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9. Reviewers should act with the awareness that they are the most basic determinants of the

academic quality of the articles to be published in the journal and they should review the

article with the responsibility to increase academic quality.
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Ethics and Responsibilities.

11. Reviewers should review the articles within the time that has been allowed. If they can
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soon as possible.

12. Reviewers should report their opinions and suggestions in terms of acceptance /

revision / rejection for the manuscript in the peer review process through the Referee Review

Form which is provided by DergiPark.

13. In case of rejection, reviewers should demonstrate the deficient and defective issues

about the manuscript in a clear and concrete manner in the provided Referee Review Form.

14. Review reports should be prepared and submitted in accordance with the format and

content of the Referee Review Form which is provided by Turkish Journal of Maritime and
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1. Editors are responsible of enhancing the quality of the journal and supporting the authors
in their effort to produce high quality research. Under no conditions do they allow plagiarism
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2. Editors ensure that all submissions go through a double-blind review and other editorial
procedures. All submissions are subject to a double-blind peer-review process and an
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download, distribute, copy, print, search, or link to the full texts of the articles free of charge.
This is in accordance with the BOAI definition of open access. According to BOAI
(Budapest Open Access Initiative); By “open access” to peer-reviewed research literature, its
free availability on the public internet, permitting any users to read, download, copy,
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Impacts of the Form Design and Operational Factors on the Energy Consumption of a Solar-
Powered Boat: A System Dynamics Approach

Giines Enerjili Bir Teknenin Enerji Tiiketimi Uzerinde Form Tasarimi ve Isletme
Faktorlerinin Etkileri: Bir Sistem Dinamigi Yaklasimi

Tiirk Denizcilik ve Deniz Bilimleri Dergisi Cilt: 9 Say1: 2 (2023) 66-81

Burak GOKSU''"', Onur YOKSEL""
' Zonguldak Bulent Ecevit University, Maritime Faculty, Marine Engineering Department, Zonguldak, Turkiye

ABSTRACT

This research paper aims to design a solar-powered boat and analyze the effects of environmental
and form-related factors on power consumption and battery duration by utilizing a system dynamics
approach-based simulation. The boat form is designed as the planing hull and its hull resistance
analysis was ensured in Maxsurf package program. PV panels with 548 W power output and two
battery packs with 4660 Wh capacity were placed on the hull body to employ an electric motor with
a 10-kW nominal power output. Two MPPTs were implemented in the system to increase solar
system efficiency. The relationships between all system components were modelled in Vensim
software to observe battery endurance changes under different conditions. Results demonstrated
that the ideal vessel speed is calculated to be around 7 knots with roughly 8 hours of battery
duration for the designed boat. A critical stage of charge for sailing is 40% since 1.63 hours of
cruising time may be achieved while maintaining a speed of 5 m/s (9.72 knots). Indeed, the boat’s
rising trim angle shortens the battery discharge time; thus, navigation by no trim angle is the most
effective usage for the vessel.

Keywords: Solar-powered boat, System dynamics, Photovoltaic system, Renewable energy
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OZET

Bu arastirma makalesi, gilines enerjisiyle ¢alisan bir tekne tasarlamay1 ve ¢evresel ve bigimle ilgili
faktorlerin giic tiiketimi ve batarya siiresi lizerindeki etkilerini sistem dinamigi yaklasimina dayali
bir simiilasyon kullanarak analiz etmeyi amaglamaktadir. Tekne formu, kayma goévdesi olarak
tasarlanmig ve gdvde direnci analizi Maxsurf paket programinda yapilmistir. 548 W gii¢ ¢ikisina
sahip PV paneller ve 4660 Wh kapasiteli iki adet pil paketi, 10 kW nominal gii¢ ¢ikisina sahip bir
elektrik motorunu c¢alistirmak icin govde govdesine yerlestirilmistir. Giines enerjisi sistemi
verimliligini artirmak i¢in sistemde iki adet MPPT kullanilmistir. Tiim sistem bilesenleri arasindaki
iliskiler, farkli kosullar altinda pil dayaniklilhik degisikliklerini gozlemlemek icin Vensim
yaziliminda modellenmistir. Sonuglar, tasarlanan tekne ic¢in ideal tekne hizinin yaklasik 8 saat
batarya kullanim siiresi ile 7 knot hesaplandigin1 gostermistir. %40 sarj durumu seyir i¢in kritik bir
olarak belirlenmistir, ¢iinkii hiz 5 m/s (9,72 knot) sabit tutularak %40 seviyesinde 1,63 saat seyir
siiresi saglanabilmektedir. Teknenin artan trim acgis1 akiiniin desarj siiresini kisaltmaktadir ve trim
acist olmadan seyir tekne i¢in en etkili kullanim olarak belirlenmistir.

Anahtar sozciikler: Giines enerjili tekne, Sistem dinamikleri, Fotovoltaik sistem, Yenilenebilir
enerji

1. INTRODUCTION years, the International Maritime Organization
(IMO) has established ambitious objectives to
Technological improvements and the growth of reduce greenhouse gas emissions from maritime
population yield a remarkable increase in the traffic. The IMO has set a target of at least a
energy demand around the Globe (Kannan and 40% decrease in carbon emissions from 2008 to
Vakeesan, 2016). Fossil fuels have met the 2030 (Ivanova, 2021). The Energy Efficiency
raised energy demand since the 1800s; however, Existing Ship Index (EEXI), released on June
the world has faced crucial environmental issues 17, 2021, replaced the Energy Efficiency
because of exploiting fossil fuels. The emerging Design Index (EEDI) to lower carbon emissions
problems can be classified as major from existing ships. Using the weight of the
environmental accidents, water pollution, cargo carried and the distance travelled, EEXI
marine pollution, land use and sitting impact, determines the ship’s energy efficiency and
solid waste disposal, hazardous air pollutants, displays its carbon emissions (Spinelli et al.,
poor air quality, acid rain, stratospheric ozone 2022). The EEXI-linked Carbon Intensity
depletion, and global climate change. In Indicator (CII) reduction factor measures how
addition, fossil fuel reserves have been depleted much operation-based carbon intensity has been
since they are non-renewable sources. That’s reduced. If a marine vessel has 5000 gross tons
why the utilization of Renewable Energy (GT) or more, its CII performance must be
Sources (RESs) in every industry becomes a monitored annually, and the CII and EEXI
more significant issue considering the current documentation has to be completed by January
environmental and economic situation in the 1, 2023. Passenger ships and oceangoing freight
World (Dincer, 2000; Kannan and Vakeesan, boats with 400 GT or more must compute their
2016; Mueller and Wallace, 2008). EEXI. The approaching, brief deadline prompts
The maritime transportation industry the vessel’s crew to use and improve energy-
unquestionably harms environmental factors efficient technology and alternative energy
(Eyring et al., 2005). A 2021 analysis from the sources (Konur et al, 2023; S. Wang et al.,
International Energy Agency noted that 2021).
international maritime freight transit accounts Some significant challenges and issues exist in
for around 2% of energy-based CO, emissions. the field of RESs. The most crucial ones can be
(Connelly and Idini, 2022). Over the past ten listed as survivability, reliability, and
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affordability. The decided system’s resource
selection must consider precise projected
effective operating circumstances. A well-
integrated renewable energy system results in
fewer interactions between the parts. The design
parameters of the system will be assessed and
chosen using numerical modelling tests and
calculations (Mueller and Wallace, 2008).
Different types of energy sources and their
potentials are considered when determining a
renewable energy source for a system. In the
literature, the potentials of alternative energy
sources are examined under the following five
different aspects (Hoogwijk and Graus, 2008):

e Theoretical potential is the highest level of
potential. This only accounts for natural and
climate parameter constraints.

The geographical potential is a theoretical
potential reducing factor that most renewable
energy sources have geographical
restrictions, e.g., land use and land cover.
The geographical potential is the theoretical
potential constrained by the resources in
geographical regions.

The technical potential is further reduced
geographical potential due to technical
limitations in conversion efficiency.
Economic potential is the technical potential
for cost levels considered competitive.
Market potential refers to the total amount of
renewable energy that can be applied on the
market, considering market potential, energy
demand, competing technologies, costs and
subsidies of renewable energy sources, and
obstacles. The market potential, including
opportunities, may be greater than
theoretically the economic potential, but it
will turn into potential market potential due
to potential hindrances.

Solar-powered boats are becoming increasingly
popular for recreational and daily use since they
are quiet, reliable, maintenance-free, and simple
to operate. The case boat in this study, which
will be used for both transportation and pleasure
without polluting the environment, is constantly
charged by the sun throughout daytime hours,
eliminating the need for fossil fuel
replenishment. This single-passenger capacity
concept vessel can transfer energy from the
main line during the time it is moored to the
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dock on cloudy days or is heavily utilized. This
design, which enables personal use, is intended
for use in touristic areas such as Izmir and
regions with year-round long sunlight hours.

2. LITERATURE REVIEW

Considering the information given before in this
research and the goals set by IMO, solar energy
utilization is a reasonable choice for marine
vessels. Especially for small ships, the electric
motor, battery, and photovoltaic (PV)
combination can provide decent propulsion.
Small marine vessels can now use battery and
electric motor propulsion due to technological
enhancements to guarantee zero-emission ships
(Solangi et al., 2011). The all-electric ship
(AES) and hybrid-powered ship concepts have
been the subject of some research papers
published in the previous decade. Nobrega and
Rossling, (2012) presented a design for a
pleasure ship having a hybrid propulsion unit.
The calculations and analyses have been carried
out for the PV panel and diesel engine. Rivera-
Solorio et al. (2013) designed and constructed
an AES by utilizing computational fluid
dynamics (CFD) within the scope of a student
project. Cupelli et al. (2015) reviewed the
technological progress of network architectures
and approaches for AESs regarding network
stability. Kabir et al (2017) retrofitted a
conventional ferry into a solar-powered boat
with 1 kW solar panels and 9600 Wh energy
storage units. Batteries that are fully charged
can propel the vessel 60 kilometers at a speed of
3 knots. Balsamo et al. (2017) presented a novel
energy management strategy (EMS) for a hybrid
storage system involving batteries and
supercapacitors for an AES using a simulation
written in MATLAB/Simulink environment.
Banjarnahor et al. (2017) designed a wind and
solar energy harvester to supply energy for a
refrigerator in a fishing boat. Solar panels
provided daily 815-817 Wh of energy while
wind turbines ensured 43-62 Wh that met the
energy demand of the fishing boat. Nasirudin et
al. (2017) introduced a methodology to optimize
and determine the size of a PV system
considering the minimum cost. The golden
search algorithm is utilized to gather minimum
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propulsion power, and the Simplex algorithm is
used to reduce battery and PV module costs.
The optimal design is found as 32 PV modules
(8.96 kW) and 32 batteries (34.56 kWh), while
water line dimensions are 14.44 meters long,
4.37 meters wide, 0.852 meters deep, and
16.258 tons in total displacement. The PV
system’s annual capital cost is around $3557.
Tamunodukobipi et al. (2018) analyzed the
design of a solar-powered light weigh leisure
AES. The ship had the catamaran form, and the
resistance was calculated as 740 N at 5 knots
using Savitsky and CAHI techniques. 3 HP of
Electric motors and batteries having 235 Ah
capacity were chosen, regarding the propulsion
system the size of the PV module was
determined. Kurniawan and Shintaku (2018)
ensured a control strategy for PV power
distribution in an AES. When the PV array
voltage is kept above 95 V, the maximum power
from the PV panel can be obtained with 99%
efficiency. Chao et al. (2018) conducted
research that involved a design for a PV power
distribution of a marine vessel system having
ten PV panels, a maximum power point tracker
(MPPT), and a controller. The proposed system
improved energy efficiency by approximately
28%, while the solar system met 40-50% of
total power depending on sunlight exposure.
Leung and Cheng, (2018) ensured an analysis
based on various case studies for a solar-
powered ship design. The results depicted that
PV panel utilization can reduce up to 77.42% of
COz, depending on the panel efficiency. Obaid
et al. (2019) designed and simulated a hybrid
electric-powered boat that includes a fuel cell,
wind, and solar energies with an MPPT system.
The simulation’s outcomes can be used to
indicate how the electric boat can keep going
even when the wind and sun irradiance change.
Pakhmode et al. (2019) provided a solar-
powered water surface garbage gathering ship
design to prevent water pollution and to assist
with safety and security-related duties.

System Dynamics (SD) approach is one of the
system thinking methodologies that avoids most
jargon and complex explanations while
operating in a whole-system approach (Hjorth
and Bagheri, 2006). SD has been utilized to
evaluate  energy  systems and  their
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environmental sustainability in various fields.
Anand et al. (2006) applied the SD approach to
evaluate the reduction of CO> emissions from
the cement industry. Results showed that based
on an integrated reduction scenario introduced
in the paper, a 42% reduction in CO; emissions
can be ensured. Aslani ef al. (2014) discussed
and analyzed energy dependency and the impact
of the policies in Finland. Despite Finland’s
projected 7% increase in power and heating
demand by 2020, analysis indicates that import
dependence will decline by 1% to 7%,
depending on the scenarios used. Pizzitutti et al.
(2017) carried out research that comprises a
decision-support  framework for tourism
management in the Galapagos Islands of
Ecuador using the SD method. The remarkable
issues for the region to enlarge the human
occupation are found as the unique natural
ecosystem of the Islands is under threat from an
increasing number of invasive species, and the
capacity of the Galapagos National Park to
receive tourists is quickly being reached.
Esmaieli and Ahmadian (2018) conducted a
simulation of the long-term electricity market
using the SD method to observe the impact of
the current and proposed research and
development encouragements on wind energy
investments. The outcomes showed that the
suggested incentive was more successful than
other well-known encouragements. Gravelsins
et al. (2018) modelled the flexibility of energy
generation using the SD method. Findings
demonstrated that the limitations of intermittent
power generation from renewable sources that
can be integrated into the power system are
raised by the consequences of technological
disruption in the model. Jia et al (2019)
investigated the impact of the air pollution
charging fee (APCF) policy to lower haze
pollution in China using a dynamic simulation
based on the SD approach. The simulation
results demonstrated that the APCF policy
successfully achieved the beneficial scenario of
pollution reduction and congestion release. Liu
et al. (2019) assessed the energy performance
gaps of green offices in China using an SD
methodology. The findings suggest that building
managers should focus more on interactions
with regular tenants and less on messages with
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austerity inhabitants to raise occupant awareness
of energy conservation.

Pereira et al. (2020) analyzed the effects of
energy change in medium-sized industries on
the sustainability of small and medium
industries using the combination of the fuzzy
cognitive mapping and SD method. The experts
validated the model’s performance, and the
authors also examined their constructivist,
process-oriented framework’s benefits,
drawbacks, and implications for both study and
practice. Pan et al. (2021) provided an SD
simulation to evaluate the effectiveness of
trading policies related to carbon emission
reduction. Results indicated that a successful
emission reduction could be achieved with the
utilization of multiple policies. Joshi et al.
(2021) ensured an SD-based simulation to
assess the effect of the policies on recycling
lead-acid batteries. Although a very high
subsidy can result in the closure of regulated
and unregulated recycling businesses, the
authors’ findings show that subsidizing formal
batteries can minimize the amount of lead
excretion. Baskoro et al. (2021) evaluated the
coal utilization scenarios in Indonesia using the
SD methodology. The findings indicate that
Indonesia’s coal production will rise in the
future.  Among  these  scenarios, an
environmentally oriented scenario can lead to
33.5% of coal, 19.4% of oil, 7.8% of gas, and
39.3% of RES usage. Mobaseri et al. (2021)
investigated waste reduction in the food
industry and its environmental impact using the
SD methodology. Based on the findings, annual
food demand and energy consumption increases
will be 1.35% percent and 3.31%, respectively.
In these conditions, pollution emissions increase
by 4% annually, reaching 1.13 million tons in
2031. Sheheryar et al. (2021) estimated CO»
emission reduction through the utilization of
ultrahigh-performance concrete instead of
ordinary Portland cement concrete using the SD
method. Results indicated that the usage of
mentioned concrete can reduce CO; emission by
17%. Stasinopoulos et al. (2021) conducted an
SD approach-based analysis of the GHG
emission reduction potential using an
autonomous vehicle fleet. The findings revealed
that the greenhouse gas intensity of the energy
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supply and fuel efficiency of internal
combustion engine vehicles have the greatest
impact on reducing greenhouse gas emissions.
Although the benefits may be offset by
autonomous vehicles' inefficiency and increased
demand. Ye et al. (2021) analyzed the
efficiency of a certified emission reduction
scheme in China and its impacts on CO»
emissions through case scenarios using the SD
approach. Findings depicted that the double
trading market scenario compared to the
baseline scenario can produce much extra cost
savings over time. Daneshgar and Zahedi (2022)
assessed the probability and generation capacity
of hydropower plants using the data gathered
from Karun 1 and SD approach. Different
scenarios were tried regarding water release
methods and cost limits. The findings depicted
that the most profited scenario provided 3047
$/MW for two years and was the discharging of
15% of the dam. Francis and Thomas (2022)
presented a methodology named dynamic life
cycle sustainability assessment based on SD
methodology. The case study findings
demonstrate that underestimating general
sustainability impacts by around 50% and
specific environmental impacts by about 12%
when time-dependent dynamic factors are
ignored in building sustainability assessments.
Kong et al. (2022) examined the impact of
carbon reduction amendments on the maritime
supply chain using a case-based SD approach.
The outcomes demonstrate that shore power has
a huge potential for lowering emissions.
Shadman e al. (2022) investigated the
implementation, future, and role of RES in
Malaysia by utilizing the SD approach in terms
of aspects of energy security. The results
indicated that Malaysia’s total environmental
sustainability can be improved, and its reliance
on energy imports can be decreased. Eftekhari
Shahabad et al. (2022) explored the impacts of
the incentives for solar panels utilized in houses
using SD methodology through a case study in
Iran. Results highlighted that it is wvital to
implement additional policies in addition to
subsidies, such as building sizable renewable
power plants or deconstructing outdated
inefficient fossil fuel power plants.

The first part of the literature review involved
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the RES-powered ship and illustrated that the
AES concept was analyzed majorly in terms of
ship design, EMS optimization, microgrid
enhancements, economic analysis, route
optimization, and component sizing. The second
part of the review was about SD approach-based
simulations about energy modelling, energy
dependency analysis, and PV panel utilization in
various fields such as cement and automotive
industries. Studies also investigated emission
reduction strategies and predictions of energy
source distribution by using the SD approach.
The review depicted that there has been a
research gap in the evaluation and enhancement
of the solar-powered marine vessel’s
performance by utilizing SD methodology. This
study’s objectives include designing a solar-
powered boat and using an SD approach-based
simulation to examine how environmental and
form-related elements affect power
consumption and battery life. The SD technique
is a well-known and practical methodology that
can successfully simulate this kind of dynamic
system. The boat form is designed as the
planing hull type and its analysis were ensured
in Maxsurf software. Boats with planing hulls
are made to rise up and glide over the water
when enough power is applied (Savitsky, 1964).
PV panels with 548 W power output and two
battery packs with 4660 Wh capacity were
placed on the hull body to employ an electric
motor with a 10-kW nominal power output.
Two MPPTs were implemented in the system to
increase efficiency. Vensim software was used
to simulate the relationships between every
system component to track variations in battery
endurance under various circumstances. The
main motivation is to optimize the energy

demand for components of PV-powered boats
and to attain increased battery discharge time.

3. SYSTEM DESCRIPTION

The investigated system configuration involves
PV panels, MPPT, battery sets, an electric
motor and propeller, and the hull. The
specifications of the system components shown
in the diagram are presented in Table 1.

Four of SP-137 model solar panels were
selected to produce energy to be used in the
system. Two pairs of panels are connected in
series, and then both are connected in parallel to
obtain 48 volts and keep the panel output
amperage value low. The output voltage of the
solar panels varies according to the amount of
irradiation on the panel surfaces. Hence, a
device, which restricts the flow direction, must
be added to the system after each panel pair.
Diodes direct electric current in one direction
and are the most compatible items for this
purpose (Ellenbogen and Christopher Love,
2000). Two high-performance lithium-ion
batteries are connected in series and each
battery is fed by one MPPT to obtain the voltage
that will fill the batteries from the solar panels.
A battery has a 25.9 V nominal output voltage
and due to the series connection of the batteries,
approximately 50 V output voltage will be
attained. This connection is needed for the 48 V
electric motor input value. The required power
of the electric motor is adjusted with Torgeedo
remote throttle. The setting will change the
angular velocity of the propeller to reach the
desired speed of the boat. In Figure 1, the
schematic of the system is illustrated.

Table 1. Selected components of the system

Electric motor

PV panels MPPT Battery MCU Hull
and propeller
Torgeedo Power Torgeedo Cruise
Solbian SP-137 Outback
26-104 High- 10.0 R electric 4900 mm overall
137 Watt Flexmax 80
performance Torgeedo motor length, 700 mm
24V 12-60 VDC o .
lithium battery top 48 V nominal molded beam, and
5.7A battery . . .
25.9 nominal mounting  voltage 10kW input 800 mm depth
Eff.%22.5 charge .
. voltage throttle power Eff.%56 fiberglass planing
Monocristal voltage 180 A ma and v32/p10k hull
. X v u
silicon cells Eff. %98 . P
discharge propeller
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1490 x 546mm

I

MPPT Battery

Figure 1. Diagram of system components

Each solar panel consists of 44 PV cells, and a
PV cell has an area of 165 cm?. Thus, a solar
panel has a total area of 0.726 m?. Four solar
panels will be used in the system so that the
total PV cell area will reach 2.9 m? The total
theoretical power output is calculated as 548
watts. The selected Flexmax80 model MPPT
can work up to 60 VDC and has an 80-
amperage maximum output current. Each
lithium battery has 4660 W maximum discharge
power, so the designed system will have 9320
W power. This total capacity will be controlled
by the motor control unit (MCU) (Torgeedo top
mounting throttle) to provide power to the
motor from batteries. Torqgeedo Charger Power
26-104 model battery chargers will fill the
batteries when the irradiation is insufficient.
During the boat hull design phase, the total
weight of the system's equipment and the
driver's weight were evaluated, and the hull was
formed regarding the weights given in Table 2.

Table 2. Weights of the system components

Component Weight (kg)

4 x Solar panel 8
2 x MPPT 11

2 x Lithium battery 48.6

Electric motor 61.3
Driver 75
Miscellaneous 25
Hull 50

Total 278.9

The total weight of the solar-powered boat has
reached 278.9 kg. Hence, the displacement of
the boat must be this value. Moreover, when the
boat's draft is at 165 mm, it gives 278.4 kg
displacement weight. To calculate the power
output from the PV panels, solar radiation data
of the Izmir Gulf, where the boat is designed to

operate, are used. The mean of monthly
irradiation values is used in the calculations.
Figure 2 indicates the monthly irradiation data
for the Izmir region.

0.65 0621 0608
0.6

o o
a2 i
&5 &

Irradiation (KW/m?)

© 5 o
WA b

=
ty
i

Figure 2. Irradiation values of Izmir (Cedar
Lake Ventures, 2022)

4. MODELING

Hull design calculations have been provided
using Maxsurf software which is a commonly
used naval architecture program in similar
projects and academic studies (Bentley, 2022).
The designed hull is considered a chined hull
form when the boat reaches the required planing
speed, and hydrodynamic forces can lift the
total boat weight (Lindbergh and Ahlstrand,
2020). To optimize a photovoltaic system, it is
necessary to determine the functions and
locations of the components in the system. Also,
the relationship between the components of the
system must be defined. The whole system from
where the energy is produced to where it is
consumed is shown in Figure 3.
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Figure 3. Solar-powered boat energy flow

The power of the PV system is generated as
voltage in solar cells, which is converted by
MPPT to the maximum power point at the
highest voltage value. An MPPT is a DC-DC
converter attached between the solar panels and
their load to obtain optimum matching. The
output power characteristics of the PV system as
functions of solar irradiation and temperature
curves are not linear and are influenced by
irradiation and temperature. These continuous
fluctuations affect the PV operating point;
therefore, it must be fixed at the best voltage.
The required energy for the electric motor is
provided from batteries with the help of MCU
that adjust the battery output voltage regarding
the power by the electric motor. Depending on
the desired speed, the interaction between hull
and water varies, and consequently, electric
motor needs various power consumption values.
The trim angle and the propeller velocity are
also affected by boat speed, and due to the
change in ship resistance, the total power
needed is altered by direct or indirect factors of
the whole PV-powered boat (Walker, 2001).

The relationship between power consumption,
battery discharge, and PV Panel battery charge
has been explained by using the SD approach.
The system model is developed in Vensim
which provides a dynamic SD-based simulation
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environment (Ventana Systems, 2015). SD is a
strategy for analyzing and handling dynamic
issues in intricate feedback. The following steps
make up the approach for system dynamics
modelling (Gravelsins ef al., 2018):

e Specifying the dynamic problem’s definition
and the modelling’s objective,

Developing the dynamic hypothesis based
on the researched system’s structure,
Establishing the fundamental elements of
the model as a set of parameters, feedback
loops, and ticks (which accumulate flows
and govern stock level),

Validation of the model,

Testing the policies to identify the most
important variables that can be altered to
improve the system’s undesirable behavior.
The electric motor consumes power while the
batteries are being charged by the panels.
Battery endurance time stands out in this
system. When all irradiation values are suitable,
all batteries can be charged from 0% to 100% in
approximately 17 hours with PV panels. At this
point, effective usage of the solar-powered boat
becomes prominent. Relationships among boat
hull resistance at various speeds, total panel
power, propulsion efficiency, and total battery
capacity must be well adjusted to attain long
battery durations for usage. For this purpose, all
variables in the system were mapped in Figure 4
with Vensim software. To observe battery
endurance time according to alterations of all
parameters.
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Figure 4. System dynamics model of the solar boat

The resistance of a ship at a given speed is the
towing force at that velocity in smooth water. If
there are no appendages on the boat, this value
is named bare hull resistance. The required
power to overcome this resistance is calculated
using Equation 1.
Py =Rp XV (1)
where Py, is effective power (kW), Ry represents
total resistance (kN), and V is the velocity in
m/s (Lewis, 1998). Ry has some components,
generally Ry (bare hull drug), R4p (appendages
drag), R, (air drag) and Rp,p (parasitic drag)
are considered to calculate ship resistance
(Lindbergh and Ahlstrand, 2020). The bare hull
resistance value equals the addition of pressure
and frictional resistance. Appendage drag
includes shaft bosses and brackets, rudders,
stern frames, etc. Air drag is affected by the
above-water part of the main hull and
superstructures because of the movement of the
boat through the air (Saral and Kdse, 2020). The
calculation of Ry is shown in Equation 2
(Lewis, 1998).

Rr =Ry + Ryp + Ry + Rpar (2)
In this study, the R, air drag value is considered
zero because of the lack of above-water area
and superstructure body. Also, due to the type

of selected electric motor, there is no rudder,
and the total electric motor efficiency calculated
from the producer Ryp is ignored. Rpug is
neglected not only because it has a lower effect
but also because the technology implementation
has improved (Lewis, 1998). Since these
neglected resistance components, the calculation
has been ensured under the assumption of R;=
Ry. All the used formulas belong to the
Savitsky method, which is one of the methods
of calculating the bare hull resistance of planing
hulls (Lindbergh and Ahlstrand, 2020).
According to the Izmir Gulf’s annual mean sea
water temperature (18.5°C), kinematic viscosity
will be used v=1.055 m?/s. The water density of
the seawater in Izmir Gulf is taken as 1025
kg/m? (Eronat, 2017; Pazi and Ozturk, 2012).
Equation 3 illustrates the formula for calculating
the energy produced by PV panels (Aijjou et al.,
2019).

E= A,*nxHg P, 3)

where the energy in kWh is referenced as E, 4,
is the solar panel area (m?), n represents the
efficiency of the panel, and P. is the
performance ratio that involves all losses on the
system (accepted as 0.75), and average solar
radiation is represented as H,.

The Coulomb counting method is used to
estimate the battery’s state of charge (SoC).
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Equation 4 shows how the SoC calculation is
mathematically formulated over time. (Saxena
et al., 2016; Sepasi et al., 2015).

SoC(t) = SoC(0) — (ftn : I(t)/Cav> 4)
0

where SoC (0) represents the initial charge SoC,
SoC(t) is the SoC at time t, C,,, is the available
battery capacity, [(t) is the charge/discharge
current at the time t, and the Coulumbic
efficiency is accepted as 1.

5. RESULTS AND DISCUSSION

Impacts of the initial battery level, trim angle,
and boat speed variations have been
investigated through an SD simulation formed
in Vensim software. Table 3 and Figure 5
indicate the variation of power consumption in
kW and battery duration in hours regarding boat
speed changed from 4 m/s to 8 m/s (7.78 knots
to 15.55 knots). The initial speed value is
selected as 4 m/s since the Savitsky planing hull
calculations don’t involve the lower speed
values. The maximum output power of the
electric motor (10 kW) limits the peak speed at
8 m/s which met the desired velocity.

—a—Power Consumption (kW) ———Battery Duration (h)

12

Power Consumption (KW)
(1) noppeangg Lrappeyg

= 2 & o e

6
Boat Speed (m/s)

Figure 5. Relation between boat speed, power
consumption, and battery duration

Table 3. Required power and battery duration
change regarding boat speed

Boat Boat Power Battery
speed speed consumption duration
(m/s) (knot) (kW) (hours)

4 7.78 1.38 8.73

5 9.72 2.60 4.07

6 11.66 4.36 2.30

7 13.61 6.77 1.44

8 15.55 9.90 0.97

75

The battery duration is found satisfactory at
lower speeds. At 7.78 knots, the boat provides
an acceptable usage time for achieving daily
duties. The planing form chosen for this vessel
helped to ensure these convincing outcomes.
For the latter analysis, the boat speed was kept
constant at 5 m/s, and it is accepted that the boat
has no trim angle. Relationship between initial
battery levels and durations were examined for
the SoC of 40% to 100% of battery level and
illustrated in Figure 6.
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Figure 6. The relation between initial battery
level and battery duration at 5 m/s boat speed

The four-hour cruise time is likely to be used
near the shore when starting with full batteries.
It is calculated that even at the 40% level, the
batteries run for over an hour and a half. This is
a very promising result for this boat design. In
the following analysis, boat speed has been
taken to a constant value of 5 m/s and the
battery charge level has been 80%. Also, at 5
m/s speed and with no trim angle condition,
power consumption has been obtained as 2.60
kW. Besides, in the same conditions with an
80% battery level, the battery duration was 3.26
hours. Moreover, when the effect of increased
trim angle on battery endurance and power
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consumption analysis has been conducted,
approximately up to 4% battery duration could
be lost at a 10-degree trim angle. Indeed, the
trim angle effect on navigation time, with an
80% charged battery pack, is shown in Figure 7.
The findings related to the trim angle are in line
with the experimental study conducted by
Giraldo-Pérez et al., (2022) for various hull
types including planing hull. The optimum
vessel speed was found at 7.78 knots which also
complies with the studies using similar boat
designs for all-electric ships. Ozden and Demir,
(2009) determined the speed of the optimal
speed at around 5-7 knots for small solar boats
utilized in a solar boat contest while Yiiksel et
al., (2023) depicted the optimal speed at around
8-11 knots for a solar boat having similar design
aspects considering the hull resistance
calculations.
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Trim Angle (*)

Figure 7. The relation among a trim angle,
power consumption, and battery duration

As seen in Figure 7, the increased trim angle
affects the power consumption negatively and
reduces the battery duration. These results show
that using the boat without a trim angle will
reduce power consumption and will affect the
navigation time positively. When the effect of
an increase in trim value on battery duration is
analyzed, a continuous decline in the boat’s
operational time is determined. Particularly
when the 7-degree trim angle is surpassed, it is
difficult to perform reliable estimates due to the
uncertainties resulting from fluctuations in the
curve.
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6. CONCLUSION

The research paper aimed to design a solar-
powered boat and analyze the effects of
environmental and form-related factors on
power consumption and battery duration by
utilizing a system dynamics approach-based
simulation. The boat design had the planing hull
form, and its analysis was ensured in Maxsurf
software. PV panels with 548 W power output
and two battery packs with 4660 Wh capacity
were placed on the hull body to employ an
electric motor with a 10-kW nominal power
output. Two MPPTs were implemented in the
system to increase efficiency. The relationships
between all system components were modelled
in Vensim software to observe battery
endurance changes under different conditions.
The main findings driven from the study can be
listed as:

The vessel speed is at 4 m/s (7.78 knots) for
no trim condition with approximately 8.73
hours of maximum battery duration.

The optimum boat speed is suggested at the
intersection point of Battery duration and
Power consumption curves in Figure 5.

At 40% battery level and with 5 m/s (9.72
knots), 1.63 hours cruising time was
obtained, and it can be said that below 40%
battery level becomes a critical level for
cruising.

Start with a battery charge of more than
80% whenever possible.

The rising trim angle decreases the battery
duration thus, the most efficient trim angle
to navigate the boat is zero.

If it is obligatory to operate the vessel with
any trim angle, the 7-degree limit should not
be exceeded.

The research presented a simulation of battery
charging and discharging of a solar boat using
the system dynamics methodology. In this way,
an interface was created that dynamically
calculates how long the battery will last
regarding the boat speed, charge rate, and trim
angle. The utilization of the system dynamics-
based approach is a divergent aspect of the
paper. The study can be beneficial for naval
architects and marine engineers working for
shipyards, academic institutions, and investors
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interested in solar-powered leisure boats. Future
research might include calculations that involve
more detailed irradiation computations, usage of
larger battery cells to extend the vessel’s

operating period, the economic evaluation of
system design, real-time installation of the
designed vessel configuration, and
benchmarking of the study’s results.

Nomenclature
Notation Parameter Unit
Ay Total PV panel area m?
Cov Available battery capacity Ah
E Produced energy by PV panels kWh
H, Average solar radiation value kW/m?
1(t) Charge/discharge current at any time A
Py Effective power kW
P. PV system performance ratio -
Ry Boat upper structure wind resistance kN
Rup Boat underwater appendages resistance kN
Ry Bare boat hull resistance kN
Rpar Boat hull fouling resistance kN
Ry Total resistance kN
v Kinematic viscosity m?/s
%4 Boat velocity m/s
t Time ]
n Efficiency ratio of PV panels -
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ABSTRACT

The propulsion system and its components need to be thoroughly analyzed and optimized for
marine vessels to operate as efficiently as possible in applications where new builds or retrofitting
are performed. Gearboxes, bearings, and other transmission equipment in the component of the
power transmission from ship engine, which is the primary source of propulsion for most marine
vessels, to propeller cause a variety of losses. To maximize propulsive efficiency, propeller
selection should be performed precisely on the basis of ship type, operation mode, and area.
Propulsion efficiency, fuel consumption, robustness, reliability, emissions, vibration, cavitation,
complexity and cost are investigated in both conventional propellers and cutting-edge technology in
propeller systems. This study will guide academicians, experts, and sector stakeholders in
determining which propeller type will be more efficient for marine vessels since propulsion
efficiency is critical for the sustainability of maritime transportation.
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OZET

Sevk sistemi ve bilesenlerinin, yeni insalarin veya gii¢clendirmenin gergeklestirildigi uygulamalarda
deniz tasitlarinin miimkiin oldugunca verimli ¢aligmasi i¢in kapsamli bir sekilde analiz edilmesi ve
optimize edilmesi gerekir. Cogu deniz tasitinin ana itme kaynagi olan gemi makinelerinden
pervaneye gii¢ aktarimi bilesenindeki disli kutulari, yataklar ve diger aktarma ekipmanlar1 ¢esitli
kayiplara neden olmaktadir. Sevk verimini en iist diizeye ¢ikarmak i¢in pervane se¢imi tam olarak
gemi tipine, operasyon moduna ve alana gore yapilmalidir. Pervane verimliligi, yakit tiikketimi,
saglamlik, giivenilirlik, emisyonlar, titresim, kavitasyon, karmasiklik ve maliyetler hem geleneksel
pervanelerde hem de en son teknoloji pervane sistemlerinde incelenmektedir. Bu c¢alisma, deniz
tagimaciliginin ~ stirdiiriilebilirligi  i¢in  itme verimliligi kritik ©neme sahip oldugundan,
akademisyenlere, uzmanlara ve sektor paydaslarina deniz tasitlar1 i¢in hangi pervane tipinin daha
verimli olacagini belirlemede yol gosterici olacaktir.

Anahtar sozciikler: Enerji verimliligi, Pervane cesitleri, Deniz tasitlari, Sevk sistemi

1. INTRODUCTION that can be obtained from the amount of fuel
injected to combustion chamber per second (1hy)
The team in the design department conducts based on low calorific value (LCV) in which
ship resistance evaluations that primarily impact there is not any loss of power expressed as
ship service speed, propeller selection, installed indicated thermal efficiency (Mjce)-
engine  power, and  propeller = RPM
(Abramowskiet et al., 2010). The right propeller IHP
selection is a crucial factor to come over the e ~ o LCV (1
total resistance at the specified service speed /
considering the installed ship engine power
output in order to guarantee that the analysis is
as effective as possible (Gharbi et al., 2018).
Distinct or comparable propeller types are
deployed for each ship type, with the greatest
diversity in propeller size occurring when both
ship and propeller types are included. How
much of the ship's main engine's power is Mo :@
transmitted to the propeller is a crucial factor MP
when selecting a propeller. Figure 1 describes
the power transmission process of a Ship, The power measured over the shaft is shaft
including indicated to thrust horsepower phase. ~ horsepower (SHP), and the losses between
The downward force exerted on the piston as a  brake horsepower and shaft horsepower are
result of the combustion of the delivered fuel is caused by transmissions and bearings. After all
referred to as the indicated horsepower. The shaft-line losses, the power supplied to the
bore of the cylinder, the cylinder stroke length, —propeller is referred to as delivered horsepower
indicated pressure, and engine revolution are the (DHP). The ratio between DHP and BHP
primary factors used to calculate indicated defines shaft transmission efficiency (ns).
power (IHP). The rate between the engine's
indicated power to the maximum power (MP)

Calculated by measuring the amount of torque
at the engine coupling output, brake horsepower
(BHP) represents the useful work performed by
the engine. The ratio between MP and BHP is
describes as brake thermal efficiency (Nyty,)-

)
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Effective Horsepower (EHP)

\ Indicated Horsepower (IHP)

Brake Horsepower (BHP)

Thrust Horsepower (THP)

Figure 1. Ship Powertrain Systems

_ DHP 3 root and tip, propeller blade surfaces, and
" BHP G) propeller hub. The connection points of the
propellers to the hub are referred to as the

The power derived from the propeller is referred ~ Propeller root, while the outermost portions are
to as thrust horsepower, and the majority of referred to as the propeller tips. The high-
efficiency losses between DHP and THP are PressSure side is the propeller's face and is
attributable to propeller efficiency which is the Tresponsible foy propelling the flow qhead. The
ratio between DHP and THP defines propeller low-pressure side, on the other hand, is the back

efficiency (np). Propeller type, number of of the propeller and generates suction power.
The leading edge of the propeller is the first

region to cut off the water flow, and the trailing
edge is where the water flow leaves the
propeller blade. Pitch refers to the amount of

THP forward movement gained each completed
= (4)  propeller rotation. In addition, the discrepancy
between the actual pitch and the predicted pitch

. . is known as a slip. Figure 3 defines the
Effective horsepower (EHP) is based on the /o efjer critical parameters rake and skew

resistance components that occur at a given (Michigan Wheel, 2000; Celik, 2010).
speed and the ratio of EHP to THP is described 10 plade's fore or aft slant with respect to a

7,

blades and dimensions are fundamental factors
on propeller efficiency throughout the
operations.

> = bap

as hull efficiency (1n)- line perpendicular to the propeller's rotational
axis 1s described as the rake. Blade slants
7, = THP (5) towards the aft and the forward end of the hub

EHP are described as positive and negative rakes
respectively. Skew is the transverse sweeping of
In current diesel engines, the transmission of a blade such that looking at the blades from the
power from the connection to the propeller front or back is described as an asymmetrical
results in a power loss of between 8 and 10 shape in Figure 3 (Michigan Wheel, 2000). Disc
percent (Ganesan, 2012; Kuiken, 2017). Figure area, propeller sections, expanded outlines,
2 provides a full description of the propeller's blades outlines and areas are described in Figure
terminology and geometry. 4.
Propeller geometry is based on the propeller
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Figure 2. Propeller geometry and terms

Aft Skew Forward Skew

No-rake blade (Positive Skgwmlegative Skew)

Outline of the blade
with an aft rake
(Positive rake)
Outline of the blade
with a forward rake
(Negative rake)

QOutline of blade
Blade with no-skew with skew

Stern Side [ Bow Side

Figure 3. Rake and skew of the propeller

Expanded Qutline

3 ~g Developed \ é
T~ Area
N " Developed - =

. Outline [
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Il Projected Sections
Projected  Outline \}%_

Disc A
RERER  Ares = Expanded Area

Figure 4. Disc area, propeller sections, expanded outlines, blades outlines and areas

The area of the circle which is drawn based on ) D>
propeller tips refer to disc area and it is DiscArea=
calculated using the propeller diameter (D).

(6)
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The ratio of blade areas to disc area is expressed
as the blade area ratio (BAR). Projected outline
is the viewed plotting from the face or the back
of the propeller blade in which the shaft
centerline and the view are on the same axis and
also in which plotting area is described as
Projected area. Developed outline in which the
propeller blades are separated from the propeller
hub and their pitch value is reduced to zero so
that helically based views are acquired. The area
remaining inside developed outline is developed
area. Expanded outline in which the chord
lengths are plotted around the directrix at the
appropriate radial stations. The outline is
created by laying off the chord length along a
straight line at each radius r. The propeller is
changed from a helix to a flat plane in the
expanded view. Expanded area is the area
covering along the outline drawing. In addition,
projected area, developed area and expanded
area to total disc area are expressed as Projected
Area Ratio (PAR), Developed Area Ratio
(DAR) and Expanded Area Ratio (EAR)
respectively (Roh, 2006; Hydrocomp, 2007).
Each ratio differs according to the propeller type
and the applied vessel types. Propeller types and
features have been explained in detail in the
second part.

2. PROPELLER TYPES AND FEATURES

Cavitation, vibration, underwater noise level,
propulsion efficiency, and maneuverability are
crucial aspects to consider while selecting a
ship's propeller (Carlton, 2018). In this paper,
the diversified propeller types and their
efficiency improvement applications have been
investigated in terms of specified criteria. Fixed
pitch propeller (FPP), controllable pitch
propeller (CPP), ducted propellers, contra-
rotating propellers (CRP), Z-drive units, podded
azimuthing propellers, waterjet propulsion,
tandem propellers, super cavitating or surface-
piercing  propellers, cycloidal  propeller,
overlapping propeller, grim vane wheel
propeller, tip vortex free, contracted loaded tip
(CLT), Mewis ducted propeller, Kappel
propeller, paddle wheels have been evaluated as
propeller types. In addition, propeller boss cap
fins (PBCF), Grothues spoilers, and an
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asymmetric stern are considered auxiliary
applications that improve the propeller's
effectiveness. Figure 4 describes each propeller
and efficiency-enhancing technique.

FPPs as implied by the name provide constant
thrust with each turn of its fixed pitch
(Kongsberg, 2009; Carlton, 2018; Wartsila,
2018). In ship operations where maximum
efficiency is needed, the FPP is favored due to
its  robustness, dependability, ease of
troubleshooting, short maintenance interval, and
simple construction (MAN-ES, 2022; Wirtsila,
2018). Throughout maintenance and repair
operations, FPP may be disassembled and
reassembled rapidly and without difficulty
(Kongsberg, 2009). The number of blades on
this type of propeller ranges between two and
seven, with additional blades being utilized for
military  applications.  Three-blade = FPP
propellers are commonly used on tugboats and
fishing boats, but four-, five-, and six-blade
propellers are utilized on ocean-going merchant
vessels such as container ships, tankers, dry
cargo ships, passenger ships, and bulk carriers
(Kongsberg, 2009; Carlton, 2018; Wairtsila,
2018). Similar to tugboats and fishing boats, 2
or 3-blade FPPs are preferred in small-scale
special-purpose  ships (Carlton, 2018). In
addition to these vessels, FPPs are also
deployed on polar ships and drilling ships. This
circumstance demonstrates that FPP propellers
can be fitted on a wvariety of ship types
(Kongsberg, 2009). The FPP hub diameters
range from 0.16 to 0.25 times the diameter of
the entire propeller, based on the values of the
dimensions obtained thus far from FPP
applications (Carlton, 2018). Fins fitted to
propeller end caps reduce fuel usage by 2%.
FPP propellers have the potential to boost thrust
efficiency in a variety of applications, and their
installation may be accomplished at minimal
expense. Due to its low installation costs, this
equipment can recoup its initial investment
expenditures in as little as one year, and it
contributes significantly to fuel savings and
emissions reduction (Wartsild, 2018).

CPP system permits the modification of
propeller pitch by means of a hydraulic
mechanism that gives interference to the blade
angles to accommodate different loading



Bayraktar et al., Turkish Journal of Maritime and Marine Sciences, 9(2): 82-96

situations throughout the operation of marine
vessels. This enables CPP to fulfill varied power
requirements without a transmission and to
deliver improved mobility. In addition, the
primary engine speed and cylinder pressures
remain constant throughout operation. This not
only contributes significantly to performance
and efficiency, but also greatly reduces noise
and vibration levels. In addition, the CPP
system is capable of providing ships with
reverse thrust (Carlton, 2018; Falzarano, 2018).
CPP is commonly utilized by ships with
medium- and low-speed ship engines in the
maritime industry, where about 20,000 vessels
are equipped with CPP systems (Tupper and
Rawson, 2001; Molland, 2008; Carlton, 2018;
Wirtsild, 2018b). CPP is ideal for ferries,
passenger ships, ice-class vessels, general cargo
ships, tugboats, and navy vessels whose engine
loads fluctuate significantly during operation
(Carlton, 2018; Falzarano, 2018) as well as
being appropriate for marine vessels that
conduct dynamic positioning  operations
(Wartsild, 2018b; Ren et al., 2019). CPP has a
big market share since there is a constant
relationship between revolutions per minute and
torque in FPP, whereas this coefficient
fluctuates with the amount of pitch in CPP
(Molland, 2011). CPP is performed with very
low efficiency losses of up to two to three
percent, which provide fuel consumption and
remove fuel-based harmful emissions. CPP is
appropriate for retrofitting applications that
emphasize this propeller type. Additionally, it
has a lighter weight than conventional
propellers and a structure that is exceptionally
reliable (Falzarano, 2018; Wairtsild, 2018b).
CPP systems are highly beneficial on ships that
already have shaft generators or have the
possibility to install them in order to serve
accommodation loads or other electrical
requirements (Wairtsild, 2018b; Ren et al.,
2019). As in FPP, fins and nozzles are
integrated into CPP, and efficiency increase is
acquired (Wirtsild, 2018b; Ren et al., 2019). In
contrast to traditional propeller types, CPP
propellers have a more complex structure,
which raises initial investment and maintenance
costs (ATZ Martec, 2021). When the Blade
Area Ratio (BAR) is close to 0.8, CPP transfer
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of greater powers in large-scale maritime boats
is problematic, and excessive cavitation occurs
(Tupper and Rawson, 2001).

Ducted Propellers have a circular, fixed channel
that can be redirected based on the flow around
the propeller. This channel, which features a
hydrofoil part, must be designed so that its inner
surface and the propeller tips are in close
proximity. An increase in the distance between
them causes efficiency losses (Wartsila, 2022).
There are ducted propeller types that slow down
or accelerate the flow on the propeller according
to their nozzle structure (Villa et al, 2020;
Falzarano, 2018). The enhanced thrust
efficiency of the propeller is a result of the
accelerated flow through the ducted area, and
vice versa. Ducted Propellers are deployed on
tugboats, anchor handling tug supply (AHTS),
trawlers, general cargo ships, fishing vessels,
research vessels, and marine vessels operating
in inland waters (Falzarano, 2018; Becker
Marine Systems, 2022; Kortpropulsion, 2022).
Ducted propellers are also referred to as Kort
nozzles since the company Kort Propulsion got
the first patents in this field that are regarded as
a benchmark (Carlton, 2018). FPP or CPP type
of propellers are utilized in ducted propeller
systems (Carlton, 2018). Three distinct nozzles
have been integrated into the CPP based on B
and Kaplan series model propeller and thrust
efficiency has been boosted to the upper levels
by increasing the flow velocity rate on the
propeller  (Bhattacharyya et al, 2016;
Bahatmaka et al., 2017). In contrast, cavitation
and noise are minimized when the flow velocity
on the propeller is slowed in a ducted propeller
system. This is particularly beneficial for
military applications involving huge cargo ships
and tankers (Falzarano, 2018). The construction
and structure of the nozzle are vital to its
performance, as it improves maneuverability,
reduces propeller degradation, and facilitates
DP operations (Becker Marine Systems, 2022).
CPPs have the ability to be utilized by maritime
vessel nozzles with a diameter of up to 5,300
millimeters. This system generates around fifty
percent of the total thrust at relatively moderate
speeds, but at high speeds it can cause
additional resistance (Carlton, 2018). With the
enhancements made to nozzle propellers, the
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bollard force of tugboats operating at zero knots
is raised by 5 percent. In addition, a 3% to 4%
increase in efficiency can be achieved in towing
operations when the tugboat is operated
between 2 and 8 knots. With the exception of all
other low-speed procedures, improvements in
excess of 2% are offered (Bhattacharyya et al.,
2016; Bahatmaka et al., 2017).

Counter-rotating  propellers  (CRP)  are
comprised of two propellers that rotate in
opposite directions on the same axis. Typically,
the outer propeller is smaller in size and has a
different number of blades than the inner
propeller. CRP propellers are 5-7% more
efficient than standard propellers. Due to the
existence of a second propeller, CRP application
in marine boats is hampered by added weight,
increased maintenance expenses, a high initial
investment, and a complicated structure (Tupper
and Rawson, 2001; Falzarano, 2018). While
CRPs are highly efficient in high-speed
outboard engines, their use in long shaft
applications on large ships presents numerous
mechanical challenges. The lower stresses on
CRP propellers provide advantages in terms of
cavitation and noise compared to traditional
propellers. CRPs employ both conventional and
pod propellers, enabling their employment on
large ships (Carlton, 2018).

In contrast to traditional propellers, Z-Drive
Units that transfer power to the propeller via
bevel gears and shaft brackets are not required.
Z-Drive Units are highly maneuverable without
a rudder, which minimizes rudder maintenance
expenses, and have the potential to be utilized
with a nozzle. Vibration, cavitation, and noise
emission reduction are the primary features of
this system (Falzarano, 2018). Podded
Azimuthing Propellers (Azipod) allow 360°
maneuverability without the use of a steerable
gear propulsion system thanks to the podded AC
electric motor. In addition to their exceptional
maneuverability, Azipod offer up to 20% lower
fuel consumption than conventional propulsion
systems. As pod propellers, Azimuth Stern
Drive (ASD) is the most common propulsion
technology for tugboats. Specified pod propeller
systems feature two propellers that function as
tandem or counterrotating propellers (Falzarano,
2018; ABB, 2022). CRP Azipod applications
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deliver greater than 10% efficiency on fast
ferries and ultra-large container ships, and CRP
Azipod hybrid systems enhance the level of
comfort on cruise ships (ABB, 2022; Wartsila,
2022)

Particularly prevalent in high-speed maritime
boats with high-speed engines is the incidence
of cavitation (Carlton, 2018). In some instances
where the Azipod technology is integrated into a
ducted system, large power outputs of up to 7.5
MW are achieved. In many applications, the use

of flaps and fins has also improved
maneuverability and cruising performance
(Falzarano, 2018; ABB, 2022). Although

Azipod devices are inapplicable to very big
vessels, they are commonly utilized on
icebreakers and passenger vessels. They have
the ability to install up to 17 Megawatts aboard
icebreaker ships whose Azipod towing systems
are highly effective (ABB, 2022). “Harmony of
the Seas” is one of the largest cruise ships in the
world and is operated with a 20000 kW Azipod
propulsion unit (Carlton, 2018; Wartsila, 2022).
Azipod provides the easy loading and unloading
of vehicles, particularly on Ro-Pax ships that
permit the utilization of maximum loading area
onboard (ABB, 2022). The distinction between
azimuth and pod propellers is the installation
location of the motor drive and the Z and L
types of the most common drive units (Carlton,
2018). Z-Drives thrusters provide fuel
consumption reduction, prolonged maintenance
interval, increased hydrodynamic efficiency,
high customer satisfaction and improved
maneuverability without rudders (Thrustmaster,
2013; Hanninen, 2023). L-drive thrusters consist
of motor, flexible coupling, gear coupling and
propeller. Thanks to its simplified system, they
provide lower fuel consumption, and high
efficiency in a wide speed range with minimum
energy losses. They are especially suitable for
tugboat operations (Konsberg, 2021; Manngard,
2022). The installation of the Azipod propulsion
unit gives advantages over conventional
propulsion systems in which the existence of a
stern tube, liner, and shaft bearing are the
primary obstacles (Wartsila, 2022). In hybrid
applications for this type of technology,
vibrations occur when optimization studies are
not conducted correctly (Carlton, 2018). Azipod
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systems compensate for the weight and moment
problems associated with tandem propellers,
allowing for more efficient operations (Carlton,
2018). From 1 MW to 7 MW, compact Azipod
systems can be placed on ships for operation in
coastal and open waters. The use of permanent
magnet synchronous motors in these systems
eliminates the need for additional rotor cooling,
making the system more suitable for marine
vessels (Wartsila, 2022).

Waterjet propulsion systems in which high-
velocity jet units displace water to produce
thrust for ship operation. They are chosen over
conventional systems due to their excellent
manoeuvrability, ability to direct water flow
without a rudder system, ease of operation in
shallow seas, and low noise emission and
vibration. In contrast to traditional propulsion
systems, they have a significantly lower
propulsion efficiency output at low speeds
(Falzarano, 2018; Wartsila, 2022). Waterjet
Propulsion systems can be utilized on a variety
of ship types, including marine sports vehicles,
jet skis, rescue boats, and diving support vessels
(Falzarano, 2018). In Tandem propellers,
multiple propellers are attached to the same
shaft axis so that the required thrust is produced
by multiple propellers and the weight is
distributed at multiple points. The presence of
numerous propellers decreases the risk of
cavitation and spreads it throughout the
propellers (Carlton, 2018; Falzarano, 2018).
Multiple propellers generate significant bending
moments and varying weight distributions,
resulting in damage to the shaft bearings and
shaft liner on the same axis (Carlton, 2018).
Supercavitation or Surface-Piercing High-
revolution-rate propellers reduce the impact of
cavitation in shallow water, therefore propellers
are particularly beneficial under these
conditions. Compared to traditional propellers,
they are 20 to 25 percent more efficient. In low-
speed applications where cavitation is low,
however, they incur a 15% efficiency loss
(Celik, 2010). This type of propeller delivers
exceptional operational efficiency on yachts and
navy vessels that reach 40-45 knots in speed.
High-speed yachts demand Surface-Piercing
propellers with more than four blades.
Typically, the propeller is completely
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submerged as the ship begins to cruise. At high
speeds, the ship creates a planar movement in
which half of the propeller diameter remains
submerged in the water (Carlton, 2018;
Falzarano, 2018). The Cycloidal Propeller
possesses six or eight propeller blades with a
vertical axis airfoil shape, is positioned at the
bottom of the ship, and provides thrust in all
directions. Two servo motors collaborate to
generate the necessary thrust, with one
providing forward and reverse motion and the
other creating thrust in the transverse direction
to conduct port and starboard movements. The
Cycloidal Propeller is also known as the Voith-
Schneider propeller, which is manufactured by
one of the most well-known companies in this
industry. The Voith-Schneider propeller has a
high degree of maneuverability, allowing it to
respond quickly to sudden congestions. The
Voith Schneider propeller systems offer high
dependability, low  vibration and fuel
consumption, as well as a reduction in noise
emissions, particularly in places where currents,
waves, and ice effects are significant and
operations are challenging (Voith, 2022).

Overlapping propeller systems with propulsion
generated by the rotation of overlapping or side-
by-side propellers on different shafts, resulting
in a complicated wake flow. They offer
significant benefits in terms of field energy at
low speeds, resulting in greater efficiency.
When compared to single conventional
propellers, there are fluctuations in torque and
thrust. The optimal distance between shafts is
equivalent to 0.8 times the required propeller
diameter, and vertical distance has a
considerable impact on vibration. Additionally,
more cavitation occurs than with ordinary
propellers, necessitating additional measures to
reduce this development. Installation of this sort
of propeller must therefore be performed with
extra attention (Celik, 2010; Anda et al., 2011;
Carlton, 2018). Grim Vane Wheel Propeller
provides up to 10% energy savings and a 20%
reduction in fuel consumption as a result of the
grim wheels that are 20% larger in diameter
than the propeller. Grim wheels also boost
thrust, decrease drag on the rudder, and improve
stopping power. Wheels typically utilized on
cargo ships. Siem Curie, which carries vehicles,
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is one example of a cargo ship in this area
(Celik, 2010; Siem, 2020).

Tip Vortex Free TVF, in which circulation
distribution is appropriately provided by the end
plates of the propeller, gives up to 5 percent
efficiency. Contracted Loaded Tip (CLT),
which is based on TVF propellers, is deployed
on more than 280 ships, including chemical
tankers, Ro-Pax, and other ship types. CLT
propellers are superior to conventional
propellers in terms of maneuverability,
vibration, and noise emissions, and they offer
between 5 and 8 percent greater energy
efficiency. In addition, initial investment costs
are recouped within three to six months (Celik,
2010; Gennaro and Gonzalez-Adalid, 2012).
Compared to conventional propellers of the
same power, Mewis Duct Propellers deliver
faster cruising and greater energy savings at low
speeds. This nozzle, which is located on the
propeller's bow, is deployed in combination
with fin systems. This method enhances net
thrust by accelerating and smoothing the wake
region, while reducing cavitation and vibration
production. It is appropriate for tankers, bulk
carriers, and multipurpose vessels (MPV). The
bulk carriers had the greatest increase in
efficiency at 6%-8%, followed by tankers at
5%-7% and MPVs at 3%-5%, respectively
(Becker Marine Systems, 2022).

KAPPEL Propellers have a curved structure
with their blade tips relative to the suction side
and are up to 5 percent more efficient than
standard propellers. There are uses for KAPPEL
propellers with 3, 4, 5, and 6 blades on many
types of ships. In the process of gaining a
curved structure, a great deal of effort is
required, and incorrect designs and outputs
enhance the formation of vibration and loss of
efficiency. Its first use 1is aboard MT
NORDAMERIKA, a 35,000 DWT chemical
tanker, and the resulting energy efficiency is
close to 4%. The Kappel application executed
on the 30,000 kW Ro-Ro saves 774,000 dollars.
However, based on an endurance test, the
pressure resistance levels of the latest
generation of propellers are lower (DTU
Mechanical Engineering, 2017; MAN Diesel
Turbo, 2022; Wartsila, 2022). In addition to
these technologies, paddle wheels were used in
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the 19th and early 20th centuries, and each
wheel's thrust is proportional to the volume of
water it moves as it turns. Paddle wheel
installation is typically performed on the ship's
port and side. It is uncommonly mounted near
the ship's stern, except for this particular version
(Falzarano, 2018).

Various applications are implemented to
regulate the flow on the propeller, hence
enhancing the propeller's efficiency. One of
them is the Propeller Boss Cap Fins (PBCF),
which reduce hub vortex and energy loss. PBCF
reduces fuel consumption by about 3% to 5%
and reduces CO> emissions by more than 9,000
tons, based on the results of its implementation
on large container ships. PBCF may be
effortlessly placed on ordinary propellers to
reduce vibration and underwater noise.
Alternatively, it reduces wearing on the rudder
(MOL, 2015). Grothues spoilers are small,
curved, triangular plates that are welded on both
sides to the stern of the ship. The Grothues
spoilers regulate the flow and boost the
propeller's efficiency. As a result of an
erroneous mounting location, the resistance of
the ship's appendages increases, and full
regularity of flow to the propeller is not
obtained (Howden, 2019). In addition to
offering up to 9 percent energy savings in model
test studies, it reduces vibrations in ship
applications with vibration issues (Bertram,
2012).

In a ship with an asymmetric stern, the port and
starboard stern sides do not have the same hull
shape. Asymmetric stern increases fuel
economy by roughly 5% without any alterations
to the propeller and without the use of fins or
nozzles. Ships with high block coefficients yield
the most efficient applications. Recently,
RANS-based simulations have been done on
various asymmetric sterns to determine the
optimal design. According to towing tests
conducted on a 3000 TEU container ship, 3%
less energy is required to obtain comparable
speeds compared to a symmetric stern (Celik,
2010; DNV, 2022).
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3. GENERAL ASSESSMENTS ON maintenance intervals, fuel consumption
PROPELLER TYPES reduction, and applicability have been described

Table 1 according to ship type, based on
Propeller types, their cost, complexity, academic research and industry data. For each
resilience, manoeuvrability, noise and vibration type of propeller, critical spots are highlighted.
levels, thrust efficiency, emission rates,

Table 1. Propeller types and characteristics

Fixed Pitch Propeller (FPP) Controllable Pitch Propeller Ducted Propellers
(CPP)

y L. :

e Simple Structure, Robustness, e Low Noise and Vibration Level, ¢ Nozzle types that speed up or
Reliability, Shorter Maintenance High Manoeuvrability slow down the flow on the
Intervals e Passenger Ships, General Cargo propeller

e Naval Ships, Container Ships, Ships, Tugs, and Naval Ships e Cavitation and noise reduction
Tankers, Dry Cargo Ships, e Up to 5% increased efficiency
Passenger Ships, and Bulk e Tugboats, Supply Vessels,
Carriers Fishing Ships, General Cargo

Ships
Contra-Rotating Propellers Podded Azimuthing Propellers Waterjet Propulsion

e Complex structure ¢ 360° maneuverability e Highly efficient at high speeds
e Added weight and extra e Fuel consumption saving up to ¢ High cost and difficulty of
maintenance efforts due to the 20% implementation for Large-scale
secondary propeller. Tugboats, Supply Vessels, Fast vessels
5% to 7% energy efficiency gain  Ferries, and Ultra-Large Container =~ Marine Sports Boats, Jet Skis,
Vessels Rescue Boats, and Diving Support
Vessels

91



Bayraktar et al., Turkish Journal of Maritime and Marine Sciences, 9(2): 82-96

Table 1. Continued

Tandem Propellers

Supercavitating and Surface-
Piercing Propellers

Cycloidal Propeller

o Cavitation Reduction

¢ Providing load distribution on
propeller

e Occurrence of excessive bending
moment

¢ Different weight distributions
damage the shaft bearings and
liner

¢ Providing 20%-25% efficiency
when rotational speed and
cavitation are high. On the
contrary, 15% less efficient

e Preferred in high speed boats.

e Optimal design requires a lot of
effort

e Providing 3600 thrust

¢ No need for rudder

e Tugboats, Ferries and Support
Vessels

e Proven high reliability

e Low vibration and reduced noise
emissions

Overlapping propeller

Grim Vane Wheel Propeller

Tip Vortex Free (TVF) and
Contracted Loaded Tip (CLT)

e Provides wake energy recovery
e Torque and thrust fluctuations are
generally occurred

e Energy saving up to between 5%

and 10%
¢ Providing extra thrust and
reducing drag on the rudder

e Energy saving up to between 5%
and 8%

e Increasing maneuverability,
reducing vibration and noise
emissions

Mewis Duct

KAPPEL Propeller

n
A
|

Paddle Wheels

o Up to 8% fuel efficiency
depending on the ship type

e Cavitation and vibration
reduction

o Suitable for Tankers, bulk
carriers

e Up to 5% efficiency increase

e Fuel consumption and emission
reduction

e Low impact strength

e Propulsion from both port and
side also aft side

e More popular in the 19th and
early 20th centuries
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Table 1. Continued

(PBCF)

Propeller Boss Cap Fins

Grothues spoilers

Asymmetric stern

¢ Fuel consumption reduction
between 3% and 5%

e Vibration and underwater noise
reduction

e Up to 9% energy saving
e Vibration reduction

e Up to 5% fuel efficiency
e More efficient in ships with large
block coefficient (Cy)

EEDI and EEXI were developed by IMO to
minimize global carbon dioxide emissions from
maritime vessels. Propeller selection is
particularly important for these initiatives (Ren
et al., 2019). Numerous academic and maritime
industry research have examined propellers in
an effort to adapt global decarbonization plans.
Kolakoti et al. (2013) and Gharbi et al. (2018)
have performed experimental results based on
the resistance calculation formulas and
Wageningen B-series in which an interface is
created in the MATLAB program that provides
the selection of the propeller with minimum
cavitation. The results are quite similar to the
towing test data, which demonstrates the
applicability of the interface. As a result,
analysis may be performed with fewer resources
and in less time. Kolakoti et al. (2013) prove
that the difference between CFD and
experimental results varies between
approximately 4% and 6%.

In recent years, existing propeller improvements
have garnered more attention than new propeller
designs, and numerous computational fluid
dynamics-based studies have been conducted.
Xiong et al. (2013) described that the utilization
of fins on the propeller hub cap provides an
approximate 1% to 5% efficiency increase on
the open water efficiency of CPP propeller. The
simulations with the NACA 66 airfoil profiles
installed at an angle of zero degrees and with a
diameter of roughly 0.42 D of the propeller
produce the most efficient results. Additionally,
the fins have altered the flow pattern, preventing
the creation of core vortices (Xiong et al.,
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2013). Nouri et al. (2018) have performed
RANS-based CFD analysis to investigate the
hydrodynamic performance obtained from
contra-rotating propellers (CRP). Bahatmaka et
al. (2017) has analyzed the efficiency of 3
different nozzles that integrated into B series
and Kaplan Series via CFD. At each nozzle,
gains are realized in terms of force and torque,
and throughout the studies, the greatest
efficiency has been attained with 3.5% force
and 4.4% torque, respectively. Mizzi et al
(2017) have performed an optimization study on
120 different PBCFs with CFD which based on
RANS validated by experimental tests. Net
energy efficiency gain of 1.3% is achieved with
the most optimized PBCF. In order to improve
the propulsion system efficiency of the 6000
TEU container ship, Lim et al. (2014) have
utilized PBCF and hub cap together based on
experimental test data and CFD analyses. Both
are employed for the purpose of comparing and
validating outcomes. Diversified hubcaps offer
roughly 2% greater propulsion efficiency than
conventional hubcaps. However, the usage of
varied hub caps in conjunction with PBCF
results in efficiency losses ranging from 2.7% to
7.5%. Diversified hub caps decrease hub vortex
and raise torque coefficient, whereas
combination diversified hub caps with PBCF
enhance hub vortex, resulting in a decrease in
torque coefficient.

Propeller selection according to ship type and
added equipment to increase propulsion
efficiency provide a certain amount of energy
gain. That’s why, Falzarano (2018) described
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that the utilization of renewable energy sources
on ship propulsion systems such as wind, wave
and solar energy are the main strategies in order
to meet decarbonization targets (Falzarano,
2018). Prior to the maritime industry's full
adaptation to renewable energy sources, the
efforts performed to reduce carbon emissions
and the attempt of existing systems with high
efficiency are quite critical for the sustainability
of maritime transportation.

4. RESULTS AND DISCUSSIONS

Selecting the optimal propeller will result in
significant energy savings throughout ship
operations, facilitating the ability for ship
operators and owners to comply with
International Maritime Organization (IMO)
energy efficiency requirements. This paper
outlines the types of propellers, their energy-
saving rates, their applicability according to ship
type, as well as technological advancements and
other equipment that work in conjunction with
the propeller to increase propeller efficiency in
order to make the propeller selection process
easier and faster. Although there are several
propeller types, certain propellers, such as the
FPP, CRP, CPP, Azipod, Ducted, and Cycloidal
Propeller, are deployed more frequently than
others in the marine industry. The most notable
auxiliary equipment to boost propeller
efficiency is PBCF, which has been the subject
of current academic and commercial research
since it can be simply and affordably integrated
into existing propeller systems.

S. CONCLUSION

This study will serve as a valuable resource for
academia, ship owners, operators, and industry
stakeholders by outlining recent propeller
system developments. In light of this study's
findings, the design of the propellers to be
integrated with PBCF will be based on
computational fluid dynamics in a future study.
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ABSTRACT

It is known that the maritime industry is intertwined with scientific developments. Considering the
number of scientific research and support projects, the relationship between the scientific
community and the industry is getting stronger day by day. The research aims to determine the main
trend in the articles published between 2011-2022 in the journals published in the field of maritime
management and indexed in SSCI-Social Science Citation Index. To determine the trend in the field
of maritime management, the keywords of 1528 articles published in 3 journals determined
according to the limitations were analyzed. As a result of keyword and network analysis, ports,
maritime transport, liner shipping, container terminals, and data envelopment analysis-DEA are the
most used keywords. The most important result obtained as a result of this study is that the events in
the world (war, pandemic, terrorism, piracy, etc.) are in a rapid upward trend in the field of
maritime business management and the scientific community has shown a rapid reaction on these
issues.
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OZET

Denizcilik sektoriiniin bilimsel gelismelerle i¢ ice oldugu bilinmektedir. Bilimsel aragtirma ve
desteklenen proje sayilarina bakildiginda bilimsel camia ile sektor arasindaki iliski her gecen giin
kuvvetlenmektedir. Arastirmanin amaci, denizcilik yOnetimi alaninda yayinlanan ve SSCI'da
indekslenen dergilerde 2011-2022 yillar1 arasinda yayinlanan makalelerdeki ana egilimi
belirlemektir. Denizcilik isletmeleri yonetimi alanindaki egilimin belirlenmesi amaciyla, kisitlara
gore belirlenen 3 dergide yayinlanan 1528 makalenin anahtar kelimeleri analiz edilmistir. Anahtar
kelime ve network analizi sonucunda limanlar, deniz tagimaciligi, liner tasimacilik, konteyner
terminalleri ve veri zarflama analizi (DEA) en ¢ok kullanilan anahtar kelimeler olarak karsimiza
cikmaktadir. Bu calisma sonucunda elde edilen en 6nemli sonug ise, diinyada yasanan olaylarin
(savas, pandemi, terér, deniz haydutlugu vs.) denizcilik isletmeleri yonetimi alani1 arastirmalarinda
hizla yiikselis trendine girmesi ve bilim camiasinin bu konularla ilgili hizli reaksiyon gostermesidir.

Anahtar sozciikler: Denizcilik arastirmalari, Anahtar kelime analizi, Sosyal bilimler, Trendler,
SSCI

1. INTRODUCTION

In recent years, there has been a significant to produce some economic solutions (Shi and
increase in the number of research and Li, 2017). The contribution of scientific studies
published articles on the maritime industry to the developments in the field of maritime
(Wang and Mileski, 2018). Due to the size of cannot be ignored. It is known that there are
the seas in the world’s ecosystem, it has an many economic, political, and managerial
important place in people's lives. The hierarchy changes in the maritime field together with
of management functions should carry out trade scientific approaches. (T. E. Notteboom et al.,
over the seas covering such a large area 2013).

(Kapidani et al., 2020; Plink et al., 2021). When scientific publications related to maritime
Maritime transport is seen as the most important in the field of social sciences are examined, the
transport system of international trade. most cited studies are effectiveness of
Industrialization, globalization, the increase in  operations (Carvalho and Marques, 2012; Chen
the world population, and the depletion of local et al., 2018; Siqueira et al., 2017; Verhoeven,
resources cause the need for maritime 2010), policies (Eide et al., 2011; Verhoeven,
transportation to increase day by day 2010), sustainability (Acciaro et al., 2014; Zis et
(Christiansen et al., 2007). The increase in the al., 2014), liner shipping networks (Alvarez,
importance of maritime transport with each 2009; Ducruet et al., 2010), logistic hubs (Pettit
passing day causes an increase in the need for and Beresford, 2009), marine accident analyzes
problems and solution proposals in this field. In  (Ugurlu et al., 2015), port supply chain
this context, the number of scientific studies on (Rodrigue and Notteboom, 2009), technological
the problems and innovative ideas in the field of developments (Gharehgozli et al., 2016) and
maritime transport is increasing (Bai ef al., belt and road initiative (BRI) (Lee et al., 2018).
2021). Since maritime science is a When these studies are examined, it is observed
multidisciplinary field, it is influenced by many that the first articles written about certain
mainstream scientific trends (Woo et al., 2011). trending topics are accepted as pioneering by
When the articles written in the field of the articles that will come after them. After the
maritime management are examined, it is seen year the articles were first published, many
that studies on ports and waterways are scientific publications are made regarding the
dominant. Although qualitative methods are solution of the identified problem, and the
used to identify problems in such studies, keywords of these most cited articles are
quantitative research methods are often applied frequently encountered in the studies. In the
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journals indexed within the scope of the Web of
Science (WoS), there are few journals in the
field of social sciences, especially focused on
the field of maritime management. The number
of articles published in these journals, which are
few in number, is increasing day by day. In this
case, it shows that the interest of the scientific
community regarding the problems in the
maritime field is increasing. When the contents
of the studies are examined, the maritime
industry has new research trends according to
the developments in the world. A problem that
arises anywhere in the world has a counterpart
in the maritime industry. Industry stakeholders,
who can adapt to the new situation in the face of
wars (Kormych and Averochkina, 2022; Rozi¢
et al., 2022), epidemics (Guerrero et al., 2022;
Narasimha et al., 2021; T. Notteboom et al.,
2021; Oyenuga, 2021), international relations
and technological developments, establish a
competitive advantage over their competitors.
For this reason, it is known that the stakeholders
operating in the maritime sector are in close
contact with the scientific community regarding
the problems they experience and follow all
developments. When the results of the study are
examined, it is seen that the trending topics in
the world agenda are in the field of interest of
scientific research on maritime management.

This research aims to determine the main trend
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in the articles published between 2011-2022 in
the journals published in the field of maritime
management and indexed in SSCI. The
questions of the study created in this context:

e What are the main topics of maritime

transport in the field of social sciences?
Does the popularity of the studies
change over time?
Is the maritime industry affected by the
negativities in the world, and is the
scientific community seeking answers to
these problems?

2. INPUTS

2.1. Maritime Policy & Management (MPM)

Journal of MPM is an international and
multidisciplinary journal. The journal published
its first issue in 1973. It has been indexed since
2009 within the scope of WoS. 767 articles were
published in the journal between the years 2011-
2022, which were covered within the scope of
the research. The main topics of the publications
according to the WoS categories are shown in
Figure 1.
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Figure 1. Subject Categories of Articles Published by MPM between 2011-2022 (Source: Authors)

Considering the publication topics of the
journal, most articles were published on
“Supply Chain & Logistics”. Later, articles
were published on the main topics of Safety &
Maintenance, Economics, Climate Change, and
Management, respectively. According to the
categories of article topics, the journal is in the
category of social science journals publishing in
the field of maritime.

2.2. Maritime Economics & Logistics (MEL)

MEL is a multidisciplinary journal in which
international, peer-reviewed scientific articles
are published. The journal was first published in
1999. It has been indexed in the WOS database
since 2009. Within the scope of this research, all
280 articles published in the journal between
2011-2022 were included in the research. The
main topics of the publications according to the
WoS categories are shown in Figure 2.
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® Transportation
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B Economic Theory
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® Knowledge Engineering & Representation
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® Thermodynamics

Figure 2. Subject Categories of Articles Published by MEL between 2011-2022 (Source: Authors)

When Figure 2 is examined, most of the articles
published in the journal were published in the
main subject category of "Supply Chain &
Logistics". After this category, “Economics”,
“Management”, Safety & Maintenance” main
subject categories come respectively. When the
main subject categories of the study are
examined, it is understood that MEL is a journal
that publishes in the field of social sciences and
maritime.

2.3. International Journal of Shipping and
Transport Logistics (IJSTL)

IJSTL is an international, peer-reviewed, and
multidisciplinary scientific journal published in
the field of maritime. The journal's first issue
was published in 2009 and has been indexed in
the WoS database since 2009. Within the scope
of the research, 381 articles published between
2011-2022 were examined. The main topics of
the publications according to the WoS
categories are shown in Figure 3.

When Figure 3 is examined, the category with
the most publications in IJSTL is Supply Chain
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& Logistics. After this category, articles were respectively. When the journal topics are
published in the “Management”, “Economics” examined, [JSTL is a scientific maritime journal
and Safety & Maintenance” categories, that publishes under social sciences.
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Figure 3. Subject Categories of Articles Published by IJSTL between 2011-2022 (Source: Authors)
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It is seen that there is an increase in the number
of articles by years in the Maritime Policy &
Management (MPM), Maritime Economics &
Logistics (MEL), and International Journal of
Shipping and Transport Logistics (IJSTL)
examined within the scope of the study. Figure
4 shows the number of articles published by the
journals by year. The increase in the number of
scientific publications over the years shows that
the scientific community is now more interested
in the problems experienced in the maritime
industry. When the number of articles published
by years is examined, MPM increased the
number of publications by 80%, MEL by 113%,
and IJSTL by 32%. In total, the publication rate
in SSCI journals publishing in the field of
maritime increased by 73%.

3. MATERIAL AND METHODS

Keywords could be considered as the main
indicators that signalize a study’s subject area
(Evans et al., 2013). Therefore, keyword
analysis is a preferred method to analyze and
interpret existing literature and to expose focal
points in a field. This method has been used in
various fields (Onwuegbuzie et al., 2015).
Kevork and Vrechopoulos (2009), reviewed 396
relevant articles to the customer relationship
management literature in 135 journals and
exposed a view of keyword frequency in
different categories. Nel et. al. (2011) took the
same path to evaluate the keyword frequency of
417 articles published in a single journal in a
selected period.

In line with the aim of the study, a two-step
process was followed. As the first step, to reveal
the keyword trends in maritime studies,
keyword analysis has been conducted. In this
study, a journal search was performed on the
Web of Science database. The search was
limited to the SSCI journals covering ‘maritime’
or ‘shipping’ statements in their names. During
the journal determination phase, a search was
also carried out using the statement ‘marine’,
but since the published journals were related to
marine biology and marine resources, those
journals in that category were excluded from the
research. As the result of this search, 3 journals
(International Journal of Shipping and Transport

Logistics, Maritime Economics & Logistics, and
Maritime Policy & Management) were included
in this study.

The articles in these journals were examined in
3 separate periods. There were 389 papers
published in the years 2011 to 2014 containing
879 keywords, 503 in 2015 to 2018 containing
1742 keywords, and 636 in 2019 to 2022
containing 2428 keywords. After a depth
examination of keywords in each period, the
singular or plural form, or noun or verb form of
the same keywords, and abbreviated keywords
were combined. It was not preferred to perform
semantic coding or categorization to reflect the
actual form of used keywords. The keywords
used less than 3 for each period were ignored.
The interpretations for study trends were made
by considering the most frequently mentioned
30 keywords for each period.

At the second stage, it was intended to present a
network of keywords for each period. The
network of selected keywords was exposed by
the VosViewer Software and analysed. The
results of the keyword analysis and network
analysis were given in the below section.

4. RESULTS AND DISCUSSION

4.1. Keyword Analysis

To draw attention to the most used keywords,
the top 30 keywords (a total of 58 different
keywords in both periods) that emerged after the
necessary combinations were made and ranked
according to the frequency of use (see Table 1).

In the first period (2011-2014), due to the
number of total published papers and their
keywords being relatively low, the frequency of
mentioned keywords is low, in parallel. In this
period, as a research method, the ‘data
envelopment analysis (DEA)’ (n=15) keyword
is the most frequent one. Another method-based
keyword ‘analytical hierarchy process (AHP)’ is
also listed (n=5). With this, keywords focusing
on the shipping concept (shipping; n=14, liner
shipping; n=13, container shipping; n=10, short
sea shipping; n=6, and dry bulk shipping; n=4)
form the top of the list. Besides, keywords in the
scope of port (port(s); n=11, port competition;
n=3, and port security; n=3) stand out.
Additionally, ‘container terminal(s)’ (n=9) and
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‘efficiency’ (n=8) are also very frequent.

Due to piracy and armed robbery, security
concerns have been raised in the first decade of
the 21 century. Its reflection can be seen in the
first period of the table as the keywords like;
'supply chain security', 'port security', and
'transport security'. Except this, the competitive

approach was also showing itself by
‘competition’, ‘service quality’, and ‘port
competition’.

The most frequent keyword in the second period
(2015-2018) is ‘port(s) (n=24)’. Other keywords
related to the port concept (port performance;
n=7, port pricing; n=6, and port competition;
n=6) are also listed. It is seen that the method-
based keywords data envelopment analysis
(dea) (n=21), and analytical hierarchy process
(ahp) (n=14) are frequently mentioned. Besides,
container-based keywords (container
terminal(s); n=15, container(s); n=12, and
container shipping; n=10) are also frequent.
Additionally, shipping-based keywords (liner
shipping; n=19, short sea shipping; n=14, and
shipping; n=11) are visible in the upper half of
the table.

The competitive approach is more visible in the
studies of the second period. ‘customer
satisfaction’” and ‘competitiveness’ keywords
can be also counted in this context. Although
efficiency is in the previous period, when
evaluated together with the keywords ‘freight
rate’ and ‘port pricing’, it indicates that
economic concerns have risen in this period.

In the third period (2019-2022), the ‘maritime
transportation’ is the most frequent one (n=27).
Many keywords within the scope of shipping
are listed (container shipping; n=20, shipping;
n=18, liner shipping; n=15, autonomous
shipping (ships); n=8, and maritime shipping;
n=7). The keywords ‘port(s)’ (n=26) and
‘seaport(s)’ (n=11) are also frequent. It is seen
that some new keywords emphasizing global
warming and sustainability concerns (port
efficiency; n=12, sustainability/sustainable
development; n=11, climate change; n=9,
autonomous shipping (ships); n==8) are at the top
of the list. This points out that the concerns in
this scope were increased.

In this period, the reflections of the worldwide
pandemic crisis can be seen in the studies by the

keyword ‘covid-19’ (n=10). Besides, China’s
‘Belt and road initiative (bri)’ become a new
and frequently mentioned keyword. The
‘efficiency’ transformed to ‘port efficiency’ in
this period.

Table 2 demonstrates the trend of the top 30
keywords over 12 years. Some of the keywords
(belt and road initiative (bri), hinterland,
container(s), seaport(s), literature review,
maritime logistics, port efficiency, sustainability
/ sustainable transportation, and automatic
identification system (ais)) do not exist in the
first period. The keywords ‘transport logistics’
and ‘service quality’ are not seen in the third
period. However, the ‘port efficiency’, ‘covid-
19°, ‘maritime safety’, and ‘climate change’
keywords exist only in the third period.
‘port(s)’, and ‘maritime transport(ation)’ is the
most used keywords, and they are in increasing
trend. Although the shipping-based keywords
(liner shipping, shipping, container shipping,
and short sea shipping) are the most given
keywords, they are in a decreasing trend in the
last period except ‘container shipping’. Method-
based keywords (data envelopment analysis
(dea), and analytical hierarchy process (ahp)
made a peak in the second period and entered a
downtrend. ‘belt and road initiative (bri)’,
‘automatic  identifications  system  (ais)’,
‘seaport(s)’, ‘port efficiency sustainability /
sustainable development’ are the keywords that
are in the most uptrend. ‘Covid-19°, ‘maritime
safety’, and ‘climate change’, which were not
mentioned in the previous period, showed high
frequency in the last period.

103



Kan and Tezcan, Turkish Journal of Maritime and Marine Sciences, 9(2): 97-109

Table 1. Keyword frequencies

No. 2011-2014 Keywords f 2015-2018 Keywords f 2019-2022 Keywords f
1 data envelopment analysis (dea) 15 port(s) 24 maritime transport(action) 27
2 shipping 14 data envelopment analysis (dea) 21 port(s) 26
3 liner shipping 13 liner shipping 19 container terminal(s) 21
4 port(s) 11 container terminal(s) 15 container shipping 20
5 container shipping 10 analytical hierarchy process (ahp) 14 shipping 18
6 transport logistics 9 maritime transport / transportation 14 belt and road initiative (bri) 16
7 container terminal(s) 9 short sea shipping 14 liner shipping 15
8 maritime transport(ation) 9 container (s) 12 china 14
9 efficiency 8 logistics 12 port efficiency 12
10  supply chain security 6 china 11 Seaport(s) 11
11  supply chain 6 shipping 11 sustainability / sustainable development 11
12 short sea shipping 6 container shipping 10 covid-19 10
13  china 5 competition 8 maritime safety 10
14  analytical hierarchy process (ahp) 5 freight rate 7 automatic identification system (ais) 9
15  service quality 4 service quality 7 climate change 9
16  logistics 4 literature review 7 data envelopment analysis (dea) 9
17  finland 4 port performance 7 hinterland 9
18  optimization 4 structural equation modelling 7 risk assessment 9
19  simulation 4 efficiency 6 autonomous shipping (ships) 8
20  dry bulk shipping 4 dry bulk 6 container port(s) 8
21  confirmatory factor analysis 3 customer satisfaction 6 genetic algorithm 8
22 fuzzy logic 3 maritime logistics 6 literature review 7
23 regulation 3 northern sea route 6 maritime logistics 7
24  competition 3 port pricing 6 maritime shipping 7
25  risk management 3 port competition 6 regulation 6
26 usa 3 hinterland 6 cluster analysis 6
27  port competition 3 genetic algorithm 6 containers 6
28  port security 3 maritime 6 supply chain 6
29  transport 3 transport logistics 5 competition 6
30 transport security 3 competitiveness 5 port operations 6

Source: Authors
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Considering the trend according to the periods,
the number of studies and keywords gradually
increased over periods. The average frequency
of most keywords is also increasing. It is seen
that the most mentioned keywords are almost
the same except for minor ranking changes. The
major topics of maritime studies are focusing on
ports, maritime transportation, or shipping
issues. While ‘port(s)’, and ‘maritime
transport(ation)’ are increasing, shipping-based
keywords are in a decreasing trend, in general.
For all that, some sustainability-concerned

Table 2. Keyword trends by periods

keywords put forward in the third period.
‘sustainability/sustainable development’, ‘port
efficiency’, and ‘climate change’ shows the
maritime studies’ interest in both the
dimensions of sustainability, especially in
economic and environmental. Additionally, the
most increased keyword ‘belt and road initiative
(bri)’ became a very popular topic in the last
period. It is predicted that these keywords,
which have increased rapidly in the last period,
will be used more frequently in reviewed
studies.

Keywords f(2011- £ (2015- Change f(2019- Change Total
2014) 2018) % 2022) %

1 port(s) 11 24 118 26 8 61
2 maritime transport(ation) 9 14 56 27 93 50
3 liner shipping 13 19 46 15 -21 47
4 container terminal(s) 9 15 67 21 40 45
5 data envelopment analysis (dea) 15 21 40 9 -57 45
6 shipping 14 11 -21 18 64 43
7 container shipping 10 10 0 20 100 40
8 china 5 11 120 14 27 30
9 short sea shipping 6 14 133 5 -64 25
10  analytical hierarchy process (ahp) 5 14 180 5 -64 24
11  logistics 4 12 200 5 -58 21
12 Dbelt and road initiative (bri) - 4 100 16 300 20
13 hinterland - 6 100 9 50 19
14  container(s) - 12 100 6 -50 18
15 competition 3 8 167 6 -25 17
16 efficiency 8 6 -25 3 -50 17
17  genetic algorithm 3 6 100 8 33 17
18 port efficiency - 5 100 12 140 17
19  supply chain 6 4 -33 6 50 16
20 (siléit:llgsrb;llgrtg / sustainable - 5 100 11 120 16
21  seaport(s) - 4 100 11 175 15
22 literature review - 7 100 7 0 14
23 transport logistics 9 5 -44 - -100 14
24  maritime logistics - 6 100 7 17 13
25  automatic identification system (ais) - 3 100 9 200 12
26  port competition 3 6 100 3 -50 12
27  service quality 4 7 75 - -100 11
28  covid-19 - - - 10 100 10
29  maritime safety - - - 10 100 10
30 climate change - - - 9 100 9

Source: Authors
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4.2. Keyword Network Analysis

The keyword analysis performed via VosViewer
is given below. Figure 5, 6, and 7 demonstrates
the keyword networks in periods. The size of
any node represents the keyword frequency. The
colors indicate the keywords clusters.

According to Figure 5, the strongest keywords
in terms of total link strength are ‘port(s)’,

envelopment analysis (dea)’, respectively.
While ‘port(s)’ are mostly linked to ‘shipping’,
‘supply  chain’,  ‘service quality’, and
‘regulation’; ‘shipping’ is used with ‘transport
logistics’, ‘maritime transport(ation), ‘service
quality, ‘and ‘china’. The strongest link in this
period is between ‘supply chain security’ and
‘transport security’.

‘shipping’, ‘transport logistics’, and ‘data
port competition
containér shipping
Iinershippingsuppligham -
data envelopment analysis
transport logistics =
shippin :
efficiency PRINg Cwa
ahp
ports
serviggiguality
logistics

containe®terminal

Figure 5. Network analysis of keywords co-occurrence in 2011-2014 (Source: Authors)

The strongest keywords in terms of total link
strength in the 2015-2018 period are (Figure 6);
‘data envelopment analysis (dea)’, ‘liner
shipping’, ‘port(s)’, and ‘short sea shipping’,
respectively. The studies including ‘data
envelopment analysis (dea)’ generally include
‘container(s)’, ‘container shipping’, ‘liner
shipping’, and ‘port(s)’. ‘liner shipping’ has a
strong link with ‘service quality’, and
‘logistics’. ‘port(s)” and ‘logistics’ are used
together. The strongest network in this period is
between ‘liner shipping’ and ‘logistics’.

In the last period (2019-2022), the strongest
keywords in terms of total link strength are

(Figure  7);  ‘maritime  transport(ation)’,
‘shipping’, ‘climate change’, and ‘port(s)’
respectively. ‘shipping’ has a strong network to
‘regulation’, ‘port(s)’, ‘seaport(s). ‘climate
change’ is also linked to same keywords. One of
the new keywords ‘belt and road initiative (bri)’
is used together with ‘port efficiency’,
‘seaport(s)’, and ‘china’.
‘sustainability/sustainable  development’ s
generally related to the shipping-based
keywords. The ‘covid-19 links show that there
are studies on the pandemic linked to various
topics.
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5. CONCLUSION

Within the scope of the research, the keywords
of the articles published in the last 12 years of
the three journals indexed in SSCI, which
publishes in the field of maritime business
management, were analyzed in equal periods.
Along with the evaluation of the findings

obtained from the keyword and network
analysis, the most important result of this study
is that the events in the world are quickly
popular in the maritime industry and the
scientific community reacts quickly. As a result
of this research, it is seen that the research
methods used in the studies in the field of
maritime business management tend to be
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multidisciplinary methods. The methods used in
different fields in pioneering studies in the field
of maritime business management are rapidly
becoming popular and are used in much
research. In the following period, overused
methods enter a downward trend, and new
methods are seen to be used. It is seen that the
main themes of port and logistics are used
throughout the studies. It has been determined
that especially in the studies related to the main
theme of the port, container transportation and
liner transportation are emphasized.

Within the scope of the research, three journals
that are purely maritime management journals
were selected and analyzes were made for the
articles published in these journals. In future
studies, the study can be expanded by adding
articles about maritime in journals whose main
themes are transportation, logistics, etc.
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ABSTRACT

The aim of this study was to evaluate the effects of feeding Nile tilapia juvenile (Oreochromis
niloticus) with diets based on fish meal (FM) and Tenebrio molitor (TM) larvae meal on growth
performance and feed efficiency. For this purpose, three diets were prepared: Control diet (FM);
without 7. molitor larvae meal, insect diet (TM); 100% of fish meal has been replaced by 7. molitor
larvae meal and mixture diet (FM/TM); 50% of FM has been replaced by 7. molitor larvae meal.
Each treatment was tested in three replications over a 46-day. In the experiment, 1-month-old Nile
tilapia juveniles with an average weight of 0.12+0.001 g were used. At the end of the experiment, the
best growth was in the FM group, followed by the TM group and FM/TM group, the differences
being significant except for FM and TM groups (P<0.05). Weight gain was also in line with growth
rates. The SGR was 5.35%, 5.27% and 5.21% in FM, TM and FM/TM groups, respectively, and The
difference between FM and FM/TM groups was statistically significant (P<0.05). The best FCR was
in the FM group which was similar to TM diet (P<0.05). The worst FCR was in the group fed FM/TM
diet with a significant difference from the other treatments. The PER changed between 0.87+0.07 and
1.42+0.04 with significant differences among the treatments. The survival rate was 100% in all
groups. The data obtained showed that TM has the potential to be used as a protein source in diets of
juvenile tilapia.
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OZET

Bu ¢aligmanin amaci, Nil tilapiya yavrularinin (Oreochromis niloticus) balik unu (FM) ve Tenebrio
molitor (TM) larva unu bazli diyetlerle beslenmesinin biliyiime performansi ve yem verimliligi
iizerindeki etkilerini degerlendirmektir. Bu amagla {i¢ diyet hazirlanmistir: Kontrol diyeti (FM); T.
molitor larva unu icermeyen, bocek diyeti (TM); balik ununun %100'4 7. molitor larva unu ile
degistirilmis ve karisim diyeti (FM/TM); FM'nin %50'si 7. molitor larva unu ile degistirilmistir.
Deneme 46 giin boyunca ii¢ tekrarli olarak test edilmistir. Denemede, ortalama agirligi 0.12+0,001 g
olan 1 aylik Nil tilapiya yavrular1 kullanilmistir. Deneyin sonunda, en iyi biiyiime FM grubunda
gerceklesmis, bunu TM grubu ve FM/TM grubu izlemis, FM ve TM gruplar1 disindaki farklar 6nemli
bulunmustur (P<0.05). Agirlik artis1 da biiylime oranlariyla uyumluydu. SGR degerleri uygulamalar
arasinda karsilastirilabilirdi (P>0.05). SGR, FM, TM ve FM/TM gruplarinda sirastyla %5.35, 9%5.27
ve %5.21, ve FM ile FM/TM gruplar1 arasindaki fark istatistiksel olarak onemli bulunmustur
(P<0,05). En iyi FCR, TM diyetine benzer olan FM grubunda tespit edilmistir (P<0.05). En koti
FCR, diger uygulamalardan 6nemli bir farkla FM/TM diyetiyle beslenen grupta goriilmiistiir. PER
0.87+0.07 ile 1.42+0.04 arasinda degismis ve uygulamalar arasinda 6nemli farkliliklar goriilmiistiir.
Tim gruplarda yasama oran1 %100 olmustur. Elde edilen veriler, TM'nin protein kaynagi olarak

kullanilma potansiyeline sahip oldugunu gostermistir.

Anahtar sozciikler: Nil tilapiya yavrulari, Oreochromis niloticus, Unkurdu, Biiyiime.

1. INTRODUCTION

Fish meal (FM) is the primary ingredient for
juvenile fish, but is becoming more and more
expensive. Alternative feed sources are required
since faith in fishmeal has been questioned
recently for social, economic, and environmental
reasons (Tran et al., 2015). Insects are promising
in animal nutrition due to high nutritional, short
intergenerational periods, low carbon emissions
in their production, and easy and low production
costs (Lange and Nakamura, 2023). Existing
studies show that insects can convert 8-9% low-
quality protein-containing food wastes into 44-
61% good-quality insect protein in a period of 3-
4 months under controlled conditions (Ramos-
Elorduy, 1997).

Tenebrio molitor is an insect species that has the
feature of being a model organism due to its
features such as being an easily cultivated
species in the laboratory environment, having
low breeding and feeding costs, being able to be
grown in large numbers in a unit area, short
intergenerational time, and easy determination of
its characteristics (Ozsoy and Giindogdu 2017).
Therefore, 7. molitor stands out as a promising
species for mass production among insects
(Ramos-Elorduy et al, 2002; Ghaly and
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Alkoaik, 2009). T. molitor larvae have high
protein content (37-47%) as well as high-fat
content (Finke, 2002; Ramos-Elorduy et al.,
2002; Ghaly and Alkoaik, 2009; Huang et al.,
2011). The dried larvae of 7. molitor, which is
rich in unsaturated fatty acids, have a fat content
of 46% (Siemianowska et al., 2013; Ravzanaadii
et al, 2012). T. molitor meal have used as a
protein source in diets of pet animals, broiler
chick (Ramos-Elorduy et al., 2002; Marco et al.,
2015) and fish (Gasco et al., 2014; Ng et al,
2001; Belforti et al., 2016)

Juvenile fish, regardless of their feeding habit,
require nutritionally high-quality diets based on
FM under intensive farming conditions and are
completely dependent on nutritionally complete
diets (Tacon 1988). Insect proteins have become
a valuable protein source juvenile fish
(Odesanya et al., 2011; Barroso et al., 2014;
Henry et al., 2015). Previous studies on tilapia
fry have demonstrated that, when compared to
FM-based control diets, meals from both
housefly larvae (Musca domestica) and blowfly
larvae (Chrysomya megacephala) can replace up
to 100% of FM in practical diets without
impairing fish performance. However, there is
still room for the investigation of the dietary use
of TM for juvenile Nile tilapia.
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In recent years Ulva species have become
important macroalgae investigated as a dietary
component for a wide range of fish species. The
inclusion of Ulva meal at low levels in the diet
has resulted in improved growth, feed utilization,
physiological activity, disease resistance, carcass
quality and reduced stress response (Wassef et
al., 2005; Valente et al., 2006). Furthermore,
Ulva meal has been successfully used as a feed
ingredient for tilapia and its addition to diets has
shown that it can improve carcass composition
(Giiroy et al., 2007; Azaza et al., 2008). Ergiin et
al. (2009) reported that the addition of 5% of
Ulva meal to diets improved growth
performance, feed efficiency, nutrient utilization
and body composition of Oreochromis niloticus.
Therefore, in this study, a 3% Ulva lactuca meal
was added to diets prepared with two different
levels of TM (50% and 100%), and its effects on
growth performance and feed efficiency of
juvenile Nile tilapia were evaluated.

2. MATERIAL AND METHOD

2.1. Experimental Design and Feeding

The study was carried out at Sinop University
Fisheries Faculty Research Center. In the
experiment, 1-month-old Nile tilapia juveniles
were used. The average weight of 0.12+0.001 g.
The fish were distributed to nine square tanks (4
L) in groups of ten. Three diets were tested with
three replications for 46 days. In order to keep
the water in the tanks at a constant temperature,
all aquariums were placed in a 100*50*40 L
glass aquarium containing water, and the
temperature of the water in the tanks and the
aquarium 26°C using a thermostatic heater. In
addition, a water circulation motor was used to
distribute the water in the glass aquarium evenly.
The water quality parameters were monitored
and recorded on a weekly basis.

Fish in all groups were hand fed twice a day (at
09:00 am and 15:00 pm) to apparent satiety
under a natural light regime. Experimental tanks
were daily siphoned and discharged water was
renewed with fresh water afterwards.

2.2. Diet ingredients and formulation

T. molitor larvae obtained from a local producer

for production purposes were first placed in a
racked rearing system designed to be produced
under laboratory conditions. 7. molitor larvae
placed in this rearing system were fed with
potatoes or lettuce on a bed of whole wheat flour,
cereal bran and rice bran (Figure 1).

Figure 1. A racked rearing system, adult insects
and mealworms

After the larvae were transformed into insect
form, they started to produce offspring regularly
and were harvested before reaching the prepupa
stage. T. molitor larvae produced for use in the
study were frozen at -20°C. The T. molitor larvae
were dried in an oven and homogenized by
grinding just before the preparation of
experimental diets.

All raw materials used in feed formulation were
sieved and put into a mixer. After mixing
homogeneously, water was added and mixing
was continued. Since the fish were very small,
no pelletizing was done. The feeds removed
from the mixer were placed on separate trays and
dried at 50°C. The dried feeds were ground into
powder and used as powder feed. Finally, they
were stored in sealed feed boxes in the
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refrigerator. All feeds were used from the
refrigerator during the experiment.
Three experimental diets were formulated in
which fish meal was substituted with TM at
different levels (Table 1):

- Control diet (FM): without TM

- Insect diet (TM): 100% of FM replaced
by TM

- Mixture diet (FM/TM): 50% of FM
replaced by TM
Other ingredients to be used in the feed
formulation were obtained from a commercial
feed company (SURSAN A.S.).

2.3. Chemical composition analysis of diets

The analyses of the chemical composition of
feed ingredients and diets were performed
according to the standard methods of AOAC
(1995). The gross energy of the diets was
estimated assuming 23.6 kJ/g protein, 39.5 kl/g
lipid and 17 kJ/g nitrogen-free extracts.

2.4. Calculations

Weight gain (WG, g) = (final body weight —
initial body weight) (1)
Specific growth rate (SGR, %/day) = [(In final
body weight — In initial body weight)/days] X

100. 2)
Protein efficiency ratio (PER) = wet weight
gain/total protein given 3)
Feed conversion ratio (FCR) = feed intake/wet
weight gain 4)

2.5. Statistical analysis

Anderson-Darling and Levene’s tests were used
for homogeneity of variances and equality of
variance of groups, respectively. Square root
transformations of percentage data, the
significance of differences in growth and feed
utilization variables among the treatments was
tested using a one-way analysis of variance
(ANOVA), followed by Tukey’s method for
multiple comparisons. Differences were
considered significant when P< 0.05. Statistical
analyses were performed using Minitab 17
software for Windows.

3. RESULTS

The inclusion levels of various ingredients in the
experimental diets and their respective
proximate composition are given in Table 1.
Water temperature, dissolved oxygen, and pH
varied slightly throughout the experiment and
ranged from 26.2 to 28.1°C, 3.14t0 4.87 g/L, and
7.5 to 8.33, respectively.

At the end of the 46-day experimental period,
juvenile tilapia showed the highest growth when
fed FM diet, followed by TM and FM/TM diets.
The growth differences were only significant
between fish fed the control and FM/TM diets
(P<0.05). Weight gain displayed a similar trend.
The SGR was 5.35%, 5.27% and 5.21% in FM,
T™M and FM/TM groups, respectively. The
difference between FM and FM/TM groups was
statistically significant (P<0.05). The best FCR
was in fish fed the FM diet, followed by those on
TM diet without a  statistically significance
(P>0.05, Table 2).
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Table 1. Formulation (g/kg) and proximate composition (%) of the experimental diets

Experimental Diets

FM ™ FM/TM
Nutrient (g kg™')
Fish meal 180 - 110
Tenebrio molitor - 280 170
Soybean meal 303 283 270
Wheat flour 300 230 243
Corn protein 150 150 150
Fish oil 50 10 10
Ulva lactuca meal - 30 30
Vitamin premix(*) 3 3 3
Mineral premix(*) 3 3 3
Astaxanthin 1 1 1
Dicalcium phosphate 10 10 10
Proximate Composition (%)
Moisture 3.46 2.87 3.79
Protein 42.85 41.05 42.99
Lipid 8.99 8.61 7.60
Ash 5.87 5.57 6.24
NFE! 38.83 41.90 39.37
Gross energy (kJg™!)? 20.26 20.21 19.84

* Vitamin-mineral premix (mg/kg premix): vitamin A, 210000 IU; Vitamin D3, 35000 IU; vitamin E, 7000 mg; vitamin K3, 322 mg;
vitamin B1, 588 mg; vitamin B2, 252 mg; vitamin Bs, 294 mg; vitamin Bi2, 826 mcg; niacin, 1400 mg; biotin, 7583 mcg; 182 mg folic
acid, pantothenic acid, 1722 mg; inositol, 17220 mg; vitamin C, 933.31 mg; Ca, 1414mg.

'NFE=100-(%protein+ %lipid+ %ash+ %moisture)

2Gross energy is calculated according to 23.6 kJ g™ protein, 39.5 kJ g! lipid and 17 kJ g"! NFE

Table 2. Growth performance and feed efficiency of Nil tilapia juvenile fed the 3 experimental
diets for 46 days

Experimental Groups

FM ™ FM/TM

IBW (g) 0.124+0.002* 0.12+0.001 0.11£0.003*
FBW (g) 1.36+0.16° 1.32+0.16° 1.2440.122
WG (g)! 1.25+0.09° 1.21+0.09* 1.13£0.072
SGR(%)? 5.35+0.19* 5.27+0.16% 5.21+0.18°
FCR3 3.29+0.05° 3.48+0.23? 5.79+0.50°
PER (%)* 1.4240.04¢ 1.21£0.10° 0.87+0.072
Survival (%) 100* 100* 100?

Data are reported as mean + standard errors of three replicates (3). Means with different superscript letter in a row are significantly
different (p>0.05). IBW: Initial body weight, FBW: Final body weight. replicates.

The highest FCR was in the group fed FM/TM group, 1.21+0.10 for the TM group, and
diet, being significantly different from the 0.87+0.07 for the FM/TM group and PER values
control. were significantly different among the diets. The
The PER was calculated as 1.42+0.04 for the FM survival rate was 100% in all groups.
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Figure 2. Distribution of specific growth rate (SGR), final body weight (FBW), weight gain (WG),
and protein efficiency ratio (PER) values of Nil tilapia juveniles by groups

4. DISCUSSIONS

Today, feed formulation strategies take into
account the nutritional quality of feed
ingredients as well as cost, availability and
sustainability. The TM produced for the purpose
of replacement of dietary FM in the present study
showed lower protein and higher lipid contents
than FM. Dietary use of TM results in a
reduction of dietary fish oil due to higher levels
of TM.

In the current study, the highest growth, weight
gain and protein efficiency rate were determined
in the control group, followed by the TM and
FM/TM groups in discending order.  Gasco et
al. (2014) reported that rainbow trout
(Oncorhynchus mykiss) fed diets with up to
50% can be used without decreasing growth
performance, thus saving fish meal protein.
Gasco et al. (2016) reported that a full-fat
Tenebrio molitor meal can be included up to
25% in the diets of European sea bass fry
(Dicentrarchus labrax) without affecting their
growth performance, while fish performance
was negatively affected at a higher TM inclusion
level (50%). Similarly, Ng et al. (2001) reported
that African catfish (Clarias gariepinus) showed
good growth performances when up to 35% TM
meal was added to their diet. On the contrary,
Roncarati et al. (2015) reported reduced growth
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when catfish (Ameiurus melas) fingerlings were
fed a diet containing TM larval meal. In an
experiment using the same amounts of TM (25%
and 50%) in gilthead sea bream (Sparus aurata)
diets, Piccolo et al. (2017) reported that dietary
inclusion 0f 25% TM in the diet did not have any
negative effects on final weight, specific growth
rate, weight gain, protein efficiency ratio or feed
conversion ratio of the fish, but at the inclusion
level of (50%) a deteriorated nutrient
digestibility was the case without detrimental
effect on growth performance. Ng et al. (2001)
reported that 7. molitor larvae in both, live feed
or meal form, were a good potential source of
protein source and could replace up to 40% of
FM component in practical diets for African
catfish. Additionally, it was noted that catfish fed
a diet containing a combination of mealworm
and catfish pellet grew as well as or better than
fish fed commercial catfish diet (Ng ez al., 2001).
Interestingly, in the present study, the group fed
with a 100% TM-supplemented diet showed a
better growth rate than the group fed with a 50%
TM-supplemented diet and had almost the same
growth rate as the control group. This may be
due to the Ulva lactuca added to the diet.
However, although the same amount of Ulva
lactuca was added to both groups, the TM group
showed better growth. Further research on the
use of Ulva lactuca in combination with TM
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should be conducted to provide a definite
explanation for this. As a matter of fact, Turan
(2006) reported that the addition of red clover
(Trifolium pratense) as a growth-promoting
agent in tilapia (Oreochromis aureus Linnaeus)
may improve feed utilization in fish, resulting in
a higher growth rate. Also, according to Diab et
al. (2008), Nile Tilapia fry fed diets enriched
with medicinal plants showed faster growth than
those fed a control diet. Medicinal plants have
been used with similar success for common carp
(Cyprinus carpio), guppy (Poecilia reticulate)
and cichlid (Cryptoheros nigrofasciatus)
(Yilmaz et al., 2006; Cek et al., 2007a,b).
Dietary protein plays an important role in
determining fish growth rate. Accurate
information on the protein requirements of fish
is crucial for any aquaculture enterprise because
of the high cost of protein components, which are
generally required at high levels by most fish
(NRC, 1993). Tubin et al. (2020) stated that it
was possible to include up to 10% of TM in the
diets of juvenile tilapia reared in biofloc systems
without any loss growth performance, carcass
composition, somatic and hematological indices.
Sanchez-Muros et al. (2016) reported that the
use of TM (TM has been partially or completely
replaced by both SM and FM) instead of FM in
tilapia diets, partial or complete replacement of
SM with TM reduced feed intake in vitro and
protein digestibility did not affect the amino acid
composition of muscle. However, the inclusion
of TM at both levels tested (25% and 50%)
reduced growth by about 29% and also affected
the fatty acid profile of the muscle. The results in
the literature are partially in agreement with
those obtained in this study, suggesting the need
for further studies.

5. CONCLUSIONS

The study evaluated the effects of feeding Nile
tilapia juveniles with FM and TM based diets on
growth performance and feed efficiency. In
conclusion, the main conclusion of this study is
that TM can be used as a protein source in
juvenile tilapia diets without a reduction in
growth performance, thus saving fish meals and
oil. But, more research is needed on the
nutritional value of insects for fish. 7. molitor

larvae meal is an innovative raw material and its
use as an alternative feed raw material to fish
meal in fish diets seems promising. In addition,
industrial-scale processes should be developed
for the production of insect-based fish feeds,
taking into account their impact on the
environment, food safety and society, and their
production should be promoted. In this way, both
a new raw material will be brought to
aquaculture and a new business area will be
provided.
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ABSTRACT

Sebastes schlegelii is a typical bottom dwelling boreal species, whose native distribution range
includes Japan, Korean peninsula and China. This northwest Pacific originated species has recently
been recorded from the Crimean and Caucasian coast (northern Black Sea), whose introduction was
assumed to be either by balast waters or the acclimatization of Crassostrea gigas (Pacific oyster). On
16 August 2023, a single S. schlegelii specimen with 20.6 cm standard length and 282.1 g in weight
was captured off Unye, Ordu coast (southeastern Black Sea), which was previously an unreported
fish from the Turkish marine waters. Detailed morphometric and meristic characteristics are
presented in the paper, and species identification was further confirmed by genetic analysis. Available
information reveals this alien species to be fished regularly, although in small quantities, indicating
a presumably established population in the region. The species should be treated as a potentially
invasive fish, since it may negatively influence to the local biodiversity through interspecific
competition. Close monitoring of its existing population is strongly suggested.
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OZET

Sebastes schlegelii, dogal dagilim alan1 Japonya, Kore yarimadasi ve Cin'i kapsayan tipik bir
demersal boreal tiirdiir. Kuzeybati Pasifik kdkenli bu tiir, yakin zamanda Kirim ve Kafkasya
kiyilarinda (Kuzey Karadeniz) kaydedilmis olup, ekosisteme girisinin ya gemilerin balast sular1 ya
da Crassostrea gigas'n (Pasifik istiridyesi) yetistiriciligi ile alakali oldugu varsayilmaktadir. 16
Agustos 2023 tarihinde Ordu Unye agiklarinda (Giineydogu Karadeniz) 20,6 cm standart boyda ve
282,1 g agirhi@inda bir S. schlegelii 6rnegi elde edilmis olup, tiiriin daha 6nce Tiirkiye denizlerinde
var olduguna dair bir kayit bulunmamaktadir. Bu makalede detayli morfometrik ve meristik
karakterler sunulmus olup, tiir tayini genetik analiz ile de dogrulanmistir. Mevcut bilgiler, s6z konusu
yabanci tiiriin kiigiik miktarlarda da olsa diizenli olarak avlandigini ortaya koymakta ve bdlgede
muhtemelen basarili bir popiilasyonun olustugunu gostermektedir. Bu tiir potansiyel olarak istilaci
bir balik olarak kabul edilmelidir, zira interspesifik rekabet yoluyla yerel biyolojik ¢esitliligi olumsuz
yonde etkileme ihtimali bulunmaktadir. Mevcut popiilasyonun yakindan takip edilmesi biiyiik 6nem

tagimaktadir.

Anahtar sozciikler: Yabanci tiir, Insan kaynakl katilim, Biyolojik istila, Sebastinae

1. INTRODUCTION

Rockfishes of the genus Sebastes are represented
by 108 species worldwide (Froese and Pauly,
2023), majority occurring around an Asian center
near Japan in the north Pacific and north
American center off the Gulf of California (about
96 sp.), with very few numbers of species also
distributing in the north Atlantic, south Pacific,
and south Atlantic (Love et al., 2002).
Rockfishes are live bearing (ovoviviparous)
species, characterized by having a suborbital
stay, a round pectoral fin, 13 to 15 dorsal fin
spines, ridges and spines on head, and venom
glands on spines of dorsal, anal and pelvic fins
(Kai et al., 2013; Froese and Pauly, 2023).
Taxonomy of the genus is currently a matter of
dispute, since it includes morphologically similar
species ~ with  significant  overlaps in
morphometric and meristic characters, and many
species showing great variation in body
coloration depending on their habitat, which
causes significant difficulties in precise
identification based solely on morphology
(Chen, 1986; Kai and Nakabo, 2013). There is
also no complete agreement on the family
assignment for Sebastes; some authors place the
genus under Sebastidae based on an extensive
examination of myological and osteological
characters (i.e., Ishida, 1994), while others prefer

maintaining the subfamily Sebastinae under
Scorpaenidae  regarding the results of
comparative  analysis of the complete
mitochondrial genomes of rockfishes (Jia ef al.,
2020).

According to a recent critically assessed and
updated checklist of Mediterranean marine
fishes, no representatives of Sebastes were
confirmed to occur in any parts of the basin
(Kovaci¢ et al., 2021). However, the dogtooth
grouper (Epinephelus caninus) record given a
decade ago from the southwest Crimean coastal
waters by Boltachev and Karpova (2013) turned
out to be a misidentification of the Korean
rockfish S. schlegelii Hilgendorf, 1880, in which
additional individuals of the species were
recently collected from the same region as far as
to Caucasian coast along the northern Black Sea
(Karpova et al., 2021), indicating the presence of
an established population. This boreal species
has a very limited natural distribution range in
the northwest Pacific, including Japan, Korean
peninsula, and China (Froese and Pauly, 2023),
and its occurrence in the Black Sea strongly
indicates a human mediated introduction, either
by ships ballast waters or during the
acclimatization of the Pacific  oyster
(Crassostrea gigas) (Karpova et al., 2021).

This interesting fish has started to appear in the
artisanal fishery catch along the eastern Black
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Sea coast of Turkey by the early March 2023, and
the authors have received several photographs of
the captured individuals (including juveniles)
from the local fishermen since then, but
collection of a specimen for precise species
identification has recently been possible. With
reference to the existence of several closely
related species with similar appearances among
the genus Sebastes, we carried out both
morphological and molecular analyses for the
identification process, which positively revealed
the species to be S. schlegelii. The Korean
rockfish is not only a first record for the Turkish
marine ichthyofauna, but also a new addition to
the existing list of alien species (Cinar et al.,
2021). This paper aims to present the occurrence
of S. schlegelii along the Turkish Black Sea
coast, by briefly discussing its potential invasion
in the area.

2. MATERIAL AND METHODS

On August 16, 2023, a single specimen of
S.schlegelii was captured off the Ordu/Unye
coast (eastern Black Sea coast of Tiirkiye) from
a depth of 5 m using a trammel net (Figure 1).
The fish was immediately photographed and
transferred to the laboratory (Fatsa Faculty of
Marine Sciences, Ordu University) for further
analysis.

All morphometric measurements and meristic

counts were performed on the fresh specimen.
Body proportions were expressed as percentages
of standard length (SL) and head length (HL).
Measurements and counts are as defined by
Eschmeyer (1965, 1969), while terminology of
spines follow Randall and Eschmeyer (2001). SL
was measured from the tip of the snout, and the
last two soft rays of both dorsal and anal fins
were counted as single rays. Following Kai et al.
(2013), body depth 1 was measured as the
distance between the origins of the first dorsal fin
spine and the pelvic fin spine, body depth 2 as the
distance between the origins of the last dorsal fin
spine and the first anal fin spine.

For genetic analysis, DNA was extracted from
fin tissue by using Genomic DNA Isolation Kit
(AMBRD) according to the user’s manual.
Mitochondrial cytochrome oxidase subunit I
(COI) sequences were partially amplified using
the primers FishF1 and FishR1 (Ward et al.,
2005). The PCR mixture and amplification
protocol was the same as used by Ward et al.
(2005). Sequencing was carried out by Macrogen
Europe (Amsterdam, Netherlands). Sequence
was manually checked, by ChromasPro v.1.5
(Technelysium Pty. Ltd., Australia). The 5’
terminal with high background and 3’ primer
sequence were trimmed. 655bp of COI sequence
is deposited in the NCBI GenBank under the
accession number OR523689.

|IIII|I!II|IIII|IIII|IIII|
0 5

Figure 1. Lateral view of the fresh Sebastes schlegelii specimen (20.6 cm SL) captured off Ordu
coast, Black Sea (Tiirkiye).
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3. RESULTS AND DISCUSSION

Proportional morphometric characters of the
single S. schlegelii individual are presented in
Table 1, which also includes a comparison with
previous data given by Karpova et al. (2021).
Description of the specimen is as follows. Body
robust, slightly compressed laterally, with large
head covered with spines. Three lachrymal
spines, third  one slightly ~ pointing
posteroventrally. Nasal, preocular and postocular
spines are present; the superior cranial spines and
suborbital ridge are weakly developed. Five
spines on the preopercle, second one the longest.
Opercle with two flattened spines, upper one
larger than the lower, both directed posteriorly;
lower opercular spine slightly extends its
posterior margin. Supracleithral spine simple
with acute tip. Dorsal fin continuous with 13
spines and 11 soft rays, gradually increasing in
length to 5th spine, thereafter decreasing in
length to 12th spine, 13th spine longer than 12th
spine, forming anterior support of soft dorsal fin.
Broad based and fan like pectoral fins with 18
rays. Pelvic fins thoracic with one spine and 5
soft rays. Anal fin with 3 spines and 6 soft rays.
Caudal fin rounded, with 15 rays. Body covered
by ctenoid scales. Lateral line with 44 pored
scales. Mouth large, oblique; maxilla without
ridge running along its length and extending to
posterior rim of eye. The ground color of the
body is light brown, with many dark spots
scattered irregularly. The belly is light green to
grayish. Two distinct dark bands extend radially
from the eye, upper one extending to the first
preopercular spine, lower one to the fourth
preopercular spine. Maxilla with a dark stripe. A
dark brown blotch located over the pectoral fin
base. Morphometric measurements, meristic
counts and the color of the Turkish Black Sea

individual are in accordance with previous
descriptions of S. schlegelii in its native range
(Hilgendorf, 1880; Steindachner and Ddderlein,
1884; Chen, 1986) and its introduced ecosystems
(Kai and Soes, 2019; Boltachev and Karpova,
2013; Karpova et al., 2021).

There are only a few different proportions, such
as predorsal, postorbital and snout lengths (see
Table 1) in comparison to specimens previously
captured from the Black Sea (Karpova et al.,
2021), which may be related to the size of the
examined individuals. Despite of these minor
morphometric differences, the NCBI Blast
analysis revealed that the generated COI
sequence is 100% identical with S. schlegelii
from Gyounggi-do, south Korea (NC 005450;
Kim and Lee, 2004) and Yeosu, south Korea
(HM180869; Kim et al., 2012), providing further
genetic support on the correct identification.
First observation of S.schlegelii along the eastern
Black Sea coast of Tiirkiye was made on March
06, 2023, in which an approximately 18 cm SL
specimen was captured from a depth of 10 m off
Giresun using a trammel net (60 mm mesh size)
(Figure 2A). An additional individual was later
captured at a depth of 8§ m from
Persembe/Okgulu coast (Ordu) again with a
trammel net (56 mm mesh size) (Figure 2B). The
occurrence of the species was also a subject to
the regional newspapers, and the news of a
captured individual (erroneously presented as a
dusky grouper, Epinephelus marginatus) from
Gideros (Kastamonu, Cide) was shared (Figure
2C; Unal, 2023). The last photograph shared by
the artisanal fishermen was from Fatsa coast of
Ordu (Figure 2D). According to the local
fishermen of Ordu, S. schlegelii is regularly
being captured for the last couple of months,
although in relatively small quantities.
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Table 1. Proportional measurements of Sebastes schlegelii specimen, in comparison with the
previous Black Sea records (Karpova et al., 2021).

Karpova et al. (2021) Present Study
Number of specimens 5 1
TL, cm 32.5-39.1 24.5
SL, cm 27.7-33.1 20.6
W, g 710.0-1151.2 282.1
(% of SL)
Body depth 1 - 36.5
Body depth 2 - 30.1
Caudal peduncle depth 10.2-10.5 9.7
Predorsal length 33.0-35.8 27.1
Postdorsal length 12.5-13.1 13.3
Prepelvic length 37.4-38.9 39.0
Preanal length 67.8-69.2 66.7
Prepectoral length 33.6-35.5 29.8
Distance between pelvic and pectoral fins 4.7-5.2 4.7
Distance between pelvic and anal fins 18.8-30.2 22.4
Dorsal fin base length 62.5-62.7 60.8
Anal fin base length 15.5-16.4 15.9
Pectoral fin length 21.2-22.9 25.2
Pelvic fin length 20.3-20.6 22.7
Caudal fin length 21.1-21.2 13.4
Head length 35.5-40.1 34.0
(% of HL)

Snout length 29.7-32.0 19.8
Upper jaw length 47.2-49.4 455
Eye diameter 18.3-21.1 18.7
Postorbital length 52.5-52.5 61.5

Figure 2. Previous sightings of Sebastes schlegelii from the Turkish Black Sea coast. A) Giresun
(March 06, 2023, 10 m depth), B) Ordu/Persembe (April 27, 2023, 8 m depth), C) Kastamonu/Cide
(June 13, 2023, depth unknown), D) Ordu/Fatsa (June 16, 2023, depth unknown).
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The photographic evidence clearly indicates that
the species has already spread through a large
area along the Turkish Black Sea coast (Figure
3), and a wider distribution range should be
suspected.

Sebastes schlegelii is mainly a marine species
inhabiting depths ranging 3 to 100 m and can also
be found in brackish waters and even entering
estuaries of rivers, which is one of the most
common rockfishes in the Northwestern Pacific
coasts (Parin ef al., 2002; Dyldin et al., 2021). It
can attain a total length of 65 cm and over 3 kg
in weight (Froese and Pauly, 2023). Similar to its
congenerics, the species is carnivorous feeding
mainly on fish (Gobiidae, Engraulidae,
Ammodytidae), shrimps (4lpheus sp.) and crabs

(Zhang et al., 2014) and can display cannabalistic
behaviour (Park et al., 2007). Sebastes schlegelii
is a commercially exploited fish throughout its
native distribution range, and also an important
cultured species for stock enhancement;
artificially raised juveniles have been released to
enhance fisheries production since the 1980s
(Wang et al., 2017). Despite of their diversity in
form and function, Sebastes spp. are generally
limited to cool-temperate ecosystems, while
warm, oligotrophic waters represent a significant
barrier to their spread (Hyde and Vetter, 2007),
yet S. schlegelii represents a unique case and can
survive wide range of water temperatures from
5°to 28°C (Chen et al., 2021).

25¢ 30° 35° 40°
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0 g : \\"\\
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i . 45
Black Sea
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1 | | 1 400

Figure 3. Records of Sebastes schlegelii from the Black Sea. Black dots retrieved from Karpova et
al. (2021), red dots denote observations from the Turkish coastline, letters correspond to individuals
presented in Fig.2 (locality of the captured individual in this study indicated with an asterix).

Pacific oysters (C.gigas) are one of the most
globalized highly commercial bivalves that have
been introduced to 66 countries outside their
native range (northwest Pacific) for aquaculture
purposes (Herbert ef al., 2016). They were first
introduced to the northern Black Sea coastal
waters from the Sea of Japan during the 1980s,
with active attempts for its acclimatization since

then (Krapal et al., 2019; Aydin and Giil, 2021).
Establishment of Pacific oyster sea farms have
been continuing along the Crimean coast during
the last two decades without any quarantine
measures taken, and this activity have been
suggested as the major and most rational
explanation for the introduction of northwest
Pacific originated S. schlegelii, without ruling
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out the possibility of passive transport in ballast
water tanks of a ship (Karpova et al., 2021).
Above mentioned vectors are also suspected for
the Korean rockfish introduced to the Dutch
coastline (Kai and Soe, 2009). Following the first
occurrence of S. schlegelli in the northern Black
Sea during 2013, four additional adult
individuals were collected from Crimean and
Caucasian coasts in 2019 from depths of 3 to 15
m, indicating the presence of an established
population (Karpova et al., 2021). The species
have rapidly reached the southern Black Sea
coasts, especially the southeastern region,
presumably by the Ilarval and/or juvenile
dispersal through the prevailing currents. Korean
rockfish adults are not capable of extending their
ranges, since they are characterized by strong site
fidelity (Zhang et al., 2015), but the pelagic
larvae and juveniles of this species can easily
migrate to great distances (Gudkov, 2010). The
pelagic juvenile phase of S. schlegelii may last
several months to a year, in which they utilize
different habitats including the drifting
seaweeds, suggesting their opportunistic habitat
selection (Moser and Boehlert, 1991; Nagasawa
and Domon, 1997).

With reference to the sudden occurrence of the
species along the Turkish Black Sea coast with
observations from discrete localities, we may
assume the establishment of S. schlegelii is an
ongoing process in the region. In case that the
species increases its population density,
multifaceted  impacts  maybe  expected.
Competition with the native black scorpionfish
(Scorpaena porcus) for food and space seems to
be quite likely, as also suggested by Karpova et
al. (2021). Due to the high commercial value of
the species in the NW Pacific, it may also
contribute to the artisanal fishery catch of the
Black Sea. Most Sebastes sp. are known to bear
venom glands in dorsal, anal and pelvic fins, but
no envenomation caused by Korean rockfish
were reported and Froese and Pauly (2023)
considers the species to be harmless to humans.

4. CONCLUSIONS

The semi-enclosed Black Sea, which has long
been deteriorated by the combined effects of

eutrophication, habitat loss, increased annual sea
surface water temperatures and overexploitation
of natural resources, is one of the most prone
ecosystems in the world to the invasion of alien
species. The basin is characterized by high
primary production, brackish water body, low
local species richness and wide biotope diversity,
which provide favorable conditions for the
introduction of alien taxa that can establish
successful populations at unoccupied ecological
niches, especially in the absence of local
competitors (Zenetos et al., 2003; Leppakoski et
al., 2009). Although Black Sea hosts the least
number of alien species (28 sp.) along the
Turkish coast, an increase of 25% in the alien
inventory was observed during the last decade
(2010-2020), indicating the rapid changes in the
local diversity and the necessity of urgent
measures to be taken (Cinar et al., 2021).
Sebastes schlegelii can survive wide ranges of
temperatures (5° to 28°C; Chen et al., 2021) and
is highly tolerant to waters with varying salinities
(i.e., estuaries, brackish waters; Dyldin et al.,
2021), and Black Sea ecosystem perfectly meet
these conditions. As a precautionary approach,
every single alien species, casual or established,
should be treated as potential invaders,
underlining the necessity and importance of
carrying out bioecological research to better
understand their life histories. So, the sudden
appearance of Korean rockfish in Tiirkiye should
thus be taken seriously, and closely monitored.
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ABSTRACT

Increasing operational costs, the growth in ship tonnage, loss of lives, and the human factor in
maritime accidents have driven the inevitable emergence of Maritime Autonomous Surface Ships
(MASSs) in the world's seas. However, the universal establishment of laws and regulations for
autonomous ships is still pending. Moreover, challenges arise due to the scarcity of personnel for
immediate response to mitigate the impact of ship accidents and uncertainties linked to the absence
of commercial autonomous voyages in international waters. Utilizing SWOT analysis as a strategic
management approach enables the identification of strengths and weaknesses in a situation,
awareness of related opportunities for leveraging those strengths, examination of threats, and
formulation of measures against potential risks. This study encompasses a comprehensive evaluation
of the positive and negative aspects of autonomous surface vehicles, encompassing their capabilities,
advantages, challenges, and disadvantages. It employs SWOT analysis and the Analytic Hierarchy
Process (AHP) method to facilitate strategic planning necessary for the widespread adoption of
autonomous ships.
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OZET

Artan igletme maliyetleri, biiyliyen gemi tonajlari, can kayiplari, gemi kazalarinda insan faktoriiniin
biiyiik etkisi gibi nedenler otonom yiizey gemilerinin (MASS) yakin gelecekte kaginilmaz olarak
diinya denizlerinde seyir yapacak olmasini tetikleyen baglica faktorlerdir. Ancak heniiz otonom
teknelerle ilgili yeterli uluslararas1 kanun ve yonetmeliklerin olmayisi, gemi kazalarin sonuglarinin
biiyiikligiinii ve kazanin etkilerini azaltacak ilk miidahaleyi yapacak personel olmayisi, halihazirda
otonom gemilerin uluslararasi sularda ticari seferler yapmamasi nedeniyle mevcut olan belirsizlikler
ve otonom gemilere duyulan giivensizlik giiniimiizde otonom su iistii araglarinin yayginlasmasi
ontindeki en biiylik engellerdir. SWOT analizi ile ele alinan bir durumun ya da konunun giiclii ve
zay1f yonlerini kesfetmek, bunlarla ilgili firsatlarin farkina varmak ve bu firsatlardan yararlanmak,
tehditleri incelemek ve ortaya cikabilecek risklere karst onlem almak miimkiin olmaktadir. Bu
calismada otonom su iistii araglarinin yetenekleri, sunduklar firsatlar, avantajlari, dogurabilecegi
sorunlar, dezavantajlar1 gibi olumlu ve olumsuz yonleri bir biitiin olarak ele alinmis, uzman
goriislerine gore gelistirme stratejileri onerilmistir. Otonom gemilerin yaygin olarak benimsenmesi
icin gerekli olan stratejik planlamay1 kolaylastirmak amaciyla SWOT analizi ve Analitik Hiyerarsi

Siireci (AHP) yontemleri kullanilmistir.

Anahtar sozciikler: Otonom gemiler, MASS, SWOT analizi, AHP, A’WOT

1. INTRODUCTION

Numerous studies underscore that maritime
transport should be viewed as a "human system"
and treated accordingly (Hetherington et al.,
2006). Human error often plays a role in
maritime accidents, and its consideration tends to
emerge only after a loss has occurred (Harati-
Mokhtari et al., 2007; Yildiz et al., 2021).
Recently, examining human contributions to
maritime accidents has gained paramount
importance in the industry. Similar to aviation
and other transportation sectors, human error is a
primary factor in preventable maritime accidents.
Research, statistics, and investigations into
accident causes reveal that human error, whether
directly or indirectly, accounts for 70% to 96%
of accidents (Ugurlu and Cicek, 2022). There's a
consensus among researchers that the human
factor is the primary cause and predominant
influence behind maritime accidents. Over time,
the impact and proportion of the human factor in
maritime accidents have remained largely
consistent (O’Neil, 2003). One of the most
effective strategies to mitigate accidents
stemming from human error and subsequently
enhance ship safety involves increasing
automation to  support  decision-making
processes where appropriate (S. Yang et al.,
2007). This is particularly pertinent in the context

of unmanned and autonomous ships, which are
less prone to human-specific circumstances that
might lead to accidents.

Strategic management involves the systematic
utilization of an organization's resources to
accomplish its defined goals and objectives.
Crafting a strategy includes a range of
assessments involving risks and resources,
counteracting potential risks, and optimizing
resource allocation in pursuit of significant goals.
This strategic management process unfolds
through three key stages: strategy formulation,
strategy implementation, and strategy evaluation
(David, 2011). The SWOT analysis stands as a
pivotal tool within strategic planning, serving as
a linchpin for both strategy formulation and
evaluation. SWOT analysis is a strategic
planning technique employed to assess the
strengths, weaknesses, opportunities, and threats
facing organizations. This analysis extends two
critical advantages to organizations: Firstly, it
acts as a diagnostic tool, offering insights into the
present status of the organization. The initial
components of the analysis, designated by the
letters S and W, facilitate self-awareness by
uncovering the organization's strengths and
weaknesses. Strengths signify the organization's
internal capacities that set it apart from
competitors, while weaknesses denote the
internal aspects where the organization lags
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behind its rivals. On the other hand, external
factors—namely opportunities and threats—
evaluate how the organization can navigate the
industry landscape. Opportunities involve
external factors that can yield positive outcomes
for the organization, while threats comprise
external factors that pose risks to the
organization's continued existence.
Consequently, the subsequent phase of the
analysis delves into situational assessments with
a forward-looking perspective, centered on
potential future developments rather than the
current state. This aspect inherently relies more
on subjective data and estimations.

1.1. Motivations

As human beings, we all possess certain
capabilities and limitations. For instance,
humans excel in the discernment and recognition
of patterns. No machine worldwide can interpret
graphics and data on a radar screen as
proficiently as a trained individual. Conversely,
our memory capacity and the swiftness and
precision with which we calculate numbers are
somewhat restricted, whereas computers
outperform us significantly in these aspects. In
addition to these inherent characteristics, human
performance is influenced by internal factors
such as motivation and fatigue, alongside the
knowledge and skills we acquire. The physical
work environment directly impacts an
individual's performance. For instance, the
human body functions optimally within a
specific temperature range. Performance tends to
decline when temperatures deviate from this
range and ceases entirely under extreme
conditions (Wu et al., 2020). Given the
geographical and meteorological conditions of
our planet and the ability of ships to navigate all
the world's seas, achieving an ideal physical
work environment is often unattainable. Adverse
sea conditions and ship vibrations can impede
movement and dexterity, leading to stress and
fatigue. Constrained economic circumstances
may also heighten the propensity for risk-taking
(Rothblum, 2000).

In spite of the prevailing reservations
surrounding autonomous ships due to the
inherent uncertainty, valuable insights can be
gleaned from incidents involving autonomous

surface vehicles, as well as the lessons derived
from accidents caused by human factors.
Regardless of the terminology employed
(autonomous), it remains the case that the design,
software, and decision-making mechanisms of
these systems are ultimately developed by
humans. Furthermore, autonomous ships offer
the distinct advantage of being operable in three
distinct modes: manned, remote-controlled, and
fully autonomous (Dittmann et al., 2021). Over
the course of a voyage, it is feasible to alter the
autonomy levels through dynamic autonomy. For
instance, when approaching a congested port, an
autonomous surface vehicle can be under the
control of an operator onshore, with the capacity
to switch to full autonomy upon entering low-
traffic waters. By minimizing the subjective
human elements in maritime navigation and
substituting them with an intelligent Decision-
Making (DM) system for navigation and
collision avoidance, it is plausible to reduce
maritime accidents and their associated causes. A
substantial proportion of mishaps and erroneous
decisions at sea can result in the loss of life and
environmental catastrophes (L. P. Perera, 2009).
In a study conducted by (Mokhtari and
Khodadadi, 2013), involving over 1,800 Iranian
officers, queries were posed to identify strategies
for mitigating human errors. Based on the
obtained findings, the following measures were
selected as potential remedies for negligence:
- Increasing the automation level,
- More control and surveys,
- More usage of alert signs,
- More accurate working standards, and
- More accurate Programming Maintenance
Services (PMS)
The findings undeniably demonstrate that
officers engaged in conventional maritime
operations also share the belief that autonomous
systems hold the potential for enhanced safety.
The adoption of autonomous ships has the
capacity to reduce the frequency of maritime
accidents attributed to human error, owing to
reduced human participation in the operational
processes, albeit with the introduction of new
risks and challenges (Utne et al., 2017).
The aforementioned scenarios have precipitated
an accelerated shift towards autonomy. The
circumstances conducive to the emergence of
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economically viable solutions for unmanned and
fully autonomous cargo and passenger vessels
are ripening. It has been clearly articulated that
the objective is to surpass the safety standards of
autonomous surface vessels in comparison to
their manned counterparts (Ahvenjirvi, 2016).
Over the past quarter-century, the heightened
capabilities in computational power and
communication technologies, the advent of more
advanced sensor systems, and reduced costs have
spurred the utilisation of MASSs in novel
domains such as mine clearance, environmental
data  collection and monitoring, naval
exploration, as well as surface and submarine
military applications. Prominent ongoing and
large-scale research and development initiatives
in Europe within this domain encompass the EU-
funded MUNIN project (MUNIN, 2016) and
DNV GL's Norwegian ReVolt project, which
receives support from Transnova (DNV, 2017).
Furthermore, a significant European undertaking
is the AAWA project (Laurinen, 2019), backed
by a consortium of Finnish enterprises and the
Finnish Innovation Finance Agency TEKES.
Additionally, the companies Yara and
Kongsberg have jointly constructed an
autonomous and fully electric container ship
named 'Yara Birkeland' (Yara, 2021).

The existing body of literature offers valuable
contributions comprising various facets of safety
concerning autonomous ship  operations,
including security and cyber threats (Issa et al.,
2022), risk models and their management (Utne
et al., 2020), and risk assessments (Wrobel et al.,
2017). In particular, numerous studies within the
domain of autonomous ships have concentrated
their efforts on the enhancement of technical
systems to avoid collisions. These enhancements
encompass target detection (Zhang et al., 2023),
path planning (C. Yang et al., 2023), collision
avoidance algorithms (Yuan and Gao, 2022), and
the adaptation of COLREGs for application to
autonomous ships (Du et al., 2022). However,
given the anticipated expansion of MASSs into
more intricate missions and diverse weather
conditions, these platforms necessitate a
heightened degree of autonomy to prevent an

escalation of operator workload while
simultaneously upholding elevated safety
standards.

Various motivations, aside from the human
factor, drive the transition towards autonomous
ships. The absence of accommodation in
unmanned vessels can yield cost savings, reduce
tonnage and save space, consequently allowing
ships to provide a greater cargo capacity
(Laurinen, 2016). As living quarters become
superfluous, vessels can become smaller, giving
rise to more adaptable transportation solutions
that can supplant road and rail transport for short
to medium distances (Redseth and Nordahl,
2017). Furthermore, it can enhance access to
potentially dangerous maritime regions and
diminish the occurrence of piracy incidents, as
personnel cannot be held as ransom (AGCS,
2017). Additionally, the utilisation of MASSs
can contribute to environmentally friendly
shipping by reducing energy consumption. For
instance, the unmanned, fully autonomous,
electrically powered ReVolt concept ship is
anticipated to offer substantial cost savings
exceeding one million Euros annually when
compared to a diesel-powered vessel (Altheim et
al., 2018).

The unique strengths of a human operator in
managing a complex system lie in their
adaptability and creativity. The human capacity
to respond effectively to unforeseen situations
positively influences system safety. In contrast, a
pre-programmed computer system possesses
limited adaptability to handle exceptional and
unanticipated scenarios. This could be
considered a vulnerability of autonomous ships
when compared to conventional vessels operated
by human personnel. However, this drawback of
autonomous surface vehicles is gradually
diminishing as technological advancements
enable computer systems to learn and adapt (Cui
et al., 2022). This adaptability becomes
particularly crucial in challenging situations for
autonomous ships. For instance, scenarios
involving multiple simultaneous sensor failures
or deliberate disruption of communication
equipment by hackers can result in undesirable
consequences. Another advantage of
conventional ships is their capability to execute
immediate onboard responses in the event of an
accident. (Wrébel et al., 2017) conducted an
examination of maritime accidents across eight
distinct categories and found that autonomous
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surface vehicles reduce the likelihood of
accidents. However, upon scrutinizing the
outcomes of these accidents, it becomes evident
that their impact exceeds that of conventional
ships. Furthermore, the response of autonomous
ships to potential accidents remains uncertain.

In light of the information presented herein and

derived from the conducted studies, it becomes
evident that all other prerequisites have matured,
except for the comprehensive legal procedures
and international regulations necessary for the
deployment of autonomous surface vehicles in
maritime navigation, as well as the capacity to
initiate immediate responses in the event of an
accident. The insights gleaned from these studies
highlight that even the officers serving aboard
vessels are now cognizant of the imperative need
for MASS:s.

The principal objective of this research is to
assess the competitiveness of autonomous ships
within the maritime industry and to recommend
strategic planning approaches for their enduring
sustainability. To achieve this, a comprehensive
methodological approach is utilised,
incorporating SWOT analysis and the Analytical
Hierarchy Process (AHP) for conducting the
analysis. The remainder of the study is organized
as follows: The second section focuses on
identifying SWOT factors and development
strategies based on a review of existing literature.
In the third section author presents the
application of the SWOT-AHP method to the
proposed factors and strategies. The results and
discussions stemming from the study are
presented in the fourth section. Finally, the fifth
section contains the conclusions drawn from the
study.

2. SWOT-AHP (A’WOT) METHOD

A seven-step methodology was adhered to in the
study. The flowchart illustrating the quantified
SWOT analysis (A'WOT) is depicted in Figure 1.

Step 2: Research and draft the
key factors of internal and
external assessment to build
a hierarchical structure

Step 1: Formulation of main
research questions

Step 3:
SWOT Analysis carried out

Step 5: Expert consultation
and data collection

Step 4: Development of strategies
based on internal and external

factors

v

Step 7: Determining the priorities
of the factors and development
strategies

Step 6: To investigate the
weights of key factors using the
AHP Method

Figure 1. Flowchart of the A’WOT analysis
pattern.

2.1. Describing SWOT Factors

Utilizing SWOT analysis, an effective strategy
should be devised by amplifying strengths,
mitigating ~ weaknesses,  capitalizing  on
opportunities, and safeguarding against threats
(Shinno et al., 2006). Given the significance of
SWOT analysis in the context of strategic
planning within the maritime sector, the
objective of this section's study is to assess
MASSs through SWOT analysis on the global
stage. The aim is to sustain and enhance their
strengths, address and rectify their weaknesses,
prioritize opportunities, and proactively mitigate
threats.

To assess the competitiveness of autonomous
vessels, the following four primary research
questions were formulated for SWOT analysis.
Question 1: What are the strengths that can
encourage its development?

This question was formulated to ascertain the
advantages that MASS possess, enabling them to
establish competitiveness.

Question 2: What weaknesses will hinder its
development?

This question investigates the shortcomings that
MASS may exhibit, that is, the areas where
MASS is deficient and requires enhancement.
Question 3: What opportunities are there to
contribute to development?

133



Ugurlu, Turkish Journal of Maritime and Marine Sciences, 9(2): 129-147

This question explores the favourable
circumstances that can facilitate a positive
impact on the future development of MASS. This
includes considering how MASS can contribute
to society and the potential benefits it can deliver.
Question 4: What are the threats to be
considered in future planning?

This question examines the challenges and
obstacles that MASS may encounter. This
includes assessing potential consequences that
could pose threats to the environment and
society, as well as identifying factors that may
impede its development.

Using these questions SWOT analysis matrix is
developed to identify the strengths, weaknesses,
opportunities, and threats of the MASSs in the
maritime sector. A total of 31 SWOT factors are
finalized for the competitiveness evaluation and
for deriving four future strategies (Table 1).
Utilizing these questions, a SWOT analysis
matrix has been constructed to identify the
strengths, weaknesses, opportunities, and threats
associated with MASS within the maritime
sector. A comprehensive set of 31 SWOT factors
has been determined for the assessment of
competitiveness and the formulation of four
prospective strategies (Table 1).

To ensure the objectivity of the study, a
comprehensive review of the literature was
conducted to investigate the various scenarios,
advantages, disadvantages, and future prospects
pertaining to autonomous ships. Based on this
literature research, SWOT factors were
identified. In the selection of SWOT factors
associated with autonomous ships, careful
consideration was given to factors documented in
the pertinent studies within the literature (Table
Al- Appendix I).

The SWOT approach entails systematic and
comprehensive examination of factors associated
with management, technology, or planning.
SWOT analysis involves the comparison of
strengths, weaknesses, opportunities, and threats,
combining these four elements to suggest SO
(Strengths-Opportunities), WO (Weaknesses-
Opportunities), ST (Strengths-Threats), and WT
(Weaknesses-Threats) components.
Subsequently, after summarising the issues
within these four strategic directions, these

matters are incorporated into the context of
strategic planning for implementation. A
development strategies model for autonomous
ships, involving diverse interpretations and the
formulation of strategies through SWOT
evaluation, taking into account the factors
outlined in Table 1, is presented in Figure 2.
SWOT analysis, when used effectively, can serve
as a robust foundation for strategy development.
However, SWOT analysis exhibits certain
limitations in the evaluation and measurement
phases within the strategic decision-making
process. Most articles addressing SWOT analysis
offer merely descriptive accounts of the analysis,
with only a few employing quantified
assessments. This may result in an under
utilisation of the analytical method, given the
inherent complexity of planning processes,
which often involve a multitude of criteria and
interdependencies. In the conventional SWOT
analysis framework, a significant limitation lies
in the inability to quantitatively measure the
importance of decision factors, rendering it
exceedingly challenging to gauge which factors
exert the most profound influence on strategic
decision-making (Shrestha et al, 2004).
Consequently, SWOT analysis may not provide
a comprehensive evaluation of the strategic
decision-making process. To address this
shortcoming, the Analytical Hierarchy Process
(AHP) methodology is employed to ascertain
weights and quantitatively assess the relative
significance of each factor within the SWOT
analysis development strategy.

2.2. AHP Method

The Analytical Hierarchy Process (AHP)
represents a potent tool for structuring and
modelling, particularly in scenarios involving
multi-criteria  decision-making. AHP is a
methodology that takes into account both
objective and subjective assessment criteria
when determining the optimal choice, relying on
priorities derived from pairwise comparisons of
the evaluation criteria. Successfully applied
across various management domains (Li and
Yuen, 2022), AHP dissects complex problems
into  constituent parts and subsequently
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Table 1. Factors identified through the SWOT approach

SWOT Abbreviation SWOT Factors

Group
(S) S.1 Safer than manned ships (for human-related cases)
S.2 Being resistant to human biological and emotional changes
(i.e., cold, hot, fatigue, stress)
S.3 Ability to make quick decisions
S.4 Ability to evaluate data from many sources and perform multiple
analyzes
S.5 Ability to determine risk priority
S.6 Ability to act under COLREG and local navigational rules
S.7 Ability to learn
S.8 24 hours of continuous monitoring of the environment and targets
S.9 Easy to test their reaction to events
S.10 Remote and easy troubleshooting of software errors and deficiencies
W) W.1 Still requires human intervention (i.e., in case of an accident)
Ww.2 Limited remote intervention in case of technical failure
w3 Still in the testing phase and not yet applied to commercial ships
w.4 Difficult to develop software at the infrastructure stage
W.5 Inability to interpret and adapt to events in unexpected situations
O) 0.1 Promising more environmentally friendly transportation (i.e., no
crew-related pollution, fuel savings, and use of renewable energy)
0.2 The maturation of technological developments for autonomy day by day
03 Reduced ship size and increased carrying capacity due to lack of living
quarters
0.4 Lower operating cost (i.e., no personnel expenses)
0.5 Ability to access dangerous and unsafe marine areas
0.6 Effective use for minesweeping, research, data collection, and military
purposes
0.7 More and more people and institutions are interested in the subject
0.8 Uncover new workforce areas related to operations and software
(T) T.1 Prejudice towards autonomous vehicles
T.2 Possible reactions as people will replace
T3 Skilled workforce and training gap for management and operation
T.4 The immaturity of its legal and regulatory status
T.5 Unknown interaction with manned ships
T.6 Being vulnerable to cyber attacks
T.7 Potential for job loss for existing seafarers
T.8 The potential for new types of risks to emerge
Strengths
SO Strategies ST Strategies

+ Allocating more resources for R&D. The benefits of autonomous ships should be accurately
expressed to the public.
+ Increasing incentives for the spread of autonomous ships

* It should be emphasized that the need for the necessary

© - Establishment of independent education and research workforce will not be completely elimnated, but this

% units on the subject. workforce will be needed differently. ;
E.: + Forthe transfornmtion, semi-autonomous ships instead * Possible risks should be thoroughly mvestigated. @
3 of fully autonomous ships willbe tested i the field for

a while. Legal and regulatory uncertainties should be resolved as
soon as possible.

+ First be experienced in the areas allocated to it.

Focusing on technical studies on the prevention of cyber

attacks against autonomous ships and sanctions related to

these attacks.

WO Strategies L WT Strategies
Weaknesses

Figure 2. Four-quadrant development strategy model for autonomous ships
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integrates all the solutions derived for these
components. By amalgamating intuition,
emotions, judgement, and rationality, AHP
explain all the factors influencing a decision and
streamlines the decision-making process. The
advantages of AHP encompass its capacity to
analyse decision attributes both qualitatively and
quantitatively, along with its adaptability in
goal-setting (Mahapatra et al., 2021). However,
AHP has certain disadvantages, which include
its high computational demands even for small-
scale problems. It also possesses a subjective
nature, relying on individuals to translate their
emotions and preferences into numerical
judgments. Additionally, as the number of
alternatives and criteria increases, the method
requires a larger amount of pairwise
comparisons, which can lead to increased time
and effort. Moreover, over time, the
inconsistency of the matrices may increase due
to a loss of focus and concentration on the
subject. The AHP Method consists of five stages.
These are: 1-hierarchy construction, 2- pairwise
comparison, 3- deriving relative weights, 4-
checking the consistency ratio and 5-
synthesizing results.

3. IMPLEMENTATION OF AHP-SWOT
(A’WOT) METHOD

The next stage for prioritizing SWOT factors and
development strategies obtained from the
literature is to use the AHP Method to assess and
rank them based on their relative importance.

3.1. Hierarchy construction

In the study, AHP was employed to establish
priorities among the SWOT factors. The
problem was structured into a four-stage
hierarchical process, which involves the
identification of SWOT  factors, the
categorization of these factors, the derivation of
strategies through the combination of these
groups, and ultimately the formulation of
recommended development strategies (Figure 3)
to enable measurement of the strategic factor
groups and fundamental strategies identified
through SWOT analysis via AHP. The inherent
complexity of this approach can present
implementation challenges; however, the

fortunate availability of software tools designed
to automate the mathematically intensive aspects
has alleviated these difficulties. For this study,
Microsoft Excel was chosen and utilised to
quantitatively assess all the factors and strategies.

3.2. Pairwise comparison

Pairwise comparisons are conducted among the
SWOT factors within each respective SWOT
group. During these pairwise comparisons,

Development Strategy
N

Threats ‘

[ SO Strategies ] {WO Staﬂegiﬂs] [ ST Strategies ] [ WT Sn‘ategies]

* Color codes represent different factor groups

Figure 3. Hierarchical structure of A-WOT
analysis

individuals tasked with evaluating the factors in
the questionnaire are asked to provide
judgements based on two key questions: 1)
"Which factor is more preferred (important) when
comparing factor 1 with factor 2?' and 2) 'How
much more preferred is one factor over the other
factor?' At each stage, the criteria are assessed
through pairwise comparisons according to their
levels of influence. In the AHP, these multiple
pairwise comparisons are made using Saaty's
standardized comparison scale (Table 3), which
encompasses nine levels (Saaty, 1987).
Subsequent to these comparisons, the relative
priorities of the SWOT factors are calculated
using the eigenvalue approach within the
framework of the AHP technique. Expert
opinions were sought to establish the weights for
the factor groups. As a criterion for selecting the
experts whose opinions were solicited, having a
minimum of two studies on autonomous surface
vehicles was stipulated. Insights were gathered
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from 10 researchers engaged in the field of
MASS, including individuals from the private
sector and predominantly academics affiliated
with universities. Recognizing the significance
of diverse perspectives, experts with expertise in
various domains such as law, technology,
maritime, shipbuilding, and environmental
matters relevant to autonomous ships were
specially chosen. The occupational backgrounds
of these experts encompassed master mariners,
shipbuilders, lawyers, software developers, and
engineers.

Table 3. Pairwise comparison scale

Importance Explanation

1 Two criteria contribute equally to the
objective
3 Experience and judgment slightly favor one

over another

5 Experience and judgment strongly favor
one over another

7 Criterion is strongly favored and its
dominance is demonstrated in practice

9 Importance of one over another affirmed

on the highest possible order
2,4,6,8 Used to represent a compromise between

the priorities listed above

Despite identifying a total of 31 SWOT factors,
we have restructured these factors into 15
coherent groups to enhance clarity regarding our
objectives. Opinions from all experts are
collected in a single matrix by taking the
geometric mean. The pairwise comparison
matrix (referred to as the A matrix), a square
matrix with dimensions 15x15, is presented in
the Appendix II.

Comparisons are conducted for values located
above the diagonal of the comparison matrix. For
comparisons below the diagonal, the following
formula is employed.

3.1)

a.=1/a.
ij Ji

3.3 Deriving relative weights

To determine the weights of the factors in their
entirety, 15 column vectors, each comprising 15
components, and B-column vectors are
constructed from the column vectors constituting

the comparison matrix.

b
a0 b..=a../2a..
b iy Y )

31 i=1

(3.2)

When the 15 B-column vectors are consolidated
in matrix form, the normalized matrix C is
constructed and displayed in Appendix III.
Utilising the equation below, the arithmetic mean
of the row elements within the C matrix is
computed to determine the relative importance
(weight) of values for the factors in relation to
each other, subsequently yielding the W column
vector, commonly referred to as the priority
vector.

n
w, = ZC../ n
i ij
j=1

(3.3)

‘ (3.4)

Within the SWOT Matrix, established through
SWOT analysis to assess the position of
autonomous ships within the sector, the weights
for four factors each in the categories of
strengths, opportunities, and threats, and three
factors in the category of weaknesses were
determined. The weight values for the complete
set of 15 factors are presented in Table 4.
Following the decomposition of the problem and
the construction of the hierarchy, the
prioritisation process commences to define the
relative importance of each criterion as outlined
in Table A2 (Appendix IV).

3.4 Checking consistency ratio

To compute the eigenvalue (L), denoted as such,
the D column vector is generated by multiplying
the comparison matrix A with the priority vector
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W. The As for each evaluation factor are derived
by dividing the reciprocal elements of the D
vector by the W vector as per equation (3.5).
Using the formula below, the A for the
comparison is calculated.

E, =d/w (i=1,2,3,...15) (3.5
A=) E/n (3.6)
i=1

After determining A, the Consistency Index (CI)
can be computed using the equation provided
below. In our study, this value was determined to
be 0.0439.

(3.7)

The CI is divided by the standard correction
value referred to as the Random Index (RI), as
detailed in Table 5, to yield the Consistency
Ratio (CR). The CR, as a result of calculations,
was determined to be 0.0276.

CR = CI/RI (3.8)

Table 5. Random consistency index

Size of Random Consistency
Matrix (n) Index (RI)
1 0

2 0

3 0.58

4 0.90

5 1.12

6 1.24

7 1.32

8 1.41

9 1.45

10 1.49

11 1.51

12 1.54

13 1.56

14 1.57

15 1.59

A CR value below 0.10 signifies that the
comparisons are consistent. If the CR value
exceeds 0.10, it implies the presence of a
computational error within the AHP or
inconsistency in the comparisons. The CR serves
as a means to examine the consistency of the

one-to-one comparisons made between the
factors. The result is within the acceptable
compliance rate limits, as it is below 10%.
Therefore, the inconsistency is considered
acceptable.

3.5. Synthesizing results

The distribution of importance percentages
among the decision points is ascertained by
iteratively repeating the comparisons and matrix
operations, equating to the number of factors (15
times). Following each comparison operation,
mx1 dimensional S column vectors are
generated, illustrating the percentage allocations
to the decision points of the factors. The resulting
mx15 dimensional K decision matrix, comprising
15m x 1 dimensional S column vectors, is
presented below.

(3.9)

| “ml Ym2 Sml5_

By performing matrix multiplication between the
decision matrix and the W column vector, the L
column vector, referred to as the 'Priority Vector
Matrix,' is generated. This vector depicts the
percentage allocation of the decision points and
establishes their order of significance.

10.7357
1.395
1.155
1.005

0.81
0.495
0.585
0.705

0.96
0.735
1.395
1.245
1.005

0.9
11.905-

The results obtained indicate which factors
should receive the most attention. In order of
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priority, it was found that T4, S2, O4, and T1 are
the factors that need to be considered the most.
The factors in order of priority, along with their
descriptions, are as follows:

T4- Threats related to unknown issues, security,
and risks.

S2- Strengths in data processing speed and
analysis capability.

O4- Opportunities related to safety and security.
T1- Threats of negative reactions and prejudice.
The procedure carried out earlier for the SWOT
factor groups was applied to derive the
development strategies as follows:

r1.000 1.568 2.167 1.431 1.888 0.826 2.543 0.987 1.159 1.284
0.638 1.000 1.097 1.135 1.134 0.728 1.625 0.503 0.964 0.885
0.461 0.691 1.000 1.196 1.038 0.768 1.661 0.515 0.738 0.872
0.699 0.881 0.836 1.000 1.175 0.851 2.491 0.530 0.608 0.749
0.530 0.882 0.963 0.851 1.000 0.777 2.666 0.441 0.538 0.671
1.210 1.374 1.338 1.175 1.287 1.000 3.640 0.746 1.170 1.131
0.393 0.616 0.609 0.402 0.375 0.275 1.000 0.322 0.454 0.545
1.013 1.987 1.940 1.888 2.267 1.340 3.108 1.000 1.669 1.710
0.863 1.038 1.356 1.644 1.858 0.855 2.203 0.599 1.000 0.768
10.779 1.129 1.147 1.311 1.491 0.884 1.835 0.585 1.302 1.000J

r0.132 0.140 0.174 0.119 0.140 0.099 0.112 0.158 0.121 0.134
0.084 0.090 0.088 0.094 0.084 0.088 0.071 0.081 0.100 0.092
0.061 0.062 0.088 0.099 0.077 0.092 0.073 0.083 0.077 0.091
0.092 0.079 0.067 0.083 0.087 0.103 0.109 0.085 0.063 0.078
0.070 0.079 0.077 0.071 0.074 0.094 0.117 0.071 0.056 0.070
0.160 0.123 0.107 0.098 0.095 0.120 0.160 0.120 0.122 0.118
0.052 0.055 0.049 0.033 0.028 0.033 0.044 0.052 0.047 0.057
0.134 0.178 0.156 0.157 0.168 0.161 0.136 0.161 0.174 0.178
0.114 0.093 0.109 0.137 0.137 0.103 0.097 0.096 0.104 0.080
10.103 0.101 0.092 0.109 0.109 0.106 0.081 0.094 0.136 0.104—J

The development strategies with the highest
weight, in order of priority, are WT1, SO1, WO1
and WT2. These strategies have been identified
as the most important for our study's
development based on their respective weights
(Table 6). In general, it appears that the WT
values have the highest weight in the analysis,
suggesting that addressing weaknesses and
mitigating threats is a crucial aspect of this
study's development strategy.

The CR value of 0.099, although it is at the limit,
indicates that the generated AHP model is
relatively consistent. While it's close to the
threshold of 0.1, the fact that it's below this limit
suggests that the expert opinions and the model's
calculations are reasonably consistent and
reliable for this study analysis. After analyzing
the consistency ratio of the results, priority
values were ultimately determined and are
presented with L vector. Therefore, the top three
development strategies that should receive the
highest emphasis are WT1, SO1, and WOI,
respectively. This highlights the significance of

concentrating on aspects where internal
weaknesses and external threats exist in order to
enhance and safeguard the outcomes of the study.

Table 6. Weight values of SWOT development
strategies

Global
Weights

Local
Weights

Strategy
Groups

Development
Strategies

(SO) 1) Allocating more resources
for R&D.

2) Increasing incentives for
the spread of autonomous
ships.

3) Establishment of
independent education and
research units on the subject.

1) The benefits of autonomous
ships should be accurately
expressed to the public.

2) It should be emphasized that
the need for the necessary
workforce will not be
completely eliminated, but
this workforce will be
needed differently.

0.445 0.133

0.291 0.087

0.264 0.079

(ST)

0.521 0.085

0.479 0.078

(WO) 1) For the transformation, semi-
autonomous ships instead of
fully autonomous ships will be
tested in the field for a while.

2) First be experienced in the

areas allocated to it.

0.731 0.122

0.269 0.045

(WT) 1) Possible risks should be
thoroughly investigated.

2) Legal and regulatory
uncertainties should be

resolved as soon as possible

0.431 0.160

0.288 0.107
3) Focusing on technical studies
on the prevention of cyber
attacks against autonomous
ships and sanctions related to

these attacks.

0.280 0.104

r1.337
0.87
0.79
0.85
0.78
1.22
0.45
1.60
1.07

-1.04

4. RESULTS AND DISCUSSION

As a result, when analyzing the overall results of
the study, it becomes evident that threats (33.7%)
and strengths (28.6%) within the SWOT factors
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are areas that require more attention, as indicated
by the examination of expert opinions.
Additionally, the aspect of opportunities (25.3%)
also holds a significant priority similar to the
former two factor groups. Notably, the study's
outcomes suggest that experts regard the
weaknesses of MASSs (12.6%) as comparatively
less critical than the other three factor categories.
When assessing the SWOT factors based on
expert opinions and ranked using the AHP
method within their respective fields, the
following priorities were observed:

a. Shipbuilders:

- The most important factors were T4, T1, S2,
and T3, with priority values of 2.242, 1.919,
1.471, and 1.446, respectively.

- The least significant factors for shipbuilders
were W2 and W3, with priority values of
0.363 and 0.375.

b. Technology Experts (MASS-related):

- T4, S4, O4, and S3 were emphasized as
crucial factors, with priority values of 1.863,
1.582, 1.523, and 1.172, respectively.

- Factors O1 and S1 had the lowest priority

values at 0.390 and 0.4, respectively.
c. Mariners:

- Significant factors for mariners included O4,
S2, T4, and S3, with priority values of 2.059,

1.753,1.290, and 1.140, respectively.

- T3 and W2 were identified as the least
important factors among mariners, with
priority values of 0.454 and 0.608.

d. Legal Expert:

- Prioritized factors for the legal expert were
W1, T4, T3, and T2, with priority values of
3.538, 2.915, 2.215, and 1.487, respectively.

- S3 and S4 were rated as the least significant
factors for the legal expert, with a priority
value of 0.315.

These results highlight the varying perspectives
of experts from different fields regarding the
importance of SWOT factors in the context of
autonomous ships.

In summary, when considering the evaluations
both in general and according to the fields of
expertise, T4 emerges as the most crucial factor.
Following T4, O4 holds significant importance.
This indicates that experts believe that
addressing unknown issues, security problems,
and risks related to MASS should be the primary

focus. Interestingly, despite these concerns,
experts also see safety and security-related
opportunities as highly significant, suggesting
that the main preoccupation and aspiration within
the field of MASSs revolve around safety and
security issues. Furthermore, the analysis reveals
that experts, except for lawyers, do not generally
view the weaknesses of MASSs as major
concerns. Legal gaps and infrastructure
deficiencies, which pose significant obstacles to
the widespread adoption of autonomous vessels,
are not considered substantial issues by experts in
fields other than law.

When analyzing the responses provided by
experts with experience in MASSs, it becomes
evident that professionals from different fields
prioritize various aspects related to autonomous
vessels. In the assessment of development
strategies, shipbuilders assign the highest priority
to strategies WT1, WOI1, WT3, and SOI, with
respective values of 0.227, 0.134, 0.130, and
0.123. On the other hand, engineers and
academics specializing in autonomous ship
technology emphasize strategies SO1, WO1, and
WT1, with priority values of 0.176, 0.142, and
0.123, respectively. Mariners view strategies
SO1, WT1, WOI, and SO2 as significant, with
priority values of 0.141, 0.137, 0.122, and 0.118,
respectively. Lastly, the legal expert highlights
the importance of strategies WT1, WT2, and
WT3, with a score of 0.183. Based on these
evaluations, WT1 emerges as the most critical
strategy, both overall and within specialized
domains. SO1 and WOI strategies closely
follow. Interestingly, the strategy aimed at
addressing the lack of a legal framework for
autonomous ships, a significant barrier to their
widespread adoption, is particularly emphasized
by the legal expert.

5. CONCLUSION

In this research article, the study aimed to
determine the strategic management of MASSs in
comparison to manned ships, based on existing
literature, and to propose strategies for their
improvement and mitigation of weaknesses by
leveraging expert opinions. To achieve this, a
hybrid approach combining SWOT analysis, a
strategic management method, and the AHP
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Method, a technique commonly employed in
multi-criteria decision making, was employed.
Given the multifaceted literature of MASSSs,
experts from various domains were consulted to
assess the factors influencing autonomous ships,
and the gathered data underwent a
comprehensive evaluation. This extensive
analysis yielded several noteworthy findings:

e Experts highlighted the paramount
importance of addressing unknown
issues, security concerns, and risks

related to MASSs. Safety and security
emerged as top priorities for researchers
and practitioners in this field.

e Legal gaps and the lack of a suitable legal
infrastructure ~ were  identified as
significant barriers to the widespread
adoption of autonomous ships. Lawyers,
in particular, emphasized the need to
address these issues.

e The most critical issues among threats
are related to the unknown, security, and
risk, accounting for 12.7% in terms of

priority.
e The least significant factor group is
weaknesses, encompassing  human,

software, technological weaknesses, and
lack of experience. Software and
technological weaknesses are rated the
lowest at 4.9%.

e The highest priority group among the
suggested development strategies for
MASSs is the weakness-threat group,
with a priority value of 37.1%. The
strengths-opportunities group follows
closely with a priority value of 29.9%.

e Weaknesses-Threats and  Strengths-

Opportunities development strategies
collectively dominate with a total rate of
67%.

Based on the results obtained, the third stage of
the SWOT Analysis, which is strategy
evaluation, is outlined as follows. The data
obtained from this research clearly indicate that
experts in the field of MASSs prioritize taking
precautions against potential threats and further
developing existing strengths. These findings
emphasize the importance of addressing
unknown factors, security, and risk as primary
threats in the development of MASSs. Strategies

aimed at mitigating weaknesses and capitalizing
on strengths, especially in response to threats and
opportunities, play a significant role in shaping
the future of autonomous ship technology. While
there are numerous SWOT analysis studies on
autonomous ships in the literature, this research
has made a valuable contribution by providing a
structured decision-making framework that
quantifies the importance of each factor. This
approach helps guide future research and
development efforts in the autonomous ship
industry, filling a crucial gap in the existing body
of knowledge.

In this study, the research questions related to the
competitiveness of autonomous ships compared
to manned ships were effectively addressed
through SWOT analysis. The opinions of experts
in the field of autonomous ships were invaluable
in providing insights into the strengths,
weaknesses, opportunities, and threats of this
technology. However, it's worth noting that the
experts consulted in this study represent a
specific range of expertise. To achieve a more
comprehensive evaluation, future research could
aim to gather opinions from a broader spectrum
of experts, covering various domains related to
autonomous ships. By doing so, a more holistic
perspective on the strengths, weaknesses,
opportunities, and threats of autonomous ships
could be obtained, leading to more informed
decision-making and further advancements in the
field.

Overall, this study has made a significant
contribution to various sectors related to
autonomous ships, including shipbuilders,
researchers, rule-making authorities, sailors, and
lawyers. It offers valuable guidance on which
factors and strategies should be prioritized in the
context of autonomous ships, both presently and
in the future.
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Appendix I

Table Al. Reference studies to identify SWOT factors

Author(s), Year

Article Name

Related Factor(s)

(Burmeister and Bruhn, 2015)

(Laurinen, 2016)
(Kaminski, 2016)

(Jessee et al., 2017)

(Porathe, 2017)

(Wrébel et al., 2017)

(Zhou et al., 2018)
(Jin et al., 2018)
(NYK, 2019)

(Li and Fung, 2019)
(Veal et al., 2019)
(Dallolio et al., 2019)
(Pedrozo, 2019)

(Ringbom, 2019)

(Evensen, 2020)

(Ramos et al., 2020)

(Wu et al., 2020)

(Utne et al., 2020)
(Zanella, 2020)

(Dittmann et al., 2021)

(Munim and Haralambides, 2022)

(Issa et al., 2022)

(Cui et al., 2022)

Designing an autonomous collision avoidance
controller respecting COLREG.
Remote and autonomous ships: The next steps.

Who’s to blame when no one is manning the
ship.

A gaze-based operator instrumentation
approach for the command of multiple
autonomous vehicles.

Is COLREG enough? Interaction between
manned and unmanned ships.

Towards the assessment of potential impact of
unmanned vessels on maritime transportation
safety.

Collision risk identification of autonomous
ships based on the synergy ship domain.

Key technologies and intelligence evolution of
maritime UV.

NYK conducts world’s first maritime
autonomous surface ships trial.

Maritime autonomous surface ships (MASS):
implementation and legal issues.

The legal status and operation of unmanned
maritime vehicles.

Long-endurance green energy autonomous
surface vehicle control architecture.

US employment of marine unmanned vehicles
in the South China Sea.
Regulating autonomous
challenges and precedents.

ships-concepts

Safety and security of autonomous vessels
Based on the Yara Birkeland Project.
Human-system concurrent task analysis for
maritime autonomous surface ship operation
and safety.

Combined effects of acoustic, thermal, and
illumination on human perception and
performance: A review.

Towards supervisory risk control of
autonomous ships

The Environmental Impacts of the "Maritime
Autonomous Surface Ships".

Autonomous surface vessel with remote human
on the loop: System design for STCW
compliance.

Advances in maritime autonomous surface
ships (MASS) in merchant shipping.

Maritime Autonomous Surface Ships Problems
and Challenges Facing the Regulatory Process.
Reduced-and Full-order Concurrent Learning
Extended State Observers for Fully Adaptive
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S6, O1, 04, 08

W2, W4, W1, Te,
03

01, 03, 04, TI,
T4, T6, S2, S8

W5

TS, S6

S1, W1, T8

S5

02, 06, O7, W2,
S7
w3

S1, T2, T6, T7, T8,
01, 04,07, W4
T1, T3, T4, T8, O6

S2, S4, S6, S8, O1,
06

S1, 04, 05, 06,
07, 82

07, 08, T4, T§,
W1, S3, S4, S5, S6,
S8

W2, T6, T8, O3,
05, S1

T8, W3

S2

S1, 83, S4, S5, S7,
01, 04, W1

01, 04, T4, T6, TS,
S1, W1

02, 08, SI, S4,
W1, T3

T2, T7,02, 07
02, 07, 08, T3,

T4, T6, W2, S1
S7
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(Wang et al., 2022)

(Stateczny et al., 2022)

Anti-disturbance

Control of ASVs.
LiDAR-Only Ground Vehicle
System in Park Environment.

Wireless local area network technologies as
communication

surface vehicles.

Surge

solutions

Speed  Tracking

for

Navigation

unmanned

S9

S10

Appendix II

2.362
1.864
1.741
1.513
0.768
1.072
A =10.598
0.909
0.732
1.832
1.463
1.351
1.231
12.365
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10.048
0.114

0.09
0.084
0.073
0.037
0.052
C = [0.029
0.044
0.035
0.088

0.07
0.065
0.059
10.114

0.424

0.926
0.541
0.833
0.601
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0.352
0.449
0.483
0.537
1.003
0.875
0.839
1.783

0.037
0.088
0.082
0.048
0.073
0.053
0.062
0.031
0.04
0.043
0.047
0.088
0.077
0.074
0.157

0.535
1.077
1
0.742
0.948
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0.949
0.356
0.626
0.584
0.671
0.943
0.851
0.739
1.804

0.043
0.086
0.08
0.059
0.076
0.052
0.076
0.029
0.05
0.047
0.054
0.076
0.068
0.059
0.145

0.57
1.838
1.349

1
1.184
0.728
1.026
0.533
0.612
0.591
0.719
1.412
1.153
0.839
2.044

0.037
0.118
0.086
0.064
0.076
0.047
0.066
0.034
0.039
0.038
0.046
0.091
0.074
0.054
0.131

0.661 1.302
1.201 1.663
1.055 1.528
0.845 1.374
1 1713
0581 1
0.611 0.839
0.985 1.99
1.246 1.876
1.168 2.112
2.443 3.249
1.484 3.361
1.51 2.595
1.37 2.543
3.512 5.451

0.034 0.04
0.061 0.051
0.054 0.047
0.043 0.042
0.051 0.053
0.03 0.031
0.031 0.026
0.05 0.061
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0.059 0.065
0.124 0.1
0.075 0.103
0.077 0.08
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0.179 0.167
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1.431 2.844
1.054 1.33
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2.662 1.365
2.551 1.019
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4.137 1.981

0.034 0.079
0.052 0.134
0.039 0.062
0.036 0.088
0.06 0.048
0.044 0.024
0.037 0.027
0.063 0.047
0.066 0.059
0.057 0.049
0.097 0.135
0.098 0.064
0.094 0.048
0.073 0.043
0.152 0.093
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0.352
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0.949
1.431

0.069
0.136
0.098
0.1
0.049
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0.074
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2.069
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0.856
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0.887
2.825

1.809
1.407
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0.826
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0.064
0.098
0.081
0.08
0.04
0.022
0.03
0.042
0.134
0.047
0.085
0.066
0.071
0.039
0.099
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1.863
1.49
1.39
0.409
0.308
0.376
0.345
0.98
0.55

0.576
0.559
0.551
1.141

0.045
0.154
0.123
0.115
0.034
0.025
0.031
0.029
0.081
0.046
0.083
0.048
0.046
0.046
0.094

0.683
0.997
1.061
0.721
0.674
0.298
0.376
0.733
0.896
0.711
1.735
1
0.523
0.473
1.721

0.054
0.079
0.084
0.057
0.053
0.024
0.03
0.058
0.071
0.056
0.138
0.079
0.041
0.038
0.137

0.74
1.143
1.175
0.867
0.662
0.385
0.392
0.981
0.846
0.668

1.79
1.895

1
0.716
2.492

0.047
0.073
0.075
0.055
0.042
0.024
0.025
0.062
0.054
0.042
0.114
0.12
0.063
0.045
0.158

0.812
1.192
1.353
1.192
0.73
0.393
0.505
1.103
1.162
1.21
1.816
2.097
1.396
1
1.149

0.047
0.07
0.079
0.07
0.043
0.023
0.03
0.064
0.068
0.071
0.106
0.123
0.082
0.058
0.067

0.4237
0.601
0.554
0.489
0.285
0.186
0.242
0.505
0.634
0.478
0.877
0.58
0.398
0.866

0.0527
0.074
0.068
0.06

0.035
0.023
0.03

0.062
0.078
0.059
0.108
0.071
0.049
0.107
0.123J
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Appendix IV

Table A2. Weight values of SWOT factor groups for A"WOT Analysis

SWOT Factor Local Global
Group  Group Weights Weights
(S) 1) Strengths over humans (including factors S1 and S2). 0.171 0.049
2) Strengths in data processing speed and analysis
capability (including factors S3, S4, and S6) 0.325 0.093
3) Strengths related to risk measurement and situational
awareness ability (including factors S5 and S8) 0.269 0.077
4) Strengths of software advantages (including factors
S7, S9, and S10) 0.234 0.067
W) 1) Weaknesses relative to the human (including factors
W1 and W2) 0.429 0.054
2) Technical and software weaknesses (including factor W3)  0.262 0.033
3) Weaknesses due to lack of experience (including factors
W4 and W5) 0.310 0.039
(0) 1) Opportunities to reduce cost (including factors O3 & 04) 0.186 0.047
2) Opportunities related to technological and environmental
factors (including factors O1, 02, and O8) 0.253 0.064
3) Opportunities for the diversity of applications, and
increased interest (including factors O6 and O7) 0.194 0.049
4) Opportunities related to safety and security (including
factor O5) 0.368 0.093
(T) 1) Threats of negative reactions and prejudice (including
factors T1 and T2) 0.246 0.083
2) Threats related to lack of legal status (including factor T4) 0.199 0.067
3) Threats related to workforce and labor issues (including
factors T3 and T7) 0.178 0.060
4) Threats related to unknown issues, security, and risks
(including factors TS, T6, and TS) 0.377 0.127
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