
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Figure 6. Power generation system of the hybrid power system for a ship.

5.2. Classification of Fuel Cell Components

A molten-carbonate fuel cell (MCFC) generally consists of a regulator, desulfurizer, humidifier,
pre-converter, super heater, recycle blower, fresh air blower, inline heater, and catalytic oxidizer [41].
However, MCFCs for ships are comprised of the following components as shown in the block diagram
of Figure 7: an air supply system, fuel supply system, water process system, pre-reformer system,
fuel cell stack, fresh water system, auxiliary boiler and steam system, and cargo handling system [42].

 
Figure 7. Fuel cell system of the hybrid power system for a ship.

Figure 8 is the configuration of the fuel cell for ships. The MCFC fuel supply system for ships
must be connected to the pre-reformer system in the liquified natural gas (LNG) fuel supply chain,
the fuel supply system of LNG propulsion ships was selected.

The electrolyte of the molten carbonate fuel cell (MCFC) is alkali metal carbonate, which is a
mixture of lithium and potassium or lithium and sodium carbonate contained in a ceramic matrix of
LiAlO2. In general, it operates at a high temperature of 600–700 ◦C and carbonate ions (CO3

2−) act as
a charge carrier. Figure 9 and Equations (9)–(11) show a schematic diagram and chemical reactions
occurring in MCFC [41].

Total Reaction : H2 +
1
2

O2 + CO2 → H2O + CO2. (9)

Anode Reaction : H2 + CO2−
3 → CO2 + H2O + 2e−. (10)

Cathode Reaction :
1
2

o2 + CO2 + 2e− → CO2−
3 . (11)
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Figure 8. Composition of the fuel cell system for a ship.

Figure 9. The schematic diagram and chemical reactions for the molten-carbonate fuel cell (MCFC)
using hydrogen fuel.

MCFC needs to be supplied carbon dioxide together with oxygen to the cathode. The supplied
carbon dioxide is converted into carbonate ions and becomes a means of moving ions between the
cathode and the anode. The transferred carbonate ions are converted back to carbon dioxide by reaction
with hydrogen at the anode side, and water and electricity are generated together as a result. In MCFC,
not only hydrogen but also carbon monoxide can be used as fuel. Figure 10 schematic diagram and
chemical reactions for MCFC using carbon monoxide fuel.

Figure 10. The schematic diagram and chemical reactions for the MCFC using carbon monoxide fuel.

In case of using carbon monoxide as fuel, the chemical reaction of the cathode is the same as
that of using hydrogen as fuel. Oxygen and carbon dioxide supplied to the cathode react with each
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other to be converted to carbonated ions, which are transferred to the anode through the electrolyte.
The transferred carbonate reacts with carbon monoxide supplied to the anode side and is converted
back to carbon dioxide.

5.3. Classification of Generator Engine Components

The systems of diesel engines, which have been most commonly used as driving generators,
include the air supply, cooling, lubrication, fuel supply, power, and valve systems, while electric
equipment includes electric governors, measuring equipment, control and safety devices, and cooling
devices. In the case of governors in particular, electronic equipment is currently used. It receives the
signal from the power management system (PMS) and adjusts the engine speed using torque control.
Figure 11 shows the generator engine components.

 
Figure 11. Diesel engine system of the hybrid power system for a ship.

5.4. Classification of Energy Storage System (ESS) Components

An energy storage system (ESS) is divided into control, cooling, protection, and power control
systems. The protection system includes a reverse current protection device in the event of power failure,
Molded Case Circuit Breaker (MCCB) and surge absorbing element, overcharge protection circuit,
and charging current limiting circuit. The representative power conversion systems include pulse
width modulation (PWM) converters and input transformers. Figure 12 shows the ESS components.

Figure 12. Energy storage system (ESS) of the hybrid power system for a ship.
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6. Analysis of FMEA Performance Results

Before applying the fuel cell-based hybrid power system to actual ships, this study first performed
FMEA to evaluate the system stability and reliability using onshore test beds. The types of failures
that may occur in ship applications were identified, their effects were assessed, and corresponding
improvements and supplements to the system were proposed.

The power produced from the hybrid power generation system was distributed through the
power distribution system, passed through a synchronization system, and was converted to a voltage
and frequency suitable for the output performance verification system. Table 6 shows the selected
types of equipment required for a FMEA of the hybrid power system.

Table 6. Equipment list for FMEA of hybrid power system for ship.

Upper System Group Subsystem Subgroup Equipment

Fuel cellSystem 1
Air supply system 1.1 Air blower

Water treatment system 1.2 Water pump, Water tank

Pre-reformer system 1.3 Desulfurizer

Diesel generator
system 2

Air supply system 2.1 Air compressor, Air filter

Cooling system 2.2 Water pump

Lubrication system 2.3 Oil pump, Oil filter

Fuel supply system 2.4 Injection pump, Feed pump, Fuel filter

Power system 2.5 Charging alternator, Starting motor

Valve system 2.6 Intake valve

ESS system 3

Control system 3.1 Control circuit

Power conversion
system 3.2 Surge arrester

Protection system 3.3 MCCB

Cooling system 3.4 Cooling fan

6.1. FMEA Analysis Results of Fuel Cell System

Based on the FMEA results for the fuel cell system, three systems were examined from highest to
lowest RPN, the results of which can be found below.

(1) Coating loss occurs due to the rapid ON/OFF desulfurizer cycle, and the desorption amount is
reduced. Stack life is improved by replacing the adsorbent.

(2) Coating loss occurs due to the rapid ON/OFF desulfurizer cycle, blocking the back end desulfurizer
filter. Stack life is improved by replacing the adsorbent.

(3) Initial power generation of the fuel cell is impossible due to the excessive flow of the air blower.
A low air stoic supply is designed for the ignition of the oxidizer.

Even if the sulfur component contained in the natural gas is 0.2 ppm or less, the desulfurization
process is required because the activity of the steam reforming catalyst is lowered and the electrode
in the MCFC is poisoned, thereby greatly reducing the performance. Desulfurization methods
include hydrogen desulfurization (HDS) and the use of absorbents for desulfurization. The method
mentioned in this paper is the use of absorbents, which use activated carbon to absorb and remove
sulfur. It is coated with a catalyst to enhance the absorption of sulfur. If this coating is not sufficient,
the performance of the absorbent may be degraded. Table 7 is the FMEA results of the ship MCFC
system [41].
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6.2. FMEA Analysis Results of Diesel Generator System

Based on the FMEA results for the diesel generator system, three systems were examined from
highest to lowest RPN, the results of which can be found below.

(1) If the engine power is insufficient due to the inability of the engine to remove impurities in the
fuel filter, and the situation persists, engine wear and cracks occur. The fuel filter must be cleaned
and replaced frequently to prevent this.

(2) The engine could not be started due to the failure of the starting switch, starting relay, or magnetic
kick switch of the starting motor, leading to a dead ship state. To prevent this, the starting motor
was disassembled and components were replaced periodically.

(3) Owing to the aging of the air filter, the air intake to the engine was insufficient, and the engine
could not be started, leading to a dead ship state. To prevent this, the air filter was frequently
cleaned and replaced.

Table 8 is the FMEA results of diesel generator system.

6.3. FMEA Analysis Results of ESS System

Based on the FMEA results for the ESS system, three systems were examined from highest to
lowest RPN, the results of which can be found below.

(1) Insulation resistance functionality deteriorated due to soot and metal particles attaching to the
MCCB, which might damage the electric equipment at the MCCB back end. In this situation, the
MCCB was replaced immediately.

(2) Owing to the control failure of the cooling fan, the electrolyte temperature rose, and the battery
capacity was reduced. The ambient temperature should be decreased, and the specific gravity of
the electrolyte should be adjusted.

(3) Due to the adjustment failure of the cooling fan, the electrolyte temperature rose, and separator
aging and internal short circuiting occurred. To prevent this, the separator should be replaced.

Table 9 is the FMEA results of ESS.
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6.4. FMEA Results for Each System

This study precisely identified the hybrid power system failure types and applied the reestablished
RPN criteria to analyze the potential effects of failure. This study sought to derive consistent results
between evaluators through newly applied evaluation criteria, obtaining results that could confirm
safety and reliability when applied to the hybrid power system of a ship. Before applying Kendall’s
concordance coefficient, the hypothesis “The evaluation scores by item of the evaluators will be similar”
was established according to the research objective. The significance probability between the existing
and reestablished evaluation items was compared, confirming the validity of the research hypothesis.
Kendall’s concordance coefficient was applied using SPSS to confirm the concordance rate of the
evaluation results between the existing and reestablished evaluation items as shown in Tables 10–12.

Table 10. Comparison of severity evaluation results between existing and reestablished evaluation items.

Test Statistics of Existing Evaluation Items Test Statistics of Reestablished Evaluation Items

K 3 K 3
N 50 N 50

Approximate
significance probability 0.000 Approximate

significance probability 0.000

Kendall’s W 0.700 Kendall’s W 0.906

Table 11. Comparison of occurrence evaluation results between existing and reestablished evaluation items.

Test Statistics of Existing Evaluation Items Test Statistics of Reestablished Evaluation Items

K 3 K 3
N 50 N 50

Approximate
significance probability 0.000 Approximate

significance probability 0.000

Kendall’s W 0.703 Kendall’s W 0.844

Table 12. Comparison of detection evaluation results between existing and reestablished evaluation items.

Test Statistics of Existing Evaluation Items Test Statistics of Reestablished Evaluation Items

K 3 K 3
N 50 N 50

Approximate
significance probability 0.002 Approximate

significance probability 0.000

Kendall’s W 0.565 Kendall’s W 0.861

In this study, external evaluators assessed the same samples; based on the significance probability
for the evaluation results of each item, the research hypothesis was supported. In addition, among
the RPN items, the Kendall’s concordance coefficient was 0.906 for S, 0.844 for O, and 0.861 for D.
Compared to the existing evaluation items, the results for the reestablished evaluation items indicated
that each evaluator applied essentially the same criteria when assessing the samples. The reliability
of the evaluation results was therefore verified, and criteria for providing countermeasures for each
failure mode were established based on the detected results.

To establish the criteria for countermeasures according to the RPN results of the fuel cell-based
hybrid power system, it must be decided whether the absolute or relative RPN values will be used as
the standard. To establish countermeasures via relative RPN values, the conditions of the targets for
comparison must be similar (e.g., the number of items and the content of each item). However, as the
internal device configurations and characteristics differ for each system, the number of evaluation
items and the type and contents of each item also differ, making it difficult to apply relative criteria.

Therefore, this study defined the criteria of the reestablished evaluation items for countermeasures
using absolute RPN values; specifically, the RPN evaluation class was defined as 1–10, and 1 ≤ RPN ≤
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1000. The following were set as the criteria for establishing countermeasures assuming a reliability of
90%: RPN of 100 or more, and either S, O, or D was 8 or more. Table 13 shows the number of items
that should be set for each system according to the criteria.

Table 13. The ration of items required to establish countermeasures for a system based on these criteria.

System Total Items
Number of Failure Modes to Establish

Countermeasures

MCFC 25
RPN 100 or more 17
8 or more for each 13

Diesel Generator 16
RPN 100 or more 3
8 or more for each 4

ESS 9
RPN 100 or more 3
8 or more for each 4

Overall hybrid power system 50 - -

7. Conclusions

This study conducted a FMEA to evaluate the safety and reliability of a fuel cell-based hybrid
power system for ships. Unlike diesel engines that are mainly used as propulsion power sources
in conventional ships, new FMEA evaluation criteria and items are needed to apply fuel cell-based
hybrid power sources to ships. In the RPN evaluation currently applied to shipbuilding in shipyards,
existing RPN evaluations, the evaluation items and criteria are vaguely established; therefore, results for
the same evaluation would differ vastly between evaluators. Accordingly, for the FMEA of this study,
the evaluation was performed using several external evaluators who applied reestablished evaluation
criteria that mitigate RPN evaluation problems. To analyze the concordance of the reestablished
evaluation items, a research hypothesis was established, and the significance probabilities and
Kendall’s concordance coefficient were calculated using SPSS. The concordance coefficient was 0.906
for S, 0.844 for O, and 0.861 for D. The results indicate that each evaluator applied essentially the same
criteria when evaluating the samples, demonstrating that the reliability of the evaluation results was
high. The criteria used to establish countermeasures for each failure mode were set based on the D
results of the evaluation.

Although having the same evaluation configuration for each hybrid power system is
essential to establish countermeasures, each system contains different devices and characteristics,
therefore, the number and type of evaluation items also differ. Since it is difficult to apply relative
criteria, this study instead used absolute RPN values to set the criteria for establishing countermeasures:
a RPN of 100 or more and an S, O, or D of 8 or more.

For the FMEA of this study the power generation system of the hybrid power system (i.e., the failure
mode and failure effect of the power source) was evaluated. However, future research must
conduct FMEA for the entire set of systems including the power generation, power distribution,
output performance verification, and control and management systems of hybrid power systems.
Future studies must also perform FMEA for different system operation modes (e.g., single and
hybrid operation) to identify hazards that may arise in the systems of actual ships during operation.
However, in spite of these limitations, the results of this study showed significant results as an
evaluation to confirm the stability and reliability for applying a fuel–cell based hybrid power source to
several ships.
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Abstract: Ships are among the most complex systems in the world. The always increasing interest in
environmental aspects, the evolution of technologies and the introduction of new rule constraints
in the maritime field have compelled the innovation of the ship design approach. At an early
design stage, there is the need to compare different design solutions, also in terms of environmental
performance, building and operative costs over the whole ship life cycle. In this context, the Life Cycle
Performance Assessment (LCPA) tool allows an integrated design approach merging the evaluation of
both costs and environmental performances on a comparative basis, among different design solutions.
Starting from the first tool release, this work aims to focus on the maintenance of the propulsion
system, developing a flexible calculation method for maintenance costs prediction, based on the ship
operational profiles and the selected technical solution. After the improvement, the whole LCPA
tool has been applied on a research vessel to evaluate, among different propulsion layout solutions,
the one with the more advantageous performance in terms of costs during the whole vessel operating
life. The identification of the best design solution is strictly dependent on the selection criterion and
the point of view of the interested parties using the LCPA tool, e.g., the shipbuilder or the ship-owner.

Keywords: life cycle; maintenance costs; propulsion system maintenance; research vessel

1. Introduction

The increasing complexity of ships, the need of better performance and the introduction of new
regulations, for example to protect the environment, call for an evolution of the design approach in
the maritime field as well. The primary need to remain competitive in the international shipping
arena concurs to develop an integrated approach, with superior attention during the design process to
economic and environmental aspects along with the ship operational life [1–4]. This new awareness
inevitably calls in turn for intensive design comparisons and trade-off analysis with a specific focus on
the energy system. In this context also, the comparison between traditional and alternatives fuels plays
an important role [5]. The new approach includes market and demand analysis, integrated economic
and environmental considerations, efficiency and performance assessment mutually conversant in the
ship design process. As possibly useful support in this direction, a formulation of a rational parametric
analysis of the vessel over its life cycle has been developed and implemented in the traditional ship
design process. In this way, different ship configurations or operational profiles can be deeply analyzed
at an early design stage, when designers can still make decisions to change and improve the project [6].

The HOLISHIP European project (www.holiship.eu) addresses the issue of a comprehensive
approach for ship design capable of meeting the future market needs. As part of the wide HOLISHIP
project, an LCPA (Life Cycle Performance Assessment) tool [7], that combines the LCC (Life Cycle
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J. Mar. Sci. Eng. 2019, 7, 280

Costing) and LCA (Life Cycle Assessment), has been developed: the design tool permits, by a
comparison framework, the valuation of various design alternatives. It allows a cost/benefit assessment
over the ship life cycle considering, at the same phase, both design and operations. Different ship
configurations or system layouts can be compared and analyzed in terms of building and operational
cost, as well as environmental impact [8].

This paper aims to further develop operational and maintenance costs, defining, in particular,
a structured and flexible tool to evaluate maintenance costs for different ship solutions. Based on real
maintenance plans and maintenance tasks, overcoming the empiric formulations, this part would be
implemented as an element of the main LCPA tool.

Section 2 of this paper provides a general overview of the LCPA tool developed during the
HOLISHIP project; Section 3 describes the maintenance techniques commonly used; Section 4 describes
step by step the maintenance prediction model developed during the research project; Section 5
provides a complete description of the reference vessel used for the application exercise; Section 6
contains the process to discuss about preferable solutions; Section 7 describes the obtained results;
Section 8 provides the conclusions.

2. The LCPA Tool

The acronym LCPA appeared for the first time some years ago on the scenario of EU funded
project (BEST, JOULES, RAMSES, and more recently SHIPLYS) since a fully compliant LCA procedure
is simply not applicable to ships because of their complexity.

In HOLISHIP, evolution has been proposed, with a specific focus on the possibility to obtain a
single and comprehensive index to characterize the ship performance, inclusive of both economic and
environmental terms.

The LCPA tool is an integrated software to allow for a life-cycle ships assessment during
the design phase. LCPA efficiently merges the LCC and LCA performances that, therefore, can
be observed comprehensively from the perspective of the designer/ship-builder, as well as of the
ship-owner. The calculation of selected Key Performance Indicators (KPIs) enables the evaluation of
the LCPA Index that describes the performance of a baseline ship compared to other alternative design
configurations [7,9]. The overall index is a linear combination of selected KPIs that have been properly
normalized. The relevant formulations are reported in the following Equations (1)–(3), but further
details can be found in [7,10]. In principle, the methodology is open for the integration of further
aspects, besides economic and environmental ones, e.g., safety performances [11], in case adequate
KPIs are identified.

ILCC =

NLCC∑
i=1

fi,LCC ∗ ci,LCC ≤ 1 ; where :
NLCC∑
i=1

fi,LCC = 1 (1)

ILCA =

NLCA∑
i=1

fi,LCA ∗ ci,LCA ≤ 1 ; where :
NLCA∑
i=1

fi,LCA = 1 (2)

ILCPA = fLCC ∗ ILCC + fLCA ∗ ILCA ; where fLCC + fLCA = 1 (3)

It is worthwhile mentioning that different approaches are possible to combine economic and
environmental aspects, for example, converting all incomparable values into monetary values [12].
To better understand the LCPA software and its further improvements developed in this paper,
a synthesis of the main topics are proposed in the following sections. As already mentioned, Key
Performance Indicators (KPIs) are the base of the LCPA tool. They are performance indicators
resulting after the definition of the problem and its cost drivers. There are, respectively, economics and
environmental KPIs that play a fundamental role in the decision-making process:
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• Building Cost (BLD): It is the costs sustained by the shipyard to build the vessel. Different
estimation techniques can be adopted to evaluate this figure, based on the level of details already
known in the actual ship design phase. [13].

• Capital Expenditure (CAPEX): It is the funds that a shipowner use to purchase a vessel from a
shipyard. This cost is influenced by the type of ship and the installed technological level. It is
directly related to the shipyard Building Cost, but it is also influenced by the market situation at a
specific moment.

• Operating Expenditure (OPEX): It is the costs related to the vessel normal operation activities [14].
The OPEX changes during the lifetime of the ship, so it is important to determine how much
it changes every year (on average), without considering the change of money value due to the
discount rate. OPEX takes into account the operating costs, the voyage costs, the costs related to
the payload, insurance, interest, and maintenance, and repair costs.

• Maintenance and Repair costs (MandR costs): They are a part of OPEXs, but they can also be
used independently to assess costs related to maintenance of systems and structures. This value is
directly influenced by the type of systems and maintenance approach adopted.

• Net Present Value (NPV): It is probably the most popular economic measure. It is an index on
the profitability, which is evaluated by subtracting the present values of cash outflows (including
initial cost) from the present values of cash inflows over time [15].

• Energy Efficiency Design Index (EEDI): It is a parameter introduced by the Marine Environment
Protection Committee (MEPC) of IMO in 2011 and it indicates the energy efficiency of a ship
in terms of generated CO2 (grams or tons per mile cargo carried). It is calculated for a specific
reference ship operational condition. The aim is to drive ship technologies development to more
energy-efficient ones [16].

• NOx and SOx emissions (during operation): These parameters measure the grams of NOx or SOx
generated per unit of transport work. The regulatory framework is imposing, in recent years,
stricter and stricter criteria depending on the sea area where the ship is sailing. NOx emissions
mainly depend on the type of engines installed on board, while SOx emissions are mainly related
to the type of fuel used to produce energy [17].

Further considerations about the significance of such KPIs can be found in [18]. explicit equations
for estimation of all these values, are given in [7,10].

The relations between these KPIs are provided in Figure 1a–c. It is important to denote that the
CAPEX value has been described in the paper for the sake of completeness, but during this work,
we have always referred to the BLD value.
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(a) 

 
(b) 

 
(c) 

Figure 1. (a) CAPEX (Capital Expenditure) explanation; (b) OPEX (Operating Expenditure) explanation;
P&I stands for Protection & Indemnity; MCR is the Maximum Continuous Rating; (c) NPV (Net Present
Value) explanation. BLD: Building Cost; M&R: Maintenance and Repair costs.

A thorough explanation of the LCPA process is given in [7,10]. Nevertheless, in Figure 2, a block
diagram of LCPA steps is provided. The same steps have been followed in the organization of the
application case below.
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Figure 2. Block diagram illustrating LCPA (Life Cycle Performance Assessment) steps. KPIs: Key
Performance Indicators; EEDI: Energy Efficiency Design Index.

In this work, the M&R costs evaluation have been improved to permit a better evaluation of the
OPEX costs: the empiric formulation used in the current first version of LCPA tool could be replaced
with a flexible prediction model based on real maintenance actions. The maintenance model, discussed
in paragraph 4, would be implemented as part of the LCPA tool. A different energy system layout
might also affect BLD value. In this work, such an issue was taken into account.

3. Maintenance Strategies

Maintenance actions ensure that a system performs in the best way during its whole life cycle,
preserving its integrity and performances over time. Different maintenance techniques were developed
in the last decades to better preserve system capabilities during its life cycle, minimizing the failure
rate and downtime. All these actions can be summarized as follows [19].

Corrective maintenance: the simple one without any scheduled action. The operator attends
when a failure occurs in switching off the system and performing the maintenance with more or less
important economic implications. This approach is based on the belief that the costs sustained for
downtime and repairs, in case of a fault, are lower than the investment required for a maintenance
program. This strategy may be cost-effective until catastrophic faults occur.

Scheduled preventive maintenance: a step forward in maintenance policy. The manufacturer
provides a so-called Mean Time Between Maintenance (MTBM) that is the best working time range
when a maintenance action has to be performed to prevent system failure or degradation. In this way,
an operator can plan the maintenance services to minimize the impact on working hours and so on costs
and profits. The maintenance cycles are planned according to the need to take the device out of service.
The incidence of operating failures is reduced. In a complex system with more sub-systems that work
together to complete a task, this method can be a better way to plan the maintenance operations.

Performance-based maintenance: often indicated as Condition Based Maintenance (CBM), it is
based on the response analysis of multiple sensors mounted on the system to measure actual working
parameters like temperature, pressure, fluid levels, and more. Through prediction models, they are
automatically compared with average values and performance indexes. Maintenance is carried out
when some indicators give the signaling that the equipment is deteriorating and the failure likelihood
is increasing. This strategy, in the long term, allows a drastic reduction in maintenance costs, thereby
minimizing the occurrence of serious faults. With these previsions, the operator can plan one or more
maintenance action only when it is requested and avoiding the interventions when it is not necessary.

These three actions are the most common, but other two maintenance policies can be further
mentioned, namely the adaptive maintenance and the perfective maintenance. The first one is
applied when the system needs to evolve and adapt for new needs or working contest to extend the
system working life; the second one is performed when there is the chance to improve a system with
the installation of innovative technology.

In this work, the scheduled preventive maintenance was assumed to develop the maintenance
prediction model where the designer could evaluate the quality of the different configuration in relation
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to maintenance costs and time. This model would improve the current version implemented in the
LCPA tool, based on an empirical formulation of the maintenance costs. Preventive maintenance
is defined as a semi-deterministic model; however, it gives an effective way to compare different
layouts and operational profiles at an early design stage: it takes into account, in fact, that designers
could not have access to a large database, recorded dataset, or detailed information on systems
they are investigating. The main information needed to set up a scheduled maintenance approach
could be more easily obtained from manufacturer manuals. This is the reason why we used the
preventive maintenance technique as a starting point [20,21]. The corrective maintenance and the
dry-dock maintenance costs have been disregarded in this paper, and they are going to be taken into
consideration later in the research activity.

4. Approach Description for Maintenance Costs Evaluation

As just described in the previous paragraph, the model for maintenance costs will be based on
the scheduled preventive maintenance and the MTBM (Mean Time Between Maintenance) value [22].
Settled the ship type, the first step is to identify some different design configurations that satisfy the main
owner requests, like speed, range, operational profiles, maneuverability performance, environment,
and efficiency performance.

• The systems complexity and the huge number of sub-systems and single items installed in each
assessed layout impose to choose a solid and structured procedure to evaluate the maintenance
actions and related costs over the life cycle. From the builder point of view, the best practice would
be to use the so-called Work Breakdown Structure (WBS), defined as a hierarchical and incremental
decomposition of a project/system into smaller components: throughout a tree structure at each
following iteration, a higher detail level is achieved, breaking up a complex system into a less
complex one, and so on [23]. The operator decides when to stop dividing. This top-down structure
allows to identify the elements by a single code number and to decide the ones useful in the
analysis for the decided level of detail.

• For each selected system or subsystem, the maintenance tasks to include or exclude from the
analysis are selected. The higher is the detail level to be considered, the more maintenance tasks
have to be included in the tool.

• An MTBM value is needed for every single item selected for the analysis, expressed in working
hours or years. The value is usually contained in the system manufacturer manuals with the
corresponding maintenance task to be undertaken. The MTBM of an asset is the average length
of operating time between one maintenance action and another, and it is usually based on a
conservative stochastic distribution (Weibull distribution). Despite MTBM could be supposed a
conservative value, if a system or item works out of its optimal working point (for a not negligible
time), it is reasonable to suppose that the MTBM value might decrease.

• When defining alternative configurations, it is important to define the system working point.
For example, considering a diesel propulsion engine, it is necessary to define its actual working
condition expressed in term of MCR percentage and actual working hours. Starting from this
information, the off-design working condition can be estimated together with is effects on the
MTBM value delivered by the manufacturer. Combining off-design functioning hours and the
corresponding power percentage enables to create a dimensionless corrective coefficient to update
the actual maintenance plan and its impact on maintenance costs. This concept can be expressed
through the proposed Formula (4) obtained through a try and error process based on the real data
provided for the project:

MTBM′ = MTBM− 1
hT
·
⎡⎢⎢⎢⎢⎢⎢⎣
∑

i

hACTi ·
(
PTi − PACTi

)
PTi

⎤⎥⎥⎥⎥⎥⎥⎦ ·MTBM (4)
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where MTBM’ is the new corrected MTBM, the actual value; MTBM is the original manufacturer
value; hACT is the number of actual off-design working hours; hT is the number of total actual
working hours in one year; PT is the power corresponding to the optimal working point; PACT is
the actual power; i is the operational scenario considered, like navigation at 13 kn or navigation
at 8 kn, etc. This type of formulation can be applied to the diesel engines for the generation of
propulsion.

If PACT and PT are equal, the engine works at its best and MTBM = MTBM’. The same result
is obtained if hACT = 0, i.e., the engine is in its best working point. We have assumed that the
formulation has an application domain from 20% to 50% of MCR engines power: if an engine
works above the 50% of its MCR, the corrective formula is not applied; at the same time for MCR
less of 20%, the formula is not recommended.

• The next step requires to consider for each maintenance task the number of man-hours needed,
the number of qualified technicians involved, and relevant costs (in €/h). All these values will be
combined to calculate a total cost amount for every single task under analysis. If it is required,
spare parts will be also included in the cost assessment for each task assumed in the tool.

• Once the main system’s actual working hours and the ship life duration (in years) are inserted, the
tool automatically calculates the number of maintenance action (times) during the whole life cycle
(for each task) and the LCC for the maintenance activity defined as total costs per times. The costs
refer to the real ship working conditions through MTBM’, and not to the ideal condition based on
the manufacturer’s MTBM. The MTBM or MTBM’ value is used to calculate how many times a
particular maintenance action has to be performed during the ship life cycle. The “times” column
in Figure 3 is obtained as (effective MTBM)/(item’s total working hours in one year); the LCC for
the maintenance activity is calculated as “times” column per “total costs” column in Figure 3.

The tool provides all the information needed to have a general overview of maintenance-related
costs over the ship life cycle, with graphical and tabular results. Figure 2 summarizes the maintenance
framework where WBS systems and subsystems are written in lines, and the higher is the level of
detail, more lines are required.

The columns report (from left to right) a system or subsystem description; the maintenance task
description (there could be more tasks for the same WBS voice); the number of same items; the effective
MTBM, expressed in working hours or years and corrected with the previous formula; the number
of hours dedicated to the task; the number of men required to do the particular task; the man costs;
the spares cost (if a spare part is required); the total maintenance task costs; the times that the task is
repeated during ship life cycle; the LCC value.

 
Figure 3. Maintenance tool structure overview. LCC: Life Cycle Costing; MTBM: Mean Time Between
Maintenance; WBS: Work Breakdown Structure.

The prediction model is structured to have the WBS, maintenance tasks, number of items, MTBM,
man-hours, number of man, and man costs as input data. The model automatically calculates the
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MTBM’, the total cost of each maintenance tasks, the times each action has to be performed during the
ship life, and the costs (indicated as LCC on the right in Figure 3).

During the early design stage, the definition of the ship operational profile is very relevant and
has a strong influence on the propulsion system typology. In turn, the propulsion system strongly
affects the ships final building cost and the costs linked to operational activity during the whole ship
life [16]. From that described above, the LCPA tool has been further enhanced to evaluate the best
configuration among some proposed alternative propulsion layouts. Due to the great number of
systems and sub-systems installed, the complex connections between them, and the massive amount of
required information, it is necessary to further reduce the domain of investigation in this development
phase. This work aimed to develop a tool to predict the maintenance costs during the design stage, also
when the information available is not so detailed. The intention was to develop a solid and adaptable
starting point that could be improved during further interactions or directly customized from the
designers themselves over their needs. Once the results of the costs derived from the maintenance tool
are inserted in the main LCPA tool, the designer can provide a first attempt to quantify the total ship
costs, not only related to building costs but also related to the operating costs. This type of assessment
could permit to offer a better and complete overview of the product in a constructive discussion with
the customer.

This methodology has been applied to a reference vessel, described in Section 5, to improve its
propulsion system. The alternatives systems have been described one by one in Section 6 and are
directly compared in Section 7 to identify the best solution.

5. Application Case: Reference Vessel Description

The methodology described in paragraph 4 is now applied on a reference vessel to evaluate
propulsion system alternatives. The application platform is a research vessel designed and equipped
to navigate the far reaches of the globe. These types of vessels support researches on the sea analyzing
temperature gradients, sea chemical composition, carrying out biological or geophysics investigations,
or bottom topography. The overall characteristics of a research vessel are identified by the scientific
equipment, the specialized personnel on board, the required speed and range. The propulsion system
has to be designed to ensure flexibility and a wide range of activities at different speeds. The original
propulsion system of a model vessel and proposals of alternative configurations described in the
following paragraph would be our starting points for investigations and analysis.

The main vessel dimensions and features are described in Table 1. The ship is equipped, in the
original version, with two independent shaft lines, each provided with the main diesel engine, a small
electric motor, a gearbox, and a controllable pitch propeller. Mechanical and electrical systems work
together in the propulsion train, optimizing the ship propulsion efficiency and providing the right
amount of power delivery to a propeller in any scenario.

Table 1. Main ship dimensions and performances.

Characteristic Value Units

Length over all 94 M
Length between perpendiculars 80 M

Beam 16.6 M
Depth 8.5 m

Displacement 3600 t
Draft 4.64 m

Cruise speed 13 Kn
Max speed 17 Kn

Range 3000 Nm

This hybrid propulsion system works as a CODELOD (COmbined Diesel and ELectric Or Diesel)
where the only electric motors are used for low speeds (up 8 kts), and the diesel engines are instead used
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for high speeds (from 9 to 17 kts). The electric power generation at 400 V and 50 Hz, in all operating
conditions, is ensured by three independent diesel generators connected to the main distribution grid.
The emergency power generation is carried out by a dedicated diesel generator, located in a different
small engine room. A simple functional scheme of the propulsion and electrical generation layout is
shown in Figure 4.

Figure 4. Original propulsion system layout.

The two propulsion engines are typical four strokes engines based on a supercharged diesel
cycle with direct fuel injection. The supercharge is ensured by a turbo-compressor group driven by
engine exhaust gases. The two diesel engines installed onboard can supply power output of 2289 kW,
irreversible rotation, and opposite turns. A pneumatic system with compressed air is provided for the
engines start, while the cooling system is made by a closed high-temperature freshwater circuit and a
low temperature opened one.

The electric generation onboard is ensured by three gen-sets located in the main engine room.
The electric power produced onboard is mainly used for the “payload” services (that include
accommodation services but also scientific equipment power demand) and for the electric propulsion
at low speed as well. The gen-sets can produce 650 kWe each at 1500 rpm with an electric output at
400 V and 60 Hz. A single gen-set is made up by a four strokes diesel engine with a direct fuel injection
connected to an electric alternator. Table 2 provides a direct comparison between the propulsion types
of diesel and the diesel gen-sets (MDO is the acronym of Marine Diesel Oil; MGO stands for Marine
Gas Oil).

Table 2. Main Diesel.

Characteristic Propulsion Diesel Diesel Gen-Sets Units

Number of cylinders 12 V type 45◦ 8 V type 90◦ -
Maximum continuous rating 2289 650 kW

Rotation speed 1050 1500 g/min
Dimension 4100 × 1700 × 2760 4000 × 2100 × 200 mm

Weight 19000 10800 kg
Fuel supply MDO/MGO MDO -

To increase energy efficiency in a range of low speed, the vessel is propelled by two electric
synchronous type motor, one for each propulsion line. They can supply the maximum power output
of 250 kW at 1500 rpm and an electric output at 400 V and 50 Hz. Main features are in Table 3.

It is important to define one or more profiles before starting the comparative analysis because
they can strongly influence the results. As a research vessel, the ship will be optimized to work at two
different speed range: low speeds during the maneuvering and oceanographic operations (typically
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from 0 to 8 knots) and high speeds during shift operation at design or maximum speed (from 12 to 17
knots).

Table 3. Electric motor.

Characteristic Value Units

Maximum power 250 kWe
Rotation speed 1500 g/min
Voltage output 400 V

Frequency output 50 Hz
Dimension 1160 × 670 × 860 mm

Weight 1030 kg

Figure 5 shows the operational profiles of the reference ship: the percentages refer to 165 days/year
when the ship is operating at sea. In the remaining 150 days/year, the ship is considered in harbor, and
in the remaining 50 days/year, in dry dock. In this scenario, 10% of working life (16 days) is spent at
0–5 kn; 35% (58 days) is spent at 6–8 kn in research operations; 5% (8 days in total) at 9–11 kn during
speed transient phases; 35% (58 days) at 12–14 kn at design speed; 15% (25 days) at maximum speed.

Figure 5. Reference ship operational profile.

All future considerations in this work would be based on this particular operating scenario.
To compare different design alternatives, the first step is to define how the vessel propulsion

system works at a different speed and then to identify possible design alternatives to satisfy the
operational profile most efficiently. These alternatives will be identified, during this first working
phase, as composed by the elements listed below:

• Main Diesel Propulsion Engines (WBS 233)
• Electric Motors (WBS 235)
• Gearboxes (WBS 241)
• Shaft Lines and Bearings (WBS 243 and 244)
• Engines Sea-Water Cooling System (WBS 256)
• Fuel Supply System (WBS 261)
• Diesel Gen-Sets (WBS 311)
• Emergency Diesel Gen-Set (WBS 312)
• Heating, Ventilations and Air Conditioning HVAC System (WBS 514)
• Compressed Air System (WBS 551)

The flexibility of the tool structure ensures a further implementation of new WBS systems.
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The operational profile has been related to a ship resistance prediction, to connect each speed to
a propulsion power demand, and an electric balance, to better understand the total power demand
during ship operations. The propulsion resistance prediction has been coupled to a controllable pitch
propeller and the two propulsion diesel engines described above. A general overview of the ship
propulsion system and ship power demand has been provided and used as a starting point.

Electric Load Balance

The term propulsion system (as we considered it in this work) is not only referred to the power
required to move the ship, produced by two main diesel engines and two small electric motors, but
it takes into account the electric production as well. This electrical power is needed not only for the
electric propulsion motors, but also for the bow or stern thrusters, auxiliary propulsion systems, hotel
loads, and the scientific equipment. In the original vessel configuration, this power demand is ensured
by three diesel gen-sets (please refer to Figure 4 and Table 1) that satisfy the total electrical power
demand in all ship operative conditions. The electric load balance of the reference vessel is available in
Table 4. Utilization factors in Table 4 appear to be far from ideal figures, and, in particular, 95% and
88% relevant to summer harbor and winter harbor conditions are not in principle practicable, even
though such values refer to a ship currently in operation. This configuration is, therefore, suitable for
further improvement.

Table 4. Electric Balance of a research vessel.

Service
Summer
Harbor

Winter
Harbor

Summer
Maneuver

Winter
Maneuver

Summer
Cruising

Winter
Cruising

0 kn 0 kn 1 to 8 kn 1 to 8 kn 9 to 17 kn 9 to 17 kn

kW kW kW kW kW kW

Propulsion
system 12 12 91 91 59 59

Electric system 76 76 86 86 90 90
Control system 9 9 12 12 34 34

Aux system 341 292 374 308 390 348
Aux system 91 91 774 774 86 87
Outfitting 90 90 53 88 101 136

619 571 1390 1359 760 753

Summer
Harbor

Winter
Harbor

Summer
Maneuver

Winter
Maneuver

Summer
Cruising

Winter
Cruising

Gen-sets in use 1 1 3 3 2 2
Utilization

factor 95% 88% 71% 70% 58% 58%

Harbor, Maneuver, and Navigation are the three phases considered in the electric balance.
Each operational phase is split up in summer and winter condition to have an overview of power
demand during different seasons.

For each column in Table 5, an indication of several gen-sets, in use, and their utilization factor
has been provided. All this information gives an overview of how the propulsion configuration works
in different scenarios during its working life. Besides, Table 5 shows for each scenario the number of
working hours in a year of each WBS considered and described in paragraph 5.
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Table 5. Working hours in a year for each WBS analyzed (see Abbreviation List at the end of the paper).
Reference configuration.

Operation Speed
n

D/G
%

D/G
WBS
233

WBS
235

WBS
241

WBS
243

WBS
256

WBS
261

WBS
311

WBS
514

WBS
551

kn - - hours hours hours hours hours hours hours hours hours

Port 0 1 0.95 0 0 0 0 0 1800 1260 2880 900
Manoeuvre 1 to 5 3 0.71 0 307.2 384 384 192 192 268.8 307.2 96

Research 6 to 8 3 0.70 0 1392 1392 1392 1113.6 696 1392 1113.6 348

Transient 9 to 11 2 0.58 96 0 192 192 153.6 192 134.4 153.6 48
Navigation 12 to 14 2 0.58 1392 0 1392 1392 1392 1392 974.4 1113.6 348
Navigation 15 to 17 2 0.58 600 0 600 600 600 600 420 480 150

2088 1699.2 3960 3960 3451.2 4872 4449.6 6048 1890

Tables 4 and 5 refer to reference propulsion layout, and the information would be used as a solid
base for the further considerations discussed in paragraph 6. All this conclude the preliminary phase.

6. Application Case: Design Alternatives

Starting from information identified in paragraph 5, it is possible to evaluate few alternative
propulsion layouts to achieve a more efficient system, with possible advantages on building costs
and operative costs, including all maintenance actions. In the following lines, three alternatives
configurations are proposed: they have been designed focusing on a reduction in WBS working hours
and/or maintenance costs.

6.1. First Design Alternative—Power Take-Off

The first alternative layout (identified as S1) proposes the introduction of a Power Take-Off (PTO)
in the original propulsion system. In particular, the PTO is supplied by the main propulsion Diesel
with the double aim to reduce the working hours of one or more diesel gen-sets, and to achieve a
better working point both for diesel engines and for the gen-sets (compared to the original layout).
Engines power size are the same as reference vessel, and the PTO is active only from 9 kn to 17 kn;
up to 8 kn, the configuration works exactly as the original one. So, for the harbor, maneuvering, and
navigation activities up to 8 kn, the power demand is supplied by two electric motors (for propulsion
and maneuvering) and by the diesel gen-sets, as reported in Table 6. After 8 kn, the propulsion starts
to be supported by the diesel engines, so, after this point, it is possible to use the electric motors (used
as PTO) instead of the diesel gen-sets to supply the power needed for hotel services. Figure 6 clarifies
this working operation.

Table 6. First alternative configuration power-use analysis results. Focus on changed WBS
working hours.

Speed PB PTO n D/G % D/G WBS 235 WBS 311

kn kW kW - - hours hours

0 0 0 1 0.95 0 1260
1 to 5 83 0 3 0.71 307.2 268.8
6 to 8 320 0 3 0.70 1392 1392

9 to 11 807 500 1 0.41 192 67.2
12 to 14 1760 500 1 0.41 1392 487.2
15 to 17 3617 500 1 0.41 480 240

3763.2 3715.2
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Figure 6. Power generation layout in the first alternative configuration proposed. (a) How configuration
works up to 8 kn: the two electric motors supply the total propulsion power, while the gen-sets supplies
the hotel power. The Diesel engines are disconnected. (b) How configuration works from 9 kn to 17 kn:
the two diesel engines supply both propulsion power and the PTO (Power Take-Off) units. The PTO
delivers electrical power to the main switchboard, while the surplus in the power demand is covered
by one or more gen-sets.

Table 6 reports the configuration analysis in terms of propulsion power (PB), PTO, number of
active gen-sets and their working point (%), and WBS voices that have changed their working hours.
The analysis put in evidence the PTO power impact during navigation phase: after 8 kn, the PTO
supplies more electrical power in the network, so it is possible to use only one gen-set, compared to
two in the original configuration. There in an increase in for WBS 235 working hours, while a decrease
is evident for WBS 311 working hours.

It is important to underline that the gen-set in use works at 41.5% of its nominal power, and for diesel
gen-sets, it is not a good solution in terms of fuel consumption and maintenance. This consideration
took us to consider a second alternative configuration to solve this problem.

6.2. Second Design Alternative—Power Take-Off with Higher Power Size

The second alternative (S2) layout proposes the introduction of a higher power size PTO and also
a higher power size for gen-sets to obtain an efficient working point. This solution could be identified
as an evolution of the previous one, with the main aim to reduce to zero the number of gen-sets used
during the navigation phase. So, the configuration layout is the same, as defined in 6.1, and differs
only for the items size and working point. Figure 6 continues to represent the system layout. The new
proposal increases the electric motors size (also used as PTO) from 250 kW to 390 kW and gen-sets
size from 650 kW to 850 kW. This option permits to satisfy the total amount of power demand in the
navigation phase using the PTO only. The total number of simultaneous active gen-sets, in the worse
scenario, decreases from three to two, but from a reliability and redundancy perspective, the third
gen-sets are used as a stand-by element. The results achieved in this way have been represented
in Table 7. It puts in evidence how the PTO supplies the total electric power demand during the
navigation phase over 8 kn. The two diesel engines are the only active power generators during the
navigation from 9 to 16 kn, both in summer and winter.
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Table 7. Second alternative configuration power-use analysis results. Focus on changed WBS
working hours.

Speed PB PTO n D/G % D/G WBS 235 WBS 311

kn kW kW - - hours hours

0 0 0 1 0.850 0 1260
1 to 5 83 0 2 0.850 307.2 268.8
6 to 8 320 0 2 0.810 1392 974.4

9 to 11 807 780 0 - 192 0
12 to 14 1760 780 0 - 1392 0
15 to 17 3617 780 0 0.600 480 120

3763.2 2623.2

Comparing Table 7 to Table 5 (S0 configuration), the higher power sizes ensured a better gen-sets
working point in all conditions, less working hours, a reduction in fuel consumption, and stress on
the mechanical elements. A reduction of working items was ensured: from three to two in maneuver;
from two to 0 during navigation. The gen-sets total working hours were also reduced (from 4449 to
2623), but the working hours of electric motors were increased from 1699 to 3763. Main diesel working
hours were the same, as described in Tables 5 and 6, but the working point was higher due to the PTO
supply during navigation from 8 kn to 17 kn.

The remaining systems have the same working hours as S0, but the active units are lesser with a
positive influence on maintenance tasks. All this information are the input data to the maintenance tool
described in paragraph 4. The comparison in terms of a maintenance plan, between reference layout
S0 and layout S2, is shown in Figure 7. The blue line is referred to reference layout (S0), while the red
one to second alternative layout (S2): over 20 years, the S2 maintenance actions are, on average, less
expensive than the original layout. The MTBM correction affects not only the distribution of the costs
over the years but also the maintenance periodicity, that is out of phase than the original maintenance
plan. From the owner point of view, this type of results presentation provides an overview of M&R,
permitting to schedule when could be better to sell the ship to prevent excessive M&R costs.

Paragraph 7 provides a costs comparison between all alternative solutions described here.

Figure 7. Second layout M&R costs.
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6.3. Third Design Alternative—Total Electric

The third alternative layout (S3) proposes a complete change in the propulsion layouts through
the introduction of fully electric propulsion. Instead of the two main Diesel engines, two main electric
motors have been installed, supplied by four diesel gen-sets. This configuration could be an optimal
choice for ships that have a special environment request, as a research vessel, and need a large amount of
electric power available during the operational phases. A comparison between hybrid propulsion and
fully electric propulsion, on maintenance perspective, could be interesting. As synthesized in Figure 8,
usually this configuration is composed of diesel gen-sets; main switchboards; propulsion transformers
and frequency converters; electric engines for propulsion; gearboxes (optional) and propellers.

Figure 8. Full electric propulsion system layout.

This configuration ensures high power flexibility, and so it is not necessary to divide the speed
range as done before. From 1 to 17 kn, the total electrical power demand will be satisfied by a variable
number of gen-sets, regulated by onboard automation. The electrical motors are only used as main
propulsion engines: a PTO is not considered in this configuration.

The two electric propulsion engines have a power size of 1800 kW each, to ensure a 17 kn
maximum speed. The gen-sets have to satisfy the power requested at 17 speed (by propulsion) and
the power requested by the hotel loads during navigation, equal to 760 kW in summer navigation
(worse condition). So, the gen-sets are four units of 1150 kW each. This layout ensures the redundancy
of power generation units and, at the same time, permits a high control over the electrical power
generation during the different operational phases. Table 8 proposes an overview of WBS that changed
their working hours.

Table 8. Third alternative configuration power-use analysis results. Focus on changed WBS
working hours.

Speed PB PTO n D/G % D/G WBS 233 WBS 235 WBS 311

kn kW kW - - hours hours hours

0 0 0 1 0.550 0 0 900
1 to 5 83 0 2 0.650 0 384 192
6 to 8 320 0 2 0.870 0 1392 417.6

9 to 11 807 0 2 0.700 0 192 96
12 to 14 1760 0 3 0.680 0 1392 1044
15 to 17 3617 0 4 0.960 0 600 600

0 3960 3249.6

Figure 9 provides an overview of the comparison of a maintenance plan between S0 and S3. M&R
costs are, on average, less expensive than the original ones with a better peaks distribution over the
years. Plus, a fully electric solution is eco-friendly, that is not a negligible aspect for a research vessel.
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The costs comparison is proposed in paragraph 7.

Figure 9. Third layout M&R costs.

7. Application Case: Results

Four different solutions were analyzed in this paper: the traditional diesel configuration (S0),
the PTO solution (S1), the PTO of higher power size, and the fully electric one (S3). Table 9 provides
the results of the total costs obtained with a complete LCPA analysis: we mainly focused on BLD,
OPEX, and M&R values to compare the solutions. EEDI, Sox, and NOx are approximated values, but
they can give an idea of the solution quality. Speaking in terms of BLD, the reference ship layout (S0) is
the less expensive, while the fully electric configuration, as expected, is the most expensive; solution
S1 and S2 are very similar, S2 is penalized by the third gen-sets installed for a redundancy aspect
but not needed in terms of power generation (two gen-sets covered all scenarios). In terms of OPEX,
the best solution is S2, while the reference configuration (S0) is the worse. It is important to remind
that OPEX value includes fuel consumption, so, this value could also be read as, S0 has a higher fuel
consumption than S2 and S3. For each configuration, fuel consumption has been calculated, combining
the utilization factors and the complete engines diagrams. Referring to data reported in Tables 5–8,
the results obtained are truthful.

The M&R are lower in S2 and higher in S1: as expected, S2 is the configuration that has been
designed to ensure engines’ better working point and this is underlined in OPEX and M&R values that
are the best. S1 that has a worse working point, as shown in Table 8, also has higher M&R costs: a bad
engine utilization reduces the MTBM and increases the maintenance times over ship life cycle.

Table 9. Results of the layout comparison.

Data Reference S0 S1 S2 S3

BLD [€] 70,038,000 70,697,980 72,715,388 76,714,838
CAPEX [€] 98,877,176 99,808,913 102,657,018 108,303,301
OPEX [€/year] 4,026,187 3,937,086 3,820,971 3,980,591
M&R [€/year] 452,777 476,177 365,856 409,999
NPV [€] 205,493,593 205,369,584 205,584,835 214,916,381
EEDI [gCO2/t*kn] 266.63 251.09 260.68 260.68
SOx [gSOx/t*kn] 4.99 4.70 4.88 4.88
NOx [gNOx/t*kn] 11.64 10.96 11.38 11.38
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The EEDI value points out that all alternative configurations have better efficiency and lower
emissions than the reference one. S1 is the solution with the lower EEDI value, but we should underline
that value in S2 is affected by the third gen-set installed as a stand-by unit. The EEDI value is a function
of installed power.

It is important to note that despite S1 has worse engines working point, and therefore higher M&R
is the best solution. Speaking in terms of NPV, the total value not differs so much from the other ones.

In Figure 10, it has been reported the LCC values maintenance over time for the four layouts
S0, S1, S2, S3. As just said, solution S2 is the best in terms of operational maintenance; indeed, it has
been designed to minimize maintenance costs. An unexpected result is given by solution S0: it is a
cheaper solution than S1 even though the main engines are used less efficiently than in solution S1
(characterized by the introduction of the PTO).

From these results, it is also possible to see that the fully electric, besides being the most expensive
solution, will not guarantee a significant advantage during the years. From this analysis, we can also
say that, at least for our application case, it is not true that the most expensive solution is always the
best in terms of maintenance costs. Analyzing the last years of the ship life in the graph (25–30 years),
it seems that solution S2 would bring a good saving compared to the original solution.

Figure 10. Integration over 30 years of Operational Maintenance costs.

Table 10 provides the results in terms of dimensionless index ready for the LCPA calculations:
the coefficient is always defined between zero (worst) and one (best). S1 is the best, and S2 is the
second-best solution, even if it is affected by the power surplus installed. Not purchasing the third
gen-set, decision subjected to owner agreement, implies less BLD and M&R. The S3 is the worst layout,
but it is important to stress that LCPA tool does not take into account noise and vibration problems,
new possible weights distribution onboard, engine room locations, and off-limits routes.

The last column in Table 10 is part of the LCPA tool structure: for each KPI, a weight has been
assigned. The assignation is arbitrary and given by the designer or the owner or the shipbuilder. In this
case, we selected BLD and M&R as most interesting KPIs, followed by OPEX. In this perspective,
despite NPV value is one of the most popular economic indicators, it has not been deeply discussed
and analyzed during this work focused on maintenance actions and costs: the weight assigned in
Table 10 is equal to 0 for this reason. The NPV value does not present significant changes in S0, S1, and
S2 because the technology used in the propulsion system is the same (i.e., diesel engines), while the S3
configuration employs large electric motors as main propulsion item.
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Table 10. Results of the layout comparison.

Data Reference S0 S1 S2 S3 Weight

BLD 1.00 0.90 0.60 0 0.4
CAPEX 1.00 0.90 0.60 0 0
OPEX 0.00 0.43 1.00 0.22 0.2
M&R 0.21 0 1.00 0.60 0.4
NPV 0.99 1.00 0.98 0.00 0
EEDI 0 1.00 0.38 0.38 0.25
SOx 0 1.00 0.38 0.38 0.5
NOx 0 1.00 0.38 0.38 0.25

Index Reference S0 S1 S2 S3 Weight

LCC Index 0.48 0.45 0.84 0.28 0.5
LCA Index 0.00 1.00 0.38 0.38 0.5

LCPA Index 0.24 0.72 0.61 0.33 -

The same results are shown in Figure 11 below.

Figure 11. KPIs coefficients in spider graph.

8. Conclusions

For a research vessel, all the necessary data have been provided to start developing and assess a
maintenance prediction model based on a real maintenance plan and not on a parametric formulation.
The methodology described in Section 4 is a result of multiple interactions: it has been developed for
the reference vessel only and then readapted to a general application for various vessel types. Figure 3
provides a simplified scheme of the maintenance tool and calculation structure.

During the tool development, a corrective Formula (4) for diesel engines MTBM has been defined
to take into account design mistakeS on the maintenance costs. Application cases have been carried
out on a research vessel, as exposed in Sections 5 and 6. Different propulsion solutions have been
identified, and the tool can characterize them in terms of different performances; but, at the same time,
it not so simple to identify the best solution because of the final evaluation that is strictly related to the
stakeholder point of view.

Further improvements could derive from the following activity:

• to improve the modeling of corrective maintenance actions and dry dock actions;
• to improve Formula (4) with a major number of real maintenance data and with the implementation

of engines overfeed curves.
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CODELOD COmbine Diesel and ELectric Or Diesel
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KPI Key Performance Index
LCA Life Cycle Assessment
LCC Life Cycle Costing
LCPA Life Cycle Performance Assessment
MTBM Mean Time Between Maintenance
M&R Maintenance and Repair
NPV Net Present Value
OPEX Operating Expenditure
PTO Power Take-Off
S0 Solution 0 or Reference Configuration
S1 Solution 1
S2 Solution 2
S3 Solution 3
WBS 233 Main Diesel Propulsion Engines
WBS 235 Electric Motors
WBS 241 Gearboxes
WBS 243 Shaft Lines
WBS 244 Bearings
WBS 256 Engines Sea-Water Cooling System
WBS 261 Fuel Supply System
WBS 311 Diesel Gen-Sets
WBS 312 Emergency Diesel Gen-Set
WBS 514 HVAC System
WBS 551 Compressed Air System
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Abstract: This research was focused on a comparative analysis of using LNG as a marine fuel with
a conventional marine gas oil (MGO) from an environmental point of view. A case study was
performed using a 50K bulk carrier engaged in domestic services in South Korea. Considering the
energy exporting market for South Korea, the fuel supply chain was designed with the two largest
suppliers: Middle East (LNG-Qatar/MGO-Saudi Arabia) and U.S. The life cycle of each fuel type was
categorized into three stages: Well-to-Tank (WtT), Tank-to-Wake (TtW), and Well-to-Wake (WtW).
With the process modelling, the environmental impact of each stage was analyzed based on the five
environmental impact categorizes: Global Warming Potential (GWP), Acidification Potential (AP),
Photochemical Potential (POCP), Eutrophication Potential (EP) and Particulate Matter (PM). Analysis
results reveal that emission levels for the LNG cases are significantly lower than the MGO cases in
all potential impact categories. Particularly, Case 1 (LNG import to Korea from Qatar) is identified
as the best option as producing the lowest emission levels per 1.0 × 107 MJ of fuel consumption:
977 tonnages of CO2 equivalent (for GWP), 1.76 tonnages of SO2 equivalent (for AP), 1.18 tonnages
of N equivalent (for EP), 4.28 tonnages of NMVOC equivalent (for POCP) and 26 kg of PM 2.5
equivalent (for PM). On the other hand, the results also point out that the selection of the fuel supply
routes could be an important factor contributing to emission levels since longer distances for freight
transportation result in more emissions. It is worth noting that the life cycle assessment can offer us
better understanding of holistic emission levels contributed by marine fuels from the cradle to the
grave, which are highly believed to remedy the shortcomings of current marine emission indicators.

Keywords: LNG-fueled ship; IMO GHG; LNG; MGO; LCA; marine fuel

1. Introduction

Today, humanity is in the age of the most prosperous history. The advancement of industrial
technology has allowed people to share goods with no barriers. Seaborne trade significantly contributes
to this trend. In 2017, about 10.7 billion tons of products were traded through water, which represents
an enormous amount of energy consumption, thereby producing emissions recklessly [1].

Given this, the International Maritime Organization (IMO) has developed a set of stringent
regulations on emission control. In particular, MARPOL Annex VI Reg. 14 introduces a progressive
reduction in sulfur content contained in marine fuels by 1 January 2020 when the sulphur content in
those fuels should be reduced to 0.5% m/m (mass/mass) in the non-ECAs (emission control areas) as
illustrated in Figure 1. For the ECAs, the emission levels have been curbed to 0.1% m/m since 2015.
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Figure 1. IMO Sulphur Regulation (MARPOL Annex VI Reg. 14).

Since conventional marine petroleum products cannot meet these regulations, marine engineers
and shipowners are turning their attention to alternative fuel sources. Currently, liquefied natural gas
(LNG) is considered as one of the most credible alternative marine fuels that can meet the upcoming
air pollution regulations with respect to minimizing sulfur oxides (SOx), nitrogen oxides (NOx),
and particulate matter (PM). As a result, LNG-fueled vessels have been gradually introduced in the
marine industry and their number now reaches to over 100 ships [2].

Various studies have shown the environmental benefits of using LNG in ship operations [2–6].
However, the mainstream of those past studies largely focused on onboard emission levels at sea,
whereas a considerable amount of emissions ranging from extraction to the transportation to the
end user was ignored. To acquire better understanding of the impact of LNG on the emission levels
as a whole, there still needs of developing systematic and comprehensive approach to evaluate the
environmental impact of LNG fuel from a lifecycle perspective.

Meanwhile, the current marine environmental calculators, known as Energy Efficiency Design
Indicator (EEDI) and Energy Efficiency Operating Indicator (EEOI), are considered not practicable
in terms of understanding the holistic environmental impacts of marine fuels. It is because those
indicators are only focused on calculating the emissions produced from onboard fuel combustion.
In other words, those indicators are technically ignorant emissions generated from other life cycle
processes of marine fuels.

This analytic limitation not only leads to inaccuracies in the calculation, but also mis-guide us to
wrong conclusions when choosing clean marine fuel. For instance, they may indicate the hydrogen
applied to marine fuel cells as the cleanest fuel source simply because it produces the least level of
emission during ship operation. Interestingly, the hydrogen may be generated from LNG which is
regarded more harmful fuel source over the hydrogen. If extending our view from the final use to
the fuel production and supply chains, the results cannot be answered as simple as the conventional
indicators tell us.

To remedy this issue, the International Maritime Organization (IMO) and member states have
been determined to develop new guidelines for estimating the life cycle environmental impacts of
marine fuels through the document of IMO MEPC.308 (73) [7]. To respond to this resolution, the initial
idea was proposed with the document of IMO ISWG GHG, 5/4/5 [8], which requires far extensive
follow-up research and case studies as future works.

Given this background, this paper was motivated to introduce an approach of LCA and to
demonstrate its effectiveness through a comparative LCA of LNG with MGO in practical supply
chain cases.

2. Literature Review

In effort to investigate the holistic environmental impacts of shipping-related issues, the concept
of the life cycle assessment (LCA) has been applied to various studies over decades. There are some
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remarkable researches worth being mentioned in a methodological point of view. Guinée [9] presented
a handbook for guiding to apply International Organization for Standardization (ISO) for LCA analysis
and Finnveden et al. [10] discussed the recent development and trends of the LCA applied to industrial
studies. Dynamic LCA in consideration of time domain was introduced by Levasseur et al. [11]. These
literature provide high-quality basement for life cycle assessment. Nevertheless, Woods et al. [12]
pointed out the lack of the LCA studies on investigating the marine environment impacts, addressing
the scarcity of LCA modelling to quantify the effects of products and processes on marine biodiversity.

Not surprisingly, there are voluminous LCA studies evaluating the environmental impacts of LNG.
Some representative examples are noteworthy. Bengtsson et al. [13] applied the LCA for a comparative
study across crude oil, LNG and other competitive marine fuels. The research results revealed that
LNG would have a relatively lower GWP compared to other candidates. Thinkstep [14] also provided
comparative life cycle assessment for the natural gas with other marine fuels in terms of GHG intensity.
Similar study was carried out by El-Houjeiri et al. [15] which compared Saudi Crude oil to the natural
gas in other regions in terms of GHG emission. Also, Sharafian et al. [16] provided research about
GHG and other air pollutants for natural gas. A localized GHG emission taking into account upstream
life cycle was studied by Liu [17] where climate change impact by supply of natural gas in Western
Canada was studied. This study provides a suggestion to find the prospect that localized impact for
the same fuel can vary in different industries. However, those research were largely focused on the
GHG impact and lacked discussion of other impact potentials of local pollutants such as AP, EP, POCP
and PM. In addition, the diversity of supply routes was not included in the research scope.

Some interesting LCA studies were also conducted to evaluate local pollutants associated with
LNG. A study by Brynolf et al. [18] compared the environmental impact of LNG to future marine
fuels: liquefied biogas, methanol and biomethanol. An improved method to reduce net climate change
was suggested in the research. Life cycle inventory and analysis of fuels in Singapore was presented
in Tan et al. [19] that discussed several types of emissions from Singapore power plants compared
between LNG and diesel oil. Tagliaferri et al. [20] investigated LNG transport from Qatar to UK with
detailed and diverse scenarios. Jeong [21] provided the holistic research for HFO, MGO and LNG in
terms of GWP, AP, EP, POCP.

In particular, it is noteworthy that LCA research has been extended not only to fuel types, but also
to the ship building field. Hua et al. [22] analyzed the total life cycle emissions of a post-Panamax
container ship running in both HFO and natural gas. Jeong et al. [23] presented the excellence of using
LNG-fueled engines based on economic and environmental viewpoints. In the research, the life cycle
cost assessment (LCCA) was advised as a useful tool for decision making across industries. It offered
the possibility of extending the LCA in the economic point of view, since cost impacts cannot be a
negligible issue for the marine industry. Rocco et al. [24] studied the purification process of LNG in
the LCA point of view. Miksch [25] analyzed the shipping routes from United States (U.S.) to Asia
transporting LNG. This research showed that the LNG supply chain would be sensitive to economic
and environmental impacts of fuels. In addition, Dong and Cai [26] discussed several ways to reduce
the environmental impact by reducing the fuel consumption rate.

Studies on future marine fuels integrated with advanced technologies rather than LNG cannot be
neglected. Alkaner and Zhou [27] presented comparative life cycle analysis for molten carbon fuel
cells and conventional diesel engines. This research highlighted the environmental benefits of the new
power source. Smith et al. [28] suggested that solid oxide fuel cells can be a solution for marine fuel to
prevent climate change. However, the study was more or less limited to operational phase. Evrin and
Dincer [29] provided thermodynamic analysis and the assessment of an integrated hydrogen fuel cell
for ships. In the study, the GHG emission during operation was analyzed. Hansson et al. [30] in the
Swedish marine fuel research recommended the hydrogen as the most optimal and the methanol as
the second optimal alternative fuels. Nevertheless, LNG and HFO were marked the optimal fuels in
the performance and economic criteria.
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The literature above provides multi-disciplinary advice for analyzing LCA for marine fuels. On the
other hand, it was found that there is still a shortage in case-specific analysis of LNG application to
marine vessels when it comes to contributing to developing lifecycle impact of alterative marine fuels.
To narrow this gap, this paper was motivated as a preliminary study to evaluate the environmental
benefits of using LNG overall by conducting case studies with a newly-constructed LNG-fueled bulk
carrier engaged in domestic services of South Korea, one of the world’s top five crude oil importers as
well as top three LNG consumers in 2018 [31,32]. It is also to introduce a practical approach to evaluate
the life cycle emissions from LNG, thereby achieving useful results for the future regulatory framework
on the enhanced standardization for maritime emission calculation.

3. Adopted Approach

LCA provides analysis of the environmental prospect and potential environmental impacts
throughout life cycle of a product from raw material acquisition through production, use, end-of-life
treatment, recycling and final disposal. Economic and social issues are outside the scope of the LCA.
The ISO provides standards for the Life Cycle Assessment [33]. Figure 2 displays the approach of
the analysis to the LCA framework complying with the ISO standards. It mainly consists of four
steps: ‘Goal and scope definition’, ‘Inventory analysis’, ‘Impact assessment’ and ‘Interpretation’.
The workflow of case studies was assigned in the standardized format.

 

Figure 2. Methodology of Life Cycle Assessment.

122



J. Mar. Sci. Eng. 2019, 7, 359

3.1. Goal and Scope Definition

The research provides the holistic and practical examination of environmental impacts for
operating the LNG- and MGO-fueled vessel in South Korea. The life cycle of the fuels is divided into
three phases. Figure 3 illustrates system boundaries of the phases.

1. Well to Tank analysis for emission from the fuel supply
2. Tank to Wake analysis for emission from the fuel combustion
3. Well to Wake analysis for combination of Well to Tank and Tank to Wake analysis

For delivering the extracted natural gas to the final use, several processes and utilities are required.
The extracted natural gas is transported using pipelines to purification and liquefaction facilities after
production process. The liquefied natural gas is transported by LNG carrier vessels to the LNG terminal
and storage facilities of the local industry. The LNG bunker barge or truck delivers the stored LNG to
the tank of LNG-fueled ship finally. The stages up to this point are called Well to Tank (WtT) phase.
The next stage which means fueled vessel operation is the Tank to Wake (TtW) phase. Otherwise, once
the crude oil is extracted, through the production and processing, the crude oil is transported to a
refinery in a local oil consuming industry from the oil producing country by pipeline and oil tanker
(oil tanker is used only if direct pipeline is not connected between the two region). The refined fuels
are delivered to the oil bunkering terminal, and the stored oil in the bunkering terminal is consumed
for the ship during voyage at sea.

 
Figure 3. Life cycle of LNG fuel and oil-based marine fuel.

In addition, this research was dealt with under the following conditions.

1. Bunkering operation for the LNG fuel is made by truck-to-ship in the study. Stored LNG fuel in
the LNG terminal is transported by means of LNG bunker truck to the port where the vessel is
moored. LNG fuel is bunkered directly to the tank of the ship from the tank of the LNG bunker
truck [34].

2. Transportations with LNG carriers and LNG bunker trucks include not only laden trips but also
ballast trips.
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3. Materials and emissions associated with constructing oil and gas facilities (oil extraction, refinery
plants, relevant systems, etc.) are not considered in this study. The transport process for energizing
the facilities are also excluded.

3.1.1. LNG Supply Chain

Figure 4 represents the LNG imports to South Korea from LNG exporting countries in 2017.
Qatar captured the largest amount of LNG fuel as 11.55 Million Tons per Annum (MTPA) which is
31 percentage of the total LNG import in the year [35]. In the same year, the U.S. Energy Information
Administration (EIA) reported that South Korea imported approximately 1.99 million tons from U.S.
showing 773% of increase compared to the previous year. The long-term contract between South Korea
and U.S. validated from 2017 and started import 2.8 MTPA of LNG from Sabine Pass [36].

Considering Korea’s energy policy and market share, this research considers two major suppliers
of Qatar and the United States. Case 1 refers to LNG import to Korea from Qatar and Case 2 describes
LNG import to South Korea from U.S.

Figure 4. LNG fuel imports to South Korea by exporting countries in 2017.

3.1.2. MGO Supply Chain

South Korea imported approximately 3 million b/d (barrels per day) of crude oil and condensate
charting the fifth largest importer in global market. More than 82% of crude oil import was from
Middle East [37]. Given this, MGO import from Saudi Arabia to South Korea is assigned to be Case 3.
In addition, MGO distribution from U.S. to South Korea is chosen as Case 4 for consistency with the
LNG supply point of U.S.

3.1.3. Product System and Functional Unit

WtT analysis represents all steps from fuel extraction to storage in onboard tank. TtW analysis
includes actual fuel combustion for ship propulsion. WtT and TtW analyses are integrated to provide
a total WtW analysis. Functional unit is defined to be the supply and the consumption of 1.0 × 107 MJ
LHV of fuels in consideration of the fuel tanks of a case study vessel which is equipped with 500 m3 of
LNG tank and 400 m3 of MGO tank. Taking into account the density of LNG, 450 kg/m3, 225 tons of
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LNG is fueled at fully fueled tank [38]. With 48.9 MJ/kg of LHV, LNG fuel provides 1.1 × 107 MJ of
energy. 1.0 × 107 MJ LHV of energy is comparable to the available work volume by the case study
vessel with the fully fueled LNG tank. In case of MGO, 860 kg/m3 of density formulates 344 tons of
mass at fully tanked condition [39]. With 42.7 MJ/kg of LHV, MGO fuel provides 1.47 × 107 MJ of
energy [40]. To provide 1.0 × 107 MJ of energy, 204 tons of LNG is required. In case of MGO, 234 tons
of MGO is required for the same energy output. Table 1 summarizes the property of LNG and MGO.
The sulphur content of the LNG fuel is assumed to be zero while the MGO fuel contains 0.1% (m/m)
of sulphur.

Table 1. Properties and LHV of fuels and required quantity of fuels.

Fuel
Type

Tank Size
(m3)

Density
(kg/m3)

Mass of Fuel at
Fully Tanked
Condition (t)

LHV
(MJ/kg)

Total Energy
(MJ)

Required Mass
of Fuel for

1.0 × 107 MJ (t)

LNG 500 450 225 48.9 1.10 × 107 204
MGO 400 860 344 42.7 1.47 × 107 234

3.2. Inventory Analysis

3.2.1. Well to Tank Inventory Analysis

Transportation pathways of LNG and MGO fuel were determined based on literatures by Korea
Gas Corporation (KOGAS), EIA and others [41]. Table 2 summarizes the information on the supply
chain while Figure 5 illustrates maritime transportation routes for each case: Case 1-LNG from Qatar
and Case 2-LNG from USA whereas Case 3-MGO from Saudi Arabia and Case 4-MGO from USA.

Table 2. Design factors for modelling the life cycle of fuels.

Specification Case 1 Case 2 Case 3 Case 4

Fuel type LNG LNG MGO MGO
Fuel supplier Qatar U.S. Saudi Arabia U.S.

Ocean transport distance (period)
23,224 km
(30 days)

35,300 km
(44 days)

22,902 km
(30 days)

36,126 km
(44 days)

From fuel terminal to bunkering port
Transported by truck

(108 km) Directly Fueled from oil terminal

Bunkering operation Truck-to-Ship Port-to-Ship

 
Figure 5. Ocean transport routes of LNG and MGO [42].
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Table 3 presents the specification of LNG and crude oil carriers which are considered to transport
the marine fuels to bunkering facilities in South Korea. The LNG carrier is considered to use a steam
turbine driven by boil-off gas with 30% of efficiency. Boil-off gas is produced 0.15% of LNG cargo per
day [13]. Typical types of LNG and crude oil carriers, currently engaged in the service, were selected;
the cargo capacity of LNG carrier is 147,237 m3 whereas crude oil carrier is 57,741 m3. Table 4 shows
the detailed description of the four case studies.

Table 3. Specification of estimated LNG carrier and Crude oil carrier [43].

Ship Type Engine Design Speed Cargo Capacity Load Factor Fuel

LNG carrier 27,300 kW 19.5 knot
(36.1 km/h) 147,237 m3 0.55 LNG

Crude oil carrier 12,330 kW 15.2 knot
(28.2 km/h) 57,741 m3 0.55 MGO
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3.2.2. Tank to Wake Inventory Analysis

The case study vessel is the first LNG-fueled bulker, M/V Ilshin Green Iris, which was constructed
by Hyundai Mipo Dockyard as a new generation of an environmentally friendly project in July 2016.
The vessel obtained a dual class of Lloyd’s Register and Korean Register in environmental engineering
and complied with the International Gas Fuel (IGF) code [46]. The specification of the vessel is
summarized in Table 5.

Table 5. Specification of the case study vessel.

50000 DWT LNG-Fueled Bulk Carrier

Length overall 190.63 m Dead weight scantling 50,000 MT
Breadth 32.26 m Service speed 14.0 knots (25.9 km/h)
Depth 17.30 m Main engine 2-stroke slow speed diesel

Cargo hold 63,200 m3 Daily fuel oil consumption 21.30 MT/day
LNG fuel tanks 500 m3 Daily fuel gas consumption 17.00 MT/day

MGO tanks 400 m3 Cruising range (Oil mode) 3600 NM
MGO tanks 400 m3 Cruising range (Gas mode) 5300 NM

The vessel is engaged in a regular domestic service in South Korea. Figure 6 illustrates the regular
domestic route of the vessel. The sailing route is between the Donghae Port and Gwangyang Port and
the distance between the two ports is 271 nautical miles (502 km). Based on the operating profile, four
voyages on average are completed each month.

 

Figure 6. Sea Route of Case Study Vessel [42].
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The ship can be operated using three types of fuels: LNG, HFO and MGO. Taking into account
IMO sulfur regulation 2020, the LNG and MGO, not HFO, are possible sources of fuel. Emission factors
from onboard fuel consumption were determined based on IMO GHG study as shown in Table 6 [47].

Table 6. Emission factors from LNG and MGO consumption. Data from [47].

Emission Factor [kg per 1 kg Consumption of Fuel]

Fuel
Type

CO2 CO N2O PM CH4 NOX NMVOC SO2

LNG 2.75 7.83 × 10−3 1.08 × 10−4 1.8× 10−4 5.0 × 10−2 1.4 × 10−2 3.0 × 10−3 -
MGO 3.21 2.77 × 10−3 1.6 × 10−4 9.7× 10−4 6.0 × 10−5 8.7 × 10−2 3.08 × 10−3 1.0 × 10−3

Above table shows that the amount of CO2 from LNG is 14.3% lower than that of MGO, while
LNG produces 833 times more methane (CH4) than MGO during combustion. Given the significant
impact of CH4 on GWP, it can be perceivable that LNG may have a negative impact on GHG. On the
other hand, emissions associated with NOX and PM from LNG are only about 16.0% and 18.6% of
MGO respectively. SO2, which contributes to AP, is produced from MGO combustion only. The WtW
analysis is determined by the combination between the WtT and TtW analyses.

Tables 7 and 8 show the emission data used for the analysis. Those data associated with the
LNG production to the LNG carrier transport was adopted from a previous research by [13]. It was
found that the production process has contributed to significantly emission of carbon dioxides (CO2)
compared to other pollutants. The same trend was also found in purification and liquefaction processes.
CH4 emission caused by the methane composition in the natural gas from the processes are notable.
Methane slip was added to the bunkering operation by 0.0361% [14]. Emissions of the bunker truck
are obtained from GaBi database. LNG carrier is considered to use the boil-off gas from the cargo LNG.
Since the LNG does not contain sulphur, there is no SOX emission. Other emissions from the LNG
carrier are determined along with the transport distance. Information of LNG terminal storage and
bunkering operation was obtained from a research by [20].

Emissions by the MGO supply pathway between well and refinery were referred from a research
by [19]. Since crude oil tanker is considered to use MGO fuel, NOX and SOX emissions are larger than
LNG carrier. Refinery process also produce large amount of SOX and NOX emissions rather than LNG
purification and liquefaction process. Emissions in MGO terminal storage and bunkering operation
are the same as LNG but no methane loss was involved [20].
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3.2.3. LCA Modelling

While GaBi software was employed for LCA, Figure 7 illustrates the WtT LNG supply model
with LNG flow equivalent to the life cycle models of LNG in Figure 3. LNG of 2.04 × 105 kg provides
an LHV of 1.0 × 107 MJ, a functional unit for analysis. After the purification and liquefaction process,
2.27 × 105 kg of natural gas is converted into LNG.

The LCA model for MGO supply pathway is presented in Figure 8 which is consistent with the
life cycle of oil-based marine fuel as presented in Figure 3. To deliver 1.0 × 107 MJ of MGO in final
combustion, 5.52 × 105 kg of crude oil is required. Crude oil is converted to MGO in refineries in South
Korea. After the process, 2.34 × 105 kg of MGO is produced, which gives an LHV of 1.0 × 107 MJ as
defined by the functional unit.

Figure 9 presents TtW models for both LNG and MGO. This range was limited to onboard fuel
consumption. Emissions were calculated based on fuel consumption: 2.04 × 105 kg LNG fuel and
2.34 × 105 kg MGO, giving the same 1.0 × 107 MJ of LHV during combustion.

The LCA model for WtW of LNG and MGO fuels incorporates the Well to Tank and Tank to Wake
models as shown in Figure 10.

Figure 7. WtT LCA model for LNG fuel.

Figure 8. WtT LCA model for MGO fuel.

Figure 9. TtW LCA model for LNG and MGO fuel.
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Figure 10. WtW LCA model for LNG fuel and MGO fuel.

3.3. Impact Category

Two kinds of Life Cycle Impact Assessment (LCIA) methodologies are used to assess the impact.
GWP in terms of kg CO2 equivalent and AP in terms of kg SO2 equivalent are analyzed using CML
2001 method. CML 2001 is midpoint approach method which groups results in midpoint during
characterization and normalization [48]. CML 2001 was selected since CML 2001 provides the AP
value more visually with kg of SO2 equivalent particularly.

PM, POCP and EP were analyzed using ILCD method. ILCD is International reference Life Cycle
Data System [49]. Since the method provides analysis results for PM, POCP and EP in terms of mass
(kg), the ILCD was selected for better-visualized evaluation, PM in terms of kg PM2.5 equivalent,
POCP in terms of kg NMVOC equivalent and EP marine in terms of kg N equivalent.

4. Results (Impact Assessment)

4.1. Well to Tank Impact Assessment

The level of GWP from the WtT phase is presented in Figure 11. Since there are no international
pipelines in South Korea, the only way to import LNG and MGO fuel is by sea transport. The distances
from the resource-export countries determine the sea transport distance and the emissions will
vary accordingly.
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Figure 11. GWP values from supply chain of LNG and MGO.

The simulation results have revealed that emissions from the ocean transport of fuels account
for significant portions in this stage. In particular, the LNG carrier contributes to the largest portion
of CO2 equivalent gas in the LNG supply chain. For oil tanker transportation, the route from Saudi
Arabia to Korea is not the largest, but the MGO route from the US to Korea produces the largest GWP.
LNG supply paths, on the other hand, typically generate less GWP than MGOs.

As explained in the LCA modelling part, crude oil tanker contains whole crude oil than refined
MGO. It contributes to the GWP products from the tanker transport; however, it requires to be
considered that the crude oil is refined to several energy sources.

Figure 12 illustrates the detail GWP value by LNG supply chain from Qatar to South Korea and
MGO supply chain from Saudi Arabia to South Korea for each process.
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Figure 12. GWP by LNG and MGO supply chain from Middle East to South Korea.

In the LNG supply pathway, next to the ocean transport process, purification and liquefaction
process also emits considerable amount of GWP, 5.69 × 104 kg CO2 equivalent per 1.0 × 107 MJ of
LHV. Energy usage and refrigerants losses in these processes contribute substantially to emissions.
GHG emissions from utilities for LNG extraction, production and pipelines account for the third part,
equivalent to 2.54 × 104 kg CO2 per 1.0 × 107 MJ LHV.

Diesel trucks emit GHGs from LNG terminals to bunkering ports. The ratio of GWP to total
amount is not impressive, but the amount corresponds to more than 1 ton of CO2.

Methane slip during bunkering operation produces approximately 4 tons of CO2 equivalent
energy per 1.0 × 107 MJ. In case of the MGO fuel, the production and transport process emits a
significant amount of GWP, 1.60 × 105 kg CO2 equivalent per 1.0 × 107 MJ of LHV. Refining operation
also produces considerable amount of the greenhouse gas, 7.5 × 104 kg CO2 equivalent per 1.0 × 107 MJ
of LHV. The refining operation also produces a considerable level of GHGs equivalent to 7.5 × 104 kg
CO2 per 1.0 × 107 MJ LHV. AP, PM, POCP and EP results are presented with Figure 12.

The results show that the dominant AP value in the LNG supply chain is attributed to the fuel
production stage, whereas the ocean transport of the MGO produces the AP substantially. The result
reveals that the dominant AP value in the LNG supply chain is to the fuel production phase. The PM
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emissions show same aspect with the AP. MGO-Refining process produces the SO2 equivalent and
PM next to the ocean transport. POCP and EP pertinent to the LNG supply chain are relatively lower
than the environmental potentials from MGO supply chain. For POCP, ocean transport of the MGO
produces the most pollution and the MGO refining process makes a second contribution. Regarding
EP, the largest contributor is still ocean transport however production process is second. Referring to
the results in Figure 13, ocean transport is shown a key factor to control the local pollutants.

Figure 13. AP, PM, POCP and EP from the case study.

4.2. Tank to Wake Impact Assessment

Figure 14 shows GWP by the ship operation with 1.0 × 107 MJ of the LNG fuel and MGO fuel.
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Figure 14. Global Warming Potential from Well to Tank Life Cycle.

GWP by the LNG combustion is approximately 1.08 times larger than MGO fuel’s case. In case of
LNG fuel combustion, methane slip from LNG fuel consumption raises the value of the CO2 equivalent
considerably. Table 9 exhibits the amount of carbon oxides and methane emissions associated with
the on-board fuel combustion process. It is found that the methane emission levels are significantly
different in both cases. Although the CO2 emission is larger at MGO combustion, methane emission
expressively contributes total amount of GWP during LNG fuel consumption.

Table 9. Carbon oxides and methane in emissions.

Type
Emission from LNG
Consumption [kg]

Emission from MGO
Consumption [kg]

Carbon dioxides (CO2) 5.6 × 105 7.9 × 105

Carbon monoxide (CO) 1.6 × 103 6.89 × 102

Methane (CH4) 1.0 × 104 1.49 × 101

AP, PM, POCP and EP during fuel consumption are presented in Figure 15. Values of AP, PM,
POCP and EP from the MGO fuel consumption are remarkably larger than LNG fuel consumption case.
The sulphur content of 0.1% in MGO contributes to the increase in the AP. It is possible to determine
that LNG is clean energy based on the analysis results.

Figure 15. AP, PM, POCP and EP from Fuel Consumption [log scale].

4.3. Well to Wake Impact Assessment

Figure 16 shows the simulation results of the GWP from the WtW phase.
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Figure 16. GWP by Well to Wake Analysis.

The overall GWP of MGO in the route of U.S.to South Korea is revealed the largest among the
study cases due to the highest levels of the emissions from the supply chain and consumption. GWP
during fuel consumption is lower in the MGO case, but the difference between GWPs in the fuel supply
chain is much larger. The emission ratio between the supply chain and the onboard consumption is
presented in Table 10.

Table 10. Ratio of emissions from the supply chain and consumption.

Fuel Supply Pathway
Share of Emission from

Supply Chain [%]
Share of Emission from

Consumption [%]
Total [%]

LNG Qatar→ Korea 15.7 84.3 100
LNG U.S.→ Korea 18.4 81.6 100

MGO Saudi Arabia→ Korea 31.6 68.4 100
MGO U.S.→ Korea 35.5 64.5 100

Table 10 shows that supply chain emissions are high in the U.S. to South Korea because the sea
transport distance of fuel is longer than that in the Middle East to South Korea. In WtT analysis, ocean
transport is a significant part of the supply chain.

Figure 17 provides the analysis results for AP, PM, POCP and EP emissions in WtW phase. Except
for PM, emissions generated at the WtT stage are more dominant than the TtW stage. In particular,
MGOs produce significantly more local pollutants than LNG. The level of GWP is similar between the
two fuels, but AP, PM, POCP and EP are about 5–7 times larger in MGO cases than LNG cases.
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Figure 17. AP, PM, POCP and EP by Well to Wake Analysis.

5. Interpretation and Discussion

Although both LNG and MGO fuels are able to meet IMO 2020 sulphur regulations,
the environmental impacts of those fuels have been found to significantly vary depending on fuel type
and supply chain. Given this, the modelling of each life stage of the fuels has been shown to help
identifying the potential processes where we can optimize and reduce emission levels. In this research,
the environmental impact of the processes pertinent to the fuel supply chain was proven significantly
high. Hence, several ways to reduce emission levels by optimizing transportations can be proposed
as follows:

1. Application of international pipelines or other cleaner transport solutions;
2. Ensuring closest LNG exporter;
3. Considering FLNG (Floating Liquefied Natural Gas);
4. Using renewable energy for domestic transports;
5. Domestic pipelines for fuel distribution.

On the other hand, the WtW analysis shows that the emission levels from onboard fuel consumption
are dominant in the overall process. Although CO2 emissions from LNG combustion are lower than
the MGO case, simulation results from the TtW impact assessment indicate that methane slip from
LNG fuel engine operation is an important factor for increasing GWP emissions. It reveals that the life
cycle GWP level from the LNG is 9.77 × 105 kg CO2 equivalent per 1.0 × 107 MJ fuel consumption,
whereas that from the MGO is 1.11 × 106 kg CO2 equivalent per 1.0 × 107 MJ fuel consumption. These
results provide insight into why the marine industry should strive to minimize methane slip from
engine combustion.
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In short, this research demonstrated the excellence of using LNG as a marine fuel relative to
the MGO. However, it cannot neglect emphasizing on the need to resolve the methane slip issues;
if successful solutions arrive in the marine industry, the use of LNG as a marine fuel can further
contribute to reduction of the GHG emissions.

Results of the impact assessment for local pollutants even more clearly support the superiority of
LNG over MGO since the MGO fuel cases are revealed to contribute 5–7 times higher emissions than
the LNG cases. In this respect, the LNG is confidently recommended over the MGO as long as we are
solely concerned with the environmental perspective.

On the other hand, the demands on addressing the shortcomings of current maritime environmental
indicators, EEDI and EEOI, are increasing. Given this, the life cycle assessment can be an effective
approach to estimate holistic emission levels attributed by marine fuels from the extraction to the
final use. Taking into account that the marine industry is grappling with lowering emission levels
more comprehensively, this research is highly believed to be an important primary study that will
help to provide practical solutions to assess the all-inclusive environmental impacts of marine fuels.
Such solutions will help us to obtain a clear knowledge on the holistic environmental impacts from
shipping. To achieve this goal, the future research is recommended to expand the case studies to
various alternative fuel types and supply chains to determine the most optimal future marine fuel as
well as to obtain general observations on the level of differences and how to improve it.

6. Conclusions

The key research findings can be summarized as below.
Using LNG as a marine fuel was proven as an effective fuel in reducing the marine pollutant,

compared to conventional marine petroleum fuels including MGO. In particular, Case 1 (LNG import
from Qatar) was revealed the best option based on that all environmental impact categories were
marked the lowest, compared to other cases. The emission quantities for Case 1 were presented
as below:

(1) GWP: 977 tonnages of CO2 equivalent per 1.0 × 107 MJ of fuel consumption;

1. AP: 1.76 tonnages of SO2 equivalent per 1.0 × 107 MJ of fuel consumption;
2. EP: 1.18 tonnages of N equivalent per 1.0 × 107 MJ of fuel consumption;
3. POCP: 4.28 tonnages of NMVOC equivalent per 1.0 × 107 MJ of fuel consumption;
4. PM: 26 kg of PM2.5 equivalent per 1.0 × 107 MJ of fuel consumption.

Moreover, considering factor-based findings, Case 1, LNG from Middle East to South Korea, was
determined to produce 0.88 times lesser GWP compared to Case 3, MGO from Middle East to
South Korea while Case 2, LNG from U.S. to South Korea, emitted 0.86 times lesser GWP than
Case 4, MGO from U.S. to South Korea.

(2) Regional distances between the energy exporter and the importer and the supply chains were
found to be important parameters to determine the environmental impact of marine fuels, which
suggests the importance of optimal production, transport as well as usage.

(3) The methane slip pertinent to LNG combustion was identified an issue to be resolved in order to
adopt the LNG as a successful post-2020 marine fuel; the amount of GWP contributed by the
methane slip was not negligibly small.

(4) LCA was proved effective for marine industry including oil and gas as a comprehensive and robust
tool to evaluate the holistic environmental impact on marine pollutions. This proposed approach
is believed to contribute to addressing the shortcomings of current maritime emission calculators.
Therefore, the analysis results and the proposed approach are to provide the stakeholders an
insight into making proper decision-making and future regulatory framework.
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Abbreviations

AP Acidification Potential
DWT Dead Weight Tonnage
ECA Emission Control Area
EP Eutrophication Potential
FLNG Floating Liquefied Natural Gas
GHG Green House Gas
GWP Global Warming Potential
HFO Heavy Fuel Oil
HSFO High Sulphur Fuel Oil
IMO International Maritime Organization
ISO International Organization for Standardization
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LHV Lower Heating Value
LNG Liquefied Natural Gas
LSFO Low Sulphur Fuel Oil
MGO Marine Gas Oil
MTPA Million Tonnes per Annum
NGL Natural Gas Liquid
NMVOC Non-Methane Volatile Organic Compounds
NOX Nitrogen Oxides
PM Particulate Matter
POCP Photochemical Ozone Creation Potential
SOX Sulphur Oxides
TtW Tank to Wake
ULSFO Ultra-Low Sulphur Fuel Oil
WtT Well to Tank
WtW Well to Wake
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