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This thesis reviews current standard electrical system solutions in marine applications and
studies if they could be used in future vessels utilising 4™ generation nuclear reactors. Basics
of marine electrical equipment, fuels and nuclear technology is briefly explained to help
reader understand what each component’s function is. Introduction of electrical equipment
is based on series hybrid solution with all the main equipment considered, such as
switchboards and motor drives. Currently used fuels are compared to 4,3 % enriched nuclear
fuel on surface level to understand interest in using nuclear power. Nuclear technology is
discussed, and 4™ generation reactors are compared, keeping in mind what could be the most
suitable solution for marine use.

Thesis bases its propulsion solution and power to currently largest container vessel and
upsizes the propulsion power to demonstrate imaginary nuclear vessel with 4" generation
nuclear reactor referred as high power vessel. Electrical system is dimensioned for the high
power vessel by available each equipment’s electrical limits, nominal current, short-circuit
current and voltage. If current marine equipment cannot be used for high power vessel,
possible solutions are studied.

Technical solutions on how to dimension the nuclear vessels electrical equipment are
discussed with examples of current standard solutions and with possible uncommon
solutions. Results of current equipment readiness to supply power in nuclear maritime
application is discussed.
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Tamai opinndytetyo tarkastelee kiytossd olevia sdhkojarjestelmid laivoissa ja arvioi niiden
soveltuvuutta laivoihin, joissa kidytetdéin neljannen sukupolven ydinreaktoreita. Tydssé
késitellddn lyhyesti laivasdhkdjarjestelmien, polttoaineiden sekd ydinteknologian perusteita,
jotta lukija saa késityksen eri komponenttien toiminnoista. S@hkolaitteiston komponentit
perustuvat sarjahybridiin, huomioiden kaikki keskeiset jarjestelmit, kuten kytkintaulut ja
moottorikdytot. Kéytossd olevia polttoaineita verrataan 4,3 % rikastettuun uraaniin,
tarkoituksena arvioida ydinvoiman vahvuuksia perinteisiin polttoaineisiin ndhden. Ty0ssa
tarkastellaan ydinteknologian kehitystd ja vertaillaan neljdnnen sukupolven reaktoreita
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ydinreaktorilla varustettua alusta, jota tdssd tydssd kutsutaan suuritehoalukseksi.
Sdhkojérjestelma mitoitetaan suuritehoalukselle kaytettdvissa olevien laitteiden sdhkoisten
rajojen, nimellisvirtojen, oikosulkuvirtojen sekd kayttdjdnnitteiden perusteella. Mikaéli
nykyiset laitteistot eivit tdytd vaatimuksia, ty0sséd tarkastellaan mahdollisia vaihtoehtoisia
ratkaisuja hyodyntdd nykyistd laitteistoa ydinlaivojen sdhkdjirjestelména.
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T temperature °C,K
U voltage \Y

1 current A
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Z Impedance ohm
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International Electrotechnical Commission
Intermediate Heat Exchanger
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Liquefied Natural Gas
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Marine Gas Oil
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ORC
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Power Management System
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1 Introduction

Shipping industry is moving towards more environmentally sustainable solutions by seeking
low emission fuels while costs are important factor affecting the shift. As 4™ generation
nuclear reactor technology is being researched and advancing, it is important to notice as an
option for marine use. Nuclear technology has been developed and used since the first self-
sustaining chain reaction in Chicago Pile-1 in 1942. Since then, nuclear energy has had an
important role in energy generation worldwide as it can provide high power with low

environmental impact while being cost efficient.

Nuclear technology is not new in marine use either, it was first implemented in USS Nautilus
submarine in 1954 and first commercial vessel to use nuclear power was N.S. Savannah in
1959. Both of those vessels have been decommissioned since and compared to whole global
shipping industry, the amount of nuclear vessels is small. There are currently no private
owned nuclear-powered vessels in operation. Few of the reasons for decommissioning were
comparably high life cycle costs due fossil fuels being cheaper back then and safety issues
in form of radiation leak in NS Mutsu due poor shielding. Now that the reactor technology
1s advancing to smaller form factor, more efficient and safer solutions, there may also be
possibility to line-produce them to achieve lower costs. With nuclear technology today’s
ships could achieve higher propulsion powers leading to higher speeds, decreasing travel
time for people, goods and at the same time being potentially more environmentally
sustainable by reducing greenhouse gas emissions. Higher achievable power and speed are
the reasons nuclear reactors can be seen as an interesting option for shipping industry in the

future.

In this thesis new 4" generation reactor technologies chosen by Generation IV forum are
studied and evaluated, if they could be used in commercial maritime applications with
currently used marine approved electrical equipment. First 4" generation marine applicable
reactors are expected to be announced around 2030, so it is high time study if the current
electrical equipment is compatible. To make the evaluation, current legislation, technology
and their limits relating to electrical system is briefly studied and explained, continued with

comparison of the upcoming reactor technologies.
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To estimate if the currently available equipment is up to the task of powering large nuclear
vessel, required power is needed. To estimate propulsion power and hotel load, large vessels
in operation are studied and used as a basis for electrical system dimensioning. After the
base power level is set, it can be compared to higher power variant that demonstrates the

nuclear vessel.

Objective of this thesis is to find out if today’s commonly used marine electrical equipment
can be used for vessels utilising 4™ generation reactor technology when reactor produces
noticeably higher power than currently common ICE prime movers. If not, why, and how
these limitations could be overcome. There are no commercial nuclear vessels in use
currently and the ship technology has evolved since last time one was traversing the seas.
Government owned nuclear vessels, especially military equipment components are tightly
kept secret as confidential information and their funding is very different to commercial
vessels, thus not offering needed public knowledge of the technology to prepare electrical
systems for such vessel. Overall, technical solutions of vessels are rarely shared for the
public, restricting the usable information. This thesis is based on widely used equipment in

vessels in use today and common knowledge of marine equipment in use.
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2 Current ship technologies and limits

This chapter explains basic components of current ship technology related to energy
generation, electrical systems and propulsion. Currently there are various entities that set the
standards in vessels, regarding safety and technology. International Maritime Organization
(IMO) was established in 1948 by United Nations (UN) to regulate international shipping.
One of the most known conventions -Safety of Life at Sea (SOLAS) that was adopted in
1914 after Titanic incident has been updated by IMO since 1974. SOLAS and such
conventions regulate maritime safety and affects national maritime laws in different flag

states that enforce the national maritime laws to ships that are registered in that nation.

Technical requirements in many parts of world are developed in collaboration by
classification societies (CS), International Association of Classification Societies (IACS)
and International Electrotechnical Commission (IEC). IEC 60092 -series serves as minimum
regulator in the national committees that are members of the IEC. IACS as name implies is
association of classification societies, where many but not all CSs are members of. IACS
develops requirements that its members use as minimum standards, but there are still

differences in CS class rules.

Classification societies are non-governmental commercial organizations that were originally
born as assurance for all involved maritime parties to supervise ships. Many flag states have
recognized classification societies that can have authorization of supervising ship regulatory
compliance on behalf of the flag state. As previously mentioned, classification societies have
different class rules which may have impact on future nuclear vessels as there is no common

minimum regulation yet.

2.1 Fuels and fuel prices

Currently maritime industry uses mainly fossil fuels, 80 to 85 % being Heavy Fuel Oil (HFO)
and Very Low Sulfur Fuel Oil (VLSFO) as they provide cheap (high thermal energy
compared to price) and comparably high volumetric energy density option, but with higher

emissions. Rest of the commonly used fuels include Marine Diesel Oil (MDO), Marine Gas
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Oil (MGO) and Liquefied Natural Gas (LNG) that have lower emissions but are more costly
and have lower energy density. (Eliseo C. 2025).

International Maritime organization has set goal in its initial strategy (2023) to decrease
greenhouse gas (GHG) emissions by 40 % from 2008 to 2030 and 50 % from 2008 to 2050.
To achieve these goals there are incentives to opt for lower emission fuels, such as methanol,
ammonia and biodiesel. Table 1. below shows the comparison between fuels used currently
and newer fuels that are planned to be adopted in shipping. These lower emission fuels have
considerably lower volumetric energy density which impose larger bunkers, referring to fuel
tanks. In vessels this higher space demand is away from other uses, but not something that
can’t be overcome. LNG is already providing energy for 5 to 8 % of all vessels being fairly
competitive to MDO and MGO, and there are over 40 orders worldwide for methanol power

vessels. (Eliseo C. 2025).

Table 1. Comparison chart of different fuels including uranium. (Eliseo C. 2025, Trading
economics 2025, World Nuclear Association 2025).

Fuel Type Abbr. MJ/kg MJ/L Price (USD/ton)

Heavy Fuel Oil HFO ~44-45 ~40 ~500

Very Low Sulfur Fuel Oil VLSFO ~43-44 ~38-40 ~600

Marine Diesel Oil MDO ~42-45 ~36-38 ~850

Marine Gas Oil MGO ~43-45 ~35-38 ~900

Liquefied Natural Gas LNG 50 ~22-26 ~500-1 000

Methanol CH30OH 20 ~16 ~350-550

Ammonia NH3 18,6 ~12-13 ~400-800

Biofuel (e.g. biodiesel B30) - ~39-41 ~33-35 ~720-800

Hydrogen (compressed gas) | Hz 120 ~8.5-10 ~3 500-6 000

Uranium-235 (nuclear fuel) | LEU 4,3 % | ~3 500 000 ~66 850 000 ~175 000 (raw)
~2 485 000 (LEU)

Price of uranium indicated in the Table 1. represents raw material price which requires
enrichment process to achieve 4,3 % concentration of U-235. See chapter 3.1.1. for

explanation of nuclear fuels. Required raw material amount can be calculated with mass
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balance Equation 1. where MF is the mass of feed uranium, Xp is uranium concentration
after processing, Xt is tails assay referring to depleted uranium during enrichment process,
MP product uranium and Xf is is uranium concentration of raw material. Natural uranium
contains approximately 0,7 % U-235 content in nature and tail assay is often 0,25 %.

(University of Calgary 2025, World Nuclear Association 2025).

MF _Xp—Xt 0.043-0.0025
MP — Xf—Xt 0.007 —0.0025

(1)

Mass balance equation gives 9 as a result, meaning 1 kg of 4,3 % LEU uranium would
require 9 kg of natural uranium to produce. Enrichment process itself requires also energy
called Separative Work Unit (SWU) used especially when defining energy consumption and
cost of enrichment, affected by tail assay, less waste meaning more energy consumption. By
assuming that 4,3 % LEU requires 7 SWU per kilogram of product uranium and assuming
that cost of one SWU is 130 USD. (World Nuclear Association 2025.) Producing metric ton
of 4,3 % LEU costs would be 910 000 USD for SWUs and 1 575 000 USD for raw material.
SWU costs are expected to reduce from current pricing, even as low to 30 USD per unit.
Combined cost being 2 485 000 USD gives possibility to compare LEU to HFO. When using
prices and higher specific energy values of Table 1. HFO cost per one GJ is 11,11 USD and
LEU cost per one GJ is 0,71 USD, HFO currently being over 15 times more expensive fuel
than 4,3 % enriched uranium nuclear fuel compared to energy content when waste treatment

costs are not considered.

2.2 Electrical hybrid systems in vessels

Electrical systems are used for power distribution between generation, propulsion,
navigation, safety and comfort in maritime vessels. Propulsion drivetrains are usually done
with direct shaft line from main engine to propulsor or with generator producing electricity
to frequency converter (FC) which drives electric motor. Shaft line propulsion can be used
as series hybrid or parallel hybrid named PTO (power take out)/PTI (power take in) -system,
which has either directly shaft line driven generator or gear driven generator. This system
can generate electricity to the vessel main network or provide additional power to the shaft

line and even run the propulsor alone, if the shaft line has de-coupling mechanism.
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Disadvantage of parallel hybrid is the need of shaft line with direct mechanical connection
to propulsor, not having possibility to freely choose prime mover operation point decreasing
efficiency. Shaft line may be 1/3 or more of vessels overall length depending on the prime
mover location in the vessel, limiting structural solutions. Direct shaft line also has to be
constructed and supported in straight line, unless mechanical joints are used that decrease

the efficiency of the powertrain and add required maintenance.

\ \\@E
(G ]

G =| |= Prime mover

Figure 1. Illustrative schematic drawing PTO/PTI system with shaft line de-coupling.
MSWRBD is abbreviation of main switchboard and G is abbreviation of generator.

Electrical system can be implemented with only series hybrid solution, where propulsion is
driven only by electric motor. This system is used for example with ABB’s Azipod
propulsors, where the electric motor is fitted outside of the vessels hull in a pod which can
rotate 360 degrees. This system requires dimensioning the main generators according to
propulsion power and having its separate electric motors, decreasing the powertrain
efficiency and using more components than standard shaft line solution. Reasons for using
series hybrid system is having ability to use prime mover at its most efficient operation point

and giving more versatility in in structural solutions.

Optimal system is dependent of the intended use of vessel. Tankers, bulk carriers and
container ships travel longer distances in open water, where dimensioning shaft line system
is easier to achieve most efficient ICE operation point. On the contrary, ro-ro, ro-pax and

passenger vessels are used for different purpose in different places, where the vessel speed
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may not be as constant and harbours may be more constricted, requiring more
manoeuvrability to save time docking. Icebreakers, support- and research vessels also have
specific use cases, where manoeuvrability and icebreaking capabilities may require series

hybrid system to achieve higher overall system efficiency.

Vessels can be equipped with batteries, fuel cells and solar panels not dependent on used
hybrid system, but on series hybrids there are more advantages of implementing such
technologies on board. Batteries can be used for peak shaving to reduce varying power
demand from ICE engines which have limited ramping capabilities to decrease fuel
consumption. Batteries can also be used to fully navigate the vessel in and out of port without
main engines, if the battery is capable of required power output. This gives vessel the ability
to be operated without emissions while docking. Other means of use are for example,
providing hotel load from batteries and floating in position called dynamic positioning.
Depending on used hybrid system, batteries could be charged by main engines, shore

connection, fuel cells, wind power plants or solar panels.

2.2.1 Main switchboards in marine applications

Main switchboards (MSWBD) are used to distribute power between main power sources
and consumers containing the main switch for the power generation source, not to be mixed
with distribution switchboards that are used to provide power for hotel load and smaller
consumers. Main switchboards voltage is chosen depending on the total generator power.

Table 2. AC three-phase systems having a nominal voltage above 1 kV and up to and
including 15 kV. (IEC 600038 standard voltages).

Nominal system voltagea Nominal frequency Highest voltage for
equipment
kv Hz
kW
3 3.6
3.3 3.6
6 7.2
6.6 50 or 60 7.2
10 12
11 12
15 17,5
® The values are voltages between phases.
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Table 2. shows IEC 600038 standard voltages for marine three-phase systems that are
followed by equipment manufacturers, which also produce direct current switchboards with
lover voltages, but this thesis focuses on medium voltage solutions due high power. Medium
voltage (MV) switchboards are made in voltage range of 3 kV and 3,3 kV (rated 3,6 kV), 6
kV and 6,6 kV (rated 7,2 kV), 10 kV and 11 kV (rated 12 kV) and up to 15 kV (rated 17,5
kV). Currently IACS E11 (Rev.4 Feb 2021) sets requirement that maximum nominal voltage
for marine switchboards does not exceed 15 kV, unless there are special application that
necessarily require higher voltage. It is up to the IACS member classification societies to
determine the allowed maximum voltage. Description of these special applications that
would justify higher voltage is not publicly available, if there are any, likely because
agreements between customer, supplier and classification society are under non-disclosure

agreement.

Main switchboards are split into two sections connected by bus-tie or transfer due to the
SOLAS requirement CH II-1 part D. Power between these sections is tried to balance as
close to each other, mirrored sections being the goal. Splitting main switchboards to different
fire areas provides redundancy in case of a fault, and vessel can be continued to be operated

with half power when other switchboard section is not in use.

Switchboards are made of connected cabinets with relay operated breakers, and
disconnectors. Each breaker or disconnector in cabinet is dimensioned according to the
connected consumer or source current which directly affects the physical size of the cabinet.
The busbar nominal current and short circuit current is defined by generators attached to the
system. Switchboards space requirements including service space can be an issue in ships,
so there are incentives to push for smaller form factor switchboards. Switchboards are rated

by voltage, frequency, busbar current and short circuit current.

2.2.2 Generators in marine applications

Marine generators are connected to prime movers running on different fuels and speeds.
Prime mover defines the required inertia of the generator rotor that can act as a prime
mover’s flywheel, and it is often used as such mass. Generator speed is usually same as
prime movers, as gearboxes are not commonly used as transmission due extra cost, space

and losses. As AC generators are usually directly connected to main switchboard breaker
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without frequency converter, wanted MSWBD frequency and prime mover speed defines
pole pair count of generator. Generators in AC systems are also dimensioned to produce the

defined voltage of MSWBD.

Generators used in marine applications are usually either 50 or 60 Hz variants depending on
the main frequency. Similar power output with 60 Hz may be achievable with smaller
generator than with 50 Hz variant, which reduces size and price. As mentioned in previous
chapter, SOLAS requires two switchboard sections, similarly both sections require their own
generators. Usually, not always, there are more than two main generators in the ship to have
ability to shut down prime movers when the maximum power output is not needed.
Depending on the expected power fluctuations, generators may be dimensioned at very

different apparent powers.

When the vessel electricity is generated by generators, the network power quality is
dependent on the equipment connected to it, generators affecting the most. IEC 60034-1
allows +-2 % frequency variation in vessels while in normal operating conditions and 10 %
variation during generator synchronization. Generator voltage and frequency is controlled
by Power Management System (PMS), Automatic Voltage Regulator (AVR) and prime
mover engine governor controlling the speed. Automation systems are not enough to ensure
stable voltage levels, as every motor and transformer that are connected to the system may
affect the voltage levels during start up inrush current. For that case the voltage drop must
be calculated, and if the voltage drop is more than the Classification Society limit (15 %)
there are options to use larger generators (rarely done) or using pre-magnetization or soft

starters to reduce the inrush current.

2.2.3 Drive solutions

Drive systems are frequency converters used to control electrical motors in. Drives can be
split into two categories depending on the voltage: MV (Medium Voltage) and LV (Low
Voltage), divisive voltage being 1000 VAC and everything exceeding that being MV. When
vessels have two electrical propulsor motors their drives are connected to separate main
switchboards. Drives can be installed in single drive configuration when the motor is single
winded, this drive setup does not have redundancy other than the other MSWBD. When the

motor has two windings, multidrive solution can be used where there are drives for both
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windings installed in the same drive layout which is semi-redundant solution. Fully
redundant solution has two single drives in separate cabinet lineups connected to same
switchboard and motor, both supplying one winding of the propulsion motor. Fully
redundant setup has usually both single drives dimensioned to supply half of the motors

nominal power, so full nominal power is only achievable when both single drives are in use.

ABB ACS6080 MV drives are supplied by transformers as they are not operated at 11 kV
voltage. Supply transformers have either one or two secondary windings with phase -shift,
depending on does the drive have 6- or 12-pulse diode rectifier. Rectifier type is often chosen
by THD requirement of customer or classification society’s limit which is usually 8 % to 10
% and lower distortion, for example 5 %, may be wanted by customer. 12-pulse rectifier
causes lower total harmonic distortion and is often used in passenger vessels. ABB has also
thyristor rectifiers called Active Front End (AFE) -drives, which offers lower THD but are

not as often used.

The MV propulsion drives supply either induction- (IM), synchronous- (SM) or permanent
magnet (PM) -motors. Depending on the used motor, drive can be equipped with excitation
which is needed when using synchronous machine. Excitation transformer can be supplied
either from the main switchboard or low voltage switchboard. Permanent magnet motor
requires breaker to avoid power generation in situations called windmilling, where water
flow spins unused motor. All motor types require disconnector/isolator on the drive output

side even though the motor itself might have fixed breaker for service periods.

Propulsion motors are mechanically connected to propulsors without possibility to
disconnect them freely from each other. When ship starts braking the propulsor will continue
to spin and transfer load torque to the motor, which generates electricity. Diode bridge drive
has to consume this generated electricity in resistors, because the diode bridge can’t feed the
generated electricity back to network. In MV drives this generated braking power is
consumed in braking resistors, which are connected to the drive. Connected braking resistors
are dimensioned by the time motor is required to come to stop, usually in 20 seconds or
faster, generated energy during that time and peak braking power. Previously mentioned
AFE -drives with thyristor rectifiers allow two-way electricity flow, eliminating the need for

braking resistors.
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3 Fourth generation reactor technologies

This chapter gives introduction to fourth generation reactor technologies that are chosen by
the Generation IV international forum (GIF). GIF was established in 2001 by the United
States Department of Energy to maintain closer collaboration with different countries and
instances developing fourth generation nuclear reactor systems. Collaboration contributes to
collective advancements of reactor technology, with its main goal to make new generation
reactor technology available to wider industrial deployment by 2030. Current members of
GIF are Australia, Brazil, Canada, China, France, Japan, Korea, Russia, South Africa,
Switzerland, the United Kingdom, the United States and Euratom or European Atomic
Energy Community (EAEC) — representing all 27 European Union member states. (GIF
website, 2025).

3.1 Energy generation with 4" generation technologies

Nuclear Energy Agency (NEA) of Organisation for Economic Co-operation and
Development (OECD) prepared technology roadmap for GIF of fourth generation nuclear
energy systems in 2002 which was updated in 2014. In the original roadmap six of over 100
different nuclear technologies were chosen to be focused by member countries and instances
of GIF. These six reactor technologies are gas-cooled fast reactor (GFR), lead-cooled fast
reactor (LFR), molten salt reactor (MSR), sodium-cooled fast reactor (SFR), supercritical
water-cooled reactor (SCWR), and very high temperature reactor (VHTR). However, these
reactor types may not be the first ones to be in wider use. First 4" generation reactor that
was taken in commercial use in December of 2023 was in China’s Shidaowan HTR PM 1
power plant using High Temperature Gas-Cooled Reactor (HTGR) being categorized as a
variant of GFRs. Construction was started in December of 2012. (World Nuclear Association
website, 2025). For comparison first 4" generation demonstration reactor construction in
USA was started in July of 2024, going with name Hermes in Oak Ridge. The reactor will
utilize Fluoride Salt-Cooled High-Temperature (FHR) technology, variant of MSR. (World

nuclear news, Website, 2024).
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All of mentioned reactor technologies above can be categorized as either thermal neutron
reactors or fast neutron reactors. Core principle of generating energy from nuclear fuel is
based on property of fissile material that generate heat and new neutrons when stray neutron
collide with the atomic nucleus. Colliding probability is expressed in size of cross section,
which unit is called barn (b). 1 barn = 1072® m?. Total cross section is divided to scattering
and absorption cross sections, absorption further divided to nuclear fission and capture cross

sections which define resulting nuclear reaction. (Rongzheng L. Et al., 2025).
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Figure 2. Comparison of U-235 (A) and U-238 (B) fission and neutron capture cross

sections in relation to neutron energy. (Rongzheng L. Et al., 2025).

Likelihood of fissile material starting nuclear reaction is higher when neutron velocity is
lower. Neutrons can be slowed down by having it collide with moderator material such as
water or salt, rising the likelihood of fission reaction and chain reaction to continue. Reactors
using moderators are called thermal reactors because neutron velocity decreases until their
energy matches thermal energy of the moderator molecules. Speed of chain reaction can be
controlled by rising or decreasing neutron capture surface (amount of fuel) by example with
control rods. One of other ways control chain reaction is having controllable neutron

absorbers such as boron carbide.

Fast neutron reactors (FNR) do not have a moderator which means neutrons travel at high
velocity. To maintain continuous chain reaction there needs to be sufficient amount of fuel
in the reactor core, this point where chain reaction is sustained is called critical mass which
is higher in FNR than in thermal neutron reactor. Critical mass can be reduced with neutron

reflector which is usually made of beryllium or graphite. Idea behind FNR is to produce
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more fissile fuel by having blanket of fertile material U-238 around the reactor core, which
decays to fissile material Pu-239 and can be used as a fuel again, either in same reactor or
by collecting from the blanket. FNRs can be categorized into burner and breeding reactors
which refers to ratio of fissile material used compared to produced fissile material, which is
called breeding ratio. Breeding ratio being lower than one means reactor is burner and higher

than one means reactor is breeder. (World Nuclear Association website, 2025)

3.1.1 Nuclear fuels

Nuclear fuels that are planned to be used on commercial shipping often use uranium isotope
U-235 as the main fissile material that causes the chain reaction in the nuclear core. In
particular technologies there are plans for using thorium-232, uranium-233 and plutonium-
239 as well. Uranium fuels are divided in two main categories named low enriched uranium
(LEU), considered fuel grade and high enriched uranium (HEU), considered weapon grade.
LEU is further divided in three sub-categories LEU, LEU+ and high-assay low enriched
uranium (HALEU).

Uranium found in nature contains 0.7 % of U-235 isotope and the rest is isotope U-238.
Numbers 235 and 238 refer to combined amount of neutrons and protons in nucleus of the
uranium atom. This physical difference means difference in weight that makes the
enrichment process possible for example with centrifuge. Enriching is concentrating of
isotopes relative of each other, with goal in nuclear fuel enrichment having higher proportion

of isotope U-235 than that natural 0.7 %.

Enrichment brackets for low enriched uranium are 0.7 -5 % (LEU), 5 — 10 % (LEU+) and
HALEU overlapping with 5 to 19.75 %. According to World Nuclear Association higher
enriched fuel increases efficiency by increasing fuel burnup, capacity factor, refuelling
cycles and reduced waste volumes. This is due U-235 being directly fissile material that
releases energy, contrary to that U-238 is fertile material that starts decaying after neutron
capture into neptunium (Np-239) and then to plutonium (Pu-239) which is fissile material.
However, decaying to plutonium from neutron capture takes approximately 56 hours. For
comparison decaying of Thorium-232 to Uranium-233 takes around 27 days according to

Franco Michel-Sendis (2017).
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Nuclear reactors are operated either in open cycle- or closed cycle mode. In open cycle or
one-through cycle the unused fuel materials are stored in the reactor which can be gathered
and processed for later use or be disposed of with the reactor at some point. Leftovers are
called spent fuel which can contain non-natural fissile materials Pu-239 and U-233. In closed
fuel cycle or reprocessing fuel cycle those fissile materials are extracted from spent fuel and
used in the same reactor, which makes the reactor more complex and more expensive.

(Rongzheng, L. Et al., 2025).

3.1.2 Super critical water reactors

Super critical water reactors (SCWR) are one of the six selected reactor technologies by
Generation IV Forum. This technology is most similar to first, second and third generation
of pressurized water-cooled reactors (PWR) that are used in existing nuclear vessels such as
ships and submarines. SCWR as a technology has advantage of experience compared to
other fourth generation reactor technologies due experience of decades using water-cooled

reactors.

Current land based PWR nuclear reactors typically use light water or ordinary water as a
coolant which is at 290 °C on the inlet of the nuclear core. Coolant water flows through the
core at approximately 15 MPa or 2250 psi pressure to avoid vaporization in the core which
could lead to fuel elements burning. After coolant has circulated through the core it exits the
outlet at around 325 °C and is fed to external steam generator. Steam is generated by having
hot coolant circulate through several thousand tubes which are in contact with cooler and
lower pressure feed water that is turned into steam. Wet steam is dried in moisture separators
to be then fed to the turbines for energy conversion to electrical energy. This cycle has
efficiency of around 32 to 35 % which refers to thermal energy converted to electrical gross
energy. (Lamarsh et al. 2014). According to Generation IV Forum (GIF) current efficiency

of water-cooled reactors is at 34 to 36 %.

Super critical water reactors are further advanced version of PWR reactors. Difference in
SCWR is that it operates the coolant above the thermodynamic critical point of water, which
isat 374.1 °C and 22.064 MPa, at this point water does not go through phase change, instead
it slowly turns into supercritical steam without boiling. When using supercritical water, the

power plant working principle gets simpler by leaving out heat exchangers, steam
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generators, steam dryers and moisture separators. This results in higher thermodynamic
efficiency of the system with efficiency rate of 48 % or even higher. Super critical water
technology has been implemented in coal and oil powerplants for over 80 years. First
supercritical powerplant was completed in 1957, named Philo No.6 unit in the United States.
At around 1960 when Eddystone No.l unit was completed supercritical condition became

standard as it offers higher efficiency and simpler powerplant design. (Tanuma, T. 2022).

Super critical water reactors in nuclear power plants have advantage of experience compared
to other fourth generation nuclear technologies in form of PWR reactors. There is possibility
of even further efficiency improvements with ultra super critical technology where water is
at 566 °C and 31 MPa or higher. Current prototypes of SCWR SMR reactors have outlet
temperature ranging from 450 to 625 °C and pressure of around 25 to 30 MPa according to

GIF.

As mentioned in this chapter PWRs are used in current ships, but its “successor” SCWR is
not expected to be winning technology for commercial shipping. Water cooled reactors rely
on high pressure which introduces safety concerns in form of emergency planning zone

(EPZ) and requires safety solutions that take space more than other possible technologies.

3.1.3 Sodium cooled fast reactors

Sodium cooled fast reactors (SFR) are cooled with liquid metal sodium (Na), not to be mixed
with molten salt reactors that provide different coolant characteristics. First SFR was taken
into use in 1951 in United States by Idaho National Laboratory under name EBR-1. This
reactor was first nuclear reactor in the world to generate electricity, and it was in operation
till 1963. Overall, there are 17 SFR reactors that have stopped operation and currently there
are seven running reactors, all of these being on shore reactors. As SFRs use fast neutron
spectrum and closed fuel cycle, thermal neutron spectrum PWR reactors were economically
more competitive and superseded SFRs in peaceful use for that reason. Now that demand of
uranium is higher than before and it’s more expensive, SFRs have raised interest as they
have better efficiency, can be operated as breeders and can also use plutonium as fuel. SFR
reactor BR-5 first completed in 1959 in Soviet Union was also first reactor type to use

plutonium as a fuel.
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Sodium has high thermal conductivity of 142 W/(m-K) and other useful properties that
include high boiling point of 881 °C and comparably low melting point of 98 °C degrees at
atmospheric pressure, which enable high power density of reactor core without
pressurization, reducing the size of the reactor core. Core outlet coolant temperature of SFRs
is in range of 500 to 550 °C degrees. Past experiments with sodium have also achieved full
natural circulation cooling of decay heat (without pumps) which positive safety feature
preventing fuel and reactor core damage in case of blackout or after shutting down. Sodium
is not inert, so it reacts strongly to oxygen by burning and to water by producing hydrogen
which starts burning, this reaction requires deoxidation of reactor and cooling systems that
needs further research for natural phenomenon such as earthquakes. On the other hand,
deoxidated system is well compatible with structural materials and prevents corrosion.
Sodium can capture neutrons, so it is radioactive, for this reason sodium cooling system
needs intermediate cooling circuit between reactor coolant sodium and conversion system

of steam turbine by GIF 4™ generation standards.

Reactor cores of SFR have two different main fuel configurations named homogeneous and
heterogeneous configurations. Needed fuel amount and reactor operation as burner or
breeder can be developed with these fuel configurations, depending on wanted operation.
SFR reactors are categorized either as pool- or loop-type, in pool type the intermediate heat
exchanger (IHX) is in reactor vessel and requires inert gas in reactor vessel. Loop type
reactor has the IHX outside the reactor vessel and does not require inert gas in reactor vessel.
Due these differences loop type reactor is expected to be cheaper to manufacture having
smaller core vessel, but most of current SFR tests have chosen pool type reactor as it has
better thermal conductivity. Overall seismic loads are seen as an important factor to account
for SFRs, which is better handled by loop type reactor, however this affects SFRs suitability
for marine use negatively. (Ohshima, H. & Kubo, S., 2016).

3.1.4 Molten salt reactors

Molten salt fuel was first studied in Oak Ridge Laboratory in United States at the end of
1940. This study lead to interest of molten salt reactors in beginning of 1950s when US
launched military oriented Aircraft Nuclear Propulsion (ANP) program. First mock-up was

ready in 1953 and in 1954 first running 2,5 MWt MSR was taken into use with fuel reaching
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temperature of 882 °C which is achievable because of high boiling point of salt mixtures.
Later in 1950s interest in using MSR for military use was lost, this ANP study nevertheless
showed that molten salt technology was promising technology for non-military operation.

(Uhlir, J., 2007).

Molten salt reactors are divided now into two major categories classified under molten salt
reactors. First variant that was chosen by GIF uses molten salt as a coolant and/or moderator
and as a fuel carrier. Second variant uses molten salt only as a coolant and/or moderator with
solid fuel. There are different ways of also moderating the fission reaction with salt fuel

giving advantage with passive safety features.

All molten salt reactor technologies use molten salt as a coolant, which is used with
secondary coolant system to produce electricity with turbine. Salt introduces need to study
compatible corrosion resistant structural materials further such as high-nickel alloys, this is
seen as one main difficulties of salt (GIF R&D roadmap, 2018). Wide variety of solutions
require time for safety demonstrations and regulation and there is no general opinion of best

solution yet.

Molten salts don’t require high pressure in temperatures planned to be used in power plants.
Currently there are prototype solutions with operating temperature up to 750 °C according
to GIF roadmap. These temperatures are achievable at atmospheric or near atmospheric
pressure, meaning fewer active components and smaller risk of pressure related accidents
introducing smaller power plant footprint, smaller emergency planning zone which is

important factor when ship is visiting ports.

Many variants of MSR are being studied currently, both fast neutron- and thermal neutron
reactors are represented with different fuels either dissolved with liquid salts such as
Thorium-232, Plutonium-239, Uranium-233, U-235 and U-238 or solid-fuels such as TRISO
particles and U-235 pellets. This means that MSRs could also use existing nuclear waste as

a fuel and could be could at burning or breeding operation. (Uhlir, J., 2007).

3.1.5 Lead cooled fast reactors

Lead cooled fast reactor (LFR) is one variant of the liquid cooled reactors. LFR was chosen

by GIF because of possibility to operate it at near atmospheric pressure, high boiling point
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of over 1700 °C degrees and its neutronic and radiation shielding properties. This reactor
type operates at fast neutron spectrum in closed cycle with burning and breeding operations
both researched. Lead has high density which is beneficial to cooling as it has high thermal
capacity, but at the same time the high mass requires structural solutions to handle the

impacts on reactor.

Lead cooled reactors have been used in the past in Soviet Union’s eight submarines, first in
late 1950s and last decommissioned in 1995. There have also been on shore reactors in Soviet
Union and experiments in other parts of world. All of those mentioned previous lead cooled
reactors have used Lead-Bismuth alloy (LBE), which has advantage over pure lead in its
lover melting point of 124 °C while being as inert. Pure lead was chosen by GIF as fourth
generation technology even when considering its melting point of 327 °C which requires
additional development to avoid solidification in the reactor system. Pure lead offers few
advantages over LBE which are its cheaper price, higher thermal conductivity, less corrosive
in same temperature and most importantly lead does not produce dangerous radiotoxic

material polonium-210 by neutron capture as bismuth does.

As mentioned, lead shields gamma radiation and also retains fission products, but only up to
around 600 °C. With this temperature in mind and its melting point, the researched core
outlet temperature is in range of 480 °C to 550 °C degrees until new structural materials are
developed to handle the higher corrosion in higher temperatures. Even though the coolant
temperature is not very high compared to other technologies, the net system efficiency of 4
generation LFRs are over 40 % with likelihood of increasing when higher temperatures can
be used. This is due no need to use intermediate cooling circuit between primary coolant and

generator circuit. (Smith, C. F. & Cinotti, L., 2016).

3.1.6 Very high temperature reactors

Very high temperature reactors are operated at temperatures between 700 °C to 950 °C
degrees. According to GIF roadmap 2018 even higher temperatures are possible in the future,
but currently focus is more on the 700 - 850 °C core outlet temperature as it poses less
challenges with cooling and is sufficient for its intended main use in hydrogen production
(Elder, R. & Allen, R., 2009) and other industries such as chemical, oil and iron industries

as it is mainly dedicated to cogeneration of electricity and heat.
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First High temperature gas-cooled reactor was taken into use in 1963 in United Kingdom,
named Dragon. This test plant had thermal power of 21.5 MWth and operated with 750 °C
coolant outlet temperature. This plant used TRISO -fuel which still to this day remains the
main fuel for high temperature reactors. Overall, seven high temperature reactors have been
shut down, including the Dragon which provide valuable information for further
development. Currently there are three running HTR reactors, two in China and one in Japan

and various development projects in different countries.

VHTRs have two different reactor types which use TRISO fuels, called pebble bed- and
prismatic core reactor designs. Pebble bed uses tens of thousands spherical fuel pebbles
loosely in the reactor core where coolant flows in the void space between pebbles, diameter
of approximately 6 cm, containing thousands of TRISO fuel particles inside. Prismatic core
uses smaller amount hexagonal blocks that are stacked in columns and has coolant channels.
Due to these coolant flow differences in the reactor core, rated maximum power is 250 MWth
for the pebble bed- and 625 MWth for the prismatic core reactor. Both reactor variants are

graphite-moderated and use helium as a coolant. (Yan, X.L., 2016).

3.1.7 Gas cooled fast reactor

Gas cooled fast reactors (GFR) are operated in high temperatures and commonly uses helium
as a coolant and in that regard is similar to high temperature reactors. GFR implements
heavily also on similar fuel composition as HTRs. These similarities are advantageous as
advancements in both technologies are providing valuable information on feasibility of the
systems. At the same time intended applications for these reactors are similar to that of HTR.
GFR has a fast neutron spectrum which means no moderator is used in reactor core, with
fast spectrum the power density of GFRs is higher than in HTRs and aimed thermal power
is higher to achieve breeding reactor with closed cycle. (Tsvetkov, P., 2016).

According to GIF, to this date there are no GFRs that have reached criticality or continuous
nuclear chain reaction. There have been six GFR programs, first initiated in United States in
1962 which was discontinued in 1983. Currently there are four concepts under development,
not in construction yet. First of them is expected to be deployed in 2032 in United States

under name EM2 which remains to be seen. It is estimated that closed cycle breeding reactors
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would become financially viable at the end of 21st century or at early 22nd century

(Tsvetkov, P., 2016.)

Challenges of GFRs are in high pressure and hot coolants, for helium the needed pressure is
at 7 MPa at 850 °C. Other researched coolant is supercritical carbon dioxide CO2, which
requires 20 MPa pressure and has to be operated in 600 °C temperature, because of its
thermal decomposition starts accelerating in 700 °C temperature resulting in corrosion.

(Tsvetkov, P., 2016).

3.1.8 Suitability for marine applications

4™ generation reactors are developed to meet rising power demand for low greenhouse gas
(GHG) emission energy. There are strong drivers implement new reactors in energy
production, heat production and industrial use. This means that currently the new reactors in
development are often aimed for other use cases that are not directly suitable for marine

applications.

One of important advancements is higher core outlet temperatures of all 4" generation
reactors, which provide better energy conversion efficiency than 3™ generation PWR
reactors that have lower outlet temperatures. Very high outlet temperature is suitable for land
based industrial use but also requires advanced materials that can withstand the heat in long
term which are still under research. These systems also need high cooling capabilities, which
are not easily achievable in space limited maritime vessels, thus implying that they would
not be ideal solution for marine applications. With this reasoning very high temperature

reactors (VTHRSs) will most likely not be used in ships.

As mentioned, high temperatures are desired in 4™ generation reactors, but some of the
substances such as water used in 4" generation reactors require also higher pressure to be
used in high temperatures. These reactors are super critical water reactors (SCWRs), and gas
cooled fast reactors (GFRs). High pressure is safety risk and increases the emergency
planning zone (EPZ) size, which is important factor while ships are in dock or harbour. Most

likely these reactors will not be chosen to be used in marine applications.
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Three remaining reactor types are lead cooled fast reactors (LFRs), molten salt reactors
(MSRs), and sodium cooled fast reactors (SFRs). These three share the near atmospheric
pressure operation and lower core outlet temperatures than the other 4" generation reactors
thanks to their high boiling point properties. It is difficult to define the most optimal reactor
technology, as there are no commercial ready marine reactors available to compare the

pricing and sizes.

When comparing these best suited three reactor types to each other, SFR seems most
challenging to be used in marine applications as sodium reacts strongly with oxygen and
water, needing deoxidation system which needs further studies how it handles seismic loads
that waves can cause in ships. MSR and LFR reactors seem most suitable for marine
applications with research done at this point. However, they are not free of challenges either
as MSR reactors needs material advancements to handle the corrosion and LFR requires

structural advancements to handle the high mass of lead.

3.2 Energy conversion to electricity

Thermal energy generated in the nuclear core is transferred to the working fluid rotating the
steam turbine either directly or through heat exchanger and/or intermediate circuit. Below
are schematic figures of supercritical water-cooled reactor and molten salt reactor which use

different heat transfer solutions.
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As seen in the schematic figures of the two different systems, one variant of SCWR uses
primary coolant as steam generator working fluid which is converted to steam. This
illustrated coolant system requires radiation shielding also for the turbine, since the working
fluid is radioactive. MSR has intermediate cooling circuit which transfers the heat through
heat exchangers to the working fluid as molten salt cannot be used as turbine working fluid.
System without secondary or intermediate circuit is simpler but limits the use of different
working fluids to convert the thermal energy. Water is one of the considered working fluids,
but many other fluids are also being studied with fourth generation reactors, such as
hydrogen, helium and deuterium, which show better thermal characteristics compared to

water to achieve higher overall system efficiency (Kanberoglu B. Et al., 2024).
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3.2.1 Steam turbines and turbogenerators

First device to be classified as steam turbine was aeolipile, invented by Greek inventor Heron
of Alexandria in the 1% century Egypt (Britannica, 2025). In 1884 steam turbine was
harnessed to electricity generation by Sir Charles Algernon Parsons in England, from that
time onwards steam turbines have been in use, developed and will continue to be used as
power generation method. Due to the long history of steam turbines, the technology is mature
and there is well established market for steam turbines and turbogenerators. Additionally,
current makers are investing in research and development of suitable turbines for SMR
reactors, such as Siemens Energy (Germany), GE Power (USA) and Mitsubishi Heavy
Industries (Japan). Steam turbines are categorized as high-pressure (HP), intermediate-
pressure (IP) and low-pressure (LP) turbines which refers to steam pressure, affecting turbine

sizes HP generally being smallest with best thermal efficiency. (Tanuma, T., 2022).

HP turbine LP-A turbine LP-B turbine LP-C turbine

Figure 5. Cross-section of nuclear turbine with one HP and three LP turbines. (Tanuma, T.,

2022).

Steam turbines used in nuclear power plants have generally used lower pressure and lower
temperature steam than fossil-fired power plants, most common being coal power plants. On
4™ generation reactors the outlet temperature will be higher than previous nuclear power
plants, which makes higher temperature possible increasing the thermal efficiency. Some
nuclear power plants have reheaters between turbine stages called reheating cycle to improve
overall efficiency (Hajime, A., Et al., 2016). For example, in figure 5. the steam could be
reheated between HP turbine and LP-A turbine.

Basic principle behind steam turbine is steam expansion which accelerates the steam to spin

the rotor equipped with series of blades. In figure 4. The steam enters from top of centre of
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turbine where blades are shortest, as the steam expands and its volume grows which requires
larger flow through area and larger blades. Size of turbine grows along with volume of steam
flow, while amount of turbine rows and used rotational speed also affects the size. Generally,
3t generation nuclear steam turbines are operated at rotational speed of 1500 rpm or 1800
rpm with 4-pole generator depending on the frequency. Fossil-fuelled power plant steam
turbines are operated usually at or over 3000 rpm speeds with generators of lower pole count.
4™ generation nuclear plant steam turbines may adapt higher rotational speeds to reduce

turbine sizes as safety features have advanced. (Tanuma, T., 2022).
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4 Suitable generator sizing

Turbogenerator dimensioning depends on thermal power output of the reactor core.
Currently there are no ready 4" generation marine nuclear reactors in market, so
dimensioning the turbogenerators is based on assumed possible power ratings of future
nuclear vessels. Main driver of nuclear vessel research is reduced life cycle costs, which

seem more likely with large and faster vessels that require a lot of propulsion power.

4.1 Conversion system redundancy

Today redundant power systems are common in size range of vessels that would be suitable
for fitting nuclear reactor as prime mover for propulsion system. Future 4™ generation
nuclear vessels could be implemented either with one or more reactor cores. In the past
commercial nuclear vessels have used direct shaft line steam propulsion with high- and low-
pressure turbines through double reduction gear. Most information can be found from NS
Savannah, nuclear commercial vessel that was in operation from 1962 to 1972 according to
San Francisco Maritime National Park Association. Pressurized water reactor power of NS
Savannah was rated at 74 MWth with one 16 MW shaft line propulsor. (Freire, L. O. &
Andrade, D. A., 2015).

Old commercial nuclear vessels used one propeller probably due to long lengths of shaft
lines as the reactor system was placed near centre of the vessel and that there was no need
for more shaft lines due comparably low propulsion power. Also cost and space requirements
of reduction gear was lower with single shaft line. (Freire, L. O. & Andrade, D. A., 2015).
Today conventional and nuclear ships can be equipped with electrical power system which
supplies electric motor. Electrical system can be dimensioned so that it does not require
reduction gear or long shaft line so there are no same space difficulties to use more than one
propeller. Due to this reason estimating likely redundancy of future nuclear vessels is
difficult as they can’t be directly compared to older ones. As mentioned before, one reactor
system will likely be cheaper and smaller than multi-reactor system but at a cost of
redundancy of prime mover. When finalized commercial ready reactors are introduced with

known costs and dimensions in 2030s, redundancy of reactor system can be studied further.
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With expectation that single reactor would be lower cost solution and requires less space

than multi reactor solution, I will continue to use that as an expected prime mover system.

4.2 Network frequency

As mentioned in previous chapter 4.1.1., dimensioning will be done with using one nuclear
reactor in the vessel. Amount of nuclear reactors does not affect sizing of the generators
when assuming that single reactor could provide enough power for all required purposes.
One of the key factors to start dimensioning generators is the chosen frequency of main
switchboard. 50 Hz and 60 Hz network frequencies are both common in marine use and

using the higher frequency leads to smaller generators, reducing the costs and size.

Nuclear power plants (NPP) have auxiliary equipment such as pumps which are rated for
certain frequencies. These auxiliaries are needed to run before reactor in reactor start-up,
which requires power from either conventional generator, energy storage system or shore
connection while the vessel is docked in harbour. Having same nominal frequency in the
reactor system auxiliaries as the main electrical system and harbour distribution network
removes need for frequency conversion in case reactor start-up power is taken from harbour
grid. If vessels NPP is intended to supply harbour network while docked, lack of FCs would
provide inertia for the grid especially useful in grids having much of renewable energy
sources that don’t have similar inertia to stabilize network frequency. (Denholm P. Et Al.,

2020).

4.3 Suitable vessel for nuclear power plant

As there are no 4" generation nuclear vessels constructed or ordered yet, estimating the
power requirement is impossible without knowing the exact propulsion power to move the
vessel at desired speed. For this thesis, I will use current largest container ships MSC Tessa
and Irina as an example for electrical load dimensioning. MSC Tessa & Irina were both
delivered to MSC in 2023, they have 71 MW rated dual-fuel main engines, using either

liquefied natural gas or heavy fuel oil for propulsion. Engines are downsized to 61 MW for
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the vessels to reach 22,5 knot speed. Electrical power output is approximately 22 MW for
auxiliaries with capability to supply 2000 reefer containers (refrigerated). Total container
capacities for those vessels are 24 116 TEU and 24 346 TEU respectably, being abbreviated
from Twenty-foot Equivalent Unit representing container. (FullAvanteNews 2025,

Marinelnsight 2025).

Maximum combined propulsion and auxiliary power output of the vessels would be 93 MW
without the power downsizing, but as it is the theoretical maximum power, I will continue

to use that as a reference point for dimensioning electrical system power.

4.4 Generator dimensioning

Turbogenerators will produce the electricity for all of the vessels electrical load, including
all equipment that is needed for vessels intended purpose, let it be equipment like cranes and
air-conditioning. If the vessel is driven with steam-mechanical propulsion, the generators
will be considerably smaller and possibly also fewer in number, but I start dimensioning the
electrical system considering propulsion to be steam-electric to find possible bottlenecks

with currently used marine use accepted electrical equipment.

To calculate suitable grid components and generators according to power, we have to
estimate power factor (pf) for unknown components, everything except the generators, as
we don’t know exact specifications of each component in use. [ will continue with pf of 0.85
to estimate required apparent power. According to Equation 2, required apparent power (S)

of the vessel is active power (P) divided by power factor, which results in 109.4 MVA.

S =P/pf (2)

Combined maximum load is not realistic scenario as there are no cases where full propulsion
power and full thruster power would be in use at the same time. If expected thruster power
in total is 8 MW (9.4 MVA) with power factor of 0.85, total apparent power at certain time
could be 100 MVA. However, as we are now using electric propulsion motors unlike MSC
Irina, we can instead share the excess power for more reefer containers, if necessary, power
distribution equipment is installed. I will use four 27 800 kVA generators that produce
combined apparent power of 111.2 MVA with power factor of 0.9, this would be enough
even for full 109.4 MVA load.
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5 Electrical system in nuclear vessel

This chapter introduces electrical system with higher power than typical electrical systems
used in maritime vessels. I will explain how simulated system was constructed and how it
was dimensioned and if needed, how the system could handle higher power than currently

used.

First, I will introduce used electrical systems in calculations for short circuit currents and
explain parameters that are used. After short circuits are calculated and checked if they are
in manageable values for currently existing solutions, I will continue to calculate needed

nominal currents comparing them to components that have to withstand them.

5.1 Constructed system

I used real container ship MSC Irina as a reference to build imaginary vessel with combined
generator output of 111.2 MVA and compare it to higher power system which can be used
to achieve higher cruising speeds. All of the following single-line diagrams and short circuit

calculations are done in SKM PowerTools simulation software.

Generators used in simulation represent turbogenerators that are run by nuclear reactors
steam turbines. There are generators each producing 27 800 kVA of apparent power with
power factor of 0.9. Machines are 4-pole synchronous generators that output 60 Hz
frequency when they are operated at 1800 rpm. Sub-transient reactance X’d of chosen
generators is 16.5 %. Selected generator specifications are from real dimensioned unit with
confidential parameters, so not all parameters are shown. Nuclear reactors needed auxiliary
equipment power is not considered in the calculations as there are no reliable source
available publicly. Generators have the largest impact on short circuit currents when
propulsion motors are driven by frequency converters. All the following calculations are
done with the same generator parameters to showcase effects of different power levels in

rest of the used components.
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5.1.1 Reference system short circuit calculation

See Appendix 1. for single-line diagram. Chosen electrical system uses 11 kV main
switchboards named MSWBDO01 & MSWBDO02. These switchboards are connected by bus-
tie which can be used to transfer power from either side if needed, for example during

generator maintenance or breakup.

Installed components include two 3 MW bow thrusters and two 1 MW stern thrusters used
to turn the vessel in limited space. Propulsion system uses four two-winding electric
permanent magnet motors each producing 17 750 kW, combined propulsion power being 71
MW. Propulsion motors are supplied from frequency converters and three winding
transformers at 20 590 kVA each where additional power takes efficiencies and power
factors of FCs and motors into account with multiplier of 1.16. Overall air conditioning
power is estimated at 2 times 1 MW and rest of the available power is used for auxiliary
equipment such as hotel load and reefer containers. Total auxiliary power is 12 MW divided
into two switchboards MS01 & MS02, both fed by 7 060 kVA transformers with per-unit
impedance of 0.08 and considering power factor of 0.85. All motors are already set to
“running” during simulation, so motor start currents are not included. SKM PowerTools -
simulation software calculates approximate impedance of transformers as no exact

transformer data is available, impedance values are based on IEC 60076-5 standard.

Table 3. IEC 60076-5 minimum short-circuit impedance ratings.

Short-circuit impedance at rated current
Rated power Minimum short-circuit impedance
kVA %
25 to 630 4,0
631 to 1250 5,0
1251 to 2 500 6,0
2501 to 6 300 7.0
6301 to 25000 8,0
25001 to 40000 10,0
40001 to 63000 11,0
63 001 to 100 000 12,5
above 100 000 >12,5
NOTE 1 Values for rated power greater than 100 000 kVA are generally subject to agreement
between manufacturer and purchaser.
NOTE 2 In the case of single-phase units connected to form a three-phase bank, the value of
rated power applies to three-phase bank rating.
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As seen from table 3, minimum impedance for 6 301 kVA to 25 000 kVA transformer is 8
% resulting in minimum per-unit value of 0.08. Lower impedance results in higher short
circuit currents, so the used impedances demonstrate worst case scenario for short circuit
current. Note that the generators could provide 8 MW of additional auxiliary equipment
power at any given moment if the auxiliary switchboards and transformers were
dimensioned for 4 MW higher power each. This additional power is possible because bow
thrusters are not used while full propulsion power is in use and full propulsion power is not

used while using bow thrusters.

Short circuit calculation is based on IEC 61363-1 standard that is required for marine and
offshore applications. This calculates maximum short circuit currents in switchboards
symmetrical three phase faults, shown in figure 6. Three phase fault produces highest current
which is seen to be adequate to dimension the electrical system. Simulation software
calculates impedance for each equipment according to power rating. Equation 3. represents

(Ik) as three-phase short circuit current, (U) being voltage level and (Zk) is short circuit

impedance.
L3

— —¢
L2

— I &
L1
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Figure 6. Symmetrical three phase fault illustration (McFadyen, 2012).

U/\3
Ik = —— 3
7k (3)
Simulation result for initial peak short circuit current is 105 628 A (Ip) and steady state short
circuit current is 37 476 A (lac) explained in figure 7 where difference of sub-transient
period is compared to steady state period. Approximate ratio of these values is explained by

equation 4. where the result differs slightly from more accurate simulation. Where These
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values are within current switchboard limits so there is no need to start developing new

marine products for this power.

lac = 2 )
ac = ——
2V2
Subtransient Transient Steady-state
period period period
Subitransient
,  envelope
F\/ '_Fr;mhu:nl Sieady-state
envelope
I~ envelope

I n&“uﬂuﬂﬁﬂvn;zﬂ

transicnt envels pe

"’ Extrapolation of

Figure 7. Initial current in sub-transient period and steady state current compared relative to
time (NERC, 2018).

5.1.2 Cable impedance effect on short circuit currents

As seen in Appendix 1., cables are not included in short circuit calculations. This is due
additional impedance which reduces the short circuit currents and are seen negligible to
overall system dimensioning. To compare if the difference would be meaningful, I added
cables with SKM PowerTools preset impedance values. Lengths of the cables were estimated
for 400-meter-long vessel, where switchboards were installed 100 meters from the back of
the vessel. Single-line diagram for the cable impedance test can be found in Appendix 2.,
where bus tie is open to compare the short circuit current difference with MSWBDOI

including cable impedances and MSWBDO02 without.

Cables used were dimensioned according to components nominal single-phase currents,
diameters are shown in the SLD. Equation 5. represent single phase current (Iph), apparent
power (Sn), voltage (U). Numbers behind the cable diameters represent amount of parallel

phase cables for example “240mmx3” means there are three 240 mm? cables per phase
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installed parallel. Impedance values and cable current withstand rates are from SKM

PowerTools that has preset cable parameters.

Iph = =" )
TN

Short circuit values for main switchboard MSWBDO1 are 52 653 A (Ip) and 18 720 A (lac),
while for MSWBDO02 respectable values are 52 819 A & 18 738 A. These differences are so
small that they have no effect on main switchboard dimensioning and in the electrical system
engineering phase the exact cable lengths may not be known accurately. Leaving out cable

impedances gives small safety threshold in dimensioning phase.

However, as seen in Appendix 2., the auxiliary switchboard MSO1 has noticeably smaller
short circuit currents than MS02. This is due to the high power compared to the used 690 V
voltage in simulation. Auxiliary switchboards have higher short circuit withstand rates than
main switchboards without Is -limiters as they scale with voltage levels, depending on the
manufacturer the RMS Isc limit could be 50 kA to 100 kA at 690 V, and could be split in
many sections unlike in the simulation, with also possibly higher voltage depending on the
loads. In real case, auxiliary switchboards could have been divided in several sections with
smaller transformers to reduce the Isc. If the short circuit currents would have been too high,
they could also be reduced with current limiting reactors, so cable impedances would not

have a meaningful role in those either. (Eaton, 2019). (ABB, 2010).

5.2 Higher powered nuclear vessel electrical system

Key reason of implementing nuclear reactors in marine use is higher achievable open water
cruising speeds to cut time, having direct effect on yearly freight capacity. I will not calculate
cost benefits of different cruising speeds or required propulsion power to achieve certain
speed but compare two different powered vessels if they are achievable with currently used

marine certified equipment.
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I constructed electrical system with four generators, where power is based on currently
largest container vessel MSC Irina, introduced in chapter 5.1. I will add two identical 27 800
kVA generators to higher powered imaginary nuclear vessel electrical system and compare
how the electrical equipment available currently can handle the two different power ratings.
The higher-powered system has combined generator power of 166.8 MV A being 55.6 MVA
higher than MSC Irina based system. As the idea is to achieve higher speed for the same
vessel hull, it is expected that hotel load and other auxiliary equipment would need similar
amount or less power, if the technical solutions restrict freight space as the power rises.
Nuclear reactors auxiliary equipment power is not known or considered, but it would require
some amount, and I consider possibly lost cargo space offsetting that power requirement as

there is presumably less reefer containers.

Apparent power increase of 55.6 MVA is added to propulsion through eight drives, more
specific solution further explained in later drives chapter. Higher power system with six
generators is shown in Appendix 3. Short circuit simulation results are 156 637 A (Ip) and

55473 A (lac).

5.3 Switchboards

As mentioned in chapter 2.2.1 current commonly used switchboards in higher powered
marine applications use 11 kV as a nominal voltage. There are various land-based
applications where voltages are higher, let’s say 24 kV, but those solutions don’t have marine
certifications as such voltages has not been needed in marine use. Currently highest rated
ABB marine generators have voltage level up to 15 kV, so switchboards could use that
voltage level, being rated for 17.5 kV. (ABB, 2021). There is also possibility to produce
custom-made units for marine according to IEC 600038 regulations, but that may prove
difficult to upkeep for longer periods as spare parts are not as easily attainable. For this
reason, [ will try to use existing common products with nuclear vessels power rating to see

if there are need for further investment in products.
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5.3.1 93 MW vessel switchboard solution

As seen in the appendix 1. The short circuit steady state current is 37 476 A Ilac. This current
does not present difficulties for currently used systems as the maximum /ac limit is 50 kA.
Nominal current for equipment has to be calculated to check the current values in
switchboard busbars. With equation 5. we can calculate the busbar current for each phase.
Phase current from single generator is 1 459.1 A meaning that generator incomer must be
dimensioned to withstand that current, which is not near the current limit (4 000 A with
forced cooling, 3 150 A without). With two generators the maximum busbar current per

switchboard is 2 918.2 A being still doable with natural cooling solution rated at 3 150 A.

As there are vessels in operation with similar power to MSC Irina, it was expected that there
are products dimensioned for such power switchboard wise. Maximum busbar current also
applies to bus-tie as with this generation/consumer power ratio there is no need to transfer
more power to supply consumers at full power. Shore connection can also be disregarded in
the busbar current calculation as generators will not be used at full power while ship is being
supplied through shore connection. Dimensioning the feeders for consumers is done
similarly to generator incomer dimensioning and with used consumers the current limit is

not reached.

5.3.2 Higher powered vessel switchboard solution

As shown in Appendix 3. the steady state short circuit current is 55 473 A, being over the
50000 A limit. This short circuit current can be solved with Is limiter which is two
conductors in parallel setup. The Is limiter trips in under 1 millisecond directing short circuit
current to higher impedance conductor limiting the short circuit current. Is limiter can be
installed to the generator incomer or next to it in separate cabinet. These limiters have
maximum short circuit withstand currents of 210 kA (RMS) at 12 kV and 17.5 kV rated

units, being suitable for this higher power vessel. (ABB Is limitor pamphlet).

Busbar currents are calculated by multiplying the single generator phase current with the
amount of generators, resulting in maximum nominal busbar current of 4 377.4 A. As
mentioned in previous chapter 5.3.1 the nominal current limit with forced cooling current

products is at 4 000 A. This can be solved by raising the nominal switchboard voltage to 15
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kV voltage. With three generators the single busbar current would be 3 210 A, being under
the 4000 A limit and thus feasible, but requiring forced cooling. (ABB, UniGear ZSI
Portfolio).

Table 4. Current comparison with different systems and their respectable limits. I busbar
represents busbar current and Is represents Is-limiter.

Generator power lac | busbar
111.2 MVA 11 kV 37476 A 2918A
166.8 MVA 11 kV 55473 A 4377 A
166.8 MVA 15 kV 42 345 A 3210A

No Is & natural cooling | 50 000 A 3150A
Is & Forced cooling 210000A 4000 A

Table 4 compares the current levels with different combined generator output values that
were explained before. Higher generator power requires forced cooling system as natural
cooling solution does not provide high enough current capacity for this power at neither 11
kV nor 15 kV voltage. Short circuit calculation in appendix 4. shows that system voltage of
15 kV with other parameters identical as in 11 kV variant resulted in 42 345 A (lac), making

the Is limiter redundant.

5.4 Electric motors

Chosen propulsion motor power for the higher power vessel is 29 720 kW. According to
Hyundai Electrics synchronous motors catalog from 2021, there is possibility to reach that
power with existing marine certified products. Highest achievable power for synchronous
motor is 40 MW. There is no more accurate public information available of the motor
specification than the power and voltage range up to 13.8 kV and speed up to 1 800 rpm. If
the motor is available with double winding configuration as drives require, explained in
chapter 5.5, it would be suitable for the high-power vessel. Public sources for marine
certified electric motors are scarce, and common with those seem to be that synchronous
motors are the only marine certified motor type that have high enough output power, near

30 MW.
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5.5 Drives

I selected ABB ACS6080 Medium voltage drives for the electrical system, as those drives
are modular and usually possible to modify the layout depending on needed use. Default
assumption is that low voltage drives cannot supply 29 720 kW motor. First thing to note is
that drive input voltage maximum is 3.3 kV for 6-pulse rectifier and 1 725 V for 12- and 24-
pulse rectifiers. (ABB, 2024). This means that transformer is required for drives and as
mentioned in chapter 2.2.3., higher pulse-rate referring to diode bridges produces lower THD
(Total Harmonic Distortion), which I except to be sought after in already expensive nuclear
vessel. That means there would have to be two three winding transformers for each single
ACS6080 drive, primary voltage either 11 kV or 15 kV and secondary windings with 1720
V/1720 V rating. These input voltage values are limited due used IGCTs (Integrated Gate-
Commutated Thyristor) which have maximum nominal DC voltage withstand rate of 3300
VDC. (Arnold M. Et al. 2013). Voltage range is expected to stay the same till advances are

made in semiconductor materials.

Drive power ratings go up to 27 MVA in the non-marine industrial applications, for marine
the maximum single drive power rating is 24 MV A, realized by two 12 MVA inverter units.
For the lower powered vessel, 17 750 kW per propulsion motor, the drive solution can be
implemented with one single drive with two 12 MVA inverter units when assumed that the
motor is two winding. Higher powered vessel has 29 720 kW propulsion motors which can’t
be supplied by only one drive. I interviewed marine market manager of MV drives Timo
Tissari to seek out possibilities to supply the motor of this power range. Larger 29 720 kW
motors could be supplied by two independent single drives, maximum output per single drive
being 2x12 MVA, maximum converter rating per motor thus being 48 MVA, more than
enough for this motor. This is done by supplying single motor winding from two inverter
supplies in parallel. Figure 8. Below shows drive setup of two single drives for single two

winding motor of the higher power vessel.
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Figure 8. Drive setup of single two-winding propulsion motor. Section taken from Appendix

5.

As seen from the Figure 8. The motor is two winding, and synchronous motor. If assumed
that the power factor of synchronous motor is 1, we can estimate the drives needed for this
setup. Looking from the ABB ACS6080 catalog the most optimal drives would be rated for
2x9 MVA, they can supply maximum 17 400 kW to each motor winding as our need is
14 860 kW. Having two winding motor with two single drives requires 30-degree phase shift
between windings as zero phase shift would result in opposing magnetic fields providing no

rotational force to the rotor. (Hughes A. & Drury B, 2013).
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5.6 Additional components of the electrical system

Nuclear reactors require additional equipment to be started and driven. Depending on the
particular nuclear technology the power requirements differ. As of now that there are no
ready reactors, accurate power requirement is not known. As the power requirement is
unclear, [ added 2 MW load “reactor start” to the appendix 3., this power is my estimate and
is not based on anything. However, it is left out from Appendix 5. Single-line diagram as the

required voltage level or power is not known.

According to IAEA current nuclear power plants usually have power gradient or ramp rate
of 5 % Pn per minute and are usable for load following 50 % - 100 %, with a possibility of
going down to 30 %. (IAEA, p.20, 2018). This indicates that there is no need for additional
energy storage or conventional combustion engine to operate the vessel in normal conditions
while underway, docking or anchoring. During nuclear reactor start up, there would be need
for additional power source, this could either be energy storage, or “versatile” emergency
generator connected to emergency switchboard. As the required power is not known it is
difficult to estimate if currently used emergency gensets would provide enough power or is
there need for separate reactor start up generator. Using only shore connection for start up is
technically feasible, but very unlikely to be implemented as then the vessels reactor could

not be started without if it is reliant on that.

If 15 kV would be the used voltage, DOL (Direct On-Line) such as thrusters and Air
conditioning would need to be connected through transformers such as in Appendix 5. as the
highest currently manufactured thruster motor is rated at 11 kV (ABB, 2025). Using
transformers for every equipment not rated for 15 kV voltage would require lot of space and
would be costly solution. This could be solved with providing more power to distribution

switchboards with lower voltage and use applicable voltage rating.

As mentioned, there would likely be equipment in the vessel that is not rated for 15 kV. This
may lead to needing distribution switchboards of different voltage levels. Depending on the
required power, this secondary MV SWBD could be rated at 11 kV, 6,6 kV or lower to

achieve most cost-effective combination.
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Conclusions

Purpose of this thesis was to study if currently used electrical equipment in marine use could
be directly used in nuclear operated higher power vessel. As the technical descriptions of
equipment that are used in vessels is not publicly available information, assumptions had to
be made to construct the imaginary nuclear vessel. Same difficulty was faced when choosing
suitable equipment as all required information for dimensioning the equipment was not
available from public sources. While the information restrictions are considered, this work
provides outlook for areas of electrical equipment that may require more research and
development to be implemented in 4™ generation nuclear vessel that has higher power

electrical grid than commonly used to in private vessels.

Along the thesis there are different examples of past projects using nuclear reactors as power
source, that provide information of possible shortcomings in future projects if not
considered. Most notably the past projects showcase that the idea of using 4™ generation
reactors in marine vessels in the future is not far-fetched idea as the previously experienced
issues could be overcome by newer technologies. There are clear signs of interest in
developing 4™ generation reactors in land-based applications for power generation, heat
generation and industrial use. If the land-based application start producing positive

outcomes, the interest in marine-applications is sure to accelerate.

Currently there is open question at which power level nuclear reactors could be economically
feasible in ships, but as the legislation is not ready, and there are no indicative prices for 4
generation marine reactors available publicly, it is up to guesses. Fuel cost of nuclear vessel
using LEU 4,3 % was estimated to be 6,4 % of heavy fuel oil per Gigajoule, indicating large
fuel cost reductions in larger or faster vessels requiring more propulsion power. Due to this
fuel cost difference and presumably higher cost of nuclear power plant compared
conventional internal combustion engines I expect that first vessels to implement 4"
generation reactors will be either very large vessels that could be operated at higher speeds,
or smaller more expensive vessels such as research vessels and icebreakers that could also

benefit from long operational distances such as military equipment.

To dimension the electrical system for nuclear vessel I constructed imaginary nuclear vessel

with nominal power of 166.8 MVA and propulsion power of 118.9 MWe as shown in
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appendixes 3, 4 and 5. Total nominal power was achieved with six generators powered by
steam turbines each producing 27.8 MVA. Generators were split to two switchboards to
calculate short circuit currents and phase currents. Switchboard dimensioning indicated that
the short circuit currents would be over the 50 kA limit with 11 kV system voltage, requiring
currently rarely used Is limiters to restrict the current or 15 kV system voltage. Other finding
was that the phase current would be over the switchboard current limit when operating at 11

kV voltage, thus requiring 15 kV voltage to decrease the phase current under allowed limits.

Searching for suitable electrical motors for propulsion was difficult and end result was that
synchronous motors are only motor type currently that have marine certificates in the power
range. Chosen imaginary motors were four 29 720 kW two winding synchronous motors
which allowed to continue to drive and transformer dimensioning. Single motor could be
supplied from two independent single drives each supplying 2x12 MVA to single winding
of motor as shown in figure 8. Power limit of this drive setup is 48 MV A per one two winding
motor and at the same time drive solution offers redundancy in case of failure. Each of the
single drives are supplied from two 8.6 MVA three winding transformers with primary
voltage of 15 kV and secondary voltages being 1720 V/1720 V. In total the vessel with four

motors would require eight single drives and 16 propulsion transformers.

As explained in chapter 5.6, the reactor start-up power requirements are not known publicly
and will variate depending on the reactor technology and size. For these reasons
dimensioning the electrical system for start-up is not yet possible, but I expect that only
shore-connected start-up would not be seen as safe option so onboard starting equipment
would be needed. The electrical system should also supply additional consumers that are not
commonly rated for 15 kV voltage level. Before manufacturers introduce equipment rated
for that voltage level, many transformers or secondary medium voltage switchboards have
to be implemented depending on case specific vessel use. From all mentioned above it can
be concluded that today’s electrical equipment is capable of supplying 4™ generation nuclear
vessel, but the current solutions require further development to be implemented in a cost-

and space-effective manner.
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