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Abstract: Liquefied natural gas (LNG) is increasingly used in marine propulsion and
transport, with cargo tanks being a critical component affecting vessel safety and efficiency.
Existing studies on conventional LNG carriers and LNG dual-fuel vessels have focused on
typical independent tank types (A, B, and C), examining their structural characteristics,
load-bearing mechanisms, and application scenarios. LNG carrier tanks are designed for
large-volume, long-term storage with emphasis on low-temperature performance, fatigue
resistance, and deformation control, whereas dual-fuel vessel tanks prioritize safety,
compactness, and flexible arrangement for fuel supply. Current research combines
theoretical analysis, numerical simulation, and regulatory comparison to evaluate tank
mechanical responses and thermal behavior under low-temperature, pressure, and wave-
induced loadstt. Type C tanks, particularly the bi-lobe double-tank configuration, are
highlighted for their excellent pressure resistance, insulation performance, and space
utilization, making them the preferred choice for small- and medium-sized dual-fuel vessels.
These studies provide important references for tank structural optimization, material
selection, and safety assessment, while also offering methodological guidance for future
integrated LNG fuel system design and lightweighting research.

1. Introduction

With the increasing global emphasis on environmental protection and carbon emission reduction,
the shipping industry is undergoing a significant transition toward green and sustainable
development. Conventional ships are mainly powered by heavy fuel oil or marine diesel engines,
which emit large amounts of carbon dioxide (COz), sulfur oxides (SOy), and nitrogen oxides (NOy),
posing serious threats to air quality and contributing to climate change. As a cleaner and more
efficient alternative fuel, liquefied natural gas (LNG) has gained widespread attention in the
maritime sector’s decarbonization process. Compared with conventional marine fuels, LNG offers
remarkable advantages in reducing SO, NO,, and particulate matter emissions, providing
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shipowners with a technically mature, economically viable, and regulation-compliant solution.
Since January 1, 2020, the International Maritime Organization (IMO) has enforced the global
sulfur cap regulation (IMO 2020), which limits the sulfur content in marine fuels to 0.50% m/m for
ships operating outside Emission Control Areas (ECAs), down from the previous 3.50% m/m. Hin
designated Sulfur Emission Control Areas (SECAs) — including the Baltic Sea, the North Sea, the
North American coast, and the United States Caribbean Sea — an even stricter limit of 0.10% m/m
applies. Because sulfur is almost completely removed during the liquefaction of natural gas, LNG-
powered vessels can inherently meet the 0.10% sulfur limit without complex fuel switching or
additional exhaust gas treatment systems(®l. Consequently, the IMO 2020 regulation has become a
strong policy driver accelerating the commercialization and adoption of LNG as a marine fuel.

2. Structure of Independent Cargo Tanks

In LNG ship applications, the design and function of cargo tanks depend on the vessel’s purpose
and operating conditions. In general, the cargo tanks of LNG carriers are primarily designed for
large-scale loading and long-distance transportation of liquefied natural gas, whereas those on LNG
dual-fuel ships serve mainly for fuel storage and gas supply. Consequently, the two types differ
significantly in structural configuration, design requirements, and operational characteristics.

LNG carriers are typically equipped with large-capacity cargo tank systems that closely interact
with the ship’s hull structure, requiring them to simultaneously meet multiple demands such as
cryogenic containment, fatigue resistance, and deformation tolerancel®l. In contrast, the fuel storage
systems of LNG dual-fuel ships generally adopt independent cargo tanks, which are entirely self-
supporting and structurally separate from the ship’s primary load-bearing framework. Their strength
?n(]j integrity are unaffected by hull deformation, providing high structural independence and safety
2,3

According to the International Code for the Construction and Equipment of Ships Carrying
Liquefied Gases in Bulk (IGC Code)!™, independent cargo tanks are classified into three types—
Type A, Type B, and Type C—Dbased on their design pressure and geometric configuration. Among
them, Type C cargo tanks, featuring excellent pressure resistance, compact structure, and flexible
arrangement, are the most widely used in small- and medium-sized LNG dual-fuel ships®*31,

2.1. Type A Independent Cargo Tank

In LNG dual-fuel-powered vessels, Type A independent cargo tanks are relatively uncommon
but are still applied in certain specialized designs. This tank type typically adopts a prismatic or
box-shaped configuration, belonging to the fully refrigerated, non-pressure type. It demonstrates
excellent low-temperature adaptability but cannot withstand high internal pressures.

A Type A cargo tank consists of a primary barrier and a secondary barrier, with the latter often
formed by part of the ship’s hull structure. The materials used for these barriers must possess low-
temperature resistance to prevent leakage risks. Internally, longitudinal bulkheads are generally
installed to reduce liquid sloshing, thereby enhancing the operational safety and stability of the
vessel.

Originally, Type A tanks were mainly used in LPG carriers, but with improvements in structure
and materials, their application scope has expanded!l. For example, the A-BOX type LNG carrier
developed by China Merchants Group relocated the insulation layer from the outside of the tank to
the inner side of the hull and optimized the mechanical and thermal properties of the base material.
These modifications enhanced the insulation performance and structural reliability of the cargo tank,
enabling it to safely contain LNG. Such developments have opened new possibilities for the use of
Type A tanks in LNG fuel storage systems[“l. A cross-sectional schematic of this tank type is shown

49



in Figure 1.
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Figure 1. Schematic cross-section of a Type A independent cargo tank.
2.2. Type B Independent Cargo Tank

In LNG-fueled vessels, the B-type independent cargo tank is designed as a semi-pressurized,
fully refrigerated containment system. It offers a balance between the non-pressurized A-type and
the fully pressurized C-type tanks. The B-type tank features a spherical or prismatic structure,
typically equipped with a primary barrier and a partial secondary barrier to ensure safety in case of
leakage.

Structurally, the B-type tank is characterized by its enhanced stress analysis and fatigue
evaluation, which are required to determine its stress levels, fatigue life, and crack propagation
behavior according to the IMO IGC Code!*®l. This design process involves model testing and finite
element analysis (FEA) to ensure the tank’s reliability under cyclic loading and cryogenic
conditionst!,

In LNG dual-fuel ships, the B-type tank is less commonly used than the C-type due to its
complex design and high manufacturing cost. However, it provides superior thermal insulation and
structural safety, making it suitable for medium-scale LNG carriers and specific dual-fuel
applications where both storage capacity and safety are prioritized(..

Figure 2. Cross-sectional schematic of a Type-B prismatic cargo tank.
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Figure 3. Cross-sectional schematic of a Type B spherical independent cargo tank.

The most representative configuration of the B-type independent tank is the MOSS-type
spherical tank, widely recognized for its high safety, robust strength, and excellent resistance to
thermal contraction!®. The schematic structure of a B-type cargo tank is shown in Figure 2,3.

2.3. Type C Independent Cargo Tank

The Type C independent cargo tank belongs to the fully pressurized tank category, and its design
and construction comply with pressure vessel standards®®*®l. According to differences in design
pressure, structural configuration, and installation arrangement, Type C tanks can be divided into
single-C, double-C, and triple-C structures This type of tank is typically supported by saddle
foundations to ensure uniform load distribution and structural stability™.Unlike Type A and B
tanks, the Type C tank does not require a secondary barrier, as its integrity is entirely maintained by
the pressure-resistant shell itself(l.

The design pressure of a Type C tank generally does not exceed 2.16 MPa, and it can operate
under either fully refrigerated or semi-refrigerated conditions, offering excellent pressure resistance
and thermal insulation™*4, Based on insulation methods, Type C tanks can be classified into two
categories: double-walled vacuum-insulated tanks and single-walled pressure tanks with external
insulation.
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Figure 4. C-type twin cylindrical liquid cargo tank.
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Figure 5. C-type twin-compartment cylindrical liquid cargo tank.

Among them, the single-C tank adopts a single cylindrical structure, featuring simple
manufacturing and low cost but relatively low space utilization, thus it is less commonly used. The
triple-C tank, composed of three intersecting cylinders, can further improve internal volume
efficiency but is structurally complex and costly, and therefore used mainly in specialized vessels!3,
In contrast, the double-C (bi-lobe) tank combines high space efficiency, favorable stress distribution,
and mature fabrication technology, making it the most widely used Type C tank configuration in
current LNG dual-fuel vessels61. The cross-sectional schematics of Type C independent cargo
tanks are shown in Figures 4 and 5.

3. Comparative Analysis of LNG Carriers and LNG Dual-Fuel Vessels

Although both LNG carriers and LNG dual-fuel vessels utilize liquefied natural gas as a
cryogenic medium, they differ significantly in functional orientation, system design, and operational
characteristics. LNG carriers are primarily designed for large-scale transoceanic transportation, with
cargo tanks emphasizing high capacity and long-term cryogenic retention performance. In contrast,
LNG dual-fuel vessels use LNG mainly as a clean fuel source, with tank systems that place greater
emphasis on safety, layout flexibility, and system integration.

Structurally, LNG carriers commonly adopt membrane-type cargo containment systems (e.g.,
GTT NO96, MARK I1I) or Type B independent tanks (MOSS spherical tanks), which provide large
storage capacities but relatively low pressure resistance. LNG dual-fuel vessels, on the other hand,
typically employ Type C independent tanks that exhibit excellent pressure endurance and wave load
resistance, making them suitable for medium- and small-sized shipst®. As Type C tanks are
structurally independent of the ship’s hull, they offer enhanced flexibility in spatial arrangement,
inspection, and safety protection(*®],

From an operational perspective, LNG carriers are designed for long voyages and large cargo
volumes, requiring stable cryogenic conditions and efficient boil-off gas (BOG) recovery systems.
LNG dual-fuel vessels, by contrast, operate on shorter cycles and place greater emphasis on start-up
convenience, shutdown flexibility, and the safety of the fuel gas supply system!®12,

To provide a more intuitive comparison of the cargo containment systems and corresponding
research focuses of the two vessel types, Table 1 presents a systematic comparison of their key
characteristics.
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Table 1. Comparison of cargo tank systems of LNG carriers and dual-fuel ships.

Comparison Dimension

LNG Carriers

LNG Dual-Fuel Vessels

Functional Role

Large-scale LNG
transportation for long
voyages

Fuel storage for main and
auxiliary engines

Main application types of
cargo tanks

Membrane or Type B
independent tanks

Type C independent tanks
(single-, double-, or triple-C)

Design Focus

Large capacity, thermal
insulation, and structural
integrity

Pressure resistance, safety,
and system integration

Operational Characteristics

Long voyage, stable
cryogenic environment, and
BOG recovery

Short voyage, flexible
startup/shutdown, and tank
pressure control

Structural Features

Integrated with the ship’s hull

Structurally independent
from the hull

Research Focus

Fatigue strength and
insulation optimization

Pressure control and fuel
system safety

Development Trend

Intelligent monitoring and
energy-efficient design

Modular configuration and
intelligent fuel management

3.1. Summary of Design Characteristics and Research Methods

This chapter reviews the design characteristics and research methodologies of LNG carriers and
LNG dual-fuel ship cargo containment systems. The objective is to systematically compare the
differences between the two ship types in terms of structural configuration, material properties,
thermal performance, and system integration, while summarizing the main technical approaches and
analytical methods adopted in existing studies.

3.2. Structural Configuration and Mechanical Performance

LNG carriers typically employ independent Type A or Type B cargo tanks, which are
characterized by large capacity and low design pressure—well-suited for long-distance, large-scale
LNG transportation.

In contrast, LNG dual-fuel ships commonly utilize independent Type C cargo tanks that meet
pressure vessel standards, providing higher pressure resistance and superior load-bearing
capacity!*®l,

Studies indicate that cargo tank design must comprehensively account for complex operating
conditions such as hydrostatic pressure, wave loads, hull deformation, and liquid sloshing!*4l. The
finite element method (FEM) is widely used to analyze stress distribution and fatigue life under
multi-load coupling conditions, ensuring structural safety and stability.

3.3. Material Properties and Cryogenic Performance

Cargo tank materials must exhibit excellent cryogenic toughness and crack resistance. LNG
carriers generally employ 9% nickel steel or austenitic stainless steel to withstand the extremely low
temperature of —163 °C, whereas dual-fuel ship tanks often use aluminum alloys or stainless-steel
composites to balance high-pressure capability with maintainability!*®l. Research methods mainly
include material property testing, low-temperature impact and fatigue tests, weld joint reliability
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evaluation, and microstructural analysis. Recent research trends emphasize the development of
lightweight, high-toughness, and cryogenic-resistant composite materials to enhance the overall
performance of LNG cargo tanks*4l,

3.4. Liquid Sloshing and Thermal Performance

Liquid sloshing is a key factor affecting the structural safety and operational stability of LNG
cargo tanks. Due to their larger tank volume, LNG carriers experience more pronounced sloshing
effects, leading to stress concentration and fatigue damage. In contrast, the smaller and stiffer Type
C or dual-cylinder tanks used in dual-fuel ships exhibit weaker sloshing behavior but may
experience localized pressure fluctuations(®l,

Typical research approaches include computational fluid dynamics (CFD) simulation, fluid—
structure interaction analysis, and full-scale sloshing monitoring. The main focus lies in optimizing
tank geometry and anti-sloshing structures to mitigate localized loads and improve thermal stability
under wave-induced conditions!®* Thermal simulations are further employed to analyze
temperature distribution and heat transfer mechanisms within the tank, providing a theoretical basis
for insulation optimization.

3.5. Insulation Performance and BOG Management Systems

The insulation performance of LNG cargo tanks directly affects LNG evaporation rates and
energy losses. LNG carriers generally adopt multilayer composite or double-wall vacuum insulation
structures equipped with boil-off gas (BOG) recovery and reliquefaction systems, ensuring
transportation efficiency and storage stability during long voyages. Dual-fuel ships, on the other
hand, emphasize compact and high-efficiency insulation designs while simplifying BOG
management systems to achieve rapid fuel supply response and operational flexibility. Research
methods include thermal performance testing, heat transfer modeling, and evaporation loss analysis.
Recent studies increasingly focus on integrated thermal management and energy recovery
optimization to improve overall system efficiency(®41,

3.6. Tank Arrangement and System Integration

Cargo tank arrangement significantly influences a ship’s stability, safety, and space utilization.
LNG carrier tanks are typically arranged within the main hull framework to achieve a low center of
gravity and maximize cargo capacity. Dual-fuel ships tend to adopt modular or deck-mounted
configurations to improve flexibility and ease of maintenancel*?.System integration research mainly
focuses on coordinated design among cargo tanks, fuel supply systems, ventilation systems, and
monitoring subsystems. Methods include multi-parameter design analysis, layout optimization, and
system coupling simulation, aiming to enhance overall safety and operational efficiency!*16l,

3.7. Research Methods and Optimization Strategies

Studies on LNG cargo containment systems commonly combine theoretical analysis, simulation
modeling, and engineering validation.
(1) Standards and regulatory comparison—based on the International Code for the Construction
and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code) and classification
society requirements?3l—to clarify design constraints and boundary conditions.
(2) Finite element and CFD simulations®“—to evaluate structural strength, sloshing response,
and thermal behavior.
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(3) Operational data verification!®—to validate simulation
monitoring data.

The research methods and optimization strategies are summarized in Table 2.

reliability using full-scale

Table 2. Summary of research methods and optimization strategies.

Typical .
Research Focus | LNG Carrier LNG g)I;Jial-Fuel Research (I)Dtgl'?catlir\ye
P Method )
ir-ml;l):apirf(\j/;t Type C pressure Improve
Structural P tanks, high- FEA structural structural
e tanks, low- i ;
Characteristics pressure small simulation strength and
pressure large ; A .
. capacity fatigue life
capacity
- . Slgnlflcar_\t Mild sloshing, CFD simulation, | Optimize anti-
Liquid Sloshing | sloshing, fatigue | focus on local ! ) )
coupled analysis | sloshing design
concern stresses
Thermal Composite Compact Reduce boil-off
, ) . ) X Thermal
Performance & | insulationand | insulation, direct modeling and losses and
BOG reliquefaction BOG ng energy
. testing .
Management system combustion consumption
Arrangement | Installed within | Deck-mounted System Optimize spatial
& System main hull or modular integration utilization and
Integration framework layout analysis safety
Balance between L
o : . Modularization o Enhance overall
Optimization insulation Multi-objective
- and fuel supply A system
Strategy efficiency and . X optimization F
cost integration performance

4. Conclusions

This study summarizes the differences in structural design, material selection, thermal
performance, and system integration of LNG cargo tanks in conventional LNG carriers and LNG
dual-fuel vessels. LNG carriers are optimized for large capacity, low design pressure, and high
insulation for long-haul transport, while dual-fuel vessels emphasize pressure resistance, safety, and
flexible tank arrangement for medium- and short-range operations. These distinctions reflect their
respective functional requirements and engineering design strategiest®!.

Finite element and computational fluid dynamics analyses, combined with engineering data and
model validation®'4l, provide reliable tools for assessing tank integrity, sloshing effects, and
thermal behavior. Multi-objective optimization further supports the comprehensive design of tanks
with balanced safety, economy, and system integration.

Looking forward, the evolution of green shipping and intelligent vessels will drive LNG tank
development toward lightweight structures, high-efficiency insulation, and smart monitoring.
Advanced composite materials, intelligent boil-off gas management[®'4l and predictive health
monitoring are expected to play key roles in enhancing the operational performance and safety of

both vessel types.
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