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Abstract: Maritime transportation, responsible for over 80% of global freight movement, is a major contributor to environmental
emissions, making the development of effective emission reduction strategies crucial for the protection of marine ecosystems. As
regulatory pressures, environmental concerns, and resource efficiency take center stage, alternative fuels such as hydrogen, LPG, am-
monia, LNG and biofuels, along with nuclear power, have gained significant attention in the maritime industry. Nuclear energy, in
particular, has emerged as promising alternative for reducing carbon emissions in marine vessels, aligning with the International Mar-
itime Organization’s (IMO) decarbonization and fuel efficiency targets. While nuclear-powered vessels have been deployed in ice-
breaker, naval, and supply sectors, their use remains limited, primarily due to restricted operational ranges. This paper offers a thorough
analysis of nuclear-powered cargo ship generation methods, reactor technologies, and safety protocols. Strengthening collaboration
between regulatory bodies, pilot projects, and stakeholders is essential for refining safety standards and ensuring regulatory compliance.
Public acceptance is another key factor, requiring transparent environmental impact assessments and proactive communication to foster
trust and align nuclear-powered vessels with global sustainability objectives. Despite existing challenges, nuclear propulsion presents
opportunities for innovation and international cooperation. By addressing regulatory and societal barriers through coordinated efforts
and policies, nuclear power could become a cornerstone of the maritime industry's transition to a sustainable, efficient, and technolog-
ically advanced future. Its successful implementation would play a vital role in advancing low-carbon shipping and contributing to the
broader global energy transition.
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1. Introduction warrants deeper investigation, minor air pollutant emissions may still
result from fossil fuel use in nuclear fuel extraction, processing, and
handling [11].

Currently, approximately 700 nuclear naval reactors have been

Maritime transportation is fundamental to global trade and supply
chains, but its large-scale operations contribute substantially to envi-
ronmental pollution [1][2][3]. The sector accounts for nearly 30% of

nitrogen oxide (NOx) emissions and around 2.5% of global carbon deployed globally, primarily for military applications, with

dioxide emissions, significantly affecting air quality and contributing
to atmospheric pollution [4]. To address these environmental chal-
lenges, the International Maritime Organization (IMO) and regional
maritime authorities have implemented stringent emissions regula-
tions and standards, such as IMO 2020, MARPOL 73/78, and IMO
Tier 1, 11, and 111 [5][6][7][8]. Nuclear propulsion is a promising tech-
nology for reducing carbon emissions in shipping [9]. It offers a
unique advantage as the only zero-emission propulsion system for
ocean-going vessels, producing no CO, , CH4 , NOy, SOy, or par-

ticulate matter during power generation [10]. While this technology

around 200 still in active operation [12]. This extensive use
demonstrates that nuclear reactors offer greater operational reli-
ability than traditional diesel engines. Nuclear propulsion also
enhances design flexibility for ships due to its smaller reactor
size, and it supports more adaptable operations, as nuclear ves-
sels require less frequent refueling [13].

Gabbar et al. [14] analyzed four distinct energy systems for
marine vessels: the ‘Stand-alone fossil fuel-based energy sys-
tem’, ‘Stand-alone nuclear energy system’, ‘Renewable and fos-

sil fuel-based hybrid energy system’, and ‘Nuclear-renewable
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hybrid energy system (N-R HES)’. The analysis is based on sev-
eral key performance indicators (KPIs), including the net present
cost (NPC), cost of energy (COE), and greenhouse gas (GHG)
emissions. The findings indicate that the N-R HES is the most
promising energy solution for the maritime industry, offering sig-
nificant reductions in GHG emissions while enhancing economic
performance. Vergara et al. [15] explored the overall characteris-
tics of a FastShip (250 MW with 5 gas-turbines) equipped with a
nuclear power plant, examining its advantages, limitations, unre-
solved challenges, and potential opportunities for high-speed, nu-
clear-powered cargo vessels. The research resulted that colli-
sions, groundings, or sinking are potential risks for any vessel,
though modern safety measures make such incidents highly pre-
ventable. In the event of any of these emergencies, nuclear reac-
tors must be capable of a safe shutdown, with the likelihood of
radioactive release minimized as much as possible. Both the plant
layout and the ship's structural design should be optimized to pro-
tect the reactor from damage. In the event of a sinking, the reactor
would need to equalize pressure to prevent a catastrophic col-
lapse, while carbon-based fuel elements should release radiation
slowly enough to keep environmental exposure near background
levels. Overall, with proper design practices and operational pro-
cedures, nuclear power can be considered a safe energy technol-
ogy. The gas turbine-modular helium reactor (GT-MHR) is par-
ticularly notable for its high safety standards among reactor de-
signs. Beliavskii et al. [16] outlines the methodology used to
evaluate the operational fuel lifetime of the RITM-200, a small
modular pressurized water reactor (PWR) with a thermal output
of 200 MW. The findings indicate that the optimal fuel composi-
tion is (232Th + 233U)0z, combined with an increased fuel diame-
ter of 7.9 mm. This configuration significantly enhances perfor-
mance, extending the fuel lifetime by 78% and increasing burnup
by 50% compared to the baseline design specifications. Addition-
ally, the integrated design of the RITM-200 improves the manu-
facturability of the reactor pressure vessel, reducing production
costs and time by incorporating the primary equipment within the
vessel of the steam generation unit. Hoque et al. [17] proposed
and analyzed a small modular reactor targeted marine vessel and
noted that the marine propulsion sector has explored a broader
range of reactor concepts compared to the power generation in-
dustry, with various assemblies and research laboratories driving
this innovation. The lessons learned from these marine applica-
tions can provide valuable insights for advancing land-based re-

actor technologies. Additionally, the incorporation of advanced
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safety features in Small Modular Reactors (SMRs) enhances their
resilience, offering robust protection for both public safety and
investor interests. Hirdaris et al. [18] reviewed historical and re-
cent developments in marine nuclear propulsion and, as a demon-
stration, presents technical considerations for designing a Su-
ezmax tanker powered by the Gen4 Energy 70 MW Small Mod-
ular Reactor (SMR). It highlights that comprehending the tech-
nical risks and consequences of integrating advanced nuclear
technology is an essential initial step in the long-term effort to
develop the required knowledge and expertise in this domain.

Nuclear propulsion systems (NPSs) have proven highly effec-
tive, particularly in military vessels and icebreakers. Despite this
success, nuclear systems have not yet achieved a prominent role
in the broader energy market. However, small nuclear power
plants (NPPs), a subset of land-based reactors, offer considerable
advantages over conventional energy production methods, espe-
cially in remote and challenging locations. Nuclear reactors typ-
ically use fuels such as uranium, plutonium, thorium, or mixed
oxide, which combines uranium and plutonium.

Although significant research has been conducted on the de-
velopment of land-based nuclear power plants and certain marine
vessel applications, there has been a lack of recent and compre-
hensive studies on the use of nuclear energy as a marine fuel,
especially for cargo ships. This paper seeks to fill the existing gap
in the literature by assessing the viability of nuclear energy as an
alternative propulsion system, with the potential to support zero-
carbon objectives in commercial maritime shipping. The analysis
informed by a literature review and maritime sector reports, iden-
tifies the key advantages and disadvantages of nuclear power. To
further enrich the study, the analysis of reactor type, propulsion
system and regulation framework are also carried out. The paper
presents a detailed analysis of the impact of various factors,
providing a comprehensive understanding of both internal and
external considerations involved in the adoption of nuclear fuel
for commercial shipping. These factors are thoroughly examined

and discussed throughout the study.

2. Nuclear Powered Vessel from Literature
2.1 Propulsion System

Several nuclear-powered propulsion options are emerging as
potential candidates for the future of merchant ship propulsion
[19]. Beyond the conventional pressurized water reactors, other
possibilities include high-temperature reactors paired with

closed-cycle helium gas turbines or open-cycle gas turbines [20].
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Figure 1: Some typical nuclear propulsion ship [22][23]

Additionally, boiling water reactors are under consideration, and,
in the future, nuclear batteries may also be feasible for maritime
applications if successfully adapted for marine use [21].

Nuclear power systems are known for their high reliability,
economic benefits, and environmental sustainability. The pres-
surized water reactor (PWR) consists of two separate loops, both
requiring stringent safety measures. The primary loop's coolant
system transfers heat generated by core of the reactor to the sec-
ondary part of the steam generator, producing saturated steam.
The secondary loop serves two main functions: first, it completes
a closed thermodynamic cycle by directing the steam to the tur-
bine and associated mechanical equipment, thereby converting
thermal energy into mechanical energy and electricity; second, it
helps maintain reactor safety by removing heat from the fission
process.

The secondary circuit of a nuclear power plant consists of var-

ious essential power systems and equipment, including feedwater
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and steam discharge systems, control valves, and safety valves,
all contributing to effective heat dissipation (Figure 1). The pro-
cess begins when superheated steam, produced by the steam gen-
erator, enters the main steam turbine under high pressure, per-
forming mechanical work. Subsequently, the exhaust steam is di-
rected to the condenser, where it is cooled and collected in the
hot well. In emergency scenarios, a significant volume of steam
is directly routed to the condenser. The condensed steam is then
pumped, pressurized, and transferred to the water supply system
before being returned to the steam generator. This cycle ensures
the efficient thermal and fluid flow processes within the second-
ary circuit. The condenser acts as the cold end, effectively remov-
ing heat from the low-temperature exhaust steam in the circula-

tion system.

2.2 Reactor Types

Marine reactors, such as those used in ships and submarines,
are smaller in size compared to land-based power reactors. This
compact design allows for a quicker response to fluctuations in
power demand, requiring an advanced control system to manage
these dynamic conditions effectively. Despite the rapid-response
capabilities of nuclear propulsion systems, it can still be designed
to handle the complex maneuvers required for berthing and nav-
igating in confined spaces. In practice, a nuclear-powered ship
can autonomously approach and position itself near the berth,
with a tugboat only assisting during the final stages of docking.

The core components of a nuclear reactor include the fuel, con-
trol rods, and the moderator. Control rods are essential for regu-
lating the nuclear chain reaction. These rods, composed of mate-
rials with high thermal neutron absorption capabilities, such as
cadmium and boron, function as adjustable "poisons" to regulate
and control the reactivity levels within the reactor. The primary
functions of control rods are: i) enabling planned changes in re-
actor operations, such as start-up and shut-down, ii) adjusting to
variations in operating conditions, including shifts in fuel com-
position and poison levels, and, iii) providing a mechanism for
emergency shutdown when necessary.

Small and Medium-sized Reactors (SMRs) represent a new
generation of nuclear reactors that are designed to be modular,
scalable, and safer than traditional large reactors. According to
the International Atomic Energy Agency (IAEA), SMRs are clas-
sified based on their electrical power output, with small reactors
generating up to 300 MW and medium-sized reactors producing
between 300 and 700 MW [24]. Like all nuclear reactors, SMRs
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generate heat by initiating a chain reaction in fissile material,
which is then transferred to a power conversion system via a
coolant to produce electricity. SMRs are gaining increasing
global attention due to their modular design, which simplifies
construction, reduces costs, and accelerates deployment. Addi-
tionally, they incorporate advanced safety features such as pas-
sive safety systems and multiple protective barriers to prevent the
release of fission products, even under extreme conditions [25].
These enhanced safety mechanisms enable a reduced Emergency
Planning Zone (EPZ), confined to the site boundary, thereby im-
proving emergency response readiness.

In South Korea, Korea Electric Power Corporation (KEPCO)
is developing the BANDI-60S, a Small Modular Reactor de-
signed for Floating Nuclear Power Plants (FNPPs) (Figure 2).
This two-loop Pressurized Water Reactor (PWR) has a thermal
output of 200 MWt and an electrical output of 60 MWe, intended
to provide reliable energy to remote locations, such as islands and
offshore platforms. The BANDI-60S features a block-type con-
figuration, which enhances safety by minimizing the risks asso-
ciated with large coolant pipe failures. In collaboration with Dae-
woo Shipbuilding & Marine Engineering (DSME), KEPCO is
targeting niche markets with this reactor, which boasts a 60-year
operational lifespan, a fuel cycle of 48—-60 months, and a burnup
rate of 35 GWd/t, ensuring a sustainable energy solution for spe-
cialized applications.

One key operational consideration for reactor fuel specifica-
tions is the fuel burn-up rate, which measures the energy output
per unit mass of fuel. This rate directly correlates with the fuel’s

enrichment level and influences the interval between refueling

Steam
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In-Vessel
CRDM

Core

Canned-motor
RCP

Figure 2: Reactor coolant system of BANDI, according to
[25][26]
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cycles. Additionally, the energy generated from a fuel rod assem-
bly depends on both the reactor type and the specific operational

strategies set by the reactor operator.

2.3 Safety Concerned of Nuclear-Powered Cargo Ship

Figure 3 illustrates the occurrence of 63 incidents involving

nuclear-powered ship, highlighting the inherent risks associated
with such ships.

Significant incidents have highlighted critical safety concerns

in the maritime nuclear sector. These include [28] the tragic 2000
Kursk submarine disaster, which resulted in the loss of all 118
crew members, and the 2003 collision between the USS Hartford
and USS New Orleans, which caused substantial damage but did
not lead to a radiation leak. In 2005, the grounding of the USS
San Francisco resulted in one fatality, while the 2011 Fukushima
Daiichi disaster had profound implications for nuclear safety reg-
ulations, affecting both terrestrial and maritime operations. In
2012, a fire aboard the USS Miami caused extensive damage,
though no radiation was released. More recently, the 2019 fire on
the Russian submarine Losharik claimed the lives of 14 crew
members, further emphasizing concerns about the safety of aging
nuclear-powered fleets.

As for safe operation of nuclear-powered cargo ship, the pri-

mary safety objectives have been established through:

° Safeguarding people and the environment from significant
risks associated with both intentional and accidental re-
leases of radioactive materials and ionizing radiation, in
both port and at sea.

° Ensuring the overall safety of the ship by addressing all po-
tential hazards, not limited to those related to nuclear pro-
pulsion.

° Maintaining the safety of the interactions between the nu-
clear propulsion system, the ship, its cargo, and the sur-

rounding operating environment.

Miuiclear fuel criticality
Aecldent, &, 6%

Propulsian fallure, fther reasons, 2, 3%

Reactor accident, 2, 3%

Criticality, 5, 8%

Figure 3: Accident occurred in naval vessel [27]
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Thus, it is essential to define radiation hazard zones within the
ship, similar to fire zones and watertight compartments. Typi-
cally, three areas are designated:

(D  Limited access area, encompassing the reactor contain-
ment shell, which houses the reactor, control rods, flux
sensing equipment, primary piping loops, and pumps.

(2  The intermittent access area encompasses components
such as purifiers, ion exchangers, waste collection systems,
after-cooling systems, and the secondary side of heat ex-
changers. These elements are integral to the overall func-
tionality and maintenance of the system.

(3  General access area, comprising all remaining spaces
within the ship.

These areas help manage and mitigate radiation exposure risks

onboard.

The rising cost of oil and the growing demand for larger, faster
merchant ships have significantly renewed interest in the appli-
cation of nuclear steam supply systems for both commercial ves-
sels and icebreakers. However, a comprehensive risk assessment
should be carried out for the design, construction, operation, and
decommissioning of the nuclear-powered vessel to evaluate the
potential hazards associated with the nuclear plant and its sys-
tems, focusing on their impact on both the crew and the surround-
ing environment [29]. A critical focus is the evaluation of loss-
of-coolant accidents (LOCA) in these nuclear-powered ships,
along with the development of engineering design features to
mitigate the risk of radioactive releases following such incidents.
Additionally, a comprehensive assessment of other potential re-
actor and system-related accidents, under both static and dy-

namic conditions, is essential for ensuring safety and reliability.

2.4 Regulations and Framework

Governments, particularly those along established trade
routes, will play a pivotal role in the adoption of nuclear-powered
maritime vessels. However, if nuclear propulsion extends to
broader sectors, such as cruise ships or private yachts, the in-
volvement of a larger coalition of countries will be essential.
While political engagement in this domain may seem to be pri-
marily technical focusing on safety, environmental impact, and
operational protocols the regulatory approaches could differ sig-
nificantly, reflecting a variety of political, electoral, or commer-
cial interests. Two primary regulatory frameworks are antici-
pated: a prescriptive approach, which imposes specific require-
ments, and a goal-based safety model, which emphasizes achiev-

ing particular safety outcomes.
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The current international maritime legal framework is largely
shaped by conventions from the IMO and the International La-
bour Organization (ILO). The IMO has established Emission
Control Areas (ECASs) with stringent limits on sulfur oxide (SOx)
and nitrogen oxide (NOx) emissions [30]. The primary interna-
tional frameworks governing the operation of civilian nuclear-
powered vessels include:

° The United Nations Convention on the Law of the Sea (UN-

CLOS)

° The International Maritime Organization (IMO) Conven-
tion for the Safety of Life at Sea (SOLAS)

° IMO instruments such as the Convention on the Liability of
Operators of Nuclear Ships and the Code of Safety for Nu-
clear Merchant Ships

° Relevant countries legislative provisions.

In 1981, the IMO adopted Resolution A.491 (XII), known as
the code of safety for nuclear merchant ships, although it has yet
to be implemented. Presently, there are no standardized regula-
tions governing the design, operation, or development of nuclear-
powered merchant vessels. While the sea transport of radioactive
materials and nuclear waste from power plants has occurred for
nearly 50 years [31], the international legal framework governing
these shipments remains fragmented and inconsistent [32]. Fur-
thermore, exclusive economic zones (EEZs) obligate coastal
states to enforce pollution regulations, while classification soci-
eties continue to serve as the primary technical authority within
the civilian shipping industry.

In 1962, the IMO introduced the Convention on the Liability
of Operators of Nuclear Ships, commonly referred to as the Brus-
sels Convention. This initiative aimed to create a standardized
legal framework governing the responsibilities of nuclear ship
operators. However, the convention was never ratified and, con-
sequently, did not come into effect. Despite this, many of its pro-
visions align closely with other international nuclear agreements
and adhere to fundamental principles of civil law concerning lia-
bility and compensation for damages.

Chapter VIII of the SOLAS (Safety of life at sea) convention
includes twelve specific regulations governing the operation of
nuclear-powered vessels. These regulations apply to all nuclear-
powered ships, excluding military vessels (Rule 1), and require
full compliance with both the general SOLAS provisions and the
additional requirements outlined in IMO Resolution A.491(XIl)
(Rule 2).

Legislation establishes a framework to safeguard the rights of
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all stakeholders involved in the process. However, influencing
public opinion cannot be achieved solely through regulatory
measures; it requires open and transparent dialogue. Building
trust in shipping technologies necessitates collaboration among
the scientific community, governments, and environmental advo-
cates to demonstrate their reliability and address concerns within

local communities.

3. Experiments and Real-World Applications

Before exploring detailed concepts for the application of nu-
clear energy in shipping, it is crucial to review past experiences,
highlighting key successes, challenges, and setbacks. This study
examines four nuclear-powered vessels designed for general nav-
igation: the NS Savannah, NS Otto Hahn, NS Mutsu, and NS
Sevmorput. Icebreakers are excluded from the analysis due to
their specialized functions, which make them less applicable to
the typical operations of merchant vessels.

The use of PWRs in naval and icebreakers applications has
demonstrated exceptional system reliability, provided that engineer-
ing and control systems are meticulously designed. These power
plants, including refueling operations, have consistently achieved re-
liability rates above 95%, as evidenced by naval operations. This
high level of reliability is further reinforced by early experiences with
nuclear-powered merchant vessels, such as the Savannah and Otto
Hahn. With most maritime nuclear experience involving PWR sys-
tems, there is a substantial knowledge base that can be leveraged to
apply nuclear propulsion to cargo shipping.

Public acceptance is a vital factor in the success of SMR-powered
vessels, requiring comprehensive environmental impact assessments
(ElAs) and transparent communication to build trust and ensure
alignment with global sustainability objectives. Although challenges
remain, these issues also present opportunities for innovation and in-
ternational cooperation. By addressing regulatory barriers and public

concerns through coordinated policies and actions, SMR propulsion

Table 1: Typical nuclear powered ship [18]

Dimen-
. sions DWT | Reactor .
Ship name | Country (LOA, | (ton) type Ship type
Beam)
savamnah | USA  [*9-0M] 13509 | PWRx 1| Container
. 26.3m- KLT-40M
Sevmorput Russia 32.20m 33900 1 Icebreaker
Mutsu Japan li%nr:]— 8242 |PWRx1| Cargo
172m - .
Otto Hahn | Germany 234m 1400 | FDR x1 | Ore Carrier
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has the potential to become a cornerstone of a more sustainable, ef-
ficient, and technologically advanced maritime industry. The suc-
cessful deployment of SMRs could play a pivotal role in the global
energy transition, driving the move toward low-carbon shipping and

supporting the development of a greener maritime sector.

4. Discussions

4.1. Pressurized Water Reactors

PWRs have become the effective design for maritime nuclear
propulsion due to their simplicity, safety, and compactness, mak-
ing them the preferred choice for nuclear-powered vessels. These
features are particularly beneficial for cargo ships, as they opti-
mize cargo space. Modern PWR-based nuclear plants now meet
significantly higher safety standards than their earlier counter-
parts, with lower costs compared to designs from the 1990s. This
progress has largely been driven by the integration of passive
safety systems and the simplification of plant design, with addi-
tional reductions in complexity possible for naval reactors, which
are in continuous operation at sea. However, one major challenge
is the need for reinforced piping and heavy pressure vessels to
maintain water in a liquid state at high pressure and temperature,
which significantly raises construction costs. Furthermore,
PWRs typically require refueling certain time, necessitating re-
actor shutdowns for several weeks to complete the refueling pro-
cess, interrupting continuous operation. Another concern is the
potential contamination of the coolant with boric acid, which, alt-
hough the primary coolant cycle remains uncontaminated, can
leach into the system. This acid is corrosive to carbon steel, and
its presence may lead to the circulation of radioactive products,
potentially damaging the reactor and limiting its operational
lifespan due to radiation exposure.

Despite these advancements, several challenges remain, in-
cluding high capital costs, concerns over nuclear proliferation,
and stringent regulatory standards. While nuclear facilities are
subject to performance-based regulations, merchant vessels must
comply with prescriptive standards, which can increase opera-
tional complexity. Nuclear-powered ships are also subject to
comprehensive inspections by nuclear authorities, necessitating
specialized expertise and infrastructure, which drives up costs,
particularly for a limited fleet. Ownership and management of
nuclear waste further complicate the process. Public concern
about nuclear energy, fueled by disasters like Chernobyl and Fu-
kushima, has led many nations to abandon nuclear power, result-

ing in entry restrictions for nuclear-powered merchant vessels

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 6, 2024. 12 397



Nuclear propulsion in cargo ship: A Pathway to the future of emission-free shipping?

such as the NS Otto Hahn and NS Sevmorput at various ports.
The reactor compartment's structural design aboard ships must
be meticulously engineered to withstand the dynamic stresses of
seaway conditions, such as slamming, whipping, and vibrations.
Ensuring effective strain distribution and accommodating stress
relaxation across the structure is crucial to minimizing the risks
of fatigue and brittle fracture. While land-based reactors are de-
signed to withstand direct impacts, such as from aircraft, adapt-
ing these safety measures for marine environments requires spe-
cial attention. Unlike land-based installations, which are fixed to
the ground, ships operate in water, a medium unable to resist
shear forces. Therefore, maintaining the ship's intact and damage
stability is critical to ensuring the safe operation of a marine nu-

clear reactor.

4.2. Nuclear Fuel Cycle

The nuclear fuel cycle starts with the extraction of uranium,
which is obtained through a variety of mining techniques, such
as open-pit mining, underground mining, and in-situ leaching, all
of which produce uranium ore. This ore is then processed to ob-
tain uranium oxide concentrate. However, this concentrate can-
not be directly used in most reactors, as only a small percentage
(less than 1%) of natural uranium is fissile. To address this, the
concentrate undergoes an enrichment process, which increases
the concentration of the fissile uranium isotope.

The fuel cycle progresses through several key stages: conver-
sion, enrichment, fuel fabrication, and utilization in reactors. Af-
ter the fuel is used in the reactor, the cycle continues with the
storage of spent fuel, followed by either reprocessing or disposal.
Reprocessing allows the nuclear fuel cycle to operate as a closed

loop, enabling the recovery and reuse of fissile materials.

Fuel Reactor Interim
Fabrication Storage
Spent Fuel
Reprocessing
Disposition

Figure 4: Fuel cycle [13]

4.3. Life Cycle Cost

In conventionally powered cargo ships, operational costs are
spread out over the lifespan of the ship, whereas nuclear-powered
ships incur a significant portion of their costs upfront during the
initial purchase. By the third quarter of 2022, the uranium spot
price had risen to approximately USD $52.00/Ib UsOs, reflecting
a notable increase from around USD $32.00/Ib during the same
period in 2021 [33]. This represents a growth of roughly 42%
since 2021 and an overall rise exceeding 64% over the past two
years. This sustained upward trend has revitalized the uranium
production sector, prompting several major producers to consider
resuming operations that were previously halted and placed un-
der care and maintenance due to prolonged low spot prices.

The production of nuclear fuel is a well-established technol-
ogy that has undergone significant advancements over time,
driven by the adoption of automation and digitization. These im-
provements have resulted in reduced operational waste, en-
hanced worker radiation protection, and notable advancements in
economic efficiency. For instance, fuel cycle durations have been
extended from 12 to 18 months or even 24 months, achieving
higher burnup rates. Reliability has also been improved through
measures such as reducing fuel failures, developing advanced
fuel designs to prevent assembly bowing, enhancing seismic per-
formance, and incorporating innovations like doped fuel, liner,
and duplex cladding for better corrosion resistance.

Furthermore, sustainability has been enhanced by enabling the
recycling and multi-recycling of nuclear fuel for both light water
reactors (LWRs) and fast reactors. Currently, global nuclear fuel
fabrication capacities are sufficient to meet the projected demand
for nuclear power, supporting both existing and future energy
needs.

Given current fuel prices, nuclear propulsion becomes cost-
effective mainly when assessed on a total life-cycle cost basis.
However, with the maritime industry transitioning toward distil-
late fuels and the potential introduction of carbon taxes, the eco-
nomic appeal of nuclear power is increasingly evident. This dis-
tinct cost structure of nuclear-powered ships suggests that the tra-
ditional methods for determining chartering rates would need
substantial revision to accommodate the unique economic model

of nuclear propulsion.

4.4. Public Acceptance
The acceptance of nuclear-powered vessels within a nation's
territorial waters, from both regulatory and public perspectives,

remains a subject of ongoing interest. While nuclear-powered
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vessels have historically operated internationally, establishing a
precedent for global trade decades ago, their potential for inte-
gration into today’s merchant fleet warrants further considera-
tion. For instance, the Russian icebreaker NS 50 years of victory,
operated by several adventure cruise companies, currently offers
Arctic expeditions, accommodating up to 128 passengers. De-
parting from Murmansk in the summer months, this vessel illus-
trates that at least one country permits nuclear-powered ships in
its waters, and that passengers are willing to embark on such ves-
sels. These cruise companies are transparent about the vessel’s
nuclear propulsion, openly highlighting its power source in their
marketing materials to ensure prospective passengers are well-

informed.

5. Lessons Learned

From an engineering perspective, the development of a nuclear
propulsion system for cargo ships is technically feasible, partic-
ularly with the wealth of design experience already accumulated.
The design process should adhere to a safety-case framework,
integrating considerations from nuclear, mechanical, electrical,
and naval architecture disciplines, with an emphasis on ensuring
the safety of the nuclear plant above all else. A successful design
must involve early evaluations of potential failures across both
ship systems and nuclear plant components, as issues in one area
could affect the other.

The mentioned research in this paper has shown that PWR
technology is the most commonly applied nuclear propulsion
system at sea, having demonstrated remarkable reliability over
more than 55 years of maritime use. While other nuclear technol-
ogies are emerging with potential for marine applications, the in-
tegration of nuclear systems into ships requires a fundamental re-
design of the vessel’s layout to optimize reactor performance.
Critical design factors include the reactor’s placement and the re-
inforcement of structural protections against impacts and vibra-
tions, with particular focus on absorbing and distributing impact
forces. Studies of PWR use in merchant vessels reveal no signif-
icant technological barriers to the construction and operation of
nuclear-powered merchant ships.

For initial applications in merchant shipping, a conventional
PWR combined with a steam turbine propulsion system would
likely be chosen. This configuration could drive the ship's main
propulsion through a locked-train, double-reduction gearbox,
with steam diverted to power turbo-generators. Alternatively, the

main steam turbine could also serve as a turbo-generator for an
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electrically driven vessel, a promising option for ships with high
non-propulsion power requirements, such as those for hotel ser-
vices.

Key takeaways from early nuclear propulsion experiments in-
dicate that while these technologies offered a promising path to
zero greenhouse gas emissions, they were constrained by the lim-
itations of their time. Even if nuclear propulsion had continued
in commercial fleets, the high operational costs would have made
these ships economically unviable, resulting in their phase-out
and relegation to niche uses without significantly influencing the
mainstream development of maritime technology.

The primary insights gained from these experiments include:

°  Nuclear-powered ships are associated with significant life-
cycle costs, which remain challenging to estimate with pre-
cision.

°  Experimental vessels were typically owned by state-run
companies, with the responsibility for both costs and ben-
efits lying with the nations overseeing them throughout
their life cycle. Unlike modern shipping practices involv-
ing "flags of convenience,” these vessels remained under
the control of their home countries.

° Merchant vessels often do not meet stringent vibration
standards, so careful attention to vibration characteristics
within machinery spaces is vital for nuclear applications.
Steam-driven prime movers, when properly installed and
maintained, produce minimal vibration and can be effec-
tively mounted to isolate the reactor plant and primary cir-
cuit from vibrations caused by the propeller and sea condi-
tions. Insights gained from deploying nuclear reactors on
aircraft carriers and other surface vessels provide useful
guidance for addressing vibration challenges in merchant
ships.

Valuable insights were gained in marine safety and nuclear
technology, such as the development and testing of ship reactor
control rod drives. However, these lessons are less applicable in
today’s shipping practices, which have evolved with modern

technologies and organizational structures.

6. Conclusions
Nuclear power has a long history in marine propulsion, with
applications in both military and commercial sectors. A critical
takeaway from nuclear propulsion is that the successful integra-
tion of nuclear energy in shipping hinges on the establishment of

a comprehensive regulatory framework. The transnational and
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mobile nature of maritime operations, combined with a frag-
mented and evolving regulatory landscape, introduces significant
ethical challenges to the reintroduction of nuclear propulsion.
These complexities currently pose major barriers to the wide-
spread adoption of nuclear technology within the shipping indus-
try.

The majority of maritime nuclear experience involves PWR
systems. However, due to safety concerns related to reinforced
piping, heavy pressure vessels, robust reactor design, radiation
protection, and the containment of radioactive materials in
PWRs, small modular reactors (SMRs) such as SMART,
BANDI-60, SMR-160/300, and RITM-200 have been developed
to address the evolving economic, safety, and environmental
challenges faced by the nuclear industry. Public perception re-
mains a significant challenge, though it is believed that these con-
cerns can be addressed. The actions and policies of port and flag
states will be pivotal in determining the future integration of nu-
clear propulsion in the maritime industry. However, some na-
tions, and by extension their port states, already permit nuclear-
powered vessels to enter their ports, signaling a degree of ac-
ceptance for this technology.

Key insights derived from the research questions, literature re-
view, and lessons learned include the following conclusions:

(1) The construction of nuclear-powered merchant vessels for
ocean freight is unlikely unless life-cycle costs and infra-
structure support are substantially optimized compared to
conventional vessels.

(2) The development of nuclear enrichment process and sys-
tem are essential for application of marine cargo nuclear
powered ship.

(3 Incorporating nuclear technology into a ship’s design re-
quires significant modifications to the traditional layout to
create an environment conducive to the reactor’s operation.
A major consideration is the precise placement of the reac-
tor, along with robust protection against collisions and vi-
brations. The surrounding structure should be engineered
to absorb and distribute impact forces, minimizing the risk
to the reactor.

(@) Policy of import and export uranium is importance to pro-
cess nuclear powered ship.

Port and coastal state acceptance remains a fundamental chal-

lenge. For any nuclear-powered merchant vessel, a designated
flag state, home port, and service base must be established and

maintained throughout its operational lifespan. Consensus on the
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rights of flag and port states must be reached before further trials

can proceed.
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