Energy Reports 7 (2021) 2398-2417

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Analysis of nuclear-renewable hybrid energy system for marine ships R

Hossam A. Gabbar >, Md. Ibrahim Adham ¢, Muhammad R. Abdussami * N

2 Faculty of Energy Systems and Nuclear Science, Ontario Tech University (UOIT), 2000 Simcoe St N, Oshawa ON L1G 0C5, Canada
b Faculty of Engineering and Applied Science, Ontario Tech University (UOIT), 2000 Simcoe St N, Oshawa ON L1G 0C5, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 20 October 2020

Received in revised form 10 April 2021
Accepted 16 April 2021

Available online xxxx

While several actions are being taken to reduce Greenhouse Gas (GHG) emissions from land-based
transportation, marine transportations are often unnoticed. Ocean-going marine ships are accounted
for a large amount of global GHG emissions. Renewable Energy Sources (RESs) are free from GHG
emissions and playing an important role in sustainable development by lessening GHG emissions.
Integration of RESs in ocean-going marine ships could be an option to make marine transportation
free from emissions. Ocean-going marine ships require a large amount of reliable energy to support
the propulsive load demand. RESs are intermittent, and a large amount of energy cannot be stored
economically by the available energy storage techniques. Additionally, the penetration of RESs in a
marine ship is limited by the available area and total weight carrying capacity of that marine ship.
Because of these limitations of RESs in marine ships, there is a requirement of integrating other types
of energy sources with RESs to support the baseload energy demand and to avoid the variableness of
RESs. Conventional fossil fuel-based generators, like diesel generators, can be incorporated with RESs
to overcome these shortcomings of RESs. However, as the penetration of RESs is limited to marine
ships, most of the energy is supplied by fossil fuel-based generators. Therefore, the integration of RESs
with fossil fuel-based generators merely reduces GHG emissions and is not a feasible option to make
marine ships free from emissions. Fossil fuel-based generators need to be replaced by emissions-free
and reliable energy sources to make the marine ships free from emissions. Small scale nuclear reactors,
such as Small Modular Reactors (SMRs) and Microreactors (MRs), are free from GHG emissions and
are competitive candidates to replace fossil fuel-based generators. In this paper, four different energy
systems have been analyzed for marine ships namely ‘Stand-alone Fossil Fuel-based Energy System’,
‘Stand-alone Nuclear Energy System’, ‘Renewable and Fossil Fuel-based Hybrid Energy System’ and
‘Nuclear-Renewable Hybrid Energy System (N-R HES)' in terms of certain Key Performance Indicators
(KPIs). The KPIs include the Cost of Energy (COE), Net Present Cost (NPC), and GHG emissions. The
results show that the N-R HES could be the best energy system for the marine industry to reduce GHG
emissions and improve economic performance. A sensitivity analysis is also carried out by changing
certain parameters to reinforce the findings of this study.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Reduction of GHG emissions is the main objective to avoid
the negative impact of climate change. The target of the Kyoto
protocol was to reduce GHG emissions by around 5%, on average,
relative to 1990 levels by 2012. International shipping was not
included in Paris Agreement but it is responsible for global GHG
emissions to a large extent. If global shipping were a country,
it would be considered as the sixth-largest producer of GHG
emissions. Ocean-going shipping is responsible for more than
3% of global GHG emissions (Shipping Pollution, 2020). In the
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EU countries, water transportation is the second-largest contrib-
utor of CO, emissions after road transportation (Anon, 2020a).
Emissions from ocean-going ships are almost twice the emissions
from total registered cars in the US. Fifteen largest ships emit as
much SOx as the world’s total of 760 million cars (Helms, 2020).
The Marine Environment Protection Committee (MEPC) of the
International Maritime Organization (IMO) set a target in April
2018 to reduce GHG emissions by at least 50% by 2050 compared
to 2008 (Anon, 2020). To reduce GHG emissions, increasing the
energy efficiency of marine ships and innovation are two prime
requirements. IMO has set a target to increase energy efficiency
by 30% within 2025. Several studies have been carried out to
improve the energy efficiency of marine ships, such as the iden-
tification of optimal trim configurations (Perera et al., 2015) and
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Nomenclature

AIS Automatic Identification System

COE Cost of Energy

COo, Carbon Dioxide

Co Carbon Monoxide

ESS Energy Storage System

EU European Union

FFG Fossil Fuel-based Generator

GHG Greenhouse Gas

HOMER Hybrid Optimization of Multiple Energy
Resources

HES Hybrid Energy System

IAEA International Atomic Energy Agency

ITTC International Towing Tank Conference

IMO International Maritime Organization

kn knot

KN Kilo Newton

kg Kilogram

kW Kilowatt

KPI Key Performance Indicator

MW Megawatt

L Liter

MR Microreactor

MEPC Marine Environment Protection Com-
mittee

NPV Net Present Value

NPC Net Present Cost

NASA National Aeronautics and Space Admin-
istration

N-R HES Nuclear-Renewable Hybrid Energy Sys-
tem

PV Photovoltaic

RES Renewable Energy Source

SoC State of Charge

SOChnax State of Charge (maximum)

SO, Sulfur Dioxide

SOCmin State of charge (minimum)

SMR Small Modular Reactor

TRISO TRi-structural ISOtropic

UHC Unburned Hydrocarbons

\\Y Watt

Variables and Parameters

BAT g (1) Capacity of battery after charging at
time step t

BAT ischrg (t) Capacity of battery after discharging at
time step t

Cco CO emissions penalty ($/ton)

Cpm PM emissions penalty ($/ton)

Cco, CO, emissions penalty ($/ton)

Cnox NOx emissions penalty [$/t]

Mco CO annual emissions (kg/year)

Mpm PM annual emissions (kg/year)

Mnox NOy annual emissions (kg/year)

Puirgr) Total available power from MR at time
t (kW)

SOC( Available SOC of ESS at time t (%)

BAT;, (t) Amount of energy that can be given to
the battery at time step t
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BAT,; (t) Amount of energy that is needed from
the battery at time step t

CucH UCH emissions penalty ($/ton)

Cso, SO, emissions penalty ($/ton)

Mco, CO, annual emissions (kg/year)

Muycu UCH annual emissions (kg/year)

Mso, SO, annual emissions (kg/year)

Py The total demand of load at time t (kW)

Pres() Total available power from RESs at time
t (kW)

Pgengo) Total available power from generator at
time t (kW)

Pgat) Total available power from battery at
time t (kW)

up to 10% reduction of fuel consumption by optimizing ship oper-
ation (Ang et al., 0000). Several innovative approaches have been
taken to reduce the GHG emissions from marine ships, and the
introduction of renewable energy in marine ships is one of them.
To reduce emissions and increase the efficiency of marine ship
operation, renewable energy such as wind energy, biofuels, solar
energy, Liquified Natural Gas (LNG) can be introduced in marine
ships (Paulson and Chacko, 2019). The energy requirement of
ocean-going marine ships is high, and they need a reliable source
of energy. Intermittency is one of the limitations of RESs. Electric
energy storage systems for an extended period of time are also
not economically viable. Additionally, the penetration of RESs in
a marine ship is limited by the available area and total weight
carrying capacity of that marine ship. To address these issues,
other types of energy sources need to be integrated with renew-
able energy to provide a resilient energy infrastructure. Hence,
the integration of RESs with conventional fossil fuel-based energy
sources in marine ships has been studied. The combination of
RESs with fossil fuel may reduce GHG emissions to a certain
extent but it is not completely free from GHG emissions. To
make GHG emissions-free marine ship, fossil fuel-based generator
needs to be replaced by emissions-free energy sources that can
provide reliable power and can assure continuity and resiliency.
SMRs and MRs are small-scale fourth-generation nuclear reactors,
and it can supply power with essentially zero carbon emissions.
Currently, more than fifty SMR designs under development, and
six of them are targeted for marine-based applications (Anon,
2018a).

Nuclear-renewable hybrid energy system for ocean-going ma-
rine ships has not been discussed and analyzed extensively yet.
However, a few studies have been carried out on the stand-alone
nuclear energy system and fossil fuel-renewable hybrid energy
system in marine ships.

Wen et al. (2017) studied the economic advantages of in-
troducing renewable energy in marine ships. They considered a
hybrid energy system, comprising solar PV, wind power gener-
ation, ESS, and diesel generator. They analyzed three different
cases of energy systems of an oil tanker namely, ‘Only Diesel
Generator’, ‘Diesel Generator and Renewable Energy’, and ‘Diesel
Generator, Renewable Energy and ESS'. This study shows that
‘Diesel Generator, Renewable Energy and ESS’ is economically
more feasible than the other two energy systems and has the low-
est CO, emissions among the three cases. However, the amount
of CO, emissions from the optimized energy system is significant
due to the presence of fossil fuel-based generator.

Techno-economic analysis of integrated PV systems with
diesel generator into marine ships has been done by Qiu et al.
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(0000). In this case study, they considered six different navi-
gation routes namely ‘Asia-Buka-Australia’, ‘Asia-Bering-Europe’,
‘Asia-Malacca-Gibraltar-Europe’, ‘Asia-Panama-Europe’, ‘Europe-
America’, and ‘Europe-Cape Town-Australia’. They compared the
navigation routes in terms of Net Present Value (NPV), Internal
Rate of Return (IRR), Levelized Cost of Energy (LCOE), etc. This
study indicates that the hybrid PV-Diesel power system for the
marine ship is financially feasible. Also, the authors marked
the ‘Asia-Malacca-Gibraltar-Europe’ navigation route as the most
feasible route among all the six routes for the hybrid energy
system.

Diab et al. (2016) compared hybrid energy systems for marine
ships and land-based systems. They took a route from Dalian in
China to Aden in Yemen of an oil tanker. In the hybrid renewable
energy systems, the authors considered two diesel generators
and solar PV. They considered the same electrical demand for
both ship and land-based systems. The authors calculated the
average solar radiation of six stoppages in the ship navigation
route, and the same solar radiation was considered for the land-
based system. For the land-based system, the authors did not
consider any limitation for solar PV system capacity but for the
ship, and they limited the solar PV system to 300 kW considering
the usable area of that ship. They analyzed four combinations
namely ‘Only Diesel Generator’, ‘Diesel Generator and Battery’,
‘Diesel Generator and Solar PV System’, and ‘Diesel Generator,
Solar PV System, and Battery’. For ‘Only Diesel Generator’ and
‘Diesel Generator and Battery’, there was no difference between
the ship and the land-based system in terms of COE, NPC, and
GHG emissions. The authors suggested that ‘Diesel Generator,
Solar PV system, and Battery’ could be the optimal solution for
both ship and land-based systems although GHG emissions were
around nine times higher in ship compared to the land-based
system due to the low penetration of PV systems in the ship.

Optimal sizing of solar PV, diesel generator, and battery ESS
in an oil tanker was studied in Lan et al. (2015). The authors
considered four different cases for economic analysis namely
‘cost analysis for diesel generator only’, ‘cost analysis for diesel
generator and solar PV’, ‘cost analysis for diesel generator, solar
PV, and EES’, and ‘cost analysis considering multi-objective opti-
mization for diesel generator, solar PV, ESS, and CO, emissions’.
They showed that the Net Present Cost (NPC) and CO, emissions
of the optimized hybrid energy systems were the lowest among
all the energy systems.

Feasibility analysis on a pure battery-electric propulsion sys-
tem for large ocean-going ships was carried out in Anon (0000a).
The paper analyzed three different sizes of container ships, four
different sizes of bulk carriers, and one large ro-ro ship. This
study suggests that a battery-powered energy system is feasible
only for a short distance of a ro-ro ship. This paper also con-
cludes that pure battery-electric propulsion is not feasible for
long-distance voyage due to battery weight and volume.

A review of the past work and recent development in the
area of nuclear powered ocean-going marine ships was studied
in Hirdaris et al. (2014). The authors proposed a concept design
of a cargo ship, powered by a 25 MWe SMR. They also studied
the associated risk with different power train systems and SMR
locations. The authors suggested that SMR location would be
preferred at the aft of the cargo tank.

Carlton et al. (2011) summarized nuclear physics and dis-
cussed nuclear plants for marine ship considering reactor control,
reliability, location of the plant in the ship, protection of reactor,
irradiation effect on structural steel of the ship, refueling, and
radiation hazard area. They also studied the application of nuclear
plant on different marine ships. They considered tankers, con-
tainer ships, and cruise ships. For each type of ship, they took two
sizes — one is a larger size and another is a conventional size. This
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study concludes that there is no technological ground that can
prevent the use of nuclear energy in merchant ships. However,
the authors emphasized altering the general arrangement of ships
to provide the best possible operating environment to the reactor.
They also emphasized designing the structure of the ship to
distribute and absorb the energy of impact and make the ship
safe from vibration and collision.

After getting inquiries from Murmansk Shipping Company,
HBR (Haven Bedrijf Rotterdam; Harbor Company Rotterdam) re-
searched the cost of getting a permit to enter into the port for
‘Sevmorput’- a nuclear-powered ship. It investigated the route
between Rotterdam and the Far East. This study concluded that it
would cost at least €522,000 for a single permit without consid-
ering political disinclination and other policies (JACOBS, 2007).

Gravina et al. (2012) addressed two important flaws of
nuclear-powered containership, which are route restrictions to
enter some national territorial waters and the risk of accident
with severe consequences. They proposed a conceptual design
of a nuclear-powered containership that could operate freely
without any objection from the port states and could withstand
any accident without any cataclysmic consequences. This study
suggests a modular containership with two modules, one is a
propulsion module and the other one is a cargo module. The
propulsion module contains the nuclear plant whereas the cargo
module carries the payload. These two modules can be disjointed
before entering into national territorial waters. The propulsion
module remains in international waters, and the cargo module
enters into national territorial water with the help of any sec-
ondary propulsion system. The authors analyzed five different
modular nuclear containership concepts and concluded that the
tug/barge system could be the best concept based on subjec-
tive analysis. To avoid any catastrophic incident resulted from
an accident, they suggested strengthening the reactor compart-
ment by cutting decks technology or providing ‘Y’ shaped frames
consisting of sandwich material.

In this paper, an oil tanker, named ‘Baltic Sunrise’ is con-
sidered. It starts from Iraq and stops in Singapore via Egypt
and Netherland (Rotterdam). Four different cases are studied and
assessed by HOMER software. A comparison is made among all
the cases based on three important KPIs — COE, NPC, and GHG
emissions. The energy requirement of the oil tanker is estimated
based on actual voyage data provided by ‘FleetMon'. Also, the
GHG emissions penalty is considered in this paper. Sensitivity
analysis is conducted to see the impact of different parameters
before giving any concluding remark. This document is outlined
as follows: system configuration is discussed in Section 2. Design
consideration is addressed in Section 3. Section 4 is all about
the simulation of four cases. Section 5 covers the simulation
result, sensitivity analysis, and comparison among the four cases.
Conclusion and future works are discussed in Section 6.

2. System configuration

Fig. 1 shows the proposed N-R HES for a marine ship con-
sisting of MRs, solar PV panels, wind turbines, energy storage
systems, controllers, AC/DC converters, and DC/AC converters.
Oil tanker ‘Baltic Sunrise’ is considered in this case study. A
vessel data collection company ‘FleetMon’ provided the AIS data
of the ship (Anon, 2020b). The energy demand of the ship is
estimated based on speed, breadth, draught, frictional resistance,
residual resistance, and using the ITTC-57 method and Gertler
Series Data chart. Details of the ship’s energy demand estimation,
system components, and associated assumptions are discussed
in the subsections. Some specific KPIs — Net Present Cost (NPC),
Cost of Energy (COE), and Greenhouse Gas (GHG) emissions are
assessed in this study. HOMER Pro software is used for simula-
tions, system modeling, and KPI analysis. The project lifetime of
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Fig. 1. Proposed N-R HES for marine ship.

the system is assumed as 40 years. Discount rate, Inflation rate,
and Annual capacity shortage are considered as 8%, 2%, and 0%,
respectively. Data of solar radiation and wind speed are assumed
to be the same for the whole 40 years. In general, equipment
efficiency and equipment cost change every year, and to address
this issue an additional study is done by the ‘Multiyear Analysis’
module of HOMER Pro software. The rating of system compo-
nents is obtained from the HOMER optimizer. HOMER uses two
types of optimization, which are original grid search optimization
and proprietary derivative-free optimization. In the original grid
search optimization, suitable system configuration needs to be
defined in the search space and HOMER searches the least-cost
combination of equipment with meeting the electric load. In
derivative-free optimization, users need not to give any input
in the search space, while HOMER finds the optimized rating of
the system components. Understanding the electric load and cost
information of the system component is needed in derivative-free
optimization (Anon, 2020c). In this study, the rating of the system
components is obtained by the combination of both optimization
techniques. After getting the rating of the system components, a
‘Multiyear Analysis’ is carried out.

2.1. Ship and route description

In this case study, ‘Baltic Sunrise’ is taken as a reference
marine ship. The IMO number of this ship is 9307 633. Detailed
parameters of this ship are shown in Table 1.

In this study, the route of Baltic Sunrise is considered for three
months from 1st May'19 to 31st July’19. ‘Baltic Sunrise’ started
from Al Basrah Oil Terminal (Iraq) and ended in Pulau Bukom
(Singapore). In its’ route, it stopped in Ain Shukna (Egypt), Sidi
Kirayr (Egypt), and Rotterdam Maashaven (Netherlands).

The speed of this marine ship is different in different positions.
The route along with the speed of the ‘Baltic Sunrise’ is shown
in Fig. 2. The figure is created from the data that is provided by
FleetMon and plotted in google map.
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2.2. Estimation of effective ship power

To solve the real-world problem, practical data is needed.
Hourly power requirement data of ship is not readily available.
For optimal system design, the detailed power requirement of
a ship plays an important role. Hence, estimating the effective
power is necessary. In this section effective power of ‘Baltic
Sunrise’ is estimated based on speed, breadth, draught, frictional
resistance, residual resistance, and using the ITTC-57 method and
Gertler Series Data chart. Seawater temperature is considered as
30 °C in this calculation. Parameters and assumptions that have
been considered in this calculation are summarized in Table 2.

To calculate the effective power of a ship, the hull resistance
of the ship needs to be calculated. Hull resistance is the addition
of residuary resistance and frictional resistance of the ship. After
getting the total hull resistance, the effective power of the ship
can be calculated by the following equation (Chuku et al., 2017).

(1)

where, Psipx,) is the effective power of the ship in a certain
position (X,y), Rrpys is the total bare hull resistance of the ship,
and V) is the speed of the ship in a certain position (x,y).

The total hull resistance of a ship can be calculated as per the
following formula (Chuku et al., 2017).

Pship(x,y) = Rrpps - Vs(x,y)

(2)

where, Rrpus, Crghs, Pw, Ss, and Vi g,z represent the total hull
resistance of ship, total hull resistance coefficient of ship, water
density, ship surface wetted, and average speed of the ship,
respectively.

The total hull resistance coefficient can be calculated as fol-
lows (Anon, 2021).

1
Rrsys = Crayis - 5Pw S5 Vs_aug”

Crais = Cps + Cps + Ca (3)

where, Crgys, Crs, and Cgs denote the total hull resistance coef-
ficient, coefficient of frictional resistance, and the coefficient of
residual resistance.
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SI. no Ship description
1 Ship’s name (IMO number) Baltic Sunrise (9307633 )
2 Date delivered/Builder (where built) Nov 08, 2005/Hyundai Heavy Industries Co. Ltd., Ulsan Shipyard, Korea
3 Flag/Port of Registry Marshall Islands/Majuro
4 Call sign V7NP2/538006485
5 Type of ship Oil Tanker
6 Length overall (LOA) 33312 m
7 Length between perpendiculars (LBP) 324.00 m
8 Extreme breadth (Beam) 60.04 m
9 Deadweight 309373 MT
10 Displacement 352410 MT
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Fig. 2. Route and speed (kn) of ‘Baltic Sunrise’.
Table 2
Parameters/assumption of ‘Baltic Sunrise’.
SL. no Parameter/Assumption Category Notation Value Reference
1 Beam of the ship Parameter B 60 m Anon (2020d)
2 Volume displacement of the ship Parameter v 344649.08 m* Anon (2020d)
3 Draught of the ship Parameter D 216 m Anon (2020e)
4 Extreme breadth (Beam) Parameter Bex 60.04 m Anon (2020d)
5 Average draught of the ship Parameter D_avg 16.15 m Anon (2020e)
6 Length between perpendiculars Parameter LBP 324 m Anon (2020d)
7 Gravitational acceleration Parameter g 9.81 m/s?
8 Seawater density at 30 °C temperature Parameter Pw 1021.7 kg/m? Chuku et al. (2017)
9 Seawater viscosity at 30 °C temperature Parameter Vi 0.84931x 107¢ m3s~! Chuku et al. (2017)
10 Average speed of the ship Parameter Vs_avg 11.94 kn or 6.1424 ms™! Anon (2020e)
11 Incremental resistance coefficient due to surface roughness of ship Assumption Ca 0.0004 Chuku et al. (2017)
12 Maximum speed of the ship Parameter Vs_max 17.9 kn or 9.2185 ms~' Anon (2020e)

The waterline length, wetted surface, Reynolds number, co-
efficient of frictional resistance, and Froude number of the ship
can be calculated from the Eqgs. (4), (5), (6), (7), and (8), respec-
tively (Chuku et al., 2017; Anon, 2021).

L= 22 _33402m (4)
W= .97 T
Se=1-7Ly -B+ % = 55410.6 m? (5)
Vs_a Ly,
R = =2V8 X 2wl _ 5 47 % 10° (6)
Y
0.075 1.37 x 1073 (7)
= — = |. X
7 (logRys — 2)2
Vs_max
Fps = =0.16 (8)

where Ly, Ry, Crs, and Fps denotes waterline length, Reynolds
number, coefficient of frictional resistance, and Froude number
of ‘Baltic Sunrise’.

The ratio of volume displacement to length and beam to
draught can be obtained from Egs. (9) and (10), respectively.

v

o= 9.2x 1073 (9)
wy

B

5 =3.00 (10)

Midship section area can be found by using the following equa-
tion.

Am = Bey x D_avg = 969.646 m? (11)
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Fig. 4. Estimated effective Power (MW) of Baltic Sunrise (1st May’19 to 31st July’19).

where, A, is the midship section of the ship. Longitudinal pris-
matic coefficient (C,) can be calculated by the following equation.

C,=—— =06

AmLy,
Based on Beam to Draught ratio and Cp, the Gertler series is cho-
sen accordingly. From the value of F,; and volume displacement
to length ratio, Cg, can be found as 0.75x 10~3 (Molland et al,,
0000).

From Egs. (2) and (3), Crgys and Rygys can be calculated as
0.00252 and 2691.306 KN, respectively.

Now, from Eq. (1), ship effective power can be calculated for
different ship speeds in different positions. More details of this
calculation can be found in Chuku et al. (2017) and Molland et al.
(0000).

Fig. 3. shows the hourly speed of the ship over the 3 months
and Fig. 4shows the hourly estimated effective power or propul-
sive power of the ship. From the calculation, the maximum ship
propulsive power is around 22 MW without considering the
auxiliary power requirement.

These three months data are converted to twelve months data
in HOMER by replicating the data in the opposite direction, signi-
fying, the first three months data refers to the power requirement
when the ship goes from Iraq to Singapore, 2nd three months data
refers to the power requirement from Singapore to Iraq, 3rd three
months data is from Iraq to Singapore, and last three months data
is from Singapore to Iraq.

In this study, along with the ‘Ship Propulsive Power Load’, two
other types of electrical loads are added. The first one is ‘Auxiliary
Load’ to emulate the electrical load demand for cooling, light, feed

(12)
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systems, pumps, air compressors, distillation equipment, etc. The
second load is a ‘Deferrable Load’ to add diversity in the load,
which will get less priority compared to ‘Ship Propulsive Power
Load’ and ‘Auxiliary Load'’. In the simulation, energy resources
supply electricity to ‘Ship Propulsive Power Load’ and ‘Auxiliary
Load’ first and then go for ‘Deferrable Load’. Electrical loads are
summarized in Table 3. Fig. 5. shows the yearly propulsive electric
load in the one-hour interval.

2.3. Diesel generator

FFG is not mandatory for N-R HESs in marine ships. However,
to compare the proposed N-R HES with the traditional energy
system, a diesel Genset is considered here. In the conventional
energy system of marine ships, there is a diesel generator along
with small scale energy storage systems. The traditional hybrid
energy system in marine ships consists of FFGs, RESs, power
converters, and energy storage systems. In this study, the rating
of the smallest unit of diesel generator and MR is 1 MW since
both of the energy resources have modularity features. Diesel
price is considered as 0.639 UDS/Liter (Anon, 2020f). Economic
Parameters of the diesel generator are summarized in Table 5.
Total emissions by the diesel generator are calculated by the
HOMER software.

2.4. Solar power
For converting solar radiation to useful electricity, Solar PV

systems are used in this study. Solar radiation changes in the
navigation route with longitude and latitude, time, date, etc. For
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Table 3
Specifications of propulsive and auxiliary electric load.
Parameter Value
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Propulsive electric load

Auxiliary electric load

Average energy demand (kWh/day) 176,057.04 23,997.64

Average power demand (kW) 7,335.71 999.07

Peak power demand (kW) 22,600.96 2093.1

Load factor (%) 0.32 0.48

g Propulsive Electric Power
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Fig. 5. Hourly propulsive electric load for 1st year of project life.

the sake of simple calculation, the average solar radiation of the
five stoppage ports is considered in this study. The solar radiation
data of these five ports are collected from the NASA Surface
meteorology and Solar Energy database. The average monthly
solar radiation of five ports is presented in Fig. 6. The average
solar radiation of all five ports is also presented in the same
figure. GPS and annual average solar radiation of five ports are
summarized in Table 4. It is assumed that annual solar radiation
will be the same throughout the project lifetime.

Unlike a land-based energy system, there is a limitation to use
solar PV systems in marine ships because of the limited space.
In this study, ‘Baltic Sunrise’, a crude oil tanker is considered
having a length and width of 333.12 m and 60.04 m, respectively.
Therefore, theoretically, the maximum allowable area that can be
used for the solar PV system is 20000.52 m?.

There are two common configurations for solar panels, which
are 60-cell and 72-cell. 60-cell solar panels range from 285 W
to 315 W, and 72-cell solar panels range from 335 W to 375
W. For a 6.5 kW system, 18 panels of the 72-cell solar panel
are required (Anon, 0000b). The length and width of each 72-
cell solar panel are 77 inches and 36 inches, respectively. Hence,
the maximum allowable solar PV system that can be installed on
the ship is 4038 kW. In practice, the total ship space cannot be
used for solar PV and some space will be required by the wind
turbine. Hence, 40% of the maximum allowable solar PV system
is considered in this study, which is around 1600 kW.

The output power of the solar PV can be calculated by the
following equation (Anon, 0000c).

) [14 ap (Te — Teste) ]

where, Ypv, fpv, Gr, Grsrc, op, Te, and T, sy refer rated capacity
of the PV array under standard test conditions (kW), derating
factor of PV (%), Solar radiation incident on PV in the current time
step (kW/m?), solar incident radiation at standard test condition
(1 kW/m?), coefficient of temperature (%/°C), the temperature of
PV cell in the current time step (°C), and temperature of PV cell
under standard test conditions (25°C), respectively.

G
Ppv = Ypyfpy (G I (13)

T,STC
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“Standard Test Condition (STC)” denotes the PV power rating
at a specific condition set by the manufacturers. Solar radiation
and temperature of a solar cell, are assumed to be 1 kW/m? and
25°C, respectively in STC. Also, no flow of wind is considered
around the PV cell in STC. However, in general, the temperature
of the full-sun cell is always greater than 25°C and wind always
flows around the PV cell. The derating factor is related to wiring
losses, panel losses, and aging. To match the manufacturer’s rat-
ing of the solar PV with actual conditions, the derating factor is
used. Parameters of solar PV are summarized in Table 5.

Eq. (13) can be simplified as follows by ignoring the tempera-
ture effect.

Ppy = Ypyfpy (

In HOMER, the output power of a wind turbine is calculated by
three steps (Anon, 0000d). In the first step, wind speed at the hub
height of the wind turbine is estimated by the following equation.

Gr

Gr,s1C

(14)

2.5. Wind power

(15)

where, Vyug, Va, Huyus, Ho, and Hu refer to wind speed at the
hub height of the wind turbine (ms~!), speed of wind at the
anemometer height (ms™'), wind turbine hub height (m), surface
roughness length (m), and anemometer height (m), respectively.

In the second step, turbine power is calculated at standard air
density, and it is done by using the turbine power curve given by
manufacturers. Wind speed at the hub height is used to calculate
the output power in this step.

The third step deals with the correction of air density. By
using Eq. (16), actual wind power is calculated by correcting the
density.

P
PacruaL = () Pstp
Lo

(16)
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Table 4
GPS and annual average solar radiation in five ports.
Port name GPS Annual average solar radiation (kWh/m?/d)
Al Basrah Oil Terminal (Iraq) 30.5590579/47.7900577 5.09
Ain Shukna (Egypt) 29.5856193/32.4612422 5.69
Sidi Kirayr (Egypt) 31.0310915/29.6033959 5.87
Rotterdam Maashaven (Netherlands) 51.8983638/4.4811579 2.81
Pulau Bukom (Singapore) 1.2338147/103.7603323 4.56

e Average Solar Radiation in Different Ports
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Fig. 6. The average monthly solar radiation in five ports on the shipping route along with the average solar radiation of all five ports.

where, PactuaL, 0, 0o, and Pstp denote wind turbine actual power
output (kW), actual air density (kg/m?), air density at standard
temperature and pressure (kg/m?), and wind turbine power out-
put at standard temperature and pressure (kW), respectively. The
parameters of the wind turbine are summarized in Table 5.

The monthly average wind speed of five ports along with the
average wind speed of all five ports is presented in Fig. 7.

2.6. MR/SMR

The initial cost of conventional NPPs is very high, and it needs
a large area to be installed. Therefore, conventional NPPs are not
appropriate if the power requirement is low (Morales Pedraza,
2017). SMRs and Micro Reactors (MRs) are innovative solutions
to reduce the high initial cost of NPPs and to eliminate the
requirement of a large installation area.

International Atomic Energy Agency (IAEA) refers to ‘Small’
NPP if the power rating is below 300 MWe and ‘Medium’ NPP
if the power rating is up to 700 MWe. Both types of NPP are
termed as ‘Small and Medium Reactor (SMR)’, but in general, they
are called ‘Small Modular Reactor (SMR)’ (Anon, 0000f). SMRs are
getting more attention over conventional NPPs as they can satisfy
the requirement of flexible power generation for different appli-
cations. SMRs are factory fabricated in a controlled environment,
it has a simple design and inherent safety features, and flexible
transportation options. As it has modular feature, multiple units
can be installed if demand rises.

SMRs can easily replace the decommissioned coal-fired power
plants. 90% of the coal-fired plant is rated as less than 500 MWe,
and some of these plants are under 50 MWe (Anon, 0000f).
Currently, more than 50 SMR designs are under process for dif-
ferent applications, where 6 of them are marine-based. Industrial
demonstration of 3 SMRs is ongoing, and they are expected to be
in service within 2022 (Anon, 2018a). Small scale reactors pro-
ducing around 1 MWe to 50 MWe can be termed as Microreactors
(MRs), and it can be transported by semi tractor-trailers (Anon,
2020g).

Assessment of the feasibility of MRs for the military ground
application was studied in Allen et al. (2018). This study con-
cluded that MRs are better option compared to diesel generators
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considering strategical complication, inherent risk, and associated
cost for using diesel generator in ‘Forward Base Operation’. In
collaboration with the US military, HolosGen is working on de-
signing an MR. This MR is configurable to supply from 3 MWe to
81 MWe with load-following operation. The MR could fit into an
ISO standard shipping container (40 ft). It uses 8% to 15% enriched
TRISO fuel, and the refueling interval is 12 to 20 years (Filippone
and Jordan, 0000).

From MR, there are no GHG emissions during operation. How-
ever, if fossil fuel is used during the refining or mining of uranium
ore, there will be GHG emissions, which is not considered in this
study. The first deployment cost of any new technology is likely
to be higher compared to the consecutive deployment since the
cost can be reduced by experience gained and lesson learning.
Hence, the capital cost of MRs is not linear. It is expected that
the capital cost of MRs will be reduced with the increment of MR
units. By using Eq. (17), the capital cost of multiple MR units can
be calculated (Gabbar et al., 2020a).

Numr

MRcap = ZMRcap(lst) X (NMR)R
i=1

(17)

where, MRcqp, MRcap(1st), Nur, and R refer to the total capital cost
of the MR ($), the first unit deployment cost of the MR unit
($), number of MR units required, and rate of cost reduction (%)
per doubling of units, respectively. The rate of cost reduction is
reported as 10% to 20% (Anon, 0000g). The value of R is nega-
tive, and the value of R is considered as 15% in this study. The
parameters of MR are summarized in Table 6.

2.7. Energy storage

Lithium-ion battery cells are considered in this study as ESS.
The lifetime of the battery is 10 years (Anon, 0000a). SOCpax
and SOC, are 100% and 30%, respectively. The capital cost
and replacement cost of the battery at the system-level are 500
USD/KW (Anon, 0000a). The efficiency of the battery is considered
as 85%. System-level cost includes the cost of the battery cell,
insulation cost, and cooling system cost.
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Fig. 7. The average monthly wind speed in five ports on the shipping route along with the average wind speed of all five ports.

Table 5
Specification of some system equipment.

Parameters System equipment
Solar PV Wind turbine FFG (Gabbar et al., 2020)
Nominal capacity (kW) 1 10 1000
Capital cost (USD) 640 (Gabbar et al., 2020) 13,000 (Anon, 0000e) 300,000
Replacement cost (USD) 640 (Gabbar et al., 2020) 13,000 200,000
Lifetime (Years) 30 (Gabbar et al., 2020) 20 (Gabbar et al., 2020) 25
Operation and maintenance cost (USD/year) 0 400 (Mirzaei and Vahidi, 0000) 87,600

Table 6

Specification of the MR.
Parameter Value
Fuel type Uranium
Nominal capacity (kW) 1000

Capital cost (USD/kW)
Operation and maintenance cost
(USD/lifetime)

Lifetime (Years)

Efficiency (%)

Fuel Price (USD/kg)

Refueling cost (USD)

Core lifespan (Years)
Refurbishment cost (USD)

15,000,000 (Gabbar et al., 2020a)
1,510,000 (Abram et al,, 2011)

40 (Anon, 0000f)

40 (Abram et al, 2011)

1390 (Anon, 0000h)

20,000,000 (Gabbar et al., 2020a)
10 (Gabbar et al.,, 2020a)
2,300,000 (Gabbar et al., 2020)

3. Design considerations

To assess the techno-economic feasibility of this N-R HES for
marine ships, three most influential KPIs are considered in this
study, namely NPC, COE, and GHG Emissions. Also, fuel price,
expenses, and efficiency of equipment would not be fixed for the
entire project life. A multi-year analysis is conducted to address
this variability that affects the considered KPIs.

3.1. Key performance indicators

3.1.1. Net present cost

The Net Present Cost (NPC), also termed as Life-Cycle Cost, is
the present value of all costs including installing and operating
costs over the project lifetime, minus the present value of all
revenue earned by the components over the project lifetime.
In HOMER, the NPC of each system component is calculated to
determine the system NPC (Anon, 0000i).

Eqs. (18)-(19) can be used to calculate NPC. However, NPV and
NPC differ only in sign.

Net Present Cost (NPC) = — Net Present Value (NPV) (18)
Cash flow .
NPV = ————— — Initial Investment (19)
(1+1)
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where, iandt denote discount rate (%) and time periods number,
respectively.

To calculate the NPC for a longer project lifetime with multiple
cash flows, the formula can be modified as follows.

NPV = i Ry
=y
o (11D

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

(20)

3.1.2. Cost of energy

The COE is the average cost per unit of useful electrical energy,
kilowatt-hour (kWh). COE can be calculated from the following
equation (Anon, 0000j).

CANNUAL, TOTAL — CBOILERHSERVED

COE = (21)

EserveD
where, Esgrvep, Hservep, Caoiter, and Cannuar, TotaL refer to total
electrical load served annually (kWh/year), total thermal load
served annually (kWh/year), the marginal cost of a boiler
($/kwWh), and the total annual cost of the system ($/year), respec-
tively. As thermal load is not considered in this study, this formula
can be simplified as follows.

CANNUAL, TOTAL

COE = (22)

Eservep

3.1.3. GreenhouseGas emissions
Pollutants are emitted from generators due to electricity gen-
eration. Pollutants that are normally emitted from generators are
Carbon Monoxide, Particulate matter, Nitrogen Oxides, Carbon
Dioxide, Sulfur Dioxide, and Unburned Hydrocarbons (UHC).
The annual emissions from a generator are calculated from the
below equation (Gabbar et al., 2020).

Egen = Efactor x Tfuel (23)

where, Egen refers to the emissions of any pollutant by genera-
tors, Efactor is the emissions factor (9) amount of pollutant emits
per unit fuel consumption), and Tfuel is the total fuel consumption
by the generators.
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Table 7
Parameters of multi-year analysis.

Criteria

Value (change in %/year)
0.4 (Gambone, 2020)

0.0257 (Anon, 2018b)
10 (Gabbar et al., 2020)

PV degradation
Fuel price increment (Uranium)
Fuel price increment (Diesel)

In HOMER, emissions of six pollutants can be calculated,
namely Carbon Monoxide (CO), Particulate matter (PM), Nitrogen
Oxides (NOy), Carbon Dioxide (CO2), Sulfur Dioxide (SO2), and
Unburned Hydrocarbons (UHC). In HOMER, the emission factor
can be specified for all pollutants except Carbon Dioxide (CO2)
and Sulfur Dioxide (SO2). By using the following three principle
assumptions, HOMER calculates the emissions of Carbon Dioxide
(CO2) and Sulfur Dioxide (SO2). Firstly, any carbon in the fuel that
is not emitted as carbon monoxide or unburned hydrocarbons is
emitted as carbon dioxide. Secondly, the carbon fraction of the
UHC emissions is the same as that of the fuel. Lastly, any sulfur
in the burned fuel that is not emitted as particulate matter is
emitted as sulfur dioxide.

In HOMER, emissions penalty for pollutants is considered in
other O&M costs, and it is calculated by the following equa-
tion (Anon, 0000k).

Com,other = Com,fixed + Ccs + Cemissions (24)

where, Comomer iS the other operation and maintenance cost
($/year), Com fixea is the system equipment operation and mainte-
nance cost ($/year), C is the cost for capacity shortage ($/year),
and Cemissions 1S the penalty for pollutants emissions ($/year). As
there is no capacity shortage considered in this study, the value
of C is zero.

The following equation is used in HOMER to calculate the
penalty for emitting pollutants.

Cemissions
_ Cco2Mcoz + CcoMco + CycuMuycn + ComMem + Cs02Mso2 + Cno2Mivox
- 1000

(25)

In this study, only the CO, emissions penalty is considered.
Around 40 national governments and 20 sub-national govern-
ments introduced carbon pricing till 2015. Among these national
and sub-national governments, 15 have explicit carbon taxes.
Fig. 8 shows the tax rate on CO, emissions (Farid et al., 0000).
Although nation wise carbon tax varies a lot, IMF calculated
a large CO, emitter countries should be charged between 50
USD/ton to 100 USD/ton by 2030 to fulfill their commitments to
lessen the carbon emissions (Parry, 2021). For the shipping indus-
try, IMF proposed 30 USD/ton CO, as penalty for emissions (Anon,
2020h). In this study, 30 USD/ ton CO, is considered as CO,
emissions penalty to show the impact on NPC and COE.

3.2, Multi-year analysis

A multi-year analysis is performed in this study to address
the variability of the parameters that affect the KPIs of eco-
nomic analysis. In the multi-year analysis, three parameters are
considered that are PV panel efficiency degradation, uranium
price increment, and diesel price increment. The change of the
parameters in each year is summarized in Table 7.

3.3. Control algorithm
The control strategy is shown in Fig. 9. Firstly, available re-

sources are assessed, and then load assessment is taken place. The
control algorithm is divided into two parts. The control algorithm
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inside the green border refers to the algorithm of the supervi-
sory controller and the algorithm inside the blue border refers
to the algorithm of the low-level controller. This Hierarchical
control strategy was used by Garcia et al. (2015) for Nuclear
Hybrid Energy Systems (NHES) Configuration. The supervisory
controller dynamically identifies the electrical load and the re-
quired electrical energy delivery to the load with the help of
the operation optimizer and renewable energy generation pro-
file. Based on the information of the supervisory controller, the
low-level controllers change the parameters accordingly.

The load demand P, (t) updates in each time step based on
the load profile and the energy resources can be calculated by
the following equation

Pgen (t) =va (t)+Pw (t)+PMR (t) (26)

where, Pgen (t), Ppy (£), Py, (t), and Py (t) refer to the total energy
generation, total energy from solar PV, total energy from the wind
turbine, and total energy from MR at time step t, respectively. \

The amount of energy that can be given to the battery and the
amount of energy that is needed from the battery bank at any
time step can be calculated by the following equations

BAT;, (t) = (Pgen () =P (t)) X Mbat; Pgen (t) > P ()

BAT () = L0 P O 6y <P

Mbat

where, BAT;, (t) is the amount of energy that can be given to the
battery at time step t, BATy, (t) is the amount of energy that is
needed from the battery at time step t, and 7, is the battery
efficiency. However, the amount of energy that the battery can
give to the system and the amount of energy that can be taken
by the battery at any time step depend on the energy status of
the previous time step which can be formulated by the below
equations

BATtake (t) = BATSOC,max — BATe (t - 1)
BATgiye (t) = BATe (t — 1) — BATsoc,min

(27)

(28)

(29)
(30)

where, BAT e (t) is the amount of energy that can be taken by
the battery at time step t, BATg,. (t) is the amount of energy that
can be given by the battery at time step t, and BATe (t — 1) is the
amount of battery energy at the time step (t — 1).

The charging and discharging of the battery can be formulated
by the following equations

BATchrg (t) = BATsoc,max;

Pgep (t) > Py (t) &BAT;, (t) > BATige (t) (31)
BAT g (t) = BATe (t — 1) + BAT;, () ;

Pgen (t) > Py (t) &BAT;; (t) < BATgke (t) (32)
BATischig (t) = BATsoc, min;

Pgen (t) < Py (t) &BAToye (t) = BATgiye () (33)
BATgischrg (t) = BATe (t — 1) — BAToye () ;

Pgen (t) < Pp (t) &BAToys (t) < BATygjpe (t) (34)
BAT, (t) = BATe (t — 1) ; Pgen (t) = P (1) (35)

where, BATg (f) is the capacity of battery after charging,
BATjischrg (t) is the capacity of battery after discharging and
BAT, (t) is the capacity of the battery when generation and de-
mand are exactly the same, at step t.

In the control algorithm, if the generation is higher than de-
mand, it first charges the battery and after that, excess energy is
dumped. Also, when the generation is lower than the demand,
it takes energy from the battery and any further energy is taken
from the standby generator. The authors motivated to use this
control algorithm by Ismail et al. (2015), Gabbar et al. (2020b).
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Fig. 8. Tax rate of CO, emissions in 2015 (USD/ton CO, emissions).

However, to utilize the excess energy and evaluate the impact on
the efficiency on the system performance by utilizing the excess
energy, flywheel energy storage is employed as shown in Fig. 10.
Flywheel stores energy in terms of kinetic energy by braking and
accelerating a rotating mass. Flywheel gives operating reserve
by absorbing sudden increase or make up sudden decrease in
the energy system. The rating of the flywheel is considered 200
kW. The capital cost, replacement cost, O&M cost, and lifetime
are 300/kW, 300/kW, 0, and 30 years respectively (Susan and
Schoenung, 0000; Sutherland et al., 2021). The impact of adding
a flywheel is evaluated in the result section.

The required operating reserve in each time step is regarded
as 10% for the electric load. The value of 10% signifies that the
studied systems have the capability to serve the demand of a
sudden 10% increase. The required operating reserves for PV and
solar outputs are 80% and 50%, respectively. The operating reserve
of solar PV and WT ensures the system resiliency during a sudden
decrease in PV output and WT output. This assumption confirms
the utmost reliability of the optimized system.

4. Simulation

Four different types of energy systems are discussed and simu-
lated in this section. HOMER software is used to simulate different
types of energy systems. Various components are included in the
simulation such as solar power, electric load, wind power, energy
storage system, FFG, MR, and power electronics devices.

4.1. Case-01: Stand-alone fossil fuel-based energy system

Conventional fossil fuel-based energy source (diesel generator)
along with energy storage system is considered in this case - a
common for ocean-going marine ships. There are no renewable
energy sources in this case, and this energy system is considered
to compare with the proposed N-R HES of marine ships. Fig. 11
represents the system configuration of this case.

Table 8 represents the production of total electricity and
consumption by the primary (propulsive and auxiliary) and de-
ferrable load for the first year of project life. As there are no
other energy sources other than diesel generator, all electricity
is produced by diesel genset. The rating of the diesel generator
and battery for this case is 20 MW and 1.6 MW, respectively.
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4.2. Case-02: Renewable energy and fossil fuel-based hybrid energy
system

In this case, renewable energy sources are integrated with a
diesel generator. Parameters of solar and wind energy sources
are summarized in Sections 2.4 and 2.5, respectively. Fig. 12
represents the system configuration.

Table 9 summarizes the total electricity production and con-
sumption. In this case, renewable energy penetration is around
5%. Due to the limitation of integrating renewable energy in
marine ships, most of the electricity is produced by the diesel
generator, which is around 95%. Rating of diesel generator, solar
PV, wind turbine, and battery for this case is 20 MW, 1.6 MW, 1.5
MW, and 1.6 MW, respectively.

4.3. Case-03: Stand-alone nuclear energy system

This case is similar to Case-1 except the diesel generator is
replaced by the MR. Fig. 13 depicts the system configuration for
Case-03.

In this case, MR offers a continuous supply of electricity and
total electricity is produced by it. Table 10 shows the total elec-
tricity production and consumption in this case. The rating of MR
is 20 MWe and the battery rating is 1.6 MW

4.4. Case-04: Nuclear-renewable hybrid energy system (N-R HES)

The integration of nuclear and renewable energy is repre-
sented in this case. This case similar to Case-02, where renewable
energy is integrated with a diesel generator. The diesel generator
of Case-02 is replaced by MR in Case-04. Fig. 14 represents the
system configuration.

Most of the electricity is produced by MR in this case that is
around 95%. The rest of the electricity is produced by renewable
energy sources. The penetration of renewable energy is 5%, where
solar energy is 3.63% and wind energy is 1.37%. Ratings of MR,
solar PV, wind turbine, and the battery are 19 MWe, 1.6 MW,
1.5 MW, and 1.6 MW, respectively. Table 11 represents the total
electricity production and consumption.
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Fig. 9. Control algorithm.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 8
Electricity production and consumption scenario for the first year of project life (Case-01).
Electricity production Amount (%) Electricity consumption Amount (%)
. Primary load (propulsive and auxiliary) 95.3
Diesel generator 100 Deferrable load 4.7
Total 100 Total 100
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Yes No
BATin () = BATtake (t Support the load by BATout (6) = (Py(t) -
Ppv(ty+Pyr()+PwW(t) (Pgen(t) / ,lh';t
Y
— BATgive (t) = BATe(t-1) -
_ BATchrg (t) BATsoc,min
BATchrg (t) = BATe(t-1) +
L_BATsoc.max BATin (t)
Yes No
BATout (t) > BATgive (t)
No

P(t) < Ppv(t)+Pyur(t)+Pw(t)2

BATdischrg () =

L_BATsoc,min

BATdischrg (t) =
BATsoc, min

Absorb the
excess energy by

flywheel No

BL(D) > Ppv()+Pyr()+Pw(t)2

Take energy
from flywheel

Dump the excess

energy PL(D) > Ppv(O)+Pyr()+Pw(t)2
‘Add standby
generator to
support load
Fig. 10. Control algorithm (excess energy utilization).
Table 9
Electricity production and consumption scenario for the first year of project life (Case-02).
Electricity production Amount (%) Electricity consumption Amount (%)
Diesel generator 94.8 Primary load (propulsive and 953
Wind 1.42 auxiliary) :
Solar 3.78 Deferrable load 4.7
Total 100 Total 100
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Energy production and consumption scenario for the first year of project life (Case-03).

Electricity production Amount (%) Electricity consumption Amount (%)
Primary load (propulsive and auxiliary) 95.3
MR 100 Deferrable load 4.7
Total 100 Total 100
Table 11

Energy production and consumption scenario for the first year of project life (Case-04).

i

Electricity production Amount (%) Electricity consumption Amount (%)

MR 95.0 Primary load (propulsive and 953

Wind 1.37 auxiliary) i

Solar 3.63 Deferrable load 4.7

Total 100 Total 100

AC DC AC DC
FFG Propulsive Load Battery FFG Propulsive Load PV
-~ e
£
]

176057. 04 kWh/d
22600.96 kW peak

Auxiliary Load

23977. 64 kWh/d
2093.19 kW peak

Deferrable Load (Electric)

9885. 42 kWh/d
1000.00 kW peak

Converter

Fig. 11. Stand-alone fossil fuel-based energy system.

5. Results
5.1. Comparative analysis among four cases

Three significant KPIs namely NPC, COE, and GHG emissions
are studied in this paper. N-R HES is compared with the other
three different energy systems based on the three KPIs. NPC and
COE of all four cases are shown in Fig. 15.

In terms of NPC and COE, Case-01 exhibits the highest value.
For Case-01, NPC is 1,283.47 million USD, and COE is
1.1 USD/kWh. In Case-01, 100% of electricity is produced by
the diesel generator, and there is no penetration of renewable
energy. Total electricity production in the first year of project
life is 81,225,278 kWh. Total fuel consumption is 22,025,144 L
in the first year of project life with daily and hourly average fuel
consumption are 60,343 L and 2,514 L, respectively.

After integrating renewable energy sources with diesel gener-
ator both NPC and COE are reduced to 1,217.57 million USD and
1.04 USD/kWHh, respectively in Case-02. Around 5% of electricity
is produced from renewable energy. Total electricity production
from the diesel generator in the first year of project life for Case-
02 is 76,555,746 kWh. In this case, total fuel consumption is
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176057.04 kWh/d
22600.96 kW peak

Wind Power Plant Auxiliary Load

23977, 64 kWh/d
2093.19 kW peak

Defferable Load (Electric)

o

9885. 42 kWh/d
1000.00 kW peak

Converter

i

Fig. 12. Renewable energy and fossil fuel-based hybrid energy system.

20,765,882 L with daily and hourly average fuel consumption is
56,893 L and 2,371 L, respectively.

Compared to Case-01 and Case-02, the NPC and COE are re-
duced to a great extent for Case-03 after introducing nuclear
energy. In this case, NPC is 276,04 million USD, and COE is 0.236
USD/KWh. In this case, 100% of electricity is produced by MR, and
the total electricity production in the first year of project life is
86,053,421 kWh. Total fuel consumption is 794 kg in this case
with daily and hourly average fuel consumption are 2.18 kg and
0.0907 kg, respectively.

Case-04 shows the lowest NPC and COE among all the cases.
NPC and COE in Case-04 are 271.09 million USD and 0.231
USD/kWh, respectively. The total electricity produced by MR is
80,029,481 kWh whereas solar PV and wind turbine produce
4,192,070 kWh combinedly in the first year of the project lifetime.
Due to the integration of renewable energy in Case-04, both NPC
and COE are reduced compared to Case-03. Total fuel consump-
tion in the first year for this case is 739 kg. Daily and hourly
average fuel consumption are 2.02 kg and 0.0843 kg, respectively.

The decommissioning cost of MR is not considered during the
simulation as the impact of the decommissioning cost of MR on
the NPC and COE is very low. It will not make any difference in the
comparative analysis among the four cases (Anon, 0000g). As the
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22600.96 kW peak

Auxiliary Load

23977. 64 kWh/d
2093.19 kW peak

Defferable Load (Electric)

@) 1

9885. 42 kWh/d
1000.00 kW peak

Converter

i |

Fig. 13. Stand-alone nuclear energy system.
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i

Wind Power Plant
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/i\
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176057. 04 kwh/d
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23977, 64 kWh/d
2093.19 kW peak

Defferable Load (Electric)

>
>

@

9885. 42 kWh/d
1000.00 kW peak

Converter

i

Fig. 14. Nuclear-Renewable Hybrid Energy System (N-R HES).

penetration of RESs in a marine ship is limited due to the available
area and the total weight carrying capacity of that marine ship,
a standalone RES based energy system is not considered in the
simulation. A standalone RES based energy system will not be
capable to support the total energy demand of an ocean-going
large marine ship (Anon, 2020i).

The weight of the major components of Case-04 needs to
be considered if there is any significant impact on the carrying
capacity of the ship. In Case-04, the rating of MR is 19 MWe.
The weight of 25 MWe SMR is less than 46 MT (Hirdaris et al.,
2014). As a conservative assumption, the weight of the 19 MWe
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MR is considered as 46 MT. The weight of a full-sized solar panel
varies between 40 to 60 pounds. For example, the weight of
‘Mission Solar 375 Silver Mono PERC Solar Panel’ is 47.6 pounds,
which power rating is 375 kW (Anon, 2020j). For 1600 kW solar
panel, weight is around 92 MT. The total weight of 1500 kW
wind turbine varies from 149 MT to 303 MT considering the
weight of nacelle, blade, and tower (Anon, 2020k). In this study
weight of the wind turbine is considered as 303 MT. The specific
weight of a large (> 1 MWh), heavy-duty marine lithium-ion
battery is 30 kg/kWh at system-level including the weight of
racks, cooling system, etc. (Anon, 0000a). Hence, the weight of
1600 kWh lithium-ion battery is 48 MT but this weight does
not include the weight of associated transformers and converters.
Therefore, the total weight of the major components of the N-
R HES is 489 MT. However, the weight of components varies
greatly from manufacturers to manufacturers, and the weight of
other minor components is not considered in this calculation. To
address these issues, an additional 30% weight is added to the
total weight. Hence, the total weight of N-R HES is about 636 MT
whereas the total carrying capacity of ‘Baltic Sunrise’ is 309373
MT (Anon, 2020d). Therefore, the weight of the components of
N-R HES is 0.2% of the total weight that the ship can carry with
maximum allowable draught.

As this proposed system will replace conventional diesel gen-
erator, the weight of the diesel generator needs to be considered
to find out the delta amount of weight, which is added to the ship
in N-R HES. The weight of ocean-going generator, Sulzer RTA84T
(5 cylinders) diesel generator is 672 MT having a power rating
of 20.5 MW (Anon, 20201). Therefore, the total weight of the
proposed N-R HES is less than the total weight of a conventional
diesel generator implying the proposed system will allow the
marine ship to carry more load.

Fig. 16 represents the GHG emissions for all four cases for the
first year of the project life. Six types of emissions namely Carbon
Monoxide, Carbon Dioxide, UHC, Nitrogen Oxide, Sulfur Dioxide,
and Particulate matter are considered in this study. Emissions
are considered only for electricity production. GHG emissions for
the mining of the fuel (diesel, uranium) and manufacturing of
equipment (MR, solar PV, Wind turbine, etc.) are not considered
in this study. For Case-01, the highest amount of GHG is emitted.
Carbon Dioxide emissions for this case is around 57,755 MT.
After introducing renewable energy sources (solar PV and wind
turbine) in Case-02, GHG emissions are reduced by around 8%.
Carbon Dioxide emissions for this case is around 54,453 MT. As
there is no fossil fuel burning in Case-03 and Case-04, there are
no GHG emissions.

Fig. 17 shows the NPC and COE of all cases considering the
penalty for CO, emissions. NPC of Case-01 and Case-02 increases
by around 2%, and COE increases by 1.8%. As there are no emis-
sions in Case-03 and Case-04, there is no impact of the CO,
emissions penalty on NPC and COE for these cases. Hence, it can
be inferred that Case-04 will be more feasible considering the CO,
emissions penalty among all the cases.

As discussed in Section 3.3, to utilize the excess energy, fly-
wheel energy storage is employed to see the performance of
different energy systems in terms of NPC and COE. Fig. 18 shows
the NPC and COE of different energy systems. Case-04 exhibits the
lowest NPC and COE whereas Case-01 shows the highest NPC and
COE. However, it is evident that the performance of the system
can be improved further by utilizing the excess energy. The NPC
of Case-01, Case-02, Case-03, and Case-04 reduce to 1270.73
million USD, 1205.47 million USD, 274.96 million USD, and 270.28
million USD from 1283.47 million USD, 1217.57 million USD,
276.04 million USD, and 271.09 million USD, respectively, by
utilizing the excess the energy.



H.A. Gabbar, Md.I. Adham and M.R. Abdussami Energy Reports 7 (2021) 2398-2417

Case Wise NPC and COE

$1,400.00 1 1.04 1.2
__$1,200.00 1
a —
2 $1,000.00 0s £
S $800.00 oo =
‘E $600.00 $1,283.47 $1,217.57 =
QO  $400.00 %43
=z
0.2
$200.00 $276.04 $271.09
s0.00 ] ] 0
Case-01 Case-02 Case-03 Case-04
Case
mmm NPC (million USD)  =====COE (USD/kWh)
Fig. 15. Casewise NPC and COE.
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Fig. 16. Casewise GHG emissions (1st year of project life).
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Fig. 17. Casewise NPC and COE with CO, emissions penalty.
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Case Wise NPC and COE with Excess Energy Utilization
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Fig. 18. Casewise NPC and COE with excess energy utilization.

5.2. Sensitivity analysis

Since the analysis depends on several variables, sensitivity
analysis is important before providing any concluding remark. In
this study, a sensitivity analysis is conducted to identify the im-
pact of four critical parameters — ship power requirement, solar
irradiance, wind speed, and penetration of renewable energy. Sec-
tion 5.2.1 deals with sensitivity to the ship power requirement,
and Section 5.2.2 discusses sensitivity to solar irradiance, wind
speed, and penetration of renewable energy.

5.2.1. Sensitivity analysis by varying ship power requirement

The estimation of ship power requirement employs several
parameters that vary to an extent based on weather, temperature,
the position of the ship, and type of ships. Changes in these
parameters differ the power requirement of the ship. Hence, it is
necessary to conduct a sensitivity analysis to identify the impact
of ship power on the performance of the energy systems. In this
section, the NPC of the four energy systems has been calculated
by varying the ship power requirement from —30% to +30% with
a 10% interval. Fig. 19 summarizes the result of sensitivity to
the ship power requirement. The system NPC increases with the
increment of ship power requirement. The result shows that
Case-04 has the least NPC irrespective of the ship power require-
ment. The result tells the difference in NPC between Case-03 and
Case-04 decreases by lowering the ship power and rises with the
increment of ship power.

5.2.2. Sensitivity analysis by varying solar irradiance, wind speed,
and penetration of renewable energy

The wind speed and solar irradiance change with the position
of the ship in the voyage route. Hence, a sensitivity analysis is
carried out for Case-02 and Case-04 by varying the wind speed,
solar irradiance, and penetration of the renewable sources. Each
parameter value is increased and decreased by 30% in the sensi-
tivity analysis to determine the impact on NPC and COE. As there
are no renewable energy sources in Case-01 and Case-03, NPC
and COE will not change for these two cases by altering these
three parameters. Table 12 represents the result of the sensitivity
analysis.

Table 12 indicates that Case-04 is better than Case-01 and
Case-02 for all scenarios. If there is no change in the renewable
energy penetration, Case-04 exhibits slightly higher NPC and COE
compared to Case-03 for lower solar irradiance and wind speed.
Scenario No 1, 2, 4, and 7 exemplify this statement. However,
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with moderate or high solar irradiance and wind speed, Case-
04 has always lower NPC and COE than Case-03, as shown in
scenario No 3, 5, 6, 8, and 9.

Despite the 30% increment of renewable energy penetration,
Case-04 shows higher NPC and COE than Case-03. This is because
of the increased initial cost of renewable energy sources (solar
PV and wind turbine), and the absence of enough solar irradiance
and wind speed, which is presented in scenario No 10,13, and 15.
However, with moderate or high solar irradiance and wind speed,
case-04 has lower NPC and COE, for example, scenario No 11, 12,
14, 15, 17, and 18.

By reducing the percentage of renewable energy by 30%, Case-
04 shows higher NPC and COE compared to Case-03, where solar
irradiance and wind speed are low or moderate, for instance,
scenario No 19, 20, 22, 23, 25, and 26. However, Case-04 shows
lower NPC and COE compared to Case-03 for higher availability
of solar irradiance and wind speed, for example, scenario No 21,
24, and 27.

This sensitivity analysis tells that Case-04 depicts lower NPC
and COE compared to all other cases for moderate and higher
availability of renewable resources. However, with the lower
availability of renewable resources, Case-04 shows slightly higher
NPC and COE compared to Case-03. There are some restrictions
on the route for stand-alone nuclear powered marine ships, and
a substantial amount of money will be required to get permission
to enter into national territorial waters. These issues need to
be addressed while comparing Case-04 with Case-03. Sensitivity
analysis suggests that the percentage of renewable energy pene-
tration largely depends on the availability of renewable resources
that vary based on the route of the marine ship,

6. Conclusion and future works

Several studies have been carried out 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, and a nuclear-renewable
hybrid energy system on marine ships has been proposed in
this paper to overcome these limitations. The findings of this
paper suggest that an integrated nuclear-renewable hybrid en-
ergy system could be the best solution to make ocean-going
ships free from all kinds of emissions, and it is technically and
economically feasible. This study also shows that microreactors
are a competent candidate to replace fossil fuel-based generators
in marine industry.
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Fig. 19. Impact of Variation in Ship Power Requirement on Different Energy Systems.
Table 12
Sensitivity analysis.
SL. no. Renewable energy Solar Wind speed NPC COE (USD/kWh)
penetration (solar PV irradiance (ms~1)
and wind turbine) (kWh/m?/d)
Case-02 (Billion  Case-04 (Million  Case-02 Case-04
USD) UsD)
1 3.38 1.25 279.22 1.07 0.24
2 34 4.83 1.24 279.00 1.06 0.24
3 6.28 1.21 271.06 1.03 0.23
4 3.38 1.23 278.96 1.06 0.24
5 No change 48 483 122 271.09 1.04 0.23
6 6.28 1.19 269.74 1.02 0.23
7 3.38 1.23 278.87 1.05 0.24
8 6.2 4.83 1.21 270.95 1.03 0.23
9 6.28 1.18 269.62 1.01 0.23
10 3.38 1.24 280.46 1.06 0.24
11 34 4.83 1.22 272.59 1.04 0.23
12 6.28 1.18 271.12 1.01 0.23
13 . 3.38 1.22 280.13 1.04 0.24
14 30% increased 48 483 120 272.13 1.02 0.23
15 6.28 1.16 270.73 0.99 0.23
16 3.38 1.21 280.02 1.04 0.24
17 6.2 4.83 1.19 271.99 1.02 0.23
18 6.28 1.16 270.61 0.99 0.23
19 3.38 1.27 279.08 1.08 0.24
20 34 483 1.25 277.81 1.07 0.24
21 6.28 1.23 270.10 1.05 0.23
22 3.38 1.25 277.80 1.07 0.24
23 30% decreased 48 483 124 27764 1.06 024
24 6.28 1.22 269.84 1.04 0.23
25 3.38 1.25 277.75 1.07 0.24
26 6.2 4.83 1.23 277.58 1.05 0.24
27 6.28 1.21 269.75 1.04 0.23
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HOMER optimizer considers a fixed rating of all the system
parameters for the project lifetime, which is one of the shortcom-
ings of the HOMER optimizer. HOMER optimizer cannot optimize
a system if any of the system parameters change over time. In
reality, some of the system parameters may change over time
to a varying degree. Hence, the HOMER optimizer gives a quasi-
optimal value for each system component. In the future, N-R HESs
can be optimized considering all the variables and constraints. As
the sensitivity analysis shows that NPC and COE of N-R HES vary
based on the route of the marine ship, different sea routes can be
analyzed in the future to find out the best route of N-R HESs for
marine ships in terms of technical and economical KPIs. Different
control strategies can also be assessed in future to evaluate the
system performance.
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