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Abstract — Electric propulsion systems and Solar PV systems are being introduced into the maritime industry
as alternatives to address environmental concerns and to meet strengthening regulations. This study aims to
quantitatively assess the environmental advantages of the electric propulsion ship and Solar PV system con-
trolled by MPPT algorithm in comparison to the conventional MGO-fuelled mechanical propulsion ship. To
achieve this goal, modelling of the electric propulsion system and MPPT-applied Solar PV system through
MATLAB/Simulink was conducted. As a result, it was confirmed that transitioning small fishing boats oper-
ating in South Korea to the electric propulsion system can achieve over 40% less global warming effects. Fur-
thermore, this study goes beyond these findings by providing insights into the application of electric propulsion
systems in South Korea compared to other countries' power systems. It offers guidance for various stakeholders
and suggests directions for future developments.

Keywords: Electric propulsion ship(H7] 521 414}, Solar PV(El%3 24), Maximum power point tracking
Hdl @83 F3), Life cycle assessment(F 2} % 7}), Decarbonising shipping(3ll- 2% 43}, Alterna-
tive energy(chA] o))

*Corresponding author: chybyung. park@strath.ac.uk

413


https://crossmark.crossref.org/dialog/?doi=10.7846/JKOSMEE.2023.26.4.413&domain=http://jkosmee.or.kr/&uri_scheme=http:&cm_version=v1.5

414 By

1. Introduction

1.1 Overview

Global energy demand continues its upward trajectory, with
a substantial 81.3% of the global energy supply being depen-
dent on fossil fuels, notably oil, as of 2018. Notably, the maritime
sector plays a significant role, contributing 6.8% to the overall
energy consumption (Bilgilif2023]). Consequently, in 2018, the
greenhouse gas (GHG) emissions resulting from maritime activi-
ties amounted to 1,076 million tons of carbon dioxide equiva-
lent (CO, eq.), reflecting a 9.3% increase compared to the
levels observed in 2012, Ships are also accountable for 2.89%
of the total anthropogenic emissions globally (Interational Mari-
time Organization[2020]).

In the shipping sector, the International Maritime Organiza-
tion (IMO) has a responsibility for addressing these critical
environmental challenges. The IMO is presently implementing
rigorous regulations to pave the way for a more environmen-
tally sustainable future in shipping, as indicated by recent research
conducted within the framework of the International Conven-
tion for the Prevention of Pollution from Ships (MARPOL)
(Gilbert et al.[2018]).

[Mustratively, two notable amendments to MARPOL ANNEX
VI include the Energy Efficiency Design Index (EEDI) and the
Ship Energy Efficiency Management Plan (SEEMP). These
regulations are designed to enhance the efficiency of ships and
facilitate comparisons in terms of energy efficiency. Key indica-
tors such as EEDI and Energy Efficiency Operating Indicator
(EEOI) employ multivariate equations to evaluate a ship’s CO,
emissions during both the design phase and operational phases
(Livanos ef al.[2014]). Of particular significance is the introduc-
tion of supplementary tools by the IMO during the 76th MEPC
meeting in June 2021. These tools, including the Energy Effi-
cient Existing Ships Index (EEXI) and the Carbon Intensity
Index (CII), are aimed at further improving energy efficiency
(DNV[2021]; DNV GL[2020]).

1.2 Effectiveness of Electric propulsion and Solar PV system

Numerous strategies have been proposed to adhere to the
regulations established by the IMO and mitigate emissions
from ships. Within this array of solutions, electric propulsion
and solar photovoltaic (PV) systems have emerged as viable
altematives, gaining prominence in the market (Symington ef
al.[2016]). Subsequently, a concerted research effort also has
been spotlighted to advance sustainable maritime transportation
by integrating renewable energy systems, notably solar power

with fuel cells. These efforts have resulted in an increased adop-
tion of renewable energy systems, resulting in reduced green-
house gas emissions when compared to conventional diesel-
only systems (Ghenai ef al.[2019b]).

In contrast to alternative energy sources, solar panels, which
utilise sunlight to produce electrical energy, typically exhibit a low
range of efficiency. Continuous scholarly inquiry and develop-
mental endeavours encompass a multitude of facets aimed at
enhancing the operational effectiveness of PV panel systems
and mitigating associated challenges. These encompass a diverse
array of solar PV system configurations and control systems
such as Maximum Power Point Tracking (MPPT), demonstrat-
ing the interdisciplinary nature of the ongoing research in this
field (Pakkiraiah and Sukumar{2016]).

To address this research gap, scholars embarked on a com-
prehensive investigation and comparative analysis of various
electric propulsion systems actively employed in commercial
maritime vessels. The overarching objective was to discemn the
most suitable power management techniques that could aug-
ment the efficiency of solar power systems. Multiple research
studies have been undertaken in pursuit of this objective. In
order to bolster the efficiency of the solar power system itself,
investigations have concentrated on the design and control
methodologies of solar PV systems that integrate solar power
modular multi-level inverters (MMI) or multi-level inverters
(MLI) tailored for marine applications. This approach has been
rigorously substantiated to not only contribute to the ameliora-
tion of system efficiency but also to markedly curtail energy
losses (Gnanavel et al.[2021]; Shi and Luo[2018]).

Furthermore, through an investigation involving the imple-
mentation of a hybrid solar/fuel cell power system on a ferry
vessel, the hybrid power arrangement, encompassing a fuel
cell, solar panel, and diesel generator, successfully hamessed a
substantial proportion of renewable energy, constituting 20% of
the total power output. Simultaneously, a notable reduction in
greenhouse gas emissions was observed in comparison to con-
ventional diesel engines (Ghenai et al.[2019]). An analogous
examination was also conducted, assessing the feasibility of
installing a solar array configuration on a roll-onroll-off (Ro-
Ro) vessel operating between Pendik, Turkey, and Trieste, Italy.
The solar PV system, in this context, achieved an impressive
energy efficiency rating of 7.76%. Importantly, this implemen-
tation led to a significant decrease in emissions of sulfur oxides
(SO,), nitrogen oxides (NO,), carbon dioxide (CO,), and par-
ticulate matter (PM) (Karatug and Durmusoghu[2020]).

As global research endeavours intensify to advance electric
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propulsion ships integrated with solar PV systems in regions
such as Europe, the United States, and China, a notable research
deficiency exists conceming ships operating within the maritime
confines of South Korea. This inadequacy has emerged as a fun-
damental question of whether there will be environmental bene-
fits if ships based in South Korea operate based on the electric
propulsion system with/without solar PV system,

1.3 Necessity of LCA for marine applications

Amidst the ongoing research efforts focused on electric pro-
pulsion ships integrated with solar PV technology, there exists
aneed to definitively establish the environmental effectiveness
of such vessels. The existing body of scholarly work consis-
tently emphasises the environmentally beneficial characteristics of
ships equipped with solar PV systems (Karatug and Durmusoglu
[2020]; Yuan et al[2021]). These vessels are demonstrated to
have the capability to significantly reduce CO, emissions and
generate noteworthy cost savings when juxtaposed with their
diesel-powered counterparts. Moreover, with the rapid advance-
ments in battery and solar PV technologies, it is anticipated that
the development of solar-powered ships will play a pivotal role
in significantly mitigating greenhouse gas emissions (Leung and
Cheng[2017]). The findings from these investigations demon-
strate that maritime operations incorporating not only solar
power generation but also wind and wave energy sources mani-
fest reduced fuel consumption, thereby fostering more eco-conscious
and sustainable sea transportation practices (Rutkowski[2016]). In
a parallel vein, research has unveiled that the deployment of
hybrid PV, wind, and fuel cell energy systems on tankers can
lead to noteworthy reductions in CO, emissions alongside tan-
gible economic advantages (Huang ef al.[2021]).

Nevertheless, research indicates that electric energy may not
consistently align with environmental friendliness when consider-
ing the complete life cycle (Jeong ef al.[2022]). As clearly shown in
Fig. 1, the level of emissions associated with electrical energy var-
ies significantly depending on the source of energy used for
electricity generation (National Renewable Energy Lab.[2021]).

Hence, it is imperative to move beyond the conventional,
narrow assessment focused on emission reduction in the usage
phase and conduct a more comprehensive scrutinise of technol-
ogies such as electric propulsion systems and solar power gen-
eration from a holistic life cycle perspective.

Amid increasingly stringent environmental regulations, the
Carbon Intensity Index (CII) has emerged as a compelling reg-
ulatory framework. However, even this rigorous regulation has
clear limitations in contributing to realising substantive environ-
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Fig. 1. GHG emissions by energy sources when producing electricity.

mental improvements when compared to the Life Cycle Assess-
ment (LCA) framework. As illustrated in Fig. 2, the scope of
ClI is relatively limited as only focuses on CO, excluding other
emissions, and mainly addresses the fuel consumption phase
ignoring the preceding phases of fuel production. As a result, it
is difficult to determine actual environmental friendliness based
on current environmental regulations.

Given the insufficient comprehensive environmental assess-
ment that encompasses the importance of electric propulsion
systems and solar PV systems with MPPT control algorithms
within the entire process, this study holds great significance. It is
also urgently required to guide various stakeholders in deter-
mining the direction of future research, projects, and policies.
Furthermore, research focused on ships operating in South
Korea that integrate electric propulsion systems and Solar PV
systems should be conducted to provide more detailed obser-
vations and assess their feasibility. Currently, there is a lack of
in-depth environmental impact studies concerning such types
of ships in the Korean maritime area. Therefore, this research is
expected to play a pivotal role in explaining the potential envi-
ronmental impacts associated with the adoption of electric pro-
pulsion ships in Korean maritime areas.

The outcomes of this research carry profound implications,
as they hold the potential to advance the overarching objective
of attaining net-zero emissions within the maritime sector.
Moreover, this study is poised to fumish invaluable guidance to
policymakers, industry stakeholders, and advocates for environ-
mental sustainability. In so doing, it equips them with essential
insights and pragmatic solutions necessary for charting a
responsible course toward the future of environmentally con-
scious maritime transportation.
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Fig. 2. Necessity of LCA and the scope of each assessment.

2. Methodology

In this study, the Live Life Cycle Assessment (Live-LCA)
methodology, proposed by Park er al[2022], has been
employed to gain a more precise understanding of the environ-
mental impacts associated with the implementation of electric
propulsion, Solar PV system, and MPPT for PV modules in
ships as depicted in Fig. 3.

Conventional LCA method is inherently limited by its high
reliance on existing data, and it often resorts to assumptions or
estimations when necessary data is absent. Live-LCA method
overcomes these limitations by introducing an additional step
called “data generation”. Through this approach, it can be derived
more precise and context-specific environmental impact results
compared to those obtained through traditional LCA, address-
ing critical shortcomings.

Furthermore, to assess the effectiveness of the electric pro-
pulsion system and Solar PV system, modelling and simula-

tion using MATLAB/Simulink, as depicted in Fig. 4, are
conducted. Specifically, an MPPT algorithm is designed and
applied to the Solar PV system to appropriately track the maxi-
mum power point and simulate energy production. This ensures
optimal energy generation from the solar panels, yielding results
consistent with real-world scenarios. These activities enable the
acquisition of suitable and reliable data without the need to
construct or retrofit actual vessels with those systems. This pro-
cess aligns with the “Data generation” aspect of Step 2 - LCl in
Live-LCA.

The collaboration between these two methods allows for a
more precise evaluation of the effectiveness of applying the
electric propulsion system and MPPT applied Solar PV sys-
tems to vessels operating in South Korea.

2.1 Key feature of Live-LCA
Excessive reliance on existing data has, thus far, posed a sig-
nificant obstacle to achieving accurate and situational environ-
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Fig. 3. Live-LCA methodology compared to conventional LCA.

mental impact assessments in LCA. This is particularly challenging
in processes like maritime shipping, which sail under continu-
ously varying conditions, environments, and operations. Ship-
ping produces constantly changing data, therefore collecting/
securing the data is essential to determine the environmental
impact. However, acquiring all such data has practical limita-
tions. Consequently, the absence of input data has led to results
derived through assumptions and estimations, undermining
both the credibility and applicability of these outcomes in diverse
scenarios.

To address this challenge, the introduction of the Live-LCA

methodology is proposed and implemented as a suitable rem-
edy. Live-LCA relies on data generation through modelling/
simulation or experimentation to obtain data that is presently
unavailable. Therefore, it greatly enhances the ability to derive
context-specific environmental impacts compared to conven-
tional LCA. This enhancement significantly improves the reliabil-
ity and applicability of research findings.

Notably, the maritime industry has been adopting various
fuels and systems to protect the environment. On the other
hand, for those kinds of new technology, not only data for ves-
sels equipped with electric propulsion systems and Solar PV
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Fig. 4. Modelling of Electric propulsion system and Solar PV system using MATLAB/Simulink.

systems is, for the most part, not enough, but actual opera-
tional records are also quite limited. Additionally, the environ-
mental impact of converting existing vessels to electric
propulsion and operating them on the same routes is heavily
reliant on databases filled with numerous assumptions and esti-
mations, which compromise the accuracy and reliability of
results. Live-LCA effectively addresses these issues, enabling
extensive data collection and appropriate assessments through
simulations of various scenarios.

In essence, this methodology offers substantial significance
by extending the applicability of LCA techniques, traditionally
suitable for static conditions, to dynamic situations.

2.2 Steps of Live-LCA

The steps of Live-LCA have been designed to follow the
framework specified in ISO 14040, and they also adhere to the
requirements outlined in ISO 14044. Consequently, the follow-
ing steps are executed in accordance: Step 1. Goal and Scope;
Step 2. Life Cycle Inventory Analysis (LCI); Step 3. Life Cycle
Impact Assessment (LCIA); Step 4. Interpretation.

In the first step, “Goal and Scope”, the research objectives
are defined, and why this environmental impact assessment is

being conducted and how the results will be utilised are clearly
explained. Additionally, the scope of the study is established
and the system boundaries are delineated between what is
included and excluded from the study. During this process, it is
needed to make decisions regarding the functional unit, quan-
tifying the evaluation criteria into measurable units. In this
stage, there is no distinction between traditional LCA and Live-
LCA; both follow the same process.

In the second stage, known as “LCI,” significant differences
between conventional LCA and Live-LCA emerge. This stage
involves identifying and quantifying inputs such as materials
and energy resources and outputs like environmental emis-
sions and waste generated in the product/system/process. Ulti-
mately, the reliability of the database secured in this stage plays a
crucial role in determining the success of the entire research.
Conventional LCA heavily relies on existing data to construct its
database. However, Live-LCA takes a different approach, striv-
ing to eliminate assumptions and estimations wherever possi-
ble. This is achieved through modelling, simulation, or
experimentation to continuously produce context-specific data for
database flexibility. Therefore, Live-LCA can contribute to
deriving successful and appropriate research results by build-



El=e] 34 shes g B A2 Al 71sE

ing a more accurate and reliable database.

The LCIA step uses the database established during the LCI
stage to assess potential environmental impacts by converting
them into specific impact indicators. LCIA includes essential
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sub-stages, such as Classification, which assigns the environ-
mental load to selected impact categories, and Characterisa-
tion, which is for estimating results for category indicators.
Additionally, optional sub-stages like Normalisation for provid-
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Fig. 5. Outline of the case study.
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ing references for consistency, and Weighting, which aggre-
gates scores based on derived weights, can be applied.

Finally, in the step of Interpretation, information collected,
classified and characterised in the LCI and LCIA stages is
identified, verified, and evaluated. Essentially, this stage deter-
mines the accuracy of the outcomes generated in previous
stages and, ultimately, whether the results align with the objec-
tives set in the “Goal and Scope” step. Continuous interaction
with other stages and various methods to validate the data used
are of utmost importance. Ultimately, this stage is responsible for
drawing research conclusions and providing insights into lim-
itations and practical recommendations.

3. Case study

The purpose of conducting this case study is to assess,
review, and evaluate the contribution of the Electric Propul-
sion System and MPPT-applied Solar PV System when imple-
mented in vessels operating in South Korea, towards making the
maritime industry more environmentally friendly and achiev-
ing net-zero goals. In this case study, we applied the Live-LCA
methodology introduced earlier to comprehensively and accu-
rately determine the environmental impact of these new systems.
Fig. 5 provides an overview of the entire case study conducted
in this research.

3.1 Task 1. Building a database and setting research scope
(Step 1: Goal and Scope)

The goal of this research is to assess the environmental via-
bility of ships equipped with the electric propulsion system and

Solar PV system controlled by MPPT algorithm in South Korea
in comparison to conventional fossil fuel-based ships. To achieve
this goal, the research scope involves selecting a conventional
fossil fuel-based case ship and collecting its operational profile
data. Based on this data, energy usage and resulting environ-
mental impact comparison will be conducted for the same case
ship navigating with electric propulsion and with the application
of the electric propulsion system and Solar PV system. Accord-
ing to this plan, three cases will be considered in this research
as follows and Fig. 6;

- Case 1: Fossil fuel-based mechanical propulsion system

- Case 2: Electric propulsion system powered by batteries

- Case 3: Electric propulsion system powered by batteries
with Solar PV system controlled by MPPT

Case 2 and Case 3 are not from the actual existing ship but
scenarios assumed for the purpose of verifying their feasibility
in terms of the environment. Accordingly, reliable data for
these scenarios needs to be obtained through appropriate mod-
elling based on actual data. In Case 2, unlike Case 1, electric
propulsion motors are installed instead of the main engine. The
energy source for propulsion is electricity rather than MGO,
and this electricity is obtained from South Korea’s national
power grid during the ship berth, stored in the ship’s batteries,
and used during navigation. The overall concept of Case 3 is
similar to Case 2. However, in Case 3, the propulsion energy is
not solely supplied by the stored electricity from the national
power grid but is also supplemented by the electricity gener-
ated by the Solar PV system, which is stored in the batteries
and used in conjunction with the grid electricity. In this case,
the Solar PV system is continuously controlled to maximise

! 3 Cases of energy supply

&y
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tGeneratar i Bow thruster
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Augiliary system

\ i Hotel Load _/

Fig. 6. Three cases of energy supply scenarios for the case ship.
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power production through MPPT.

Based on the research and findings from these three cases,
the ultimate goal is to ascertain whether electric propulsion
ships and, furthermore, vehicles equipped with electric propul-
sion systems in South Korea indeed bring environmental
advantages. Additionally, this research aims to provide insights
into the current state of electricity production in South Korea by
comparing environmental impact results when ships operating in
South Korea use electricity produced domestically versus elec-
tricity produced in other countries with the same energy con-
sumption. The final objective of this study is to offer direction for
regulations and policies regarding the energy sector.

In this case study, the focus will be on GHG emissions for
the three cases of the case ship, and the environmental impact
will be assessed using the Global Warming Potential (GWP, kg
CO, equivalent) as the default functional unit. Furthermore, the
scope of the study does not include ship equipment and
devices. From a holistic perspective of the Well-to-Wake (WtW)
scope, encompassing viewpoints from production to consump-
tion and disposal, the research concentrates on the fuels respon-
sible for over 90% of emissions generated by ships, as they are
central to understanding the environmental impact.

3.1.1 Case ship selection

In this case study, a fishing boat with a Gross Tonnage of
4.99 tons was selected as the case ship. This vessel has a
Length Over All (L.O.A) of 15.06 meters, a Moulded Breadth (B)
of 2.74 meters, and is equipped with a main engine with a
capacity of 238 kW for propulsion. It operates in the waters off
the coast of Busan, following a daily sailing route that departs
from and retumns to the harbour.

3.1.2 Case study framework

The framework of this case study, enabled by the applica-
tion of the Live-LCA methodology, has expanded the boundar-
ies of goal and scope setting compared to conventional LCA
research, which typically involves a simple process from steps
1to 4,

Live-LCA allows for data generation processes, making it
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adaptable and capable of defining extensive goals and scopes.
The study involves refining the energy consumption of the
electric propulsion system, which does not currently exist, and
the energy production from the Solar PV system with MPPT
through iterative simulations, using ship data. It employs the
vessel’s operational data, data on MGO supplied in South
Korea, and information on electricity production in the Korean
national power grid as independent variables. Parameters such as
solar panel characteristics and local weather conditions are
used as mediators to assess the correlation between environ-
mental performance and experimental variables.

3.2 Task 2. LCI with existing data (Step 2: LCI)

32.1 Case 1: Fossil fuel-based mechanical propulsion system

According to the operational profile of the case ship, the ves-
sel consumes approximately 98 kg of MGO per day. This
MGO is imported as crude oil from overseas and undergoes
refining processes in South Korea. Consequently, the environ-
mental impact of the MGO used in South Korea is detailed in
Table 1 (Hwang et al. [2019]).

3.2.2 Case 2: Electric propulsion system powered by batteries

In Case 2, the primary source of energy for the ship is elec-
tricity produced in South Korea. This electricity is transmitted
to the ship through the national power grid, stored in the ship's
batteries, and used during navigation. Based on the findings
from the original operating mode of the case ship, which is Case
1, it was determined that the total energy required for the ship
to consume approximately 98 kg of MGO per day is 475 kWh.

Using this scenario as a basis, the case ship was modelled
with an electric propulsion system. Additionally, to understand
the environmental impact generated during the ship's operation
in this scenario, the production process and environmental
impact factors of the electricity generated for South Korea's
national power grid were examined, as illustrated in Fig. 7 and
Table 2 (International Energy Agency (IEA)[2020]).

3.2.3 Case 3: Electric propulsion system powered by batter-
ies with Solar PV system controlled by MPPT

Table 1. Functional unit of GWP for MGO refined and supplied in South Korea

MGO Functional unit Well-to-Tank (WtT)

Tank-to-Wake (TtW) Well-to-Wake (WtW)

GWP (kg CO, eq./kg MGO) 1.504

3.256 4.761

Table 2. Functional unit of GWP for electricity of national grid in South Korea

South Korea Electricity Functional unit

Well-to-Tank (WET)

Tank-to-Wake (TtW) Well-to-Wake (WtW)

GWP (kg CO, eq/kWh) 0.541

= 0.541
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Fig. 7. Energy sources used to produce electrical energy for the
national power grid of South Korea.

In this case, similar to Case 2, the electric propulsion system
serves as the primary propulsion system, utilising electricity
stored in batteries as an energy source during navigation. Not
only this, the Solar PV system continuously provides power to
the batteries. The batteries store and supply a combination of
electricity from the national power grid and electricity gener-
ated by the solar panels.

To assess the environmental impact of this case, the param-
eters required for generating electrical energy from the Solar
PV system were obtained from RETScreen, based on the oper-
ational route information of the case ship. Furthermore, the
environmental impact per unit of electricity produced by the
solar panels was determined (Jeong et al.[2020]). All informa-
tion is summarised in Table 3.

3.3 Task 3. LCI with data generation by modelling and
simulation (Step 2: LCI)

3.3.1 Modelling

Defined scope, case ship selection and secured operational
profile in Task 1, and the various data collected during Task 2
served as the basis for conducting electric propulsion ship
modelling using MATLAB/Simulink, as illustrated in Fig. 4.

Propulsion motors with the total capacity to produce the
same output as the existing case ship's main engine were uti-
lised. Battery capacity was set to be sufficient for a day’s oper-
ation, and to ensure the appropriate storage and continuous
supply of power generated by the Solar PV system, batteries were
configured as two sets. Consequently, when one set of batteries
supplies power, the power generated by the solar PV system is
stored in the other set of batteries. This system design was
implemented to ensure the safe and consistent supply of power

Daytime hours Irradiance Temperature
s h) (W/m?) (C)
Jan 10.10 236.562 3.1
Feb 10.92 276.660 4.8
Mar 11.95 300.523 8.6
Apr 13.05 344,722 13.7
May 13.98 344.120 17.5
Jun 14.46 305.716 20.7
Jul 14.25 279.293 24.1
Aug 13.46 313.429 259
Sep 12.41 279.718 222
Oct 11.32 292.460 17.5
Nov 10.36 251.955 11.7
Dec 9.87 231.103 5.8
Functional unit of Electricity by Solar PV system
Functional =~ Well-to-Tank  Tank-to-Wake  Well-to-Wake
unit (WtT) (TtW) (WtW)
GWP (kg CO,
ot f,f(k‘%,h) 0.0671 - 0.0671

Table 4. Solar panel selection and total capacity of Solar PV system

Solar panel specification

Maker Sunpower
Model SPR-X21-345
Maximum Power 345W
Open circuit Voltage (Vic) 682V
Short circuit current (1) 6.39 A
Maximum Power Point (MPP) Voltage (Vye:) 573V
Maximum Power Point current (I,,,,) 6.02 A
Module Efficiency 21.5%

Total installation of Solar PV system
Total number of units 20
Array 5 series x 4 parallel
Voltage at MPP 286.5V
Power capacity 6.94 kW

to the load, even when there is significant variability in the
power generated by the Solar PV system.

Assuming that solar panels cover approximately 80% of the
ship’s surface area, a total of 20 solar panels could be installed,
considering the ship’s size. A type of Solar panel was selected
based on models available in MATLAB/Simulink that closely
match those of efficiency used in recent industry applications.
Consequently, the total installed power capacity was 6.94 kW
at 25? and 1000 W/m>. The specifications and modelling sta-
tus of the solar panels are detailed in Table 4.

As per Table 4, when modelling the Solar PV system in
MATLAB/Simulink, the graph depicting the maximum current
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and power based on the voltage generated by the installed solar
panels is as Fig. 8 below.

Furthermore, to consistently maintain the optimal output of
the Solar PV system, which varies due to constantly changing
environmental parameters, the MPPT algorithm was incorpo-
rated into the modelling. Fig. 9 illustrates the basic conceptual
diagram of the MPPT algorithm applied in the modelling.

The modelling and simulation results were compared with
the case ship’s operational profile and energy consumption, con-
firming the proper functioning of the electric propulsion system.

3.3.2 Data from simulation
In the Goal and Scope phase, the specific areas required for

modelling for each case of the selected case ship were estab-
lished, as illustrated in Fig. 10. Consequently, during the simu-
lation phase, simulations were conducted for each case scenario
by appropriately including or excluding equipment and devices
to align with the respective scenarios.

Simulation through the modelling based on Tabl 3, and the
MPPT algorithm, yielded the necessary data to confirm the
effectiveness of Case 3. This data was compiled in Table 5, tak-
ing into consideration that when the case ship operates with an
electric propulsion system, it requires approximately 475 kWh
of energy per day. The energy supply from the Solar PV sys-
tem and the battery was divided accordingly. The environmen-
tal parameter values presented in Table 3 represent the monthly
averages for the waters off Busan. Therefore, in the same way,
Table 5 summarises the monthly average power production
capacity of the installed Solar PV system when the case ship
operates in that region.

3.4 Task 4. LCIA results (Step 3: LCIA)

Based on the data collected in Task 1-3, the environmental
assessment of the fuels and energy used in the three cases con-
sidered for the case ship was conducted. Among various envi-
ronmental impact assessment methods, this research employed
the CML 2001 method as the reference. The assessment was
carried out with a focus on GWP, following the boundaries
established in the Goal and Scope step. Consequently, the daily
GHG emissions values for each case of the case ship are pre-
sented in Table 6.

When estimating the ship’s lifespan as 30 years, configuring
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Table 5. Simulation results for Solar PV system on the case ship

Table 6. Daily GHG emissions values for each case of the case ship

Required energy 475 kWh / day Case 1 Case 2
Month Required energy from Supplied energy from GWP 4665 GWP 2572
Battery (kWh/day)  Solar PV system (kWh/day) (kg CO, eq./day) : (kg CO, eq./day)
January 464.9 10.1 Case 3
February 460.8 14.2 GWP (kg CO, eq./day) from Electricity supplied by
March 457.1 17.9 AR Battery  Solar PV system Total
April 450.5 24.5 January 251.7 0.68 2524
May 4488 26.2 February 249.5 0.95 250.4
June 4526 224 March 247.5 1.20 248.7
July 4559 19.1 April 243.9 1.64 2455
August 4532 21.8 May 243.0 1.76 2447
September 4583 16.7 June 245.0 1.50 246.5
October 458.7 16.3 July 246.8 1.28 248.1
November 4634 11.6 August 245.4 1.46 246.8
December 465.5 9.5 September 248.1 1.12 2492
October 248.3 1.09 2494
the case ship’s systems according to each case scenario and ~ November 250.9 0.78 251.7
December 252.0 0.64 252.6

operating them based on the current navigation route and oper-

ational profile, the total GWP that could occur over the lifes-
pan of the case ship is depicted in Fig. 11.

The research findings indicate that when transitioning a con-

PV system as in Case 3, an additional GHG emission reduc-
tion of approximately 2% can be achieved for the case ship.

ventional fishing boat using MGO to an electric propulsion

system, as in Case 2, only 55% of GHG emissions are gener-
ated. Furthermore, when incorporating an MPPT-applied Solar

3.5 Task 5. Interpretation (Step 4: Interpretation)
Comparative analysis between the user perspective and LCA
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Fig. 11. Total GWP of the case ship during lifespan depending on
each case.

As illustrated in Fig. 2, many studies and regulations have
traditionally assessed the environmental impact of new sys-
tems or energy sources from a user-centric perspective. Addi-
tionally, most existing regulations have also applied and evaluated
compliance with regulations solely from a user-centric stand-
point. According to this perspective, the electric propulsion
system and the Solar PV system with MPPT, as reviewed in
this paper, are considered emission-free clean energy sources,
capable of achieving a 100% reduction in GHG emissions as
compared to Case 1. In other words, when evaluating the envi-
ronmental impact exclusively from a user perspective, the
study estimates that 5.11 x 10° CO, eq., generated over the life-
cycle of the case ship, are saved from a single ship.

However, as clearly demonstrated in Fig. 1, from a holistic
perspective that considers the entire lifecycle, electric energy
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exhibits significantly different environmental impacts depend-
ing on how it is produced. In other words, when electricity
which is generated solely by coal is used on ships, it can actu-
ally have worse environmental impacts from a WtW perspec-
tive than ships powered by diesel. Furthermore, even when
renewable energy sources such as solar and wind, considered
as completely clean energy sources, are used to produce elec-
tricity, they still result in GHG emissions due to the equipment
and operations required for electricity generation.

LCA is a comprehensive approach that allows for the con-
sideration of these factors. In this study, it has been appropriately
applied to determine that, contrary to common perception, elec-
tric propulsion ships equipped without/with Solar PV systems
generate only 55% and 53% GWP respectively, compared to
scenarios using MGO fuel.

3.5.2 Comparative analysis between the conventional LCA
and Live-LCA

As explained in Section 2.1, conventional LCA heavily
relies on existing data to assess environmental impacts. In
cases where such data is lacking, it either excludes them from
the scope of the study or resorts to assumptions and estimations
to derive results. The scenarios proposed in this study involve tran-
sitioning a fishing boat, which operates using MGO, to the elec-
tric propulsion system or an electric propulsion ship equipped
with MPPT-applied solar PV system, all while maintaining the
same route and operational profile. However, real-world ship
and operational data for such scenarios do not exist. Conse-
quently, employing the conventional LCA method would require
making assumptions and estimations for all these data points.
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Fig. 13. Comparison of actual and assumed electric energy gener-
ated by the Solar PV system installed on the case ship.

Conducting research in this manner often leads to results that
significantly deviate from reality. This is because, as depicted
in Fig. 12, actual environmental impacts can not only signifi-
cantly depend on various parameters but also vary consider-
ably with time, location, and circumstances.

In particular, the Solar PV system is highly sensitive to these
environmental parameters, leading to significant variations in
the generated electrical power. Fig. 13 illustrates the amount of
electric energy produced by the Solar PV system in Case 3 sce-
nario, taking into account the environmental parameter data
from the actual route of the case ship operating in the Busan
Sea.

As a result, it was observed that, as depicted in Fig. 12, sig-
nificantly different amounts of energy are generated over time
due to varying parameter values. However, the conventional
LCA methodology does not engage in such processes. In the
absence of data, it relies solely on assumptions to estimate
energy production. Based on this methodology, the calculated
electrical energy production, assuming a total power capacity
of 6.94 kW for the installed Solar PV system on the case ship
and a daily efficiency of 25% for 10 hours, can be seen in Fig.
13. This assumption value can be different significantly; for
instance, during May, when the Solar PV system generates the
most power, the assumption is about 33.8% lower, while during
December, when it produces the least power, it is about 45.2%
higher. Such calculated value remains consistent and is applied
uniformly in conventional LCA, regardless of the operating

Table 7. Number of fishing boats by tonnage in 2022 in South Korea

region, date, or weather conditions, thereby undermining the
accuracy and reliability of research results.

3.5.3 Effectiveness of Electric propulsion ship with Solar PV
system

Through this research, it has been conclusively confirmed
that electric propulsion ships operating in South Korea, equipped
with/without MPPT-applied Solar PV systems, can offer signif-
icant environmental benefits. A fishing boat weighing 4.99 tons,
operating in the waters off Busan, emits a total of 5.11 x 10° CO,
eq. GHG over its lifespan. In contrast, when the same vessel is
designed to operate with an electric propulsion system based
on the same navigation route and profile, it emits only 2.82 x
10° CO, eq. GHG over 30 years. Furthermore, by integrating
an MPPT-applied Solar PV system with the electric propulsion
system, it is possible to achieve reduced emissions in GHG of
up to 2.72 x 10° CO; eq.

The effectiveness of the electric propulsion system and
MPPT-applied Solar PV system has been demonstrated in the
case of one fishing boat. If the scope of this research is extended
to encompass South Korea’s fishing boat fleet, a total of 65,531
vessels registered as of 2022 as indicated by Table 7, it will fur-
ther emphasise the system’s effectiveness (Ministry of Oceans
and Fisheries[2022]).

Among these, fishing boats weighing 5 tons or less number
52,460, accounting for a substantial 80% of the total, and the
vessel selected as the case ship falls within this mainstream cat-
egory. Therefore, assuming that vessels weighing 5 tons or less
are operated based on the same navigation route and profile as
the case ship, the effectiveness of the electric propulsion sys-
tem can be more clearly confirmed. In the existing scenario,
Case 1, it generates approximately 8.93 x 10° CO, eq. annually. In
contrast, in Case 2, it amounts to 4.92 x 10° CO, eq., and in Case
3, it is only 4.76 x 10° CO, eq. In other words, by converting
all fishing boats weighing 5 tons or less in South Korea to the
electric propulsion system and operating them over a 30-year
lifespan, a total reduction of approximately 1.20 x 10" CO, eq.
in GHG emissions can be achieved. Additionally, by incorpo-
rating an MPPT-applied Solar PV system into the electric pro-
pulsion system, approximately an extra 4.78 x 10’ CO, eq. can
be reduced.

In summary, the reduction in GHG emissions obtained by

Tons 0-1 1-2 2-5

5-10

10-50 50-200 >200 Total

Number 13,104 20,736 18,620

9,194

2,709 864 304 65,531
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Fig. 14. Effectiveness of Electric propulsion system and MPPT-applied Solar PV system.

converting all fishing boats weighing 5 tons or less to electric
propulsion systems, as shown in Fig. 14, is equivalent to the
emissions generated by approximately 23,540 vessels of the
same size operating with MGO over their lifetimes. Further-
more, the GHG emissions from approximately 24,480 vessels
operating over their lifetimes with MGO can be offset through

the use of an electric propulsion system with MPPT-applied
Solar PV system. Moreover, under the same Case system, in
the Case 2, approximately 42,710 electric propulsion fishing boats
could be additionally operated over their lifetimes, and based on
Case 3, about 45,900 fishing boats based on electric propul-
sion with solar PV system could be further put into service.
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Fig. 15. Energy sources to produce electric energy for the national grid.
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3.5.4 Insight into energy system of South Korea

The effectiveness of the electric propulsion system and Solar
PV system compared to fossil fuels has been conclusively
demonstrated. However, the benefits from these systems can
exhibit distinctly different pattemns depending on the method of
electricity generation and various environmental factors such
as weather. Consequently, it is essential to investigate how the
effectiveness of the electric propulsion system, which has been
identified as having significant environmental benefits, might
vary and to provide directions for policies and regulations to fur-
ther enhance its effectiveness.

Fig. 15 shows the proportion of energy sources used for electricity
generation supplied to power grids in several countries, including
South Korea (International Energy Agency (IEA)[2020]). This
reveals that, from a WtW perspective, using the same quantity
of electrical energy can yield totally different environmental
impact results in line with Fig. 1.

In addition, the country-specific GWP values per unit of
electricity for 30 countries provided by GaBi are shown in
Table 8 (Sphera Solutions[2023]). Based on this data, the envi-
ronmental impact results over the lifecycle of the selected case
ship, operating under the same schedule and profile but pow-
ered by electricity produced in different countries, are depicted
in Fig. 16.

Fig. 16 clearly illustrates that the environmental impact
results vary significantly depending on which country the electricity
used to operate the case ship was produced. When using electricity

By

Table 8. The functional unit of GWP value per kWh for 30 countries

GWP GWP
Countty (kg CO, eq/kWh)  “™Y (kg O, eq./kWh)
Australia 0.981 India 1.06
Belgium 0.173 Italy 0.477
Bulgaria 0.728 Japan 0.632
Brazil 0.296 Lithuania 0.225
China 0.812 Latvia 0.162
Cyprus 0.823 Malta 0.638
Germany 0.544 Netherlands 0.522
Denmark 0.279 Norway 0.027
Estonia 1.17 New Zealand 0.149
Spain 0.417 Poland 0.971
Finland 0.193 Portugal 0.5
France 0.0928 Romania 0.449
UK 0.309 Sweden 0.0375
Greece 0.756 Slovenia 0.354
Ireland 0.518 USA 0.512

produced in South Korea, GHG emissions are nearly halved
compared to when using MGO as fuel. However, when
electricity produced in Estonia and India is used, it leads to
even greater GHG emissions compared to using MGO. This is
attributed to the higher reliance on coal in these countries for
electricity generation, as depicted in Fig. 1 and Fig. 15. In
addition, for Australia and Poland, the environmental impact
difference between using electric energy and MGO is negligible.
In other words, in Australia, Estonia, India, and Poland, the
electric propulsion system is either ineffective compared to fossil
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Fig. 16. Case ship GWP during the lifespan based on national grid electricity of several countries.
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fuel systems, or it even leads to environmentally severe
consequences.

In contrast, countries like Norway, France, and Sweden,
where a significant proportion of electricity is generated through
renewable and nuclear sources, show remarkably high effec-
tiveness of the electric propulsion system. In the case of South
Korea, which currently relies on coal for about 40% of its elec-
tricity production, it ranks 20th in environmental impact results
among the 31 countries investigated. This highlights that rather
than maintaining the current state, a focus should be placed on
producing more electricity through renewable energy sources,
similar to other advanced nations, to contribute significantly to
mitigating global warming.

These research findings extend beyond electric propulsion
ships alone. Electric vehicles are replacing fossil fuel vehicles
not only in South Korea but in many countries worldwide.
Therefore, a systematic reorganising and greening of national
power systems can have a far-reaching impact beyond the envi-
ronmental results presented in this study. In essence, enhanc-
ing the efficiency of electric propulsion systems and greening
electricity production for improved environmental outcomes rep-
resent a critical and inescapable current challenge, as well as a
sustainable step forward for future generations.

4. Discussion

4.1 Research achievements

First and foremost, the most significant novelty of this
research lies in its methodology. In conventional LCA, the
scope of the study has been strongly affected by the availability
of data. Even when aiming to delve deeper into environmental
impacts, data limitations constrained the study's boundaries,
limiting its scalability and becoming a clear factor in reducing
the reliability, accuracy, and precision of research outcomes.
However, the Live-LCA introduced in this study not only col-
lects existing data in a conventional way but also relies on
accumulating data obtainable through data generation and
extracts/utilises the desired and necessary data through appro-
priate means. This audaciously overcomes the limitations of
conventional LCA and allows for an infinitely expandable
boundary. Consequently, it eliminates constraints on the scope
of the study and significantly enhances the reliability, accu-
racy, and applicability of research results.

Furthermore, in this study, modelling enabled the integra-
tion of the electrical propulsion system into the case ship along
with the Solar PV system instead of the conventional MGO-
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fuelled mechanical propulsion system. This provides environ-
mental insights into scenarios where approximately 52,460
fishing boats of similar types and sizes are converted into elec-
tric propulsion ships or ships with integrated Solar PV systems.
These research findings can serve as valuable foundational
information for stakeholders involved in future shipbuilding
and design decisions. They not only offer guidance to policy-
makers and rulemakers but also provide substantiated evidence
for future directions.

Lastly, this research enables a detailed evaluation and con-
sideration of the electric propulsion system, which is spotlighted
not only in maritime transport but also in inland vehicle, by
incorporating an evaluation of the South Korean national power
grid. Given that the environmental efficiency of electric propul-
sion systems is significantly influenced by the environmental
footprint of the electricity they consume, this study generates
meaningful results that can further encourage sustainable prac-
tices and greening policies.

4.2 The direction of future study

This study involved the modelling of the electric propulsion
system and MPPT-applied Solar PV system based on the oper-
ational profile, engine load, route, etc. of a real fishing boat. In
essence, it verified the suitability of the modelling by imple-
menting systems that do not exist and ensuring that simulation
results aligned with the actual ship's operational data. How-
ever, certain aspects, such as battery weight, installation area,
and battery degradation, were not included within the scope of
this research. Consequently, future research is to encompass an
extended scope that considers these factors. It aims to plan and
execute evaluations regarding additional emissions resulting
from appropriate modelling that accounts for variations in power
demand based on the ship's weight and degradation of sources.

Furthermore, recent research has considered and studied fuel
cell systems linked to various fuels, in electric propulsion sys-
tems, Reflecting this industrial trend, it is crucial to conduct
robust research on electric propulsion systems that include fuel
cell systems and investigate how these systems can be appro-
priately integrated and controlled in conjunction with solar PV
systems and battery systems.

Lastly, environmental impact is not the sole focus moving
forward. Sustainability is increasingly emphasised, necessitat-
ing exploration of systems that can be used continuously over
extended periods. To achieve this, comprehensive research
addressing not only the environment but also the societal (safety)
and economic (cost) aspects, integral components of sustain-
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ability, is imperative. In other words, there is a need for research
that evaluates the safety and cost of electric propulsion sys-
tems, in line with this study. In particular, with regard to install-
ing a solar PV system on small ships, advanced research is needed
to determine the effectiveness of the emission reduction effect
compared to the cost. Moreover, it is essential to assess whether
these systems can indeed be sustainably utilised, providing out-
comes that can contribute to stakeholders.

5. Conclusions

The key finding of this study is that demonstrates the envi-
ronmental benefits of implementing the electric propulsion sys-
tem in small vessels operating in South Korea through the
introduction of Live-LCA and modelling. Furthermore, the
superiority of the methodology has been validated by confirm-
ing that applying a Solar PV system to the case ship and assess-
ing its effectiveness through the conventional LCA method can
result in errors of up to approximately 45%.

From a WtW perspective, when the case ship operates based
on an electric propulsion system in South Korea, it emits only
about 55% of GHGs compared to when it operates using a
mechanical propulsion system fuelled by MGO. Furthermore,
with the addition of an MPPT-applied Solar PV system, the elec-
tric propulsion system can reduce GHG emissions to approxi-
mately 53% of the original level. Thus, if all fishing boats under 5
tons operating in the coastal waters of South Korea were to
switch to electric propulsion systems based on the same load
and operational profile as the case ship, they could achieve a
reduction of approximately 1.20 x 10" CO, eq. in GHG emis-
sions during their lifespan. In addition, the installation of
MPPT-applied Solar PV system could further reduce GWP,
approximately 125 x 10" CO, eq.

Lastly, this study has proven that the expectation that sys-
tems using electric energy will be environmentally friendly,
often held as a vague belief, is not necessarily true from a
holistic perspective. The research results demonstrate that in
some countries, electric propulsion systems can, in fact, con-
tribute to more severe global warming than fossil fuels, and
there are cases where system changes do not yield any bene-
fits. Therefore, this study suggests the need for a review of
approaches that can fundamentally demonstrate environmental
protection effects, rather than blindly directing efforts towards
electric propulsion systems. The research results emphasise the
significance of greening the production of electric energy.

Acknowledgement

The authors wish to thank the University of Strathclyde for
providing one of the authors with financial support for pursu-
ing PhD.

FFEAGTNEgo] 343 FFrt vl AT =T
2R 879E v

References

[1] Bilgili, L., 2023, LCA Studies on Marine Alternative Fuels,
Decarbonization of Marit. Transp., pp. 11-25.

[2] DNV, CII - carbon intensity indicator, https://www.dnv.com/
maritime/insightstopics/ClI-carbon-intensity-indicator/index.himl,
2021 (accessed 2023.09.01)

[3] DNV GL, EEXI - Energy Efficiency Existing Ship Index, https:/
Iwww.dnv.com/maritime/insights/topics/eexi/index.html, 2020
(accessed 2023.09.01)

[4] Ghenai, C., Al-Ani, I, Khalifeh, F., Alamaari, T. and Hamid,
AK., 20193, Design of solar PV/fuel cell/diesel generator energy
system for Dubai ferry, in proc. of 2019 Advances in Science
and Engineering Technology International Conferences (ASET),
Dubai, United Arab Emirates, pp. 1-5.

[5] Ghenai, C., Bettayeb, M., Brdjanin, B. and Hamid, A.K., 2019b,
Hybrid solar PV/PEM fuel Cell/Diesel Generator power system
for cruise ship: A case study in Stockholm, Sweden, Case Stud.
in Therm. Eng., 14, 100497.

[6] Gilbert, P., Walsh, C., Traut, M., Kesieme, U., Pazouki, K. and
Murphy, A., 2018, Assessment of full life-cycle air emissions of
alternative shipping fuels, J. of Clean. Prod. 172, 855-866.

[7] Gnanavel, C., Muruganantham, P. and Vanchinathan, K., 2021,
Experimental validation and integration of solar PV fed modular
multilevel inverter (MMI) and flywheel storage system, in proc.
of 2021 IEEE Mysore Sub Section International Conference
(MysuruCon), Hassan, India, pp. 147-153.

[8] Huang, M., He, W., Incecik, A., Cichon, A., Krélezyk, G and
Li, Z., 2021, Renewable energy storage and sustainable design
of hybrid energy powered ships: A case study, J. of Energy Stor-
age, 43, 103266.

[9] Hwang, S.S., Jeong, B.U., Jung, K.H., Kim, M.G and Zhou, P.,
2019, Life cycle assessment of LNG fueled vessel in domestic
services, J. of Mar. Sci. and Eng., 7(10), 359.

[10] International Energy Agency (IEA), Monthly OECD Electricity
Statistics, https://www.iea.org/data-and-statistics/data-product/
monthly-electricity-statistics#monthly-electricity-statistics, 2023
(accessed 2023.09.05)

[11] International Maritime Organization, 2020, Fourth IMO GHG
Study, International Maritime Organization, London.

[12] Jeong, B.U,, Jang, H.Y.,, Lee, W.J,, Park, C.B., Ha, SM.,, Kim,
DX. and Cho, N.K., 2022, Is electric battery propulsion for ships



tigl=e] A s A% B AAR Ale] 7Iss 2hE 2] 1 Advle] da 431

truly the lifecycle energy solution for marine environmental pro-
tection as a whole?, J. of Clean. Prod., 355, 131756.

[13] Jeong, B.U,, Jeon, HM., Kim, S.W,, Kim, J.S. and Zhou, P,
2020, Evaluation of the lifecycle environmental benefits of full
battery powered ships: Comparative analysis of marine diesel
and electricity, J. of Mar. Sci. and Eng., 8(8), 580.

[14] Karatug, C. and Durmusoglu, Y., 2020, Design of a solar pho-
tovoltaic system for a Ro-Ro ship and estimation of performance
analysis: A case study, Sol. Energy, 207, 1259-1268.

[15] Leung, C. and Cheng, K., 2017, Zero emission solar-powered
boat development, in proc. of 2017 7th International Conference
on Power Electronics Systems and Applications-Smart Mobil-
ity, Power Transfer & Security (PESA), Hong Kong, pp. 1-6.

[16] Livanos, GA., Theotokatos, G and Pagonis, D.N., 2014, Techno-
economic investigation of alternative propulsion plants for Fer-
ries and RoRo ships, Energy Convers. and Manag., 79, 640-651.

[17] Ministry of Oceans and Fisheries, 2022, Statistical Yearbook of
Oceans and Fisheries, Ministry of Oceans and Fisheries, Repub-
lic of Korea.

[18] National Renewable Energy Lab., 2021, Life Cycle Greenhouse
Gas Emissions from Electricity Generation: update, National
Renewable Energy Lab.(NREL), Golden, United States.

[19] Pakkiraiah, B. and Sukumar, GD., 2016, Research survey on
various MPPT performance issues to improve the solar PV sys-
tem efficiency, J. of Sol. Energy, 2016, 8012432.

[20] Park, C.B., Jeong, B.U., Zhou, P, Jang, H.Y., Kim, S.W,, Jeon,
H.M., Nam, D. and Rashedi, A., 2022, Live-Life cycle assess-
ment of the electric propulsion ship using solar PV. Appl. Energy,
309, 118477.

[21] Rutkowski, G, 2016, Study of Green Shipping Technologies-
Harnessing Wind, Waves and Solar Power in New Generation
Marine Propulsion Systems, Int. J. on Mar. Navig. and Saf. of Sea
Transp., 10(4).

[22] Shi, Y. and Luo, W., 2018, Application of solar photovoltaic
power generation system in maritime vessels and development
of maritime tourism, Pol. Marit. Res., 25(s2), 176-181.

[23] Sphera Solutions, GaBi software, 2023.

[24] Symington, WP, Belle, A., Nguyen, H.D. and Binns, JR., 2016,
Emerging technologies in marine electric propulsion, Proc. of
the Inst. of Mech. Eng., Part M: J. of Eng. for the Marit. Envi-
ron., 230(1), 187-198.

[25] Yuan, C., Pan, P., Sun, Y., Yan, X. and Tang, X., 2021, The eval-
uating on EEDI and fuel consumption of an inland river 800PCC
integrated with solar photovoltaic system, J. of Mar. Eng. &
Technol., 20(2), 77-92.

Received 10 October 2023
Revised 13 November 2023
Accepted 14 November 2023



	Effectiveness of Electric Propulsion Ship with Solar PV Control Toward Cleaner Shipping in South Korea
	요약
	Abstract
	1. Introduction
	2. Methodology
	3. Case study
	4. Discussion
	5. Conclusions
	References


