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Abstract: Ocean-going ships are one of the primary sources of Greenhouse Gas (GHG) emissions.
Several actions are being taken to reduce the GHG emissions from maritime vessels, and integration
of Renewable Energy Sources (RESs) is one of them. Ocean-going marine ships need a large amount
of reliable energy to support the propulsive load. Intermittency is one of the drawbacks of RESs, and
penetration of RESs in maritime vessels is limited by the cargo carrying capacity and usable area of
that ship. Other types of reliable energy sources need to be incorporated in ships to overcome these
shortcomings of RESs. Some researchers proposed to integrate fossil fuel-based generators like diesel
generators and renewable energy in marine vessels to reduce GHG emissions. As the penetration of
RESs in marine ships is limited, fossil fuel-based generators provide most of the energy. Therefore,
renewable and fossil fuel-based hybrid energy systems in maritime vessels can not reduce GHG
emissions to the desired level. Fossil fuel-based generators need to be replaced by emissions-free
energy sources to make marine ships free from emissions. Nuclear energy is emissions-free energy,
and small-scale nuclear reactors like Microreactors (MRs) are competent to replace fossil fuel-based
generators. In this paper, the technical, environmental, and economic competitiveness of Nuclear-
Renewable Hybrid Energy Systems (N-R HES) in marine ships are assessed. The lifecycle cost of
MR, reliability of the proposed system, and limitations of integrating renewable energy in maritime
vessels are considered in this study. The proposed N-R HES is compared with three different energy
systems, namely ‘Standalone Fossil Fuel-based Energy Systems’, ‘Renewable and Fossil Fuel-based
Hybrid Energy Systems’, and ‘Standalone Nuclear Energy System’. The cost modeling of each
energy system is carried out in MATLAB simulator. Each energy system is optimized by using
the Differential Evolution Algorithm (DEA), an artificial intelligence algorithm, to find out the
optimal configuration of the system components in terms of Net Present Cost (NPC). The results
determine that N-R HES has the lowest NPC compared to the other three energy systems. The
performance of the DE algorithm is compared with another widely accepted artificial intelligence
optimization technique called ‘Particle Swarm Optimization (PSO)’ to validate the findings of the
DE algorithm. The impact of control parameters in the DE algorithm is assessed by employing the
Adaptive Differential Evolution (ADE) algorithm. A sensitivity analysis is carried out to assess the
impact of different system parameters on this study’s findings.

Keywords: Microreactors; renewable energy; hybrid energy systems; ships; lifecycle cost; economic
assessment; Differential Evolution (DE); sensitivity analysis

1. Introduction

If global shipping were a country, it would be considered as the sixth-largest producer
of CO2 after the United States, China, Russia, India, and Japan. Ocean-going shipping is
responsible for more than 3% of global CO2 emissions [1]. Although international shipping
is not a part of the Paris Agreement, the International Maritime Organization (IMO) is
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focusing on a strategy to reduce the GHG emissions from ships. They set a phase-wise
target and emphasize technical, operational, and innovative solutions to lessen GHG
emissions. It is the responsibility of the IMO to regulate the world shipping sector. To
date, there is only one regulation to improve the ship’s energy efficiency related to new
ship design: the Energy Efficiency Design Index (EEDI). The target of this regulation is
to improve ship efficiency by 10%, 20%, and 30% within 2019, 2024, and 2025 or after,
respectively. As the regulation is related to the new ship only, clearly it cannot reduce
the GHG emissions effectively. However, IMO is developing strategies to reduce GHG
emissions from maritime vessels. The initial strategy has been delivered in 2018, and the
comprehensive strategy will be available within 2023. IMO strategy will include short,
mid, and long-term actions to reduce the GHG emissions from marine transportation. In
the short-term measure, it includes limiting the ship speed as the power requirement of
the main engine is proportional to the cube of the speed. It has been found that reducing
ship speed is a cost-effective option to lower GHG emissions [2]. In the mid and long-term
initiatives, the main focus is on new marine technologies and low and zero-carbon fuels.
The Institute of Marine Engineering, Science and Technology (IMarEST) and the Royal
Institution of Naval Architects (RINA) suggest that with the help of existing technology,
GHG emissions can be reduced 7.5% to 19.4%. However, for a large amount of GHG
emissions reduction, zero or low-carbon fuels are needed.

Natural gas is a potential candidate that can be used in marine vessels. Natural
gas has some limitations like limited availability due to higher land-based demand and
lower density of volumetric energy. Also, natural gas requires a higher area for storage
compared to fossil fuel. The fuel cell is another potential candidate to solve the emissions
problem from marine ships. However, due to lower availability and lower volumetric
energy density, the fuel cell is not a feasible option. Also, the fuel cells employ natural gas
or traditional fossil fuel which will make the system more complex and will not solve the
emissions problem. Battery electric propulsion could be used to reduce GHG emissions
from maritime vessels. Although battery is promising in the marine industry, mass using
of the battery will have some environmental impact as it requires metals, non-metals,
and rare earth material which generate environmental pollutants. The negative impact of
large-scale battery usage will significantly change the implementation of batteries in the
marine sector [3].

Renewable energy sources could be the possible solutions to reduce GHG emissions.
The potential renewable energy sources for marine ships are wind energy, solar energy,
biofuels, and wave energy. The wind energy can be used as soft sails, rotors, fixed wings,
kites, and conventional wind turbines. The marine ships may need to be retrofitted to
integrate the renewable energy sources or design accordingly during the shipbuilding
phase. Nevertheless, due to the intermittency of renewable energy sources, it is not
suitable for standalone marine propulsion, and more preferable for auxiliary propulsion [4].
To avoid the intermittency of renewable energy sources, energy storage systems can be
employed. Unlike, land-based energy systems, there are limitations on installing renewable
energy and energy storage systems in maritime vessels. In marine ships, the area for
implementing renewable energy (solar PV and wind turbine) sources and energy storage
systems is limited and the weight of the renewable energy sources and energy storage
systems need to be within a boundary to ensure the cargo carrying capacity is not affected
by the weight of energy systems [5]. Hence, the contribution of renewable energy in marine
ships will be limited even in optimistic scenarios. However, with the help of energy storage
feature, marine ship can act as prosumer in nodal models of energy while loading and
unloading cargo in ports [6]. As the contribution of renewable energy is limited, most of
the energy will be served by the diesel engine. Hence, the integration of renewable energy
with fossil-fuel-based energy systems is not a feasible option to reduce GHG emissions
to the desired level. To make the marine vessels free from emissions, fossil fuel-based
energy systems need to be replaced by emissions-free energy systems. Nuclear energy is
free from emissions during operation although there are some pollutants emit during the
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mining, milling, transportation, plant construction, and decommissioning stage. As per
IMarEST reports, nuclear power the only option which is emission-free and can replace
fossil fuels [7]. Hence, small-scale nuclear reactor: microreactor (MR) could be a suitable
candidate to replace the fossil fuel-based energy systems from marine transportation.

To the authors’ best knowledge, no study has been carried out on the integration of
nuclear-renewable energy in marine ships. Although several studies are being carried out
for land-based N-RHES, the marine sector is completely different from the land-based
system in terms of energy demand and environmental attributes (solar irradiance, wind
speed). Even though some studies cover nuclear propulsion systems and the integration
of renewable and fossil fuel in maritime transportation, extensive analysis of N-R HES in
maritime vessels is first of a kind in this area.

Nuclear power in marine vessels is not a new idea. There were about 700 naval
nuclear reactors and 200 of them are still in operation for military use [8]. In the past, there
were also nuclear-powered merchant ships. In 1962, a nuclear-powered cargo/passenger
ship ‘NS Savannah’ was built. The cargo and passenger carrying capacity of this ship was
10,000 tons and 60 passengers, respectively. Around 90 million dollars was spent to build
this ship and 12 million was earned in the 5 years operation. This ship used low enriched
uranium, and the civil work was completed by the Westinghouse. The ship was abandoned
in 1971 due to economic competitiveness, lack of component reliability, and wage dispute
between nuclear engineers and deck workers. The nuclear-powered German ship ‘NS Otto
Hann’ was ordered in 1962 to the shipyard ‘Kieler Howaldtswerke AG’. It was in operation
for 10 years and was dismantled in 1979. This ship was traveled around 650,000 nautical
miles. This ship faced regulatory issues, like refusal from many port authorities to enter
into the ports. Due to the restriction from port authorities and high operating costs, the
ship was taken off earlier than expected. This ship used compact PWR specially made for
that ship. Japan built the ‘NS MUTSU’ which reactor power rating was 36 MW. This ship
was completed in 1972 and just after the first test announcement, local people including
fishermen protested against it. However, the government managed to test in the deep sea
with low power in 1974. During the test, when the reactor reached 1.4% of its’ total power,
neutron radiation was detected outside the nuclear shielding. The ship was undergone
major repair and was completed again in 1991. Due to negative public perception and
multi companies involvement, this ship was decommissioned in 1992. In this paper, the
authors summarized the past nuclear-powered merchant ships in terms of the timeline of
the ships, types of reactors, engineering designs, and underlying reasons for the success
and failures. They pointed out social issues like the different public perceptions about the
nuclear safety of nuclear-powered merchant ships and military ships. They also explained
how nuclear accidents affect the public acceptance of nuclear ships. The authors concluded
that nuclear propulsion is economically feasible and people engagement is important for
the success of nuclear propulsion which can be achieved by informing the gain of using
nuclear power and minimizing the misinformation about it.

The recent development in nuclear-powered marine ships and review of the past work
was studied in [9]. In this study, a concept design of a cargo ship, powered by a 25 MWe.
SMR was proposed. The authors analyzed the risks associated with SMR location in the
ship and different power train systems. This study identifies the aft of the cargo tank as the
preferable location of SMR.

The feasibility of integrated solar PV, fuel cell, and diesel generator in a cruise ship
is studied in [10]. The cruise ship operates in the baltic sea between Mariehamn (the
Aland Islands) and Stockholm (Sweden). The authors used an optimization technique
to determine the optimal configuration of the system components. In the latter part, this
hybrid system is compared with the conventional diesel-electric system in terms of COE,
renewable energy penetration, and CO2 emissions. They concluded the hybrid energy
system had higher renewable energy penetration, and lower CO2 emissions. However,
the COE is higher in the Hybrid energy system due to the high upfront cost of renewable
energy systems, and the lower availability of solar irradiance in the considered sea route.
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The authors proposed that this hybrid system could be cost-effective if it was considered in
an area where the solar irradiance is high like Sharjah, UAE.

A comparison of hybrid energy systems between land-based systems and marine
ship was conducted in [11]. The authors considered an oil tanker that started its’ voyage
from Dalian in China and ended at Aden in Yemen. Two diesel generators and solar PV
system were considered in the hybrid energy system. The average solar radiation of the six
ports in the ship navigation route was considered for both the marine ship and land-based
system. Although no limitation was considered for the land-based system to install solar
PV, the authors limited the solar PV system to 300 kW considering the available area for
solar PV installation in the oil tanker. The authors analyzed four types of energy systems,
namely ‘Diesel Generator, Solar PV, and Battery Energy System’, ‘Diesel Generator and
Solar PV Energy System’, ‘Diesel Generator and Battery Energy System’, and ‘Only Diesel
Generator Energy System’. As there is no renewable energy for ‘Only Diesel Generator
Energy System’ and ‘Diesel Generator and Battery Energy System’, the NPC, COE, and
GHG emissions are the same in ship and land-based system for these two energy systems.
This study concludes that for both ship and land-based systems, ‘Diesel Generator, Solar
PV, and Battery Energy System’ is the optimal solution. However, the GHG emissions are
nine times higher in ship compared to the land-based system due to limited penetration of
solar PV in the oil tanker.

Several studies have been done on land-based N-R HES systems. The financial analysis
of nuclear-renewable energy integration was carried out in [12]. The authors considered
three cases, namely nuclear/hydrogen/wind hybrid energy system, nuclear/wind energy
system, and only nuclear energy system. They compared the three scenarios based on the
payback period, Cost of Energy (COE), Internal Rate of Return (IRR), and Net Present Value
(NPV). They concluded that for energy generation in the future, nuclear/hydrogen/wind
hybrid energy system could be a feasible project.

An alternative of diesel generator in a MEG was examined in [13]. The authors
considered Microreactor (MR) as a possible candidate to replace the diesel generator within
a MEG of Ontario Tech University (UOIT). They considered both the electric and thermal
demand of UOIT. They used Particle Swarm Optimization (PSO) to minimize the Net
Present Cost of the hybrid energy systems and find out the optimal configuration of it. The
hybrid energy system contained wind turbine, solar PV, hydropower, Biogas Generator
(BG), and diesel generator. To check the feasibility of the MR as an alternative to DG, the
authors replaced the DG with MR in the hybrid energy systems. The electrical demand was
fulfilled by the wind turbine, solar PV, diesel generator, and hydro turbine. The thermal
demand was supplied by diesel generator and biogas generator. They employed a CHP
unit to utilize the waste heat from the DG and BG. To store the electrical energy, they used
electrochemical energy storage (EES) and hydrogen storage. The technical and economic
KPIs such as Loss of Power Supply Probability (LPSP), Surplus Energy Fraction (SEF),
Level of Autonomy (LA), NPC, and LCOE were studied in this paper. They concluded that
MR could be an outstanding replacement for the diesel generator considering the technical
and economic KPIs for land-based MEG.

Three types of nuclear-renewable hybridization were presented in [14]. The authors
discussed “Direct Coupling”, “Single Resource and Multiple products-based coupling”,
and “Multiple Resources and Multiple products-based coupling”. The mathematical model
of N-R MHES’s economy was done MATLAB software. To achieve the optimal system
configuration and to minimize the Net Present Cost (NPC), Particle Swarm Optimization
was used in this study. This study identifies “Multiple Resources and Multiple products-
based Coupling” has the lowest NPC, and it has 1.8 times and 1.3 times lower NPC
than “Direct Coupling” and “Single Resource and Multiple product-based coupling,”
respectively. A sensitivity analysis was carried out by varying the peak demand, seasonal
demand, average energy demand, system equipment cost, project lifetime, inflation rate,
discount rate, and capacity factor to strengthen the findings.
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An oil tanker, ‘Baltic Sunrise’ is considered as the reference ship in this study to check
the feasibility of nuclear renewable hybrid energy system in maritime transportation in
comparison with other energy systems. Microreactor (MR) is considered as the source of
nuclear energy in this study. The outline of this document is as follows: Section 2 covers
the system configuration including the shipping route, energy estimation of the ship, and
modeling of different components of the energy systems. The key performance indicators
(KPIs) that are used to measure the performance of different energy systems are discussed
in Section 3. Section 4 is all about the formation of the optimization problem. Section 5
presents the result while Section 6 covers the sensitivity analysis to reinforce the findings.
The conclusion and future scope of work are discussed in Section 7.

The framework of this study is illustrated in Figure 1. The literature review is carried
out to understand the problem and the gap of previously suggested solutions. The N-R HES
analysis in marine transportation requires a lot of data like ship speed to estimate the energy
demand, solar irradiance to calculate the solar PV output, and wind speed to determine
the wind power of wind turbine. These data are collected from FleetMon (A vessel data
collection Company) and NASA Surface meteorology and Solar Energy database. After
getting these data, the energy requirement of the ship, solar power, and wind power are
calculated. The planning of the energy systems is completed by designing the system
components and identifying the system KPIs. All the energy systems are then optimized to
determine the lowest NPC. The mathematical cost model of the energy systems is carried
out in MATLAB Software. The objective functions, constraints, and decision variables
are formulated to optimize the models by DE, ADE, and PSO optimization techniques.
Primarily, the DE algorithm is used to identify the optimal energy systems and sensitivity
analyses. The ADE is employed to understand the impact of control parameters on the
DE algorithm. The PSO is used to measure the performance and validate the findings of
the DE algorithm. As the N-R HES in marine transportation employs several variables
like economic parameters, and meteorological resource availability, a sensitivity analysis is
conducted in this study to reinforce the findings.
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2. System Modeling

An oil tanker called ‘Baltic Sunrise’ is studied in this paper. Automatic Identification
System (AIS) data of this ship is collected from a vessel data collection company named
‘FleetMon’. There are MRs, wind turbines, solar PV panels, energy storage systems, con-
trollers, and converters in the proposed system. Estimation of the energy demand of the
ship is calculated by using the AIS data. The system’s project lifetime is 40 years with the
inflation rate and the discount rate as 2% and 8%, respectively. Renewable energy resource
data is collected from the NASA Surface meteorology and Solar Energy database. The study
considers the lifecycle cost of MR and diesel generators to make the analysis more practical.
This research also addresses the system’s reliability and constraints of implementing energy
systems in marine vessels due to the limited area and cargo carrying capacity of the ship.
Four energy systems, namely ‘Nuclear Renewable Hybrid Energy Systems (N-R HES)’,
‘Standalone Fossil Fuel-based Energy System’, ‘Fossil Fuel and Renewable Hybrid Energy
System’, and ‘Standalone Nuclear Energy System’, are studied here. Matlab software is
used to model the cost of each energy system. All the systems are then optimized by using
the Differential Evolution Algorithm (DEA) to find out the optimal system configuration
with minimal NPC. The study compares all the optimized systems to identify the best
energy system for maritime transportation. The Particle Swarm Optimization (PSO) is used
to measure the performance of the Differential Evolution Algorithm (DEA), and validate
the findings of DE optimization technique. To analyze the impact of the control parameters
of the DE, Adaptive Differential Evolution (ADE) is employed in this study. A sensitivity
analysis is accomplished to see the impact of different system parameters.
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2.1. Ship, Route Description, and Energy Estimation

‘Baltic Sunrise’ is considered in this case study. IMO number, Length Overall (LOA),
Length between Perpendicular (LBP), Extreme breadth (Beam), Deadweight, and Displace-
ment of this ship are 9,307,633, 333.12 m, 324.00 m, 60.04 m, 309,373 MT, and 352,410 MT,
respectively. This ship starts its voyage on 1 May 2019 from Iraq and ends in Singapore
on 31 July 2019 via Egypt and Netherland. The speed of this ship was different in dif-
ferent positions. The maximum speed of this ship was 17.8 kn with an average speed
of 11.94 kn. The maximum draught and minimum draught of the ship were 21.6 m and
10.7 m, respectively [15].

The effective ship propulsive power is calculated in each position using the speed of
the ship in that position, draught, breadth, residual resistance, and frictional resistance.
ITTC-57 method and Gertler series data chart are used in this calculation. Appendix A
summarizes the parameters and assumptions that are considered during the calculation of
the estimation of ship electric power. Detail calculation of estimating the energy demand
of the ship can be found in [16–18].

The maximum rating of propulsive electric power of this ship is 24.64 MW. Another
type of electric power, namely ‘Auxiliary Load’, is considered along with propulsive power.
Auxiliary load emulates the electrical load demand for light, cooling, feed systems, pumps,
and air compressors. Grzegorz et al. [19] assessed the auxiliary load to propulsive load ratio
for different types of maritime vessels by collecting the data from ships register, logbook
record and interviewing the captains of ships, chief engineers, and stations pilot. For oil
tankers, they found the ratio as 0.211. Appendix B shows the yearly propulsive electric
power (MW) and yearly total load demand with auxiliary load (MW).

2.2. Diesel Generator

Fossil Fuel-based Generator (FFG) is considered in this study for comparing the
proposed N-R HES with the conventional energy systems of ocean-going marine ships.
A marine vessel’s traditional energy system consists of a main engine, auxiliary engine,
heat recovery steam generator, and shaft generator [5]. The cost of a diesel generator can
be categorized broadly into three major categories- ‘Capital Cost’, ‘Operating Cost’, and
‘Decommissioning Cost’. Since the decommissioning cost of a diesel generator is minimal,
it can be ignored.

The Generator Size, Capital Cost, Replacement Cost, Fixed O & M cost, Lifetime, CO2
emission, and Fuel cost of diesel generator are 1000 (kW), 800 (USD/kW), 800 (USD/kW),
35 (USD/kW/Year), 2.5 (Years), 700 (kg/MWh), and 202 (USD/MWh), respectively [14], [20].

2.3. Solar Energy

Solar PV systems convert sunlight into electricity. The generation of solar power from
solar PV depends on the ambient temperature, solar irradiance, and solar PV area. The
output power from solar PV can be calculated by using the following equation [21].

PSPV(t) = NumSPV × nSPV(t)× PVA × Rt(t) ∀t ∈ ttotal (1)

where, PSPV(t) is the output power from the solar PV (W), NumSPV is the number of solar
PV, nSPV (t) is the instantaneous efficiency of the solar PV, PVA is the area occupied by the
solar PV (5 m2), and Rt(t) is the solar irradiance (W/m2).

The instantaneous efficiency of the solar PV can be obtained by the following equa-
tion [22].

nSPV(t) = npv−re f × nMPPT ×
[
1 + β

(
Tc(t)− Tc−re f

)]
∀t ∈ ttotal (2)

where, nSPV(t) is the instantaneous efficiency of the solar PV (%), npv−re f is the reference
efficiency of the solar PV (%), nMPPT is the efficiency of the Maximum Power Point Tracking
(MPPT) unit which is 1 in this study, Tc(t) is the temperature of the PV cell (◦C) at time step
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t, Tc−re f is the reference temperature of the PV cell, and β is the temperature coefficient of
efficiency (◦C−1).

The PV cell temperature can be obtained by the proposed PV model by Markvar [23].

Tc(t) = Ta(t) +
(

NOCT − 20
800

)
× Rt(t) ∀t ∈ ttotal (3)

where, Ta(t) is the ambient temperature at time step t, and NOCT is the normal operat-
ing temperature. The Capital Cost, Replacement Cost, O&M Cost, Lifetime, Reference
Efficiency of PV Panel, Efficiency of the MPPT unit, Temperature Coefficient, PV panel ref-
erence temperature, and Nominal Operating Cell Temperature are 640 ($/kW), 640 ($/kW),
12 ($/kW/Year), 25 (Years), 24 (%), 100 (%), −0.0041 (◦C−1), 25 (◦C), and 45 (◦C), respec-
tively [24], [25], [26], [22], [27].

The hourly data for one year holds a total of 8760 data points. The solar radiation
differs in the shipping route with longitude and latitude, time, and date. To keep the
calculation simple, the data solar irradiance and temperature are considered based on the
monthly position of the ship in the adjacent ports. Appendix C represents the hourly solar
irradiance and temperature for one year, respectively. The usable area of the marine ship
for solar PV installation is limited. Solar PV systems must not hinder the transfer area and
must not conceal any area with financial impact [28]. This study addresses this constraint
while planning the optimal configuration of the system components.

2.4. Wind Power

The wind is a great source of energy and has the potential to generate electricity
without any fuel. Several models can be used to estimate the output power of the wind
turbine, like the model based on Weibull parameters [29,30], the linear model [31,32], and
the quadric model. In this study, the quadric model is used. To calculate the output
power of the wind turbine, the wind speed at hub height needs to be obtained by the
following equation.

Vwhub(t) = Vwre f (t)×
(

Hwhub
Hwre f

)µ

∀t ∈ ttotal (4)

where, Vwhub(t) is the wind speed at the hub height (m/s) at time step t, Vwre f (t) is the
wind speed at the anemometer height (m/s) at time step t, Hwre f is the anemometer height
(m), Hwhub is the hub height (m), and µ is the power-law coefficient of the wind speed.

After measuring the wind speed at the hub height, it is used to calculate the wind
turbine power by using the following equations [33].

PW(t) =


0, Vwhub(t)< Vcin, Vwhub(t) >Vcout

Pr
V3

r −V3
cin
×V3

whub(t)−
V3

cin
V3

r −V3
cin
× Pr, Vmin ≤ V(t) ≤ Vr

Pr, Vr ≤ V(t) ≤ Vmax

(5)

where, PW(t) is the output power of the wind turbine (kW) at time step t, Pr is the rated
power of the wind turbine (kW), Vr is the rated wind speed of the wind turbine (m/s),
Vcin is the cut-in speed of the wind turbine (m/s), Vcout is the cut-out wind speed (m/s),
and Vwhub is the measured wind speed at the hub height (m/s). The hourly wind speed
is presented in Appendix C. The Nominal Capacity, Capital Cost, Replacement Cost,
O&M Cost, Lifetime, Hub Height, Anemometer Height, Minimum wind speed, Maximum
wind speed, Rated wind speed, and Power Law Exponent are 50 kW, 1130 $/kW, 1130
$/kW, 48 $/kW/Year, 25 Years, 45 m, 50 m, 3 m/s, 25 m/s, 10 m/s, and 1/7, sequen-
tially [34], [35], [36], [37], [38], [39], [40].
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2.5. vSMR/MR

This study evaluates the lifecycle cost of vSMR and focuses on the economic model of
it. SMR is a fourth-generation nuclear reactor having power equivalent to 300 MWe or less.
Modular fabrication, passive safety systems, and enhanced protection against man-made
or natural hazards are some advanced features of SMR. A subcategory of SMR is vSMR,
which power rating is less than 15 MWe [41]. Another subcategory of SMR is Microreactor
(MR), which typically ranges from 1 MWe to 50 MWe [42].

Based on the lifecycle phases of SMR and nuclear fuel, the cost of vSMR can be
divided into three major categories that are capital costs, annual operating costs, and
backend costs [20]. The first deployment cost of any technology is always higher compared
to the subsequent deployment. The rate of cost reduction of the next deployment depends
on the lesson learned from the prior deployment. The cost reduction depends on the
learning rate of the factories. The learning rate refers to the cost reduction of a factory that
can be achieved by experience and learning how to execute a process and use different
tools to deliver a product. The learning rate of SMR could be 8% to 10%. The relation
between learning rate and cost reduction can be expressed by the following equation [16].

R = log 2(1− LR) (6)

where, R is the rate cost reduction, and LR is the learning rate. In this study, the learning
rate is considered as 10% [13]. The relation between the vSMR capital cost and the rate of
cost reduction can be expressed by the following equation.

vSMRCu = vSMRC1st × Nth
R (7)

where, vSMRCu is the unit cost of Nth vSMR ($), vSMRC1st is the 1st vSMR cost ($), and R
is the rate of cost reduction.

vSMR is capable to perform both baseload operation and load-following operation.
However, the SMR vendor outlines that load following feature of SMR affects the main
steam supply and coolant system components and frequent replacement might be required.
During the Extended Reduced Power Operation (ERPO), reactors can operate as low as 30%
of its’ rated power for several days to several months. In this study, the baseload operation
of vSMR is considered for all the time except the time of loading and unloading the
cargo/liquid (oil) in the port when ERPO (30% of the rated power) is considered. Although
there are no CO2 emissions during the operation of SMR, CO2 emits in the lifecycle of SMR,
mainly in the construction stage due to concrete production and in the fuel processing
stage due to the high demand for electricity and fossil fuel. The Reactor size, Plant lifetime,
Overnight capital cost, Fixed O&M cost, Fuel cost, Refueling cost of fuel module, Core
lifetime, Decommissioning cost, Capacity factor, Plant efficiency, and CO2 emission are
1000 (kWe), 40 (Years), 15,000 ($/kWe), 350 ($/kWe), 10 ($/MWh), 20 (million $), 10 (Years),
5 ($/MWh), 95 (%), 40 (%), and 4.55 (kg/MWh), respectively [20], [43].

2.6. Electrochemical Energy Storage

The EES is considered in this study to store the excess energy in the form of chemicals
and supply when it requires. The rating of the EES depends on the rating of the load,
autonomy hour, depth of discharge of the battery, the efficiency of the battery, and the
inverter. The rating (kWh) of the battery can be expressed by the following equation [44].

BATrating =
Pload × AH × Nbat

DODbat × ninv × nbat
(8)

where, Pload is the rating (kW) of the load, AH is the autonomy hours, Nbat is the number
of battery, DODbat is the depth of discharge of the battery, ninv is the efficiency of the
inverter, and nbat is the efficiency of the battery. In this study, the load is considered as
70 kW [45]. The autonomy hour refers to the required amount of time to serve the load
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continuously in an emergency. The autonomy hour is between 12 h to 18 h [46]. In this
paper, autonomy hour is taken as 18 h. The DODbat, ninv, and nbat is 80% [46], 95% [47],
and 85% [48], respectively.

The state of charge (SOC) of the battery bank depends on the DOD and rating of
the battery. The maximum and minimum SOC of the battery can be calculated by the
following equations.

BATSOC,min = BATrating × (1− DODbat) (9)

BATSOC,max = BATrating × DODbat (10)

where, BATSOC,max is the maximum SOC of the battery bank, and BATSOC,min is the mini-
mum SOC of the battery bank. The charging and discharging of the battery bank at any
time step depend on the available energy that can be given to the battery bank, the amount
of energy that is needed from the battery bank, and the SOC of the battery bank in the
previous time step. BATSOC,min is considered as the initial SOC of the battery in this paper.

The energy that can be given to the battery and the energy that is needed from the
battery bank depend on the total energy generation and total load demand of the system.
The below equations are used to calculate the amount of energy that can be given and the
amount of energy that is needed from the battery bank.

BATinm(t) =
(

Pgenm(t)− PL(t)
)
× nbat; Pgen(t) > PL(t) (11)

BAToutm(t) =
PL(t)− Pgen(t)

nbat
; Pgen(t) < PL(t) (12)

Pgen(t) = Ppv(t) + Pw(t) + PvSMR(t) ∀t ∈ ttotal (13)

Pgen(t) = Ppv(t) + Pw(t) + PGNRT(t) ∀t ∈ ttotal (14)

where, BATinm(t), BAToutm(t), Pgenm(t), PL(t), Ppv(t), Pw(t), PvSMR(t), PGNRT(t) is the
amount of energy that can be given to the battery bank, the amount of energy that is
needed from the battery bank, the total electric energy generation, the total electric load,
the total electric energy from the solar panel, the total electric energy from the wind turbine,
the total electric energy from MR, and the total electric energy from diesel generator at the
time step (t), respectively.

The amount of energy that the battery bank can take and give at any time step can be
formulated by the below equations.

BATSOC,min ≤ BATe(t− 1) ≤ BATSOC,max (15)

BATtake(t) = BATSOC,max − BATe(t− 1); ∀t ∈ ttotal (16)

BATgive(t) = BATe(t− 1)− BATSOC,min; ∀t ∈ ttotal (17)

where, BATe(t− 1) is the battery energy at time step (t − 1), BATtake(t) is the amount of
energy that can be taken by the battery bank at the time step (t), and BATgive(t) is the
amount of energy that can be given by the battery bank at the time step (t).

The battery capacity after charging and discharging at time step (t) depends on the
load demand, total energy generation, maximum SOC, minimum SOC, and battery capacity
at time step (t − 1). The charging and discharging of the battery bank can be formulated by
using the below equations

BATchrg(t) = BATSOC,max; Pgen(t) > PL(t) & BATin(t)≥ BATtake(t) ∀t ∈ ttotal (18)

BATchrg(t) = BATe(t− 1) + BATin(t); Pgen(t) > PL(t) & BATin(t)< BATtake(t) ∀t ∈ ttotal (19)

BATdischrg(t) = BATSOC,min; Pgen(t) < PL(t) & BATout(t)≥ BATgive(t) ∀t ∈ ttotal (20)

BATdischrg(t) = BATe(t− 1)− BATout(t); Pgen(t) < PL(t) & BATout(t)< BATgive(t) ∀t ∈ ttotal (21)
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BATe(t) = BATe(t− 1); Pgen(t) = PL(t) ∀t ∈ ttotal (22)

where, BATchrg(t), BATdischrg(t), and BATe(t) refer to the battery capacity after charging,
battery capacity after discharging, and battery capacity when energy generation and de-
mand are exactly the same, respectively at time step (t). If there is any excess energy that will
be dumped. The Capital Cost, Replacement Cost, O&M Cost, Lifetime, Efficiency, Depth
of Discharge, and Inverter Efficiency are 398 ($/kWh), 398 ($/kWh), 10 ($/kWh/Year),
5 (Years), 85 (%), 80 (%), and 95 (%), respectively.

3. Key Performance Indicators

The KPIs are used to compare different energy systems to evaluate the feasibility. This
study employs technical, economical, and environmental KPIs as follows.

3.1. Net Present Cost (NPC)/Net Present Value (NPV)

The Net Present Cost (NPC) and Net Present Value (NPV) are similar concepts and
they only differ in sign. The NPV is the present value of all future cash flows (positive and
negative) of an investment with a discount rate [49]. The lower NPC implies a higher profit
to the investors. The following equation can be used to calculate the NPC. As NPV and
NPC differ only in sign, NPC and NPV are related as follows.

Net Present Cost (NPC) = −Net Present Value (NPV) (23)

NPV =
Cash flow
(1 + rld)t − Initial Investment (24)

rld =
i− f
1 + f

(25)

where, rld, f, i, and t denote the real discount rate (%), nominal discount rate (8%), inflation
rate (2%), and time periods number, respectively. In the nominal discount rate/interest
rate, the inflation rate is covered. To factor out the impact of the inflation rate, the real
discount rate is considered in this study. The equation for calculating the real interest rate
is also known as Fisher equation [50].

For calculating the NPC for a longer project lifetime with multiple cash flows, the
formula can be modified as per the below equation.

NPV =
n

∑
t=0

Rt

(1 + rld)t (26)

where Rt and n refer to net cash inflow-outflow in a unit time period, and project lifetime,
respectively.

3.2. Levelized Cost of Energy (LCOE)

The LCOE is the ratio of the total annualized system cost ($) to the total electricity
(kWh) delivered by the system annually [51]. The lower LCOE refers to the lower unit
price of the energy the system can serve which implies a higher profit to the investors. The
LCOE is expressed by the following equation [13].

LCOE =
NPCtotal

∑8760
t=1
(

Pgen(t)
)
× ∆t

× i(1 + rld)n

(1 + rld)n − 1
(27)

where, NPCtotal is the total NPC of the system ($). Pgen(t) is the energy generation from the
system at time step t, n is the project lifetime (40 years), and ∆t is the time step considered
in the analysis.
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3.3. Generation Reliability Factor (GRF)

GRF is one of the reliability factors that indicate the amount of demand of a system is
accomplished by the energy system [14]. The mathematical formula of GRF for the demand
of the system can be expressed by the following equation [13].

GRFe =
∑ttotal

t=1 Pgen(t)× ∆t

∑ttotal
t=1 PL(t)× ∆t

× 100% ∀t ∈ ttotal (28)

where, GRFe is the generation reliability factor. Pgen(t) and PL(t) represent the power
generation and electric load demand at time step t. ∆t shows the time step considered in
the calculation. The higher value of GRF implies the system is more reliable.

3.4. Loss of Power Supply Probability (LPSP)

The LPSP is another reliability factor that determines the amount of unserved energy
of a system when the system demand is higher than the generation. To ensure the reliability
of the system, it is important to maintain the LPSP within a boundary. Therefore, this
KPI is considered as one of the constraints in the optimization of the system. The LPSP is
determined for each time step and for the total time step to assure the utmost reliability of
the system. The following equations are used to determine the LPSP [13].

LPSPe =
∑ttotal

t=1
(

PL(t)− Pgen(t)
)

∑ttotal
t=1 PL(t)

× 100% PL(t) > Pgen(t) (29)

LPSPe(t) =
PL(t)− Pgen(t)

PL(t)
× 100% PL(t) > Pgen(t) (30)

where, LPSPe represents the loss of power probability for the total time step, LPSPe(t)
shows the loss of power probability at each time step. The maximum and minimum value
of LPSP is 1 and 0, respectively. The lower LPSP infers the higher reliability of the system.

3.5. CO2 Gas Emissions

Several pollutants are emitted from the energy generators namely Carbon Monoxide,
Particulate matter, Nitrogen Oxides, Carbon Dioxide, Sulfur Dioxide, and Unburned
Hydrocarbons (UHC) in the lifecycle of the generators. In this study, only CO2 gas emission
is considered. The amount of CO2 emissions from any generators is calculated by the
following equation [52].

CO2 emissions = Emission Factor
(

kg
MWh

)
× TAEG (MWh) (31)

where, TAEG is the total annual electricity generation from the generators. The emis-
sions factor for diesel generators and SMR is 700 kg/MWh and 4.55 kg/MWh, respec-
tively [20], [53]. The penalty for CO2 emissions is considered during the calculation of NPC.
The annual penalty for CO2 emissions can be calculated by using the following equation.

CCE = ACE× CEP× i(1 + rld)n

(1 + rld)n − 1
(32)

where, CCE is the cost associated with CO2 emissions penalty ($), ACE is the annual CO2
emissions (tonne), and CEP is the CO2 emissions penalty ($/tonne). Although nation-wise
carbon tax varies a lot, IMF calculated large CO2 emitter countries should be charged
between 50 USD/ton to 100 USD/ton by 2030 to fulfill their commitments to lessen the
carbon emissions [54]. For the shipping industry, IMF proposed 30 USD/ton CO2 emissions
as a penalty [55]. In this study 30 USD/ton CO2 emissions is considered as CO2 emissions
penalty to show the impact on NPC and LCOE.
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3.6. Power to Weight Ratio (PWR)

The PWR is an important criterion to choose the energy system for the marine ship.
The PWR measures the performance of any power source or system. The heavyweight of
power system of marine ships results in higher displacement and lower speed.

The higher PWR allows the marine ship to carry more load while maintaining the
high speed [56]. The PWR of a power system can be calculated by using the following
equation [57].

PWR =
Power rating o f the system (kW)

Weight o f the system (kg)
(33)

PWR is considered as one of the constraints in the optimization problem. Appendix D
shows the PWR of the different components of the system.

4. Problem Formation

This section covers the formation of the optimization problem including objective
function, constraints, decision variables, and steps of DE, ADE, and PSO algorithm imple-
mentation.

4.1. Objective Function

The objective of the optimization problem is to identify the optimal configuration of
the HES to achieve the lowest NPC. Along with the N-R HES, other three energy systems,
namely ‘Standalone Fossil Fuel-based Energy Sytems’, ‘Renewable and Fossil Fuel-based
Hybrid Energy System’, and ‘Standalone Nuclear Energy System’ are also optimized to
compare with the proposed N-R HES. The objective function represents the economic KPI
and the constraints of the optimization problem covering the technical and other KPIs,
such as LPSP and PWR. The fitness function of the optimization problem is the total NPC
of all the system components. The fitness function of the optimization problem can be
formulated as below.

min fNPC = ∑
j∈K

NPCj (34)

where, K is the system component set, and NPCj refers to the NPC of the jth component.
The system comprises solar PV, wind turbine, MR, battery, and diesel generator. The
NPC of any component represents the present value of the total cost of the component
including capital cost, O&M cost, cost of replacement, cost of fuel, and salvage value. For
MRs, decommissioning cost and refueling cost are added as well. The NPC of any system
component can be expressed as follows.

NPCj = Ccapc,j + Crepc,j + CO&Mc,j + C f uelc,j − Csalvc,j ∀i ∈ G (35)

where, Ccapc,j, Crepc,j, CO&Mc,j, C f uelc,j, and Csalvc,j represent the present value of capital
cost, replacement cost, O&M cost, fuel cost, and the salvage value of the jth component, re-
spectively. The salvage value of a component refers to the remaining value of a component
at the end of the project lifetime where the component is used [58].

The capital cost of any component is calculated at the beginning of the project. The
total capital cost involves the capital cost of each component and the number of components.
The capital cost can be calculated by using the following formula.

Ccapc,j = Ncom,j × Ccapc,unit(j) ∀i ∈ G (36)

where, Ccapc,j, Ncom,j, and Ccapc,unit(j) refer to the capital cost, the number of components,
and the unit cost of the jth component, respectively.

The capital cost of MRs is calculated in a different formula as the cost of reduction is
included in the capital cost. The rate of cost reduction of MRs is related to the learning rate,
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which is discussed earlier. The capital cost of MR can be calculated by using the formula as
follows [59].

Ccapc,MR =
NMR

∑
k=1

Ccapc,MR(1st) × (NMR)
R (37)

where, Ccapc,MR, Ccapc,MR(1st), NMR, and R imply the total capital cost of MR, the unit price
of the 1st MR, the number of MR, and the rate of cost reduction, respectively.

The O&M cost of a component occurs each year and continues till the end of the
project lifetime. The O&M cost of a component is considered the same each year and is
calculated by the following equation [60].

CO&Mc,j = Ncom,j × CO&M,yearly(j) ×
{
(1 + rld)n}− 1
rld(1 + rld)n ∀i ∈ G (38)

where, CO&Mc,j, Ncom,j, and CO&M,yearly(j) indicate the present worth of the total O&M cost,
number of components, and yearly O&M cost of the jth component, respectively.

The replacement of any component happens at the end of its’ lifetime. The number
of replacements depends on the component lifetime and the lifetime of the project. The
present value of the replacement cost of the component is calculated as follows [60].

NR = ceil

⌈
n

CLTj

⌉
− 1 (39)

Frep =
NR

∑
k=1

(
k× CLTj

)
(40)

Crepc,j = Ncom,j ×
NR

∑
k=1

Crep,unit(j) ×
1

(1 + rld)Frep
∀i ∈ G (41)

where, Crepc,j is the present value of the replacement cost of the jth component, NR is the
number of required replacement, CLTj is the lifetime of the jth component, and Crep,unit(j)
is the per-unit replacement cost of the jth component. ceil(X) is a function that rounds X to
the nearest integer equal or greater than X.

The fuel cost is considered for MRs and fossil fuel-based generators. There is no fuel
cost associated with renewable energy sources like solar PV and wind turbines. Also, there
is no fuel cost for energy storage devices. The fuel cost is calculated yearly, and the present
value of the fuel cost is formulated by using the below equation [60].

C f uelc,j = Eyearly,j × CU f uel,j ×
{
(1 + rld)n}− 1
rld(1 + rld)n ∀j ∈ G (42)

Eyearly,j = Ncom,j × RATj × 365× 24 ∀j ∈ G (43)

where, C f uelc,j is the present worth of the fuel cost ($) of the jth component, Eyearly,j is
the yearly energy generation (MWh) from the jth component, CU f uel,j fuel price per unit
energy generation of the jth component, and RATj is the rating of the j4 component.

The salvage value of a component is the remaining useful value of a component at
the end of the project lifetime. The linear depreciation is considered in the calculation of
the salvage value. Linear depreciation refers that the salvage value of the component is
directly proportional to the remaining life of the component. The present worth of the
salvage value is calculated as follows [58].

Csalv,j = Ncom,j × Crep,unit(j) ×
CLTrem,j

CLTj
× 1

(1 + rld)n ∀i ∈ G (44)

CLTrem,j = CLTj −
(
n− LTrep,j

)
(45)
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LTrep,j = CLTj × f loor

⌊
n

CLTj

⌋
(46)

where, Csalv,j is the present worth of the salvage value of the jth component, and CLTrem,j
is the remaining year of the jth component at the end of the project lifetime. f loor (X) is a
function that rounds X to the nearest integer equal or less than X.

The decommissioning cost and refueling cost are considered only for MRs. Although
The decommissioning cost of MRs occurs at the end of the project, the annual distribution
of decommissioning cost is considered in this study [43].

Cdecom,MR = Eyearly,MR × CUdecom,MR ×
{
(1 + rld)n}− 1
rld(1 + rld)n (47)

where, Cdecom,MR is the present value of the total decommissioning cost ($) of MR, Eyearly,MR
is the yearly energy generation (MWh) from the MR, and CUdecom,MR is the decommission-
ing cost per unit ($/MWh).

The lifetime of the fuel module is considered 10 years in this study. Hence, the
refueling of the MR occurs every ten years. The refueling cost of MRs does not include
the cost of fuel. The refueling cost includes the cost associated with transportation of the
fuel, labor cost, etc. The present value of the refueling cost is calculated by the following
equations [60].

Cre f ueling,MR = NMMR ×
MRre f uel

∑
k=1

Cre f ueling,MR(unit) ×
1

(1 + rld)Fre f uel
(48)

MRre f uel = ceil

⌈
n

LTf b(MR)

⌉
− 1 (49)

Fre f uel =

MRre f uel

∑
k=1

(
n× LTf b(MR)

)
(50)

where, Cre f ueling,MR is the present value of the refueling cost of the MR, Cre f ueling,MR(unit) is
the refueling cost in every 10 years, LTf b(MR) is the lifetime of the fuel bundle, and MRre f uel
is the number of the required refueling in the project lifetime.

4.2. Constraints

Constraints are used in the optimization problem to ensure the reliability, resiliency,
and performance of the N-R HES. Some constraints are used to address some real-world
limitations to implement the N-R HES in the marine ship.

The energy generation from any energy source must be equal to or less than the
maximum capability of that energy source. This can be represented as follows.

Pj
gen(t) ≤ Pj

gen,max ∀j, ∀t (51)

where, Pj
gen(t) is the electric generation of the jth component at time step t and Pj

gen,max is
the maximum electric generation capacity of the jth component at time step t.

To ensure the reliability and resiliency of the systems, the total generation of the
system must be greater or equal to the total requirement of the system. The following
equations are used to represent the constraints of the energy management of the system.

∑ Pz
gen(t) ≥

ttotal

∑
t=1

Pz
EL(t) ∀t ∈ ttotal , ∀z (52)
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∑ Pz
gen(t) =

ttotal

∑
t=1

NumPV Ppv(t) +
ttotal

∑
t=1

NumWT Pw(t) +
ttotal

∑
t=1

NumMRPMR(t) ∀t ∈ ttotal , ∀z (53)

where, Pz
gen(t) is the generation of electric power (kW) at time t of the year z. Pz

EL(t) refers
to the power demand at time step t of the year z. NumPV , NumWT , and NumMR indicate
the number of solar PV, the number of wind turbine, and the number of MR, respectively.
Ppv(t), Pw(t), and PMR(t) refer to the power generation from solar PV, wind turbine, and
MR at the time t, sequentially.

The power generation for Renewable and Fossil Fuel-based Hybrid Energy Systems
(F-R HES), Standalone Nuclear Energy System, and Standalone Fossil Fuel-based Energy
System can be formulated by the Equation (54), (55), and (56), respectively.

∑ Pz
gen(t) =

ttotal

∑
t=1

NumPV Ppv(t) +
ttotal

∑
t=1

NumWT Pw(t) +
ttotal

∑
t=1

NumDGPDG(t) ∀t ∈ ttotal , ∀z (54)

∑ Pz
gen(t) =

ttotal

∑
t=1

NumMRPMR(t) ∀t ∈ ttotal , ∀z (55)

∑ Pz
gen(t) =

ttotal

∑
t=1

NumDGPDG(t) ∀t ∈ ttotal , ∀z (56)

The energy storage device is used to store excess energy and supply energy during
generation shortage. The following constraints are considered in this study to ensure the
proper energy management of the system and maintain the desired SOC of the storage
device.

SOCEES,min ≤ SOCz
EES(t) ≤ SOCEES,max ∀t ∈ ttotal , ∀z (57)

where, SOCz
EES(t) is the SOC (%) of the energy storage device at the time step t in the year

z. SOCEES,min and SOCEES,max refer to the minimum and maximum SOC of the energy
storage component. This constraint will ensure that the usage of energy storage systems
will be within the upper and lower limit which is important for the longevity of the energy
storage systems (battery).

To ensure the reliability, resiliency, and performance of the energy system, the reli-
ability parameter, LPSP, is considered as a constraint of the optimization problem. The
LPSP is considered for each time step and also for the total time step to ensure the utmost
reliability of the system. The lower value of the LPSP refers to the higher reliability of the
system. The reliability constraints can be formulated as follows.

LPSPe ≤ LPSPe,max (58)

LPSPe(t) ≤ LPSPe(t),max (59)

where, LPSPe,max is the maximum limit of the LPSP for the total time step and LPSPe(t),max
represents the maximum limit of the LPSP in each time step. The maximum limit of LPSPe
and LPSPe(t) is considered as 8% in this study, which is a typically acceptable margin for
HES [48].

To ensure the cargo-carrying capacity of the marine ship, the ratio between the total
weight of the energy system and the total cargo-carrying capacity of the ship is inserted as
one of the constraints in the optimization problem. This constraint can be formulated by
the following equation.

SYSwr ≤ SYSwr,max (60)

where, SYSwr is the ratio between the total weight of the energy system and the total cargo-
carrying capacity of the ship, and SYSwr,max is the maximum limit of the ratio. In this study,
the SYSwr,max is taken as 0.005 considering the weight of the current energy system that is
being used in the ship to ensure that the proposed system will not reduce the load-carrying
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capacity of the marine vessel. The total weight of the components of the N-R HES, F-R
HES, Standalone Nuclear Energy System, and Standalone Fossil Fuel-Based Energy System
can be calculated by using the Equation (61), (62), (63), and (64), respectively.

SYSw,NR = TWMR + TWPV + TWWind + TWBAT (61)

SYSw,FR = TWDG + TWPV + TWWind + TWBAT (62)

SYSw,N = TWMR (63)

SYSw,F = TWDG (64)

where, TWMR, TWPV , TWWind, TWDG, and TWBAT represent the total weight of the MR,
solar PV, wind turbine, diesel generator, and battery, respectively. The weight of the MR,
diesel generator, solar PV, wind turbine, and the battery can be formulated by the Equation
(65), (66), (67), (68), and (69), respectively.

TWMR = NumMR × PWRMR × RatMR (65)

TWDG = NumDG × PWRDG × RatDG (66)

TWPV = NumPV × PWRPV × RatPV (67)

TWWind = NumWind × PWRWind × RatWind (68)

TWBAT = NumBAT × PWRBAT × RatBAT (69)

where, PWRMR, PWRDG, PWRPV , PWRWind, and PWRBAT refer to the power to weight
ratio of MR, fossil fuel-based generator, solar PV, wind turbine, and battery, respectively.
The RatMR, RatDG, RatPV , RatWind, and RatBAT refer to the rating of the MR, fossil fuel-
based generator, solar PV, wind turbine, and battery, sequentially.

Unlike land-based system, marine ship has a limited area to accommodate the energy
system components. To ensure that the system components can be accommodated with
the available useable area of the ship, another constraint is addressed in the optimization
problem. Solar PV is installed on the upper surface of the ship and requires a considerable
amount of area compared to other energy sources [61]. Therefore, this constraint is used in
the optimization problem to confirm that the solar PV can be implemented within the area
of the ship. This constraint can be formulated as below.

Solarratio ≤ Solarratio,max (70)

where, Solarratio is the ratio between solar PV area and ship area, and Solarratio,max is the
maximum limit of the ratio between solar PV and ship area. The area of the solar PV can
be calculated as follows.

AreaPV = NumPV ×UAPV × RatPV (71)

where, AreaPV is the area of the solar PV (m2), and UAPV is the area requirement of
solar PV for per unit power (m2/kW). The UAPV is considered as 4.952 (m2/kW) in this
study [62]. Considering the area requirement for wind turbine installation and all the area
of the marine ship is not practically available for solar PV, the Solarratio,max is considered as
0.4 which is within the reasonable margin [22].

4.3. Decision Variables

The target of this optimization problem is to identify the optimal configuration of
the energy system by minimizing the NPC of the systems. Four different energy systems
are optimized in this research and compared with each other to find out the most feasible
energy system for the marine ship. The decision variables of this optimization problem are
the number of the required MRs, fossil fuel-based generators, solar PV, wind turbine, and
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battery. These decision variables are used to identify the size of the MR, fossil fuel-based
generator, solar PV, wind turbine, and battery. The decision variables can be expressed as
follows.

0 ≤ NumMR ≤ NumMR,max NPV ∈ Z (72)

0 ≤ NumDG ≤ NumDG,max NWT ∈ Z (73)

0 ≤ NumPV ≤ NumPV,max NMMR ∈ Z (74)

0 ≤ NumWT ≤ NumWT,max NHtank ∈ Z (75)

0 ≤ NumBAT ≤ NumBAT,max NHtank ∈ Z (76)

where, NumMR,max, NumDG,max, NumPV,max, NumWT,max, and NumBAT,max refer to the
maximum number of MR, fossil fuel-based generator (Diesel Generator), solar PV, wind
turbine, and battery, respectively.

4.4. Implementation of Optimization Algorithm: Differential Evolution

The differential evolution algorithm was first proposed by Kenneth Price and Rainer
Store [63]. It is a popular optimization technique, which uses a population of individual
solutions to solve multidimensional real-valued functions. The principle idea of the DE
algorithm is to produce temporary individual best based on the individual differences
within the population and then rebuild the population evolutionary. Because of its robust-
ness, the suitability of different numerical optimization, and better global convergence, it
has been used extensively in many problems like image classification, linear array, neural
network, and monopoles antenna [64]. To overcome the low search ability and premature
convergence of quantum inspired differential evolution (QDE), an enhanced MSIQDE algo-
rithm was proposed in [65]. For solving Minimum Sum-of-Squares Clustering problem,
Memetic Differential Evolution (MDE) was employed in [66]. The authors offered four
algorithm variants that differ on the matching approach. They compared their method with
HG-MEANS and found competitive performance based on numerical experiments. Sunita
et al. employed DE with dynamic mutation technique to solve multi-objective optimization
model of a microgrid consists of solar and wind energy. They found that the value of
crossover probability does not affect the optimization result significantly. The authors
concluded that for getting the best result, the crossover probability should be 0.5 [67]. To
overcome the limitations of Harmony Search (HS) algorithm, an improved differential
HS was employed in [68]. The authors used twenty-two benchmark functions to assess
the performance of eight optimization algorithms. For setting the parameters of the opti-
mization algorithms, they utilized the recommendations of several authors. They set the
crossover probability and scaling factor of DE algorithm as 0.6 and 0.6. For solving the slow
convergence speed, low solution efficiency, and lack of diversity of DE algorithm, Quantum
Differential Evolution (QDE) was employed in [69]. The author set the value of parameters
based on the literature review. They set the value of crossover probability and scaling
factor for different DE algorithms ranging from 0.5 to 0.9. However, to evaluate the impact
of crossover probability and scaling factor on optimization result, Adaptive Differential
Evolution (ADE) algorithm is employed which is discussed in Section 4.5. The differential
evolution has four major stages that are initialization, mutation, recombination/crossover,
and selection.

In the initialization stage, random solutions are generated within a boundary. Then,
each solution undergoes mutation and recombination phases, and lastly, the best solution
is selected. This process takes place until it meets any stopping criteria. The program needs
to generate the initial solutions randomly within the minimum and maximum value of
each variable. Any random solution that is generated in the initialization phase can be
formulated as follows [63].

S(N,d) = S(min,d) + rand ×
[
S(max,d) − S(min,d)

]
(77)
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where, N refers to the Nth solution to be optimized and d represents the parameter variables
to be optimized. S(min,d) and S(max,d) represent the minimum and maximum range of the d
parameter variables. The rand is a random number between 0 and 1.

In the mutation stage, the random solutions (target solutions) which are generated
in the initialization stage are optimized by mutating the solution. This solution is called
the donor solution. The new solution after the mutation phase can be formulated as
follows [63].

Z(N,d) = S(r1,d) + F×
[
S(r2,d) − S(r3,d)

]
(78)

where, r1, r2, and r3 are random solutions selected from 1 to Np, and these solutions are
mutually exclusive. F represents the scaling factor, which is between 0 and 2. The target
solution does not participate in the mutation phase. Hence, in the differential evolution,
the minimum population size is four.

After the mutation phase, the solution undergoes a crossover/recombination phase to
add diversity to the solution. The solution following the crossover phase is called the trial
solution. In this phase, the trial solution can be obtained either from the target solution or
the donor solution based on the following condition [63].

T(N,d) =

{
Z(N,d) ϕ ≤ Cp or N = λ

S(N,d) ϕ > Cp and N 6= λ
λ ∈ d (79)

where, Cp is the crossover probability, and ϕ is the random number between 0 and 1. λ is
a randomly selected variable location from d. The N = λ condition ensures that at least
one solution in the crossover phase is taken from the donor solution. After getting the
trial solution, its’ boundary needs to be checked. If the trial solution is greater than the
maximum limit then the solution is bounded back to the maximum value, and if the trial
solution is less than the minimum value then it is bounded back to the minimum value.

In the selection stage, the objective function values are computed for all the solutions.
The better solution, between the target solution and the trial solution, is selected for the next
iteration; this is called the greedy selection method. After completing all the iteration, the
best objective function value is obtained, and the associated solution is the global optimal
solution. Differential Evolution implementation steps are discussed in detail as follows.

Step 1:

Read the following input data of the proposed energy systems:

A. Load the electrical demand data (hourly propulsive electric and auxiliary load
data for one year).

B. Load the climatological data (hourly wind speed, solar irradiance, and ambient
temperature) to calculate the renewable energy where applicable.

C. Load the system component’s features (energy generation from MR, fossil
fuel-based generator, solar PV, wind turbine, and charging and discharg-ing from
energy storage device).

D. Load economic and other parameters of the system and system compo-nents,
such as project lifetime, inflation rate, discount rate, capital cost, O&M cost,
replacement cost, fuel cost, refueling cost, decommissioning cost, and the
salvage value.

Step 2:

Initialize the parameters of DE and required system components:

A. Set the population size, Np = 50, and the maximum number of iterations as 200.
B. Set the scaling factor, F = 0.5
C. Set the crossover probability, Cp = 0.7
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D. Set the constraints of the optimization problem as follows.
LPSPe ≤ 0.8; LPSPe(t) ≤ 0.8; SYSw ≤ 0.005; Solarratio ≤ 0.4 A fixed value
(1 × 1020) will be added to the objective function if there is any violation in
the constraints.

E. Set the lower and upper limit of the decision variables

� The lower and upper bound of the number of MR [0, 100].
� The lower and upper bound of the number of solar PV [0, 100].
� The lower and upper bound of the number of wind turbine [0, 100].
� The lower and upper bound of the number of battery [0, 100].

Step 3:
Generate the initial solutions randomly within the boundary of the decision variables.
The number of the randomly generated solution is equal to the population size. These
solutions are called target solutions.

Step 4: Generate the donor solutions by mutating the target solutions.

Step 5: Generate the trail solutions by recombing the donor the solutions (crossover).

Step 6: Bound the trial solutions within the boundary of the decision variables.

Step 7:

Evaluate the objective function for the target solutions and trial solutions. The solution
that gives the lower value (minimization problem) of the objective function is selected
as the target solution for the next iteration. Store the best cost value (lowest value) in
every iteration.

Step 8:

When the number of iteration reaches the maximum limit of the iteration, then stop.
Otherwise, continue from Step 3 to Step 7. After completing all the iteration, the best
objective function value is obtained, and the associated solution is the global
optimal solution.

4.5. Adaptive Differential Evolution

Currently, the adjustment of control parameters (scaling factor and crossover prob-
ability) of DE is considered a global behavior. However, these parameters affect the
convergence speed and may cause a premature phenomenon. An adaptive adjustment
method of the control parameters was discussed in [64]. The authors used sine and cosine
functions with a value of (−1, 0), and (0, 1), respectively. The scaling factor (F) and the
crossover probability (Cp) can be written as follows [64].

F(t) =
{

Y + (1−Y)× sin( πt
maxit −

π
2 ) t ≤ maxit

2
Y− (1−Y)× cos(π

2 −
πt

maxit ) otherwise
(80)

Cp(t) =

{
β + (1− β)× sin( πt

maxit −
π
2 ) t ≤ maxit

2
β− (1− β)× cos(π

2 −
πt

maxit ) otherwise
(81)

where, F(t) is the scaling factor, Cp(t) is the crossover probability, t is the iteration number,
and maxit is the maximum number of iterations. Y and β are constants, and the value of Y
and β is 0.8 and 0.75, respectively, in this study. This study compares the performance of
standard DE and ADE, and evaluates the impact of control parameters of the DE algorithm
on finding the optimized result.

4.6. Implementation of Optimization Algorithm: Particle Swarm Optimization (PSO)

The PSO is another metaheuristic optimization algorithm, proposed by Kennedy
and Eberhart in 1995. The main idea of the PSO algorithm is communication among the
population called the swarm and, evolutionary computation. In this technique, two values
are compared in each position of a particle. The first value is the best value obtained by
that particle so far, called the personal best and the 2nd value is the best value among all
the particles, called the global best. The optimizer compares these two values for each
particle and stores the best value till it reaches a stopping criteria (number of iterations or
pre-defined value of the fitness function). Each particle moves towards the personal best
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and global best based on its current position and velocity. The position of a particle can be
expressed as per the below equation [70].

Zi
T+1 = Zi

T + Vi
T+1 (82)

where, Z is the position of the particle, i is the number of the particle, V is the velocity of
the particle, and T is the number of iterations. The velocity of the particle can be obtained
by the following equation [71].

Vi
T+1 = W

[
Vi

T + c1r1

(
pi

T − Zi
T

)
+ c2r2

(
pg

T − Zi
T

)]
(83)

where, W is the constriction coefficient, pi is the personal best position, pg is the global
best position, c1 is the acceleration coefficient (individual), c2 is the acceleration coefficient
(social), and r1 and r2 are random numbers between 0 and 1. The constriction coefficient
can be calculated as the following equation.

W =
2k∣∣∣2− ϕ−
√

ϕ2 − 4ϕ
∣∣∣ (84)

ϕ = c1 + c2 > 4 (85)

The typical value of k, c1, and c2 is 1, 2.05, and 2.05, respectively. The implementation
steps of PSO are discussed below.

Step 1:

Read the following input data of the proposed energy systems:

A. Load the electrical demand data (hourly propulsive electric and auxiliary load
data for one year).

B. Load the climatological data (hourly wind speed, solar irradiance, and ambient
temperature) to calculate the renewable energy where applicable.

C. Load the system component’s features (energy generation from MR, fossil
fuel-based generator, solar PV, wind turbine, and charging and discharging
from energy storage device).

D. Load economic and other parameters of the system and system components,
such as project lifetime, inflation rate, discount rate, capital cost, O&M cost,
replacement cost, fuel cost, refueling cost, decommissioning cost, and the
salvage value.

Step 2:

Initialize the parameters of DE and required system components:

E. Set the population size, Np = 50, and the maximum number of iterations as 200.
F. Set the acceleration coefficient, c1= c2 = 2.05
G. Calculate the value of the constriction coefficient, W.
H. Set the constraints of the optimization problem as follows:

LPSPe ≤ 0.8; LPSPe(t) ≤ 0.8; SYSw ≤ 0.005; Solarratio ≤ 0.4 A fixed value
(1 × 1020) will be added to the objective function if there is any violation in
the constraints.

� Set the lower and upper limit of the decision variables.
� The lower and upper bound of the number of MR [0, 100].
� The lower and upper bound of the number of solar PV [0, 100].
� The lower and upper bound of the number of wind turbine [0, 100].
� The lower and upper bound of the number of battery [0, 100].
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Step 3: Generate the initial solutions randomly within the boundary of the decision variables.

Step 4: Use the individual particle position to determine the objective function value.

Step 5:
Update the best position of the individual particle by comparing it with all other
populations.

Step 6:
Compare the personal best with the global best and update the global best with the
individual particle’s personal best that has the minimum value of the
objective function.

Step 7: Update the velocity of the individual particle.

Step 8: Update the position of the individual particle.

Step 9:
Repeat step 3 to step 8 till all particles are evaluated in each iteration. Store the best
cost value.

Step 10: Stop the simulation if it reaches the maximum number of iterations.

5. Results

The findings of this study are discussed in this section. Section 5.1 covers the com-
parison among the proposed energy systems in terms of technical, economic, and en-
vironmental KPIs. The performance of the DE algorithm is evaluated and validated in
Section 5.2.

5.1. Comparison among the Proposed Hybrid Energy Systems

The Differential Evolution (DE) algorithm is used to determine the lowest Net Present
Cost of the four energy systems proposed for marine transportation. The four energy
systems are defined as

Case-01: Standalone Fossil Fuel-based Energy Systems, Case-2: Renewable and Fossil
Fuel-based Energy Systems, Case-3: Standalone Nuclear Energy Systems, and Case-04:
Nuclear Renewable Hybrid Energy Systems.

Case-04 shows the lowest NPC (532.11 million $) among all the energy systems, while
Case-01 has the highest NPC (877.61 million $). After introducing renewable energy with
fossil fuel in Case-02, the NPC (875.90 million $) reduces around 1.7 million USD compared
with Case-01. Case-03 exhibits lower NPC (538.05 million $) than Case-01 and Case-02 but
a little bit higher than Case-04. The LCOE of all four cases follows a similar trend of NPC.
The NPC and LCOE of all four cases are shown in Figure 2.
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Figure 2. Comparison of NPC and LCOE of Different Energy Systems.

Table 1 shows the optimal rating of each component of all four energy systems. For all
the energy systems, most of the energy is delivered by the diesel generator or MR based
on the type of the energy system. The renewable energy penetration is higher in Case-04
compared to Case-02. The renewable energy penetration in Case-04 is about 1.61% whereas
the renewable energy penetration in Case-02 is around 1.39%. Case-02 shows the highest
dependency on the energy storage device, whereas Case-03 exhibits the lowest dependency
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on the energy storage device for the optimal energy configuration. The ratings of the
energy storage device for Case-01, Case-02, Case-03, and Case-04 are 2341.38 kWh, 3907.92
kWh, 637.17 kWh, and 1351.92 kWh, respectively. The Loss of Power Probability (LPSP)
of all energy systems is within the defined range (less or equal to 8%) that ensures the
utmost reliability while optimizing the systems. The GRF is another reliability factor that
ensures the system’s reliability in terms of energy generation. For a reliable energy system,
usually, the GRF should be at least 100%. Among the four cases, Case-03 has the highest
value of GRF (145.38%), and Case-01 has the lowest GRF (141.31%). The GRF of Case-04 is
144.82%, which is very close to Case-03. Therefore, Case-04 performs better than the other
three energy systems in the ship in terms of economic (NPC, LCOE) and reliability (LPSP,
GRF) KPIs.

The CO2 emissions is an environmental KPI that determines the impact of energy
systems on the environment. In terms of environmental aspects, Case-04 shows the least
impact on the environment. Only 935.57 tons of CO2 is emitted from N-R HES whereas,
144,714.33 tons of CO2 emits each year from Case-01. Hence, the proposed N-R HES
will reduce around 99% of CO2 emissions compared to fossil fuel-based energy systems
(Case-01). The penalty for emitting CO2 is the highest for Case-01 and the lowest for
Case-04.

Table 1. Result of Optimization of Different Energy Systems.

Parameter Case-01 Case-02 Case-03 Case-04

NPC ($) 877,605,291.05 875,903,862.16 538,049,423.31 532,112,182.13
LCOE ($/MWh) 277.96 276.12 165.64 164.45

Generator/MMR (MW) 28.15 28.14 28.96 28.00
Solar PV (kW) 0.00 396.79 0.00 0.0885334416

Wind (kW) 0.00 0.00 0.00 3050.30
Battery (kWh) 2341.38 3907.92 637.17 1351.92

Solar ratio N/A 0.10 N/A 0.000022
Energy System Weight (kg) 1,546,864.99 1,545,210.58 445,816.43 779,799.66

LPSP 0.080 0.079 0.080 0.08
CO2 Emissions (ton/year) 144,714.33 144,655.35 967.73 935.57

Wratio 0.005 0.005 0.001 0.0025
GRF 141.31 141.98 145.38 144.82

Capital Cost ($) 26,083,959.77 25,882,395.10 313,231,568.67 308,562,984.45
Replacement Cost ($) 131,028,335.96 129,934,105.16 651,048.07 3,710,762.34

Operation and
Maintenance Cost ($) 16,414,843.54 16,310,161.71 154,912,891.56 152,358,576.04

Fuel Cost ($) 637,771,484.30 637,511,569.11 32,482,148.04 31,402,690.09
Decommissioning Cost ($) N/A N/A 16,241,074.02 15,701,345.05

Refuel Cost ($) N/A N/A 20,087,311.63 20,087,311.63
Carbon Penalty ($) 66,302,976.09 66,275,955.20 443,381.32 428,646.72
Salvage Value ($) 0.00 10,324.12 0.00 140,134.20

The weight of the energy systems and Wratio (the ratio between the total weight of
the energy system and the total cargo-carrying capacity of the ship) are two important
factors that determine the cargo-carrying performance of the ship. The energy system
weight for Case-03 and Case-04 are lower compared to Case-01 and Case-02. The energy
system weight of Case-01, Case-02, Case-03, and Case-04 is 1,546,864.99 kg, 1,545,210.58 kg,
445,816.43 kg, and 779,799.66 kg, respectively. Compared to Case-01, the energy system
weight of Case-03 and Case-04 is around 3 and 2 times lower, respectively. By using the
proposed N-R HES in the ship, the ship operator will be able to carry 767 tons more cargo,
which will increase the revenue of the ship. The lower value of Wratio is expected to carry
more cargo by ship. The energy system weight and Wratio of four energy systems are
presented in Figure 3.
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The cost distribution of different energy systems is shown in Figure 4. The capital cost
of Case-01 and Case-02 is very low compared to Cae-03 and Case-04. Case-03 has the high-
est capital cost (313.23 million $), and Case-02 has the lowest capital cost (25.88 million $).
After introducing renewable energy, the capital cost is reduced for Case-02 (25.88 million $)
compared to Case-01 (26.08 million $). Also, for Case-03 the capital cost is 313.23 million $
which is reduced to 308.56 million $ after renewable energy addition in Case-04. The opera-
tion and maintenance cost follows the same trend as the capital cost. Case-02 has the lowest
O&M cost (16.31 million $), whereas Case-03 has the highest O&M cost (154.91 million $).
The fuel cost shows that Case-01 and Case-02 have a higher cost associated with fuel
compared to Case-03 and Case-04. Case-01 has the highest fuel cost (637.77 million $)
since the price of diesel fuel (per MWh) is much higher than nuclear fuel. After incorpo-
rating renewable energy in Case-02, the fuel cost (637.31 million $) is reduced a little bit.
With nuclear energy, the fuel cost is reduced to a great extent. The fuel cost of Case-03 is
32.48 million $, and the fuel cost is reached the lowest value in Case-04 (31.40 million $) by
introducing renewable energy with nuclear energy. The replacement cost of Case-01 is the
maximum (131.03 million $) among all the energy systems. The replacement cost reduced a
bit in Case-02 (129.93 million $). Unlike other costs, Case-04 has a higher replacement cost
(3.71 million $) compared to Case-03 (0.65 million $). In Case-03, only battery replacement
cost contributes to the total replacement cost, but replacement cost of renewable energy
along with the battery replacement cost added to the total replacement cost in Case-04.
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Figure 5 shows the convergence plot for Case-01. The static penalty is added to the
NPC till the 8th iteration. From the 9th iteration, the NPC is calculated without any penalty,
and the optimization moves towards the minimum NPC. Figure 6 illustrates the cost
breakdown of Case-01. More than two-thirds of the total cost of Case-01 is associated with
the fuel cost (72.67%), and the O&M cost has the smallest portion (1.87%). The replacement
cost has the second-largest share (14.93%) of the total cost. The capital cost is accounted for
2.97% of the cost while the carbon penalty made up 7.56% of the total cost.
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The convergence plot of Case-02 is presented in Figure 7. The static penalty is added
up to the 8th iteration and reaches the optimized value within the 200th iteration. The cost
distribution for Case-02 is similar to Case-01 as shown in Figure 8. The fuel cost makes up
the largest portion (72.78%) of the total cost. The share of the replacement cost for Case-02
(14.83%) is a little bit lower compared to Case-01 (14.93%). The capital cost and the O&M
cost comprise only 2.95% and 1.86%, respectively, of the total cost. The CO2 emissions
penalty contributes 7.57% of the total cost of Case-02.



Energies 2021, 14, 3188 26 of 39
Energies 2021, 14, x FOR PEER REVIEW 26 of 39 
 

 

 
Figure 7. Convergence Plot (Case-02). 

 
Figure 8. Cost Distribution (Case-2). 

Figure 9 represents the convergence plot of Case-03. The algorithm finds the NPC 
without any static penalty from the 1st iteration. The algorithm moves to the optimal NPC 
range very quickly. The cost breakdown of Case-03 is shown in Figure 10. Unlike Case-01 
and Case-02, the capital cost contributes more than half of the total cost (58.22%). The 
O&M cost makes up the second-largest (28.79%) portion of the total cost. The fuel cost, 
refueling cost, and decommissioning cost comprise 6.04%, 3.73%, and 3.02% cost, respec-
tively. The shares of the replacement cost and the CO2 emissions penalty cost are very low 
(less than 1%) for Case-03. 

2.95
14.83

1.86

72.78

7.57

Cost Distribution (%) of Case-02

Capital Cost Replacement Cost

Operation and Maintenance Cost Fuel Cost

Carbon Penalty

Figure 7. Convergence Plot (Case-02).

Energies 2021, 14, x FOR PEER REVIEW 26 of 39 
 

 

 
Figure 7. Convergence Plot (Case-02). 

 
Figure 8. Cost Distribution (Case-2). 

Figure 9 represents the convergence plot of Case-03. The algorithm finds the NPC 
without any static penalty from the 1st iteration. The algorithm moves to the optimal NPC 
range very quickly. The cost breakdown of Case-03 is shown in Figure 10. Unlike Case-01 
and Case-02, the capital cost contributes more than half of the total cost (58.22%). The 
O&M cost makes up the second-largest (28.79%) portion of the total cost. The fuel cost, 
refueling cost, and decommissioning cost comprise 6.04%, 3.73%, and 3.02% cost, respec-
tively. The shares of the replacement cost and the CO2 emissions penalty cost are very low 
(less than 1%) for Case-03. 

2.95
14.83

1.86

72.78

7.57

Cost Distribution (%) of Case-02

Capital Cost Replacement Cost

Operation and Maintenance Cost Fuel Cost

Carbon Penalty

Figure 8. Cost Distribution (Case-2).

Figure 9 represents the convergence plot of Case-03. The algorithm finds the NPC
without any static penalty from the 1st iteration. The algorithm moves to the optimal NPC
range very quickly. The cost breakdown of Case-03 is shown in Figure 10. Unlike Case-01
and Case-02, the capital cost contributes more than half of the total cost (58.22%). The O&M
cost makes up the second-largest (28.79%) portion of the total cost. The fuel cost, refueling
cost, and decommissioning cost comprise 6.04%, 3.73%, and 3.02% cost, respectively. The
shares of the replacement cost and the CO2 emissions penalty cost are very low (less than
1%) for Case-03.
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The convergence plot of Case-04 is presented in Figure 11. The cost distribution of
Case-04 is illustrated in Figure 12. Like Case-03, the capital cost is accounted for more than
half of the total cost (57.97%). The O&M cost comprises 28.63% of the cost. The fuel cost,
decommissioning cost, and refueling cost make up 5.90%, 2.95%, and 3.77%, respectively,
of the total cost. The replacement cost and the cost associated with CO2 emissions comprise
only 0.70% and 0.08% cost, sequentially.
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5.2. Comparison and Validation of Optimization Techniques

From the findings of Section 5.1, it is evident that Case-04 is best among all the four
energy systems for marine transportation in terms of technical, economic, and environ-
mental KPIs. The Differential Evolution (DE) optimization technique is used to optimize
the systems. Hence, it is important to compare the findings of DE optimization with other
widely used optimization techniques to validate and reinforce the results. In this section,
the NPC of Nuclear-Renewable Hybrid Energy Systems (N-R HESs) obtained by DE are
compared with PSO and ADE algorithm. Figure 13 shows the NPC of Case-04 for DE,
ADE, and PSO. The lowest NPC ($532,112,182.13) is obtained by using the DE optimization
technique although the NPC (532,114,720.56) determined by the ADE is very close to DE.
The difference between DE and ADE is only 0.0005%. This suggests that the impact of
the control parameters of DE optimization is very minimal on finding the lowest value
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of the objective function. Although the NPC ($532,118,322.71) determined by the PSO
optimization is the highest among all the optimization techniques, the difference is very
low (0.0012%) compared to the DE optimization technique. This finding validates the result
of the DE algorithm and suggests that the DE optimization technique performs better than
ADE and PSO algorithm in this study.
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6. Sensitivity Analysis

The N-R HES for marine transportation employs several economic, technical, and
environmental variables, such as water temperature, water density, solar irradiance, wind
speed, air temperature, discount rate, inflation rate, project lifetime, fuel cost, replacement
cost, capital cost, operation and maintenance cost, CO2 penalty, Wratio, and LPSP. Hence, a
sensitivity analysis is crucial to assess the impact of these variables on the findings of the
base model. The sensitivity analysis reinforces the results. The sensitivity analysis is also
important to determine how sensitive the system to different parameters. The following
subsections will assess the impact of different economic, technical, and environmental vari-
ables on the NPC of the four energy systems. The energy systems are optimized separately
to get the optimized value of NPC for each parameter change in the sensitivity analysis.

6.1. Sensitivity Assessment of Discount Rate on NPC

In the base case, the discount rate is considered as 8%. In the sensitivity analysis, the
discount rate is varied from 5% to 10% to determine the impact on NPC. Figure 14 shows
the NPC of the four energy systems for different discount rates varied from 5% to 10%.
From the figure, it can be observed that Case-04 always demonstrates the lowest NPC for
the marine vessels irrespective of the discount rate. Also, the NPC of all the energy systems
decreases with the increment of the discount rate.

6.2. Sensitivity Assessment of Inflation Rate on NPC

The inflation rate was considered 2% in the base case of the analysis. In the sensitivity
analysis, the inflation rate is varied from 1% to 5% to identify the impact of the inflation
rate on NPC of different energy systems. Figure 15 shows the NPC of different energy
systems for different inflation rates. The NPC increases with the increase of the inflation
rate with a varying range. However, Case-04 shows the lowest NPC among all the energy
systems irrespective of the inflation rate.

6.3. Sensitivity Assessment of Project Lifetime on NPC

The project life is considered as 40 years in the base case analysis. The project lifetime
can be different based on the requirement of the ship operator and lifetime of the ship.
Hence, a sensitivity analysis is carried out for different project lifetimes. The project lifetime
is varied from 20 years to 60 years with 10 years interval. The NPC of different energy
systems for different project lifetimes is presented in Figure 16. The figure illustrates that
with the increase of project lifetime NPC increases for all the cases. However, Case-04
shows the lowest NPC among all the energy systems irrespective of the project lifetime.
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6.4. Sensitivity Assessment of Electrical Power Requirement on NPC

This study employs several parameters, like seawater temperature, seawater density,
length and width of the ship, average speed of the ship, and draught of the ship, to estimate
the ship power. These parameters change with the position of the ship, weather, and
type of the ship. Any change in these parameters will result in different electrical power
requirements. Hence, it is important to assess the performance of the energy systems for
different electrical power requirements. In this section, the electrical power of the ship is
varied from −20% to +20% with 10% increment. Figure 17 shows the NPC of different
energy systems with different electrical power. The figure tells that the NPC increases
accordingly with the increase of electrical power. However, Case-04 illustrates the lowest
NPC irrespective of the electrical power.
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Figure 14. Sensitivity Assessment of Discount Rate on NPC.
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Figure 17. Sensitivity Assessment of Electrical Power Requirement on NPC.

6.5. Sensitivity Assessment of Solar Irradiance on NPC

In this study, the voyage route of the ‘Baltic Sunrise’ is considered from Iraq to
Singapore. Renewable energy sources depend on the position of the ship, time, and
direction. The solar irradiance will not be the same all the time, and the ship will not use
the same route each time. Hence, a sensitivity assessment of solar irradiance is necessary
to determine the impact on NPC. Since Case-01 and Case-03 do not have any solar PV, any
change in the solar irradiance will not affect the NPC of these two cases. Hence, only Case-
02 and Case-04 are considered for the assessment of solar irradiance on NPC. In this study,
solar irradiance is varied from −20% to +20% with a 10% increment. Figure 18 shows the
NPC of Case-02 and Case-04 for different solar irradiance. The NPC of Case-02 decreases
slightly with the increase of solar irradiance while no impact on the NPC of Case-04 is
observed with the change of solar irradiance. It should be noted that the penetration of
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solar PV in Case-04 is very minimal. However, Case-04 shows the lowest NPC among all
the energy systems irrespective of the change in solar irradiance.

6.6. Sensitivity Assessment of Wind Speed on NPC

Like solar irradiance, wind speed also varies with the time and the route of the ship.
Hence, a sensitivity assessment is carried out to identify the impact of wind speed on NPC
on different energy systems. As there is no wind turbine for Casse-01 and Case-03, there is
no impact with the change of wind speed on these cases. In this assessment, wind speed is
varied from −20% to +20% with a 10% increment. Figure 19 shows the NPC of Case-02
and Case-04 for different wind speeds. The NPC of Case-04 decreases with the increase of
wind speed while no impact on the NPC of Case-02 is observed with the change of wind
speed. However, Case-04 shows the lowest NPC among all the energy systems irrespective
of the change in solar irradiance.
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7. Conclusions, Contribution and Future Scope of Work

Several studies have been conducted on stand-alone nuclear energy systems and
fossil fuel-renewable hybrid energy systems for ocean-going marine ships to reduce GHG
emissions. However, both systems have some limitations in terms of economic, regulatory,
and technical points of view. Hence, a nuclear-renewable hybrid energy system on marine
ships has been proposed in this paper to overcome these limitations. The energy demand of
a ship is estimated by using actual data to simulate the real-world scenario. The mathemat-
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ical modeling and simulation are carried out in MATLAB environment by implementing a
Differential Evolution (DE) algorithm. The findings of this paper suggest that an integrated
nuclear-renewable hybrid energy system could be the best solution to make ocean-going
ships free from emissions, and it is technically and economically feasible. Among the four
energy systems, N-R HES shows the lowest NPC (532.11 million $) compared to Stand-
alone Fossil Fuel-based Energy System (877.61 million $), Renewable Energy and Fossil
Fuel-based Hybrid Energy System (875.90 million $), and Stand-alone Nuclear Energy
System (538.05 million $). The proposed N-R HES emits the lowest CO2 gas compared to
other energy systems in the entire project life. The study identifies the ‘Capital Cost’ and
‘O&M Cost’ as the major contributors of NPC for Case-03 and Case-04, whereas ‘Fuel Cost’
and ‘Replacement Cost’ have the major contribution towards NPC for Case-01 and Case-02.
This study also ensures the reliability of the proposed with adequate margins during the
optimization of the systems. The research determines MRs as a competent candidate to
replace the diesel generator from maritime transportation.

The optimized result of Case-04 obtained by the Differential Evolution (DE) algorithm
is compared with PSO and ADE to validate the results. Among all the optimization
techniques, DE performs better than the other two algorithms. The NPC (N-R HES)
obtained by DE algorithm ($532,112,182) is the lowest compared to ADE ($532,114,720),
and PSO ($532,118,322). In the latter section, sensitivity analysis is carried out to reinforce
the findings. The sensitivity assessment is conducted by varying the discount rate, inflation
rate, project lifetime, electrical power requirement, solar irradiance, and wind speed. The
sensitivity analysis shows NPC increases with the increase of inflation rate, project lifetime,
and electrical power demand for energy systems. The NPC decreases with the increase of
discount rate. The sensitivity analysis concludes Case-04 always shows the lowest NPC
among all the energy systems irrespective of any change in the parameter.

The main contribution of this study is summarized below

â A comprehensive literature review on the impact of maritime transportation on
the environment, renewable and fossil fuel-based hybrid energy systems, nuclear
propulsion, development of N-R HES in land-based applications to identify the
problem and gaps.

â Estimate the energy requirement of an oil tanker with the collaboration of industry
(FleetMon) to address a real-world problem in this study.

â Four energy systems are introduced to determine the most feasible energy system for
maritime transportations. The feasibility is assessed based on technical, economical,
and environmental KPIs. To ensure the reliability of the energy system, certain
constraints are added.

â The economical model of all the system components is developed mathematically.
This mathematical model is then optimized in the popular and versatile simula-
tor MATLAB. The Differential Evolution (DE) algorithm is used to optimize the
energy systems.

â The performance of the DE algorithm is compared to another optimization technique,
PSO. Also, the impact of the control parameters of the DE algorithm is measured by
the Adaptive Differential Algorithm (ADE).

â To address the variability of the parameters like discount rate, inflation rate, project
lifetime, electrical power requirements, solar irradiance, and wind speed, a sensitivity
analysis is conducted to reinforce the findings.

The future scope of work is summarized below:

â In this study, average solar irradiance, temperature, and wind speed are used while
optimizing the systems. In the future, the actual solar irradiance, temperature, and
wind speed can be used to make the study more realistic.

â In this study, a specific ship route is considered. However, analysis can be extended
to different major international shipping routes to assess the most feasible route for
N-R HES.
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â The safety of the N-R HES can be assessed in the future to check the feasibility in
maritime transportation.

â The licensing procedure and port approval of nuclear-powered merchant ships need
to be addressed.

â In this study, no secondary commodities are considered to utilize the excess heat
of the nuclear reactor. In the future, the excess energy can be utilized to produce
secondary commodities like seawater desalination or utilize it by using in heating
and cooling system.
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Nomenclature

AIS Automatic Identification System
FFG Fossil Fuel-based Generator
GHG Greenhouse Gas
GRF Generation Reliability Factor
HES Hybrid Energy System
IAEA International Atomic Energy Agency
KPI Key Performance Indicator
LBP Length Between Perpendiculars
MR Microreactor
MT Metric Ton
NASA National Aeronautics and Space Administration
NPC Net Present Cost
NPP Nuclear Power Plant
NPV Net Present Value
N-R HES Nuclear-Renewable Hybrid Energy System
N-R HES Nuclear-Renewable Hybrid Energy System
RES Renewable Energy Source
RINA Royal Institution of Naval Architects
SMR Small Modular Reactor

Appendix A

Table A1. Parameters and Assumptions of ‘Baltic Sunrise’.

SL. No Parameter/Assumption Category Notation Value Reference

1 Ship beam Parameter B 60 m [72]

2 Volume displacement Parameter v 344,649.08 m3 [72]

3 Draught Parameter D 21.6 m [15]
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Table A1. Cont.

4 Extreme breadth (Beam) Parameter Bex 60.04 m [72]

5 Average draught Parameter D_avg 16.15 m [15]

6 Length between perpendiculars Parameter LBP 324 m [72]

7 Gravitational acceleration Parameter g 9.81 m/s2

8 Seawater density at 30 ◦C temperature Parameter ρw 1021.7 kg/m3 [17]

9 Seawater viscosity at 30 ◦C temperature Parameter γw 0.84931 × 10−6 m3s−1 [17]

10 Average speed Parameter Vs_avg 11.94 kn or 6.1424 ms−1 [15]

11 Incremental resistance coefficient due to
surface roughness of ship Assumption CA 0.0004 [17]

12 Maximum speed Parameter Vs_max 17.9 kn or 9.2185 ms−1 [15]
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Appendix D

Table A2. PWR of Different Components of Energy Systems.

Component Name Power (kW) Weight (kg) PWR (kW/kg) Reference

MR/vSMR 50,000 700,000 0.071 [73]
Diesel Generator 28,700 990,000 0.029 [74]

Solar Panel 375 21.591 0.05 [75]
Wind Turbine 1500 303,000 0.004 [76]

Battery 1600 48,000 0.03 [5]
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