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Editorial

Navigating a World of Contradictions

The maritime industry today stands at the crossroads of 
rapid technological progress and growing geopolitical 
uncertainty. While governments, industries, and 

international organisations pursue ambitious decarbonisation 
goals, conflicts and shifting alliances continue to disrupt 
trade, supply chains, and energy markets, reminding us 
that sustainability must coexist with security, resilience, and 
practical decision-making.

The wars in Ukraine-Russia and West Asia also raise an 
important environmental question. While shipping, ports, 
and industries report emissions, the greenhouse gases 
and ecological damage caused by military operations, 
infrastructure destruction, fires, and reconstruction remain 
largely unmeasured. Establishing an international framework 
to quantify, report, and review war-related environmental 
impacts would strengthen transparency, accountability, and 
global climate governance.

Amid these challenges, India has strengthened maritime 
resilience through the Bharat Maritime Insurance Fund, 
enhancing domestic insurance capacity against war-related 
risks. Simultaneously, expanding cooperation between 
the Directorate General of Shipping and South Korean 
shipbuilding organisations promotes technology transfer, 
workforce development, innovation, and industrial 
modernisation supporting Maritime Amrit Kaal Vision 2047.

India’s energy security has received a boost through 
offshore gas discoveries in the Andaman region and renewed 
hydrocarbon exploration in West Bengal, reinforcing the 
value of indigenous resources for long-term economic 
growth and strategic resilience.

Meanwhile the adoption of the MASS Code at MSC 111 marks 
a historic milestone in regulating autonomous shipping. 
Together with advances in artificial intelligence, digital 
twins, additive manufacturing, alternative fuels, and evolving 
environmental regulations, it signals a transformative era for 
global maritime operations and governance.

The articles in this issue explore these developments 
through practical case studies, engineering innovations, 
operational experience, and regulatory perspectives. They 
encourage readers to question assumptions, embrace 
continuous learning, and prepare for an industry where 
resilience, collaboration, and informed leadership will 
determine long-term success. As maritime professionals, 
we must continue adapting with purpose, curiosity, integrity, 
and confidence, ensuring every challenge becomes an 
opportunity to innovate, collaborate, and lead the global 
maritime community toward a safer, cleaner, and more 

resilient future for generations to come with shared 
responsibility.

The July 2026 issue presents a diverse collection of articles 
highlighting technological innovation, operational excellence, 
and the maritime industry’s transition towards a sustainable 
future.

Dr. Shibbu John explores how 3D printing and visualisation 
technologies are transforming maritime manufacturing 
through on-demand spare parts, predictive maintenance, 
digital inventories, and sustainable shipbuilding, improving 
efficiency while reducing costs, waste, and emissions.

Mr. Venkat examines tandem dry gas sealing systems for 
centrifugal compressors, focusing on API 692 best practices, 
gas conditioning, performance monitoring, and maintenance 
strategies that enhance reliability, safety, and environmental 
compliance.

Mr. Vikrant Rai explains the science behind greenhouse 
gases, carbon cycles, hydrogen pathways, Global Warming 
Potential, and lifecycle emissions, providing the scientific 
foundation for maritime decarbonisation and the transition 
to net-zero shipping.

Dr. Shantanu Paul reviews ammonia’s regulatory readiness 
as a marine fuel, discussing evolving IGC and IGF Code 
requirements, safety frameworks, crew competency, and the 
importance of regulatory clarity in driving future adoption.

Capt. Gajanan Karanjikar analyses the causes of marine 
engine overheating, highlighting the importance of thermal-
history analysis, root-cause investigation, and proactive 
cooling-water management to prevent machinery failures.

The NIOT team, in Part D of its Digital Twin series, 
introduces “Chaitanya,” an AI-powered Cognitive Digital 
Twin for Matsya 6000 that delivers real-time decision 
support, predicts emergencies, and optimizes battery and 
oxygen management during deep-ocean missions.

We hope this issue informs, inspires, and stimulates 
thoughtful discussion as the maritime industry navigates 
an era of rapid technological change and sustainable 
transformation. Happy reading!

Mani Ganapathi Ramachandran 
� Honorary Editor

Head – Engineering, HIMT 
editormer@imare.in

“The pessimist complains about the wind; the optimist expects it to 
change; the realist adjusts the sails.” — William Arthur Ward
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3D Technology for Shipbuilding, Ship Repair and 
Marine Manufacturing

ABSTRACT

The maritime sector, covering shipbuilding, ship 
repair, offshore engineering, boat construction 
and marine asset management, is experiencing 

a significant technological evolution driven by digital 
transformation, sustainability requirements, supply-
chain resilience and the need for enhanced operational 
efficiency. Conventional manufacturing and maintenance 
practices remain heavily dependent on extensive physical 
inventories, lengthy procurement cycles, labor-intensive 
documentation processes and subtractive manufacturing 
techniques that often result in material wastage, higher 
operating costs and increased environmental impact. 
As the industry seeks innovative solutions to improve 
competitiveness while complying with increasingly 
stringent environmental regulations, advanced digital 
technologies are emerging as critical enablers of change.

This paper explores the transformative impact of 3D 
Printing (Additive Manufacturing) and 3D Visualisation 
technologies on modern maritime operations. It examines 
the integration of 3D Scanning, Computer-Aided Design 
(CAD), Simulation, Digital Twin technology and Artificial 
Intelligence (AI) in creating a digitally connected maritime 
manufacturing ecosystem. The study highlights practical 
applications in ship repair and component reclamation, 
reverse engineering of obsolete parts, production of 
polymer and metal marine-grade components, large-scale 
boat manufacturing and digital inventory management.

Additive Manufacturing enables rapid, on-demand 
production of spare parts, reducing lead times, inventory 
expenses and vessel downtime while offering greater 
design flexibility and material efficiency. At the same time, 
3D Visualisation technologies provide accurate digital 
representations of vessels and equipment, supporting 
predictive maintenance, lifecycle asset management, 
condition monitoring and virtual inventory systems. 
Together, these technologies facilitate a transition from 
conventional inventory-driven operations to a data-centric 
manufacturing model that improves operational resilience 
and resource utilisation.

Furthermore, the adoption of these technologies 
contributes significantly to maritime decarbonisation 
through reduced material consumption, lower 
transportation requirements, minimised waste generation 
and support for circular economy principles. By aligning 
with Industry 4.0 initiatives and emerging sustainability 
frameworks, 3D Printing and 3D Visualisation are 
redefining how maritime assets are designed, produced, 
maintained and managed throughout their operational 
lifecycle.

This paper presents a strategic roadmap for 
implementing these technologies across shipyards, naval 
organisations, offshore operators and marine original 
equipment manufacturers (OEMs), demonstrating their 
ability to deliver substantial economic, operational, 
environmental and competitive advantages within the 
future maritime ecosystem.

Keywords : 3D Printing; Additive Manufacturing; 
3D Visualisation; Shipbuilding; Ship Repair; Marine 
Manufacturing; 3D Scanning; Digital Twin; Artificial 
Intelligence; Reverse Engineering; On-Demand 

Shibu John
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Manufacturing; Digital Inventory; Wire Arc Additive 
Manufacturing (WAAM); Direct Energy Deposition 
(DED); Predictive Maintenance; Industry 4.0; Sustainable 
Shipping; Circular Economy; Maritime Decarbonisation; 
Lifecycle Asset Management.

1. INTRODUCTION

Shipbuilding and marine engineering rank among 
the most capital-intensive and resource-demanding 
industries worldwide. Whether constructing large 
commercial vessels, naval ships, fishing vessels, leisure 
craft, or offshore structures, the sector faces a wide 
range of operational and economic challenges. These 
include extended manufacturing and repair lead times, 
dependence on global supply chains, scarcity of obsolete 
spare parts, excessive inventory holding, material wastage, 
environmental concerns and growing regulatory demands 
for sustainability and emissions reduction.

Traditionally, maritime manufacturing and maintenance 
have relied on centralised production systems and 
extensive physical inventories to ensure the availability 
of critical spare parts. While effective in supporting 
operational continuity, these practices often result in 
substantial capital blockage, warehousing expenses and 
inefficiencies arising from unused or obsolete inventory. 
Furthermore, conventional manufacturing methods 
typically involve material removal processes that generate 
significant waste and consume considerable energy.

The emergence of advanced 3D Technologies, 
particularly 3D Printing and 3D Visualisation, represents 
a paradigm shift in how maritime assets are designed, 
manufactured, repaired and maintained. Rather than 
producing and storing large quantities of components in 
advance, maritime stakeholders can now digitise assets, 
maintain virtual inventories and manufacture parts only 
when required, either at the point of use or close to 
operational locations.

This approach not only 
enhances responsiveness and 
flexibility but also strengthens 
supply-chain resilience, reduces 
inventory costs and supports 
sustainabil ity objectives. 
Through the integration of 
addit ive manufactur ing, 
digital visualisation, simulation 

technologies and artificial intelligence, a new digital 
maritime manufacturing ecosystem is emerging.

3D GRAPHY envisions this transformation as a fully 
connected Digital Maritime Manufacturing Ecosystem, 
where digital design, virtual asset management, 
on-demand production and intelligent analytics combine 
to optimise the entire lifecycle of maritime assets.

2. OVERVIEW OF 3D TECHNOLOGY IN THE 
MARITIME SECTOR

2.1 3D Printing (Additive Manufacturing)

3D Printing, commonly referred to as Additive 
Manufacturing (AM), is a production process that creates 
components layer by layer directly from digital models. 
Unlike conventional subtractive manufacturing techniques 
that remove material from a larger workpiece, additive 
manufacturing uses only the material necessary to 
build the component. This significantly reduces waste, 
enables complex geometries and supports decentralised 
production capabilities.

The maritime sector is increasingly adopting a range 
of additive manufacturing technologies to meet diverse 
operational requirements. Key technologies include:

Polymer-Based Technologies

•	 Fused Deposition Modelling (FDM)
•	 Stereolithography (SLA)
•	 Selective Laser Sintering (SLS)
•	 Digital Light Processing (DLP)

Metal-Based Technologies

•	 Direct Energy Deposition (DED)
•	 Wire Arc Additive Manufacturing (WAAM)
•	 Powder Bed Fusion (PBF)

Rebuild, Reuse, 
Reclaim: The Future 

of Ship Repair
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Large-Format Additive Manufacturing

•	 Boat hull fabrication
•	 Structural marine components
•	 Large moulds and tooling systems

These technologies enable shipyards and marine 
operators to manufacture complex components with 
reduced lead times, lower tooling requirements and 
improved production flexibility.

2.2 3D Visualisation Technologies

While additive manufacturing provides the capability 
to fabricate physical components, 3D Visualisation 
technologies form the digital foundation that supports 
the entire process. They enable accurate capture, 
analysis, simulation and management of maritime assets 
throughout their lifecycle.

Major 3D Visualisation technologies include:

•	 3D Scanning for reverse engineering and as-built 
documentation

•	 3D CAD modelling for design creation and optimisation
•	 Simulation tools for structural validation and 

performance analysis
•	 Digital Twin technology for real-time asset monitoring 

and lifecycle management
•	 AI-powered analytics for predictive maintenance and 

operational optimisation

Together, these technologies create a digital-first 
framework that improves decision-making, enhances 
maintenance planning and supports efficient shipbuilding 
and repair operations. By combining virtual asset 
representation with advanced manufacturing capabilities, 
maritime organisations can achieve higher levels of 
efficiency, reliability and sustainability.

3. 3D PRINTING FOR 
SHIP REPAIR AND 
RECLAMATION

3.1 Challenges in 
Conventional Ship Repair

Ship repair operations are 
often constrained by the urgent 

requirement for replacement components and spare 
parts. Many vessels continue to operate for decades, 
resulting in frequent demand for parts that are either 
obsolete, discontinued, or no longer supported by original 
equipment manufacturers (OEMs). In many cases, these 
components must be sourced internationally, leading to 
extended lead times, high transportation expenses and 
increased vessel downtime.

Shipyards and repair facilities are therefore faced with 
significant challenges, including:

•	 Unavailability of legacy or discontinued components
•	 Dependence on foreign suppliers and complex supply 

chains
•	 High procurement and logistics costs
•	 Critical time constraints during repair periods
•	 Increased downtime affecting operational efficiency 

and profitability

Traditional repair methods often involve machining 
replacement parts from solid metal stock. While effective, 
these methods typically generate considerable material 
waste, require specialised tooling and extend repair 
schedules.

3.2 Additive Manufacturing for Repair Parts

Additive Manufacturing offers a transformative solution 
to these challenges by enabling rapid, localised and 
on-demand production of replacement components. 
Through advanced 3D scanning technologies, damaged 
or obsolete parts can be digitally captured and reverse 
engineered to create accurate replacement models.

Key applications include:

•	 Reverse engineering of worn or obsolete components
•	 On-demand production of spare parts within shipyards

Less Waste,  
Lower Emissions, 

Greater 
Operational 
Efficiency
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•	 Fabrication of replacement parts near operational 
locations

•	 Repair and restoration of damaged assemblies
•	 Manufacture of customised components with improved 

performance

Common maritime repair applications include:

•	 Pumps and pump casings
•	 Valves and valve components
•	 Impellers and rotating equipment
•	 Ducting systems
•	 Brackets and structural supports

•	 Housings and protective enclosures
•	 Cable trays and routing systems
•	 Clamps, connectors, seals and gaskets

Advanced metal additive manufacturing technologies 
such as Direct Energy Deposition (DED) and Wire Arc 
Additive Manufacturing (WAAM) provide additional 
opportunities for component reclamation. Instead of 
replacing entire assemblies, worn surfaces can be rebuilt 
and restored through material deposition techniques, 
extending component life while significantly reducing 
maintenance costs and material consumption.

This approach improves repair turnaround times, 
enhances asset availability and strengthens supply-chain 
resilience for maritime operators.

4. POLYMER-BASED PARTS IN SHIPBUILDING 
AND MARINE APPLICATIONS

4.1 Advantages of Polymer 3D Printing

Polymer-based additive manufacturing has emerged 
as one of the most accessible and versatile applications 
of 3D printing within the maritime industry. Modern 

marine-grade polymers provide excellent resistance to 
harsh operating environments and can be engineered 
to withstand a variety of mechanical and environmental 
stresses.

These materials offer resistance to:

•	 Corrosion and saltwater exposure
•	 Chemical attack from fuels and lubricants
•	 Ultraviolet radiation
•	 Moisture absorption
•	 Temperature fluctuations

Polymer additive manufacturing also provides several 
operational advantages, including:

•	 Lightweight components that reduce vessel weight
•	 Enhanced design flexibility and geometric freedom
•	 Integrated channels and complex internal structures
•	 Rapid design modifications and customisation
•	 Elimination of expensive tooling requirements

These benefits make polymer-based manufacturing 
particularly suitable for both prototype development and 
end-use maritime applications.

4.2 Applications in Shipbuilding

Shipyards are increasingly incorporating polymer-based 
additive manufacturing into daily operations. Components 
can be produced quickly and cost-effectively while 
meeting specific functional requirements.

Typical applications include:

•	 Ventilation ducts and airflow management systems
•	 Protective covers and equipment housings
•	 Electrical enclosures and cable protection units
•	 Interior fittings and furniture components
•	 Instrument and sensor mounting systems

• �Protective casings for 
electronic equipment

• �Manufacturing jigs and 
assembly fixtures

• �Custom maintenance tools 
and support devices

Virtual  
Inventories, Real 

Savings, Immediate 
Availability
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For shipbuilders, polymer 3D 
printing enhances productivity 
by reducing fabrication 
time, simplifying installation 
procedures and improving 
maintenance accessibility. The 
technology also enables rapid 
prototyping, allowing design 
teams to evaluate and optimise 
components before final production.

5. BOAT MANUFACTURING AND LARGE-SCALE 
3D PRINTING

5.1 3D Printed Boats: A New Manufacturing Paradigm

Large-scale additive manufacturing is revolutionising 
boat construction by enabling direct fabrication of sizeable 
marine structures. Unlike traditional boatbuilding methods 
that depend heavily on moulds, plugs and specialised 
tooling, large-format 3D printing allows components to 
be manufactured directly from digital designs.

Applications include:

•	 Boat hull sections
•	 Deck structures
•	 Internal support frameworks
•	 Composite moulds and plugs
•	 Customised marine structures

The reduction in tooling requirements significantly 
decreases development costs while accelerating 
production schedules. Designers also gain greater 
freedom to optimise hull forms and structural geometries 
without being constrained by traditional manufacturing 
limitations.

5.2 Benefits for Boat Builders

The adoption of large-scale additive manufacturing 
offers several advantages to boat manufacturers:

•	 Faster development and prototyping cycles
•	 Reduced tooling investment
•	 Greater design flexibility
•	 Customisation for specialised applications
•	 Lower material wastage

•	 Improved production efficiency
•	 Lightweight yet structurally efficient designs

These capabilities are particularly valuable for patrol 
vessels, leisure craft, workboats, autonomous marine 
systems and small commercial vessels where rapid 
production and customisation are essential.

6. DIGITAL INVENTORY MANAGEMENT 
THROUGH 3D VISUALISATION

6.1 Challenges of Physical Inventory Management

The maritime industry traditionally relies on maintaining 
extensive inventories of spare parts to ensure operational 
continuity. While this approach provides security, it also 
introduces significant inefficiencies.

Common challenges include:

•	 Large amounts of capital tied up in inventory
•	 Obsolescence of stored components
•	 High warehousing and storage expenses
•	 Logistics and transportation complexities
•	 Accumulation of unused material and scrap

For fleet operators managing multiple vessels, these 
challenges can represent a substantial financial burden.

6.2 The Digital Inventory Concept

The integration of 3D Visualisation and Additive 
Manufacturing introduces a fundamentally different 
approach to spare-parts management. Instead of storing 
physical components, organisations can maintain certified 
digital inventories consisting of validated 3D models.

Under this model:

•	 Physical inventories are replaced by digital libraries
•	 Components are stored as secure digital files

Transform 
 Physical 

Inventories into 
Digital Asset 

Libraries
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•	 Parts can be produced on demand when required
•	 Manufacturing can occur near the point of use
•	 Inventory costs and storage requirements are 

significantly reduced

Digital inventory systems improve flexibility, reduce 
waste and ensure faster access to critical components 
throughout a vessel’s operational lifecycle.

7. ENVIRONMENTAL AND SUSTAINABILITY 
IMPACT

7.1 Reduction in Material Waste

One of the most significant advantages of additive 
manufacturing is its efficient use of materials. Unlike 
conventional machining processes, which remove material 
to create components, additive manufacturing uses only 
the material necessary for production.

This results in reductions in:

•	 Metal scrap generation
•	 Polymer waste
•	 Material losses during fabrication
•	 Energy-intensive machining operations

The outcome is a more resource-efficient manufacturing 
process with lower environmental impact.

7.2 Lower Carbon Footprint

3D Printing contributes to maritime decarbonisation 
efforts through several mechanisms:

•	 Reduced transportation of spare parts
•	 Localised manufacturing near shipyards and ports
•	 Lower logistics-related emissions
•	 Reduced material consumption
•	 Lighter vessel components that improve fuel efficiency

Collectively, these benefits support global initiatives 
aimed at reducing greenhouse-gas emissions within the 
maritime sector.

7.3 Supporting the Circular Economy

Additive Manufacturing aligns closely with circular 
economy principles by prioritising repair, refurbishment 
and reuse over replacement.

Key contributions include:

•	 Extending equipment service life
•	 Reclaiming damaged components
•	 Supporting remanufacturing strategies
•	 Recycling polymers and metals
•	 Minimising waste generation

These practices support the sustainability objectives of 
the International Maritime Organization (IMO) and broader 
Environmental, Social and Governance (ESG) frameworks.

8. OVERALL BENEFITS OF 3D PRINTING AND 3D 
VISUALISATION IN MARITIME

Operational Benefits

•	 Reduced vessel downtime
•	 Faster repair and maintenance cycles
•	 Enhanced supply-chain resilience
•	 Improved operational flexibility

Economic Benefits

•	 Lower inventory holding costs
•	 Reduced capital blockage
•	 Improved asset utilisation
•	 Lower lifecycle operating expenses

Technical Benefits

•	 Greater design freedom
•	� Enhanced  eng ineer ing 

innovation
•	� Improved simulation-based 

optimisation
•	� Cost-effective customisation

Digital Twins 
Enable Smarter 
Maritime Asset 
Management
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Environmental Benefits

•	 Reduced waste generation
•	 Lower greenhouse-gas emissions
•	 Sustainable manufacturing practices
•	 Improved compliance with environmental regulations

9. ROLE OF 3D GRAPHY

As a leading 3D Technology Consortium, 3D GRAPHY 
plays a vital role in supporting digital transformation 
within the maritime sector. 

The organisation assists maritime stakeholders through:

•	 Technology consulting and implementation strategies
•	 Capability development and workforce training
•	 Industry–academia partnerships
•	 Pilot projects and proof-of-concept initiatives
•	 Conferences, workshops and knowledge-sharing 

platforms

Through initiatives such as 3D GEM, 3D GRAPHY 
brings together shipyards, marine engineers, researchers, 
technology providers and industrial stakeholders to 
accelerate the adoption of advanced manufacturing and 
visualisation technologies.

10. CONCLUSION

3D Printing and 3D Visualisation technologies have 
evolved from emerging innovations into strategic enablers 

of modern maritime operations. Their 
ability to support digital inventory 
systems, on-demand manufacturing, 
predictive maintenance, component 
reclamation and lifecycle optimisation 
is fundamentally changing how ships 
and marine assets are designed, 
constructed, repaired and maintained.

By reducing dependence on extensive physical 
inventories, minimising material waste, lowering carbon 
emissions and improving operational efficiency, these 
technologies provide a practical pathway toward a more 
sustainable and resilient maritime industry.

As digital transformation continues to reshape global 
shipping and marine manufacturing, organisations that 
embrace 3D Technology will gain significant advantages 
in competitiveness, cost efficiency, innovation and 
environmental performance. Through its ecosystem-
driven approach and technological expertise, 3D GRAPHY 
remains committed to advancing this transformation 
and helping shape the future of digital maritime 
manufacturing.
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served as a cornerstone of maritime dialogue and technological advancement for over four decades.

Organised in association with the Ministry of Ports, Shipping and Waterways, Government of India, and the 
Directorate General of Shipping, with the Indian Register of Shipping (IRS) as the Platinum Sponsor, INMARCO 
2026 serves as a powerful global platform. It unites national and international maritime stakeholders, policymakers, 
and industry pioneers to drive conversations that shape future policy frameworks and future-ready strategies.

•	 Event Name: INMARCO 2026 – International 
Maritime Conference & Exhibition

•	 Dates: 27–29 October 2026
•	 Venue: The Westin, Powai, Mumbai, Maharashtra, 

India
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•	 Organiser: The Institute of Marine Engineers 

(India) – Mumbai Branch
•	 Key Partners: Ministry of Ports, Shipping and 

Waterways (Govt. of India) & Directorate General 
of Shipping

•	 Platinum Sponsor: Indian Register of Shipping 
(IRClass)

Event at a Glance Core Theme: “Maritime Landscape 2030, 
Opportunities and Challenges”

As the maritime sector undergoes one of its 
most significant historical transitions, sustainability 
has shifted from a corporate objective to a critical 
global responsibility. INMARCO 2026 will spotlight 
the breakthrough innovations, regulatory policies, 
and cross-border collaborative efforts driving the 
industry’s journey toward aggressive decarbonization 
and net-zero shipping.

The next decade of maritime growth will be defined 
by rapid technological transformation. INMARCO 2026 
is set to showcase emerging technologies and smart 
solutions—including digitalization, Artificial Intelligence 
(AI), automation, and next-generation vessel 
operations—that are actively reshaping efficiency and 
safety in the global maritime ecosystem.
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For press credentials, interview requests with 
keynote speakers or exhibition details, please 
contact:

•	 Contact Name/Position: Suraj Negi 

•	 Email Address: inmarco@imare.in

•	 Phone Number: +919967481448

•	 Event Website: https://2026.inmarco.in/ 

The Institute of Marine Engineers (India) is a premier 
professional body dedicated to the promotion and 
advancement of marine engineering science and technology. 
Through its extensive network of branches and chapters, the 
Institute facilitates continuous professional development, 
industry collaboration and policy advocacy to support a 
resilient global maritime sector.

About the Organiser



MARINE ENGINEERS REVIEW (INDIA)
July 2026

17https://imare.in/ 

Dry Gas Sealing Systems for Centrifugal Compressors

Tandem Dry Gas Seals – Design & Maintenance 
Insights

Abstract:

Tandem Dry Gas Seals (DGS) have become the 
industry standard for centrifugal compressors due 
to their superior reliability and reduced maintenance 

compared to conventional lubricated seals. 

These seals are primarily used in high‑pressure, 
safety‑critical rotating equipment such as centrifugal 
compressors and pumps on offshore platforms, LNG 
facilities, FPSOs and subsea oil & gas installations. 
Their role is to prevent hazardous gas leakage, ensure 
equipment reliability and meet stringent environmental 
and safety standards.

This paper outlines critical design and operational 
considerations to enhance seal performance and longevity. 
Key topics include:

•	 Seal Gas Supply & Conditioning: Emphasises the 
importance of clean, dry gas to prevent contamination 
and ensure seal integrity.

•	 Primary & Secondary Seal Monitoring: Discusses 
venting strategies and health diagnostics for both seal 
stages.

•	 Separation Gas Control: Details the role of inert gases 
(typically nitrogen) in isolating the seal from bearing 
housing contaminants.

•	 Failure Modes & Mitigation: Identifies common 
degradation factors such as oil migration, hydrate 
formation and poor filtration.

•	 Recommended Control Logic: Covers alarm, shutdown 
and permissive conditions to safeguard seal operation.

The paper advocates for adopting best practices aligned 
with API 692 to improve compressor reliability and reduce 
lifecycle costs.

Introduction:

In the realm of high-performance turbomachinery, 
ensuring reliable containment of process gases is 
paramount. 

Tandem dry gas seals, as standardised by API 692, 
represent a critical evolution in compressor sealing 
technology—offering non-contacting operation, modular 
support systems and enhanced monitoring capabilities. 

API 692 is an American Petroleum Institute (API) 
standard that provides guidelines for dry gas seal support 
systems used in compressors and expanders, particularly 
in the petroleum, chemical and gas industries. It focuses 
on ensuring the reliability and safety of these systems by 
outlining requirements for design, application, testing, 
installation and maintenance.

This article explores the design principles, functional 
streams, pressure dynamics and troubleshooting 
strategies associated with tandem dry gas seals, providing 
engineers and operators with a comprehensive guide to 
optimising seal performance and minimising downtime.

What is a dry gas seal system?

API 692 introduces definition and terminology 
governing dry gas seal systems. 

Venkat Krishna  
Soundarraja
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The process gas high pressure centrifugal compressors 
used in oil & gas industries requires highly safe and 
reliable operating requirement. 

Main use case: Compressors handling natural gas, flare 
gas, or process gases.

Location: Gas export compressors, booster compressors 
and reinjection compressors on offshore rigs and FPSOs.

They are also found in Cryogenic pumps, used in LNG 
liquefaction and regasification plants.

The dry gas seals are used to prevent the gas leakages 
from the compressors and plays roles as critical 
component. Hence the proper design and monitoring of 
dry gas seals are most important. 

At their core, dry gas seal systems do two main jobs: 

•	 providing a clean and conditioned environment for the 
dry gas seals.

•	 monitoring the health of the dry gas seal. 
Types of dry gas seals are as follows: (Refer to Figure.1)

•	 Single
•	 Tandem with intermediate labyrinth seal
•	 Tandem without intermediate labyrinth seal
•	 Double

To accomplish these goals the dry gas seal system is 
usually broken down in five separate independent streams 
for tandem seals and four streams for double seals. 

These streams share some definitions and historically 
have been referred to by many different names. 

Below are the API 692 names for the streams and a brief 
description, with reference to Figure.2.

1.	 Seal Gas (Sometimes referred to Buffer Gas):
•	 Seal gas flows across the primary seal (inboard stage) 

of the dry gas seal out towards the primary vent and 
across the inboard process labyrinth, back into the 
process (compressor suction). 

•	 Seal gas prevents dirty, unfiltered process gas from 
entering the dry gas seal. This gas must be cleaned 
and conditioned so as to be completely dry and free 
of particulate contamination. 

Figure.1. Types of dry gas seals

Figure.2. Tandem type dry gas seal
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•	 The conditioning is usually 
accomplished via the addition of 
filters and a gas conditioning unit, 
such as separators, boosters and 
heaters. 

2.	 Secondary Seal Gas (Only applies to 
tandem seals): (Sometimes referred 
to as Buffer Gas, Intermediate 
Injection or Intermediate Gas)

•	 This gas flows across the secondary 
seal (outboard stage) of a tandem dry 
gas seal and out the secondary vent, 
as well as across the intermediate labyrinth and out 
the primary vent.

•	 It is usually nitrogen and must also be cleaned 
and filtered to ensure the gas is dry and free from 
particulate matter. Not every seal will feature an 
intermediate labyrinth or secondary seal gas, but API 
692 specifies them as standard.

•	 Secondary seal gas offers numerous benefits including 
vastly improving the ability to monitor the health of 
the secondary seal and improving the robustness of 
the secondary seal. 

•	 This is realised by allowing back pressure to be 
generated quickly to achieve start permissive. The 
additional volume flow in the primary vent prevents 
spurious alarms and trips during transient operation 
conditions in the field, this is especially relevant for 
lower pressure applications where leakage rates for 
the inboard stage are low. 

•	 Refer Figure.3. for flowchart of starting conditions for 
a gas compressor.

Operational Highlights:

•	 Back Pressure Threshold ensures that the secondary 
seal isn’t dry or vulnerable when the machine starts.

•	� Primary Vent Flow acts like a stabilizer: 
more flow, better differentiation 
between actual leakage vs normal 
transient blips.

•	� Interlocks are logic gates or conditions 
that ensure safety before proceeding 
with compressor activation.

•	� This flow is especially critical in 
low-pressure systems where signal 
strength from leakage is weaker and 
prone to misinterpretation.

3.	Separation Seal Gas (Sometimes 
referred to as Buffer Gas or Tertiary Gas):

•	 This gas is injected between the two separation seal 
elements. 

•	 If a labyrinth is injected between the two separation 
labyrinth halves, 

•	 if a carbon ring type seal (T93FR or the T83), then 
between a pair of carbon rings. 

•	 Separation seal gas prevents bearing oil ingress into 
the sealing area. Typically, separation seal gas is 
nitrogen or another inert gas, but air may also be 
used. 

•	 If using air, particular care must be taken to avoid 
creating explosive mixtures in the secondary vent. 

•	 These can be pressure or flow controlled depending 
on customer preference. For clearance type seals, 
typically flow control is preferred due to the reduced 
nitrogen consumption rates. 

•	 Flows are calculated to ensure a minimum velocity 
figure is achieved in all conditions to prevent oil 
ingress.

4.	 Primary Vent:
•	 The primary vent serves as a gas exit for leakage from 

the primary seal and sometimes secondary seal gas.

Figure.3. Conditional Flowchart: Secondary Seal Gas Impact

Precision 
That Prevents 

Disaster
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•	 It is the main monitoring point for seal health, typically 
equipped with flowmeters and pressure transmitters.

•	 Leakage levels are key indicators, with alarms often set 
to thresholds like 10× guaranteed leakage.

•	 To stabilise readings, API 692 recommends backpressure 
control devices (regulator or orifice) within the vent:

	 o �‘They generate controlled backpressure, improving 
secondary seal monitoring.

	 o ��‘This dampens pressure noise and enhances trend 
clarity.

In vent studies, proper instrumentation and backpressure 
tuning are critical, as they influence the pressure cascade 
and dry gas seal system accuracy.

5.	 Secondary Vent:

•	 The secondary vent carries leakage from the outboard 
(secondary) seal and the inboard side of the separation 
seal.

•	 It must remain unrestricted—backpressure risks 
reverse pressurisation of the secondary seal due to low 
differential pressures.

•	 Pressure should be maintained near atmospheric, with 
very low flowrates.

•	 API 692 allows optional pressure and flow monitoring, 
though John Crane advises against it, citing minimal 
utility.

•	 Element analysers are optionally permitted for select 
applications but are not typical for most installations.

How Backpressure Devices in primary vent aid 
Secondary Seal Monitoring:

a. Creates a Defined Pressure Gradient

•	 By adding backpressure in the primary vent, the system 
raises the pressure in the intermediate chamber between 
the primary and secondary seals.

•	 This elevates the downstream pressure slightly above 
atmospheric, ensuring the secondary seal is not exposed 
to vacuum conditions or unstable pressure zones.

•	 A stable gradient allows accurate readings of secondary 
seal gas flow or leakage, improving detectability of 
anomalies.

b. Damps Transients and Sensor “Noise”

•	 Flowmeters and pressure transmitters in the primary vent 
can show erratic readings during startup or pressure dips.

•	 Backpressure acts as a hydraulic cushion, smoothing out 
rapid fluctuations.

•	 This reduces false alarms and helps trend lines reflect 
actual seal behavior instead of noise.

c. Improves Isolation Between Seal Stages

•	 Without controlled backpressure, leakage from the 
primary seal could evacuate too rapidly, masking small 
but crucial leak signals from the secondary seal.

•	 Controlled venting creates an environment where 
both primary and secondary leakage paths are 
distinguishable instrumentation can “see” them 
more clearly.

 d. Enables Repeatable Conditions for “Vent 
Studies”

•	 Studies examining vent flow characteristics, alarm 
calibration and leakage trends rely on consistent 
pressure staging.

•	 A backpressure regulator or orifice lets you tune 
and lock down those conditions, providing reliable 
baselines across operating cycles.

6.	 Gas Conditioning unit:

•	 One of the leading causes of gas seal failure is 
improperly conditioned gas entering the seals. 

•	 All gas must be both clean and dry before it 
goes across seal faces. GCUs condition the gas 
protecting the seal. 

•	 GCUs are typically made up of four items: filters 
(coalescing and separators), heaters, boosters and 
coolers. The most significant change is that now 
these items should be considered as standard. 

•	 Meaning that sufficient justification must be made 
by the system vendor not to include such feature 
as heaters and boosters.

Function of Dry Gas Seals:

•	 The key elements within a Gas Seal are the sealing 
faces and secondary sealing elements (Figure.4). 

•	 A shaft sleeve, which is fixed with the compressor 
shaft, holds the rotating seat. 

•	 The rotating seat is sealed against the shaft sleeve 
with a secondary sealing element, which is a 
special O-ring or PTFE filled sealing device. 

•	 The rotating seat has the gas grooves integrated 
to generate an aerodynamic lift off and provide 
gas film stiffness during operation. 

Figure.4. Dry Gas seal components

•	 The non-rotating elements combine a seal 
housing, fixed to the compressor casing and the 
non-rotating seal face. 
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•	 The stationary elements are designed 
to compensate for axial movements 
of the compressor rotor in relation to 
the compressor case. 

•	 The compressor shaft is exposed to 
axial movement caused by different 
loads, case expansion from heat and 
pressure or vibrations. 

•	 Compensation for axial movements is 
achieved by allowing the non-rotating 
face to move along the balance sleeve 
(sleeve below the non-rotating face, 
item 2). 

•	 The nonrotating face is sealed against the balance 
sleeve with a dynamic sealing element (O-ring or 
PTFE filled sealing device), which slides on the balance 
sleeve.

•	 When pressure is applied to the seal or the 
compressor is rotating, the applied forces will hold 
the seal faces off and maintain the appropriate gap 
of 3 to 5 microns between them.

•	 When these conditions are not present springs are 
required to hold the seal faces together.

•	 To avoid any wear on the sealing faces, Gas Seals are 
designed to lift off when operated. This means the 
rotating seat and stationary face have no contact in 
operation. 

•	 The seals are kept from touching by the generation of 
hydro-dynamic pressure, created by small grooves 

Figure.5. Seal lifts off while running

cut into the face of the rotating ring which 
draws gas into the seal, forcing the two 
surfaces apart.
•	Because the space between the seals 
is less than human hair, the sealing gas 
used must be completely dry and free 
from grit, dust, or moisture. An external 
source of sealing gas is therefore used to 
ensure cleanliness.
•	This separation is called lift off. The lift 
off is mainly influenced by two effects 
(Figure.5):

	-  Differential pressure over the faces
	-  Circumferential speed
•	 The seal can lift off at a certain differential pressure, 

a certain speed or a combination of speed and 
differential pressure.

•	 The lift off speed and differential pressure depends 
on the specific operating conditions, like gas type and 
detailed seal design.

•	 The tandem seal system is designed so that after the 
failure of the primary seal, the machine can be safely 
shut down using the containment provided by the 
secondary seal without a hazardous release of gas 
into the atmosphere.

•	 Although these dry gas seals are able to handle high 
levels of vibration without damage, reverse rotation of 
the shaft at high speeds will damage the seals as they 
are not able to develop the hydro-dynamic pressure 

Safety  
Starts at  
The Seal
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required to push the sealing faces apart. Figure.6 
shows the sealing face spiral groove arrangement.

•	 The most common gas seal arrangements used in the 
industry for compressors are: 

-	 tandem arrangements (Figure.7) or 
-	 tandem with intermediate labyrinth arrangements 

(Figure.8).

 

Figure.6. Dry gas seal components

Figure.7. Tandem Seal Schematic

Figure.8. Tandem Seal with Intermediate Labyrinth Schematic
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Dry Gas Seal control system:

•	 Dry Gas Seal and barrier gas 
control systems are specially 
designed to supply gas, at the 
correct pressure and flow, to the 
dry gas seals. 

•	 These systems are panel-mounted 
and installed adjacent to the 
compressor skid. 

•	 The DGS will have reliable 
operation only if the gas is clean. 
The seal gas filter is installed to 
filter the contaminants. 

•	 Ingress of foreign material into 
the running gap of the seals leads 
to degrade sealing performance 
(increased gas leakage) and 
eventual failure of the seal. 

Control system provides three 
main functions: 

•	 Filtration of Seal gas & Buffer Gas 
•	 Regulation of Seal gas & Buffer 

Gas 
•	 Monitoring of seal Performance 
•	 Design is simple to operate and 

user friendly with minimum 
maintenance requirements. 

Seal Gas loop:

•	 Seal gas must be dry and free of 
particles less than 3 micron.

•	 Sealing gas is injected between 
the inner labyrinth seal and the 
Dry gas seal. 

•	 The majority of this gas flows 
across the inner labyrinth seal and 
into the compressor or process 
side of the Compressor. 

•	 A very small amount of the sealing 
gas passes through the primary 
seal & out of the primary vent 
which is normally connected to 
user’s flare system. Refer Figure. 
9, 10, 11.

Figure.9. Dry gas seal control system layout

Figure.10. Dry gas seal (tandem type) arrangement

Figure.11. Dry gas Tandem type seal

When Seals 
Perform, 

Compressors 
Thrive
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Figure.12. Dry gas seal location on compressor shafting.

Pressure Balancing:

•	 The thrust created by the high-pressure discharge pushing the compressor 
rotor back towards the suction is canceled by creating opposing thrust 
using a balance drum. (Figure.12)

•	 This pressure balancing system also means the compressor seals are only 
ever exposed to suction pressure.

Overview of Tandem Dry Gas 
Seals (API 692):

Tandem dry gas seals are 
non-contacting mechanical seals 
used in centrifugal compressors to 
prevent process gas leakage. API 692 
standardises their design, support 
systems and monitoring requirements 
for enhanced reliability and safety in 
oil, gas and petrochemical industries.

Key Features:

•	 Dual sealing stages: Primary 
and secondary seals arranged in 
series.

•	 Intermediate labyrinth: Optional, 
adds a buffer zone between seals.

•	 Non-contacting faces: Grooved 
rotating ring and flat stationary 
ring maintain a micron-level gap.

•	 Gas-lubricated: Uses clean, dry 
gas to create a pressure barrier 
and lubricate seal faces.

Table 1. Functions of dry gas sealing elements

Table 2. Typical Operating profiles
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•	 Modular support systems: API 692 
mandates separate modules for 
filtration, conditioning and monitoring.

Key Design Advantages:

•	 Dry running: No liquid contamination, 
enhancing longevity.

•	 Modular support systems: Easy 
maintenance and standardised 
interfaces.

•	 Non-contact operation: Minimises wear 
and friction.

•	 Continuous monitoring: Vent flows, pressure diff and 
temperature.

These values vary based on compressor design, 
operating conditions and seal configuration. Always 
consult OEM specs for exact figures.

Common Faults & Defects:
•	 Contamination: Entry of liquid hydrocarbons, 

particulates, or lube oil into seal faces.
•	 Improper gas conditioning: Leads to condensation 

and seal face damage.
•	 Seal face wear: Due to dry running or misalignment.
•	 Pressure imbalance: Can reverse pressurise seals, 

causing failure.
•	 Instrumentation failure: Faulty flowmeters or 

transmitters can mask early warning signs.
•	 High Vent flows: Excess leakage, worn seal faces.
•	 Bearing Oil Ingress: Inadequate separation seal 

pressure.
Troubleshooting Tips:
•	 Monitor differential pressure across seal faces for 

early warnings of leakage paths.
•	 Check vent flow rates for abnormal leakage, regularly.
•	 Inspect filter elements regularly for clogging or liquid 

accumulation.
•	 Ensure proper seal gas superheat to avoid 

condensation (typically 20°F above dew point).
•	 Verify separation gas supply to prevent oil migration.
•	 Verify instrumentation and alarm thresholds for 

correct operation.

Conclusions:

On board ships, Tandem Dry Gas Seals (DGS) are not 
as widespread as in land-based oil & gas plants, but they 
are used in very specific high-value, high-pressure rotating 
machinery where leakage prevention and reliability are 
critical.

You could typically find them in Main Gas Compressors 
(LNG Carriers & Gas-Fueled Vessels). 

o �Cargo handling compressors: Used to compress boil-off 
gas (BOG) from LNG cargo tanks for reliquefaction or 
as fuel for propulsion.

o �Fuel gas compressors: On LNG carriers 
and dual-fuel ships, tandem DGS 
are used in compressors feeding gas 
engines/turbines.

o �Refrigerant compressors: In LPG 
carriers and chemical tankers, tandem 
DGS are used in compressors handling 
volatile hydrocarbons (propane, butane, 
ethylene).

o	 FPSOs and FSRUs (Floating Storage 
& Regasification Units): Tandem DGS are 

used in onboard gas compression and regasification 
modules.

Why Ships Need Tandem DGS?

o	 Safety: Prevents flammable/toxic gas leakage into 
enclosed machinery spaces.

o	 Environmental compliance: Meets MARPOL Annex VI 
and IMO IGF Code requirements for low emissions.

o	 Reliability: Redundancy is essential in remote, offshore 
operations where maintenance is difficult.

o	 Cargo integrity: Ensures LNG/LPG cargoes remain 
uncontaminated and safely handled.

o	 Tandem dry gas seals are more than just mechanical 
barriers—they are dynamic systems that rely on precise 
gas staging, clean operation and vigilant monitoring. 

o	 By adhering to API 692 guidelines and understanding 
the interplay of seal pressures, support streams and 
failure modes, operators can significantly improve 
compressor reliability and safety.

o	 Whether in design, commissioning, or maintenance, a 
deep grasp of these seals empowers teams to prevent 
costly failures and extend equipment life in demanding 
industrial environments.
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Fundamentals of Fuels and Emissions 
Paper 1 : Fundamental of Fuels and Emissions

Abstract

The global maritime industry is undergoing a 
profound transformation as it seeks to align with 
international climate goals and the International 

Maritime Organization’s (IMO) strategy for reducing 
greenhouse gas (GHG) emissions. A clear understanding 
of fuels, emissions, carbon cycles and greenhouse gas 
accounting is essential for evaluating the effectiveness of 
emerging decarbonisation pathways. This paper provides 
a foundational overview of the relationship between 
greenhouse gases, global warming, fuel production 
pathways and lifecycle emissions. It explains the natural 
carbon cycle, the causes of anthropogenic climate change 
and the roles of carbon dioxide (CO₂), methane (CH₄) and 
nitrous oxide (N₂O) in global warming. The concept of 
Global Warming Potential (GWP) and the significance of 
GWP20 and GWP100 metrics are discussed in the context 
of maritime fuel policy.

The paper further examines the fundamental 
composition of fuels, sources of carbon and hydrogen 
and the distinction between fossil, biogenic and renewable 
feedstocks. Various fuel categories, including conventional 
fuels, alternative fuels, biofuels, e-fuels, hydrogen, 
methanol and ammonia, are explained along with their 
production pathways and associated emissions. Special 
emphasis is placed on lifecycle assessment (LCA), well-
to-wake greenhouse gas accounting and the need to 
avoid merely shifting emissions from ship operations 

Vikrant Rai 

to fuel production processes. By establishing the 
scientific and technical principles underpinning maritime 
decarbonisation, the paper provides a framework for 
understanding IMO’s Net-Zero ambitions, fuel transition 
strategies and future green shipping policies.

Keywords: Green Shipping; Greenhouse Gases 
(GHGs); Carbon Cycle; Global Warming; Anthropogenic 
Emissions; Global Warming Potential (GWP); GWP20; 
GWP100; Alternative Fuels; Biofuels; E-Fuels; Hydrogen; 
Ammonia; Methanol; Lifecycle Assessment (LCA); Well-
to-Wake Emissions; Tank-to-Wake Emissions; Well-to-Tank 
Emissions; Maritime Decarbonisation; IMO Revised GHG 
Strategy; Net-Zero Fuels; Carbon Accounting.

Introduction

Climate change has emerged as one of the most 
significant global challenges of the twenty-first century, 
prompting governments, industries and international 
organisations to develop strategies aimed at reducing 
greenhouse gas emissions and limiting global temperature 
rise. The maritime sector, responsible for transporting 
more than 80% of global trade by volume, plays a critical 
role in this transition. Although shipping remains one of 
the most energy-efficient modes of transportation, its 
continued reliance on fossil fuels contributes substantially 
to global greenhouse gas (GHG) emissions. Consequently, 
the International Maritime Organization (IMO) has adopted 
increasingly ambitious measures to facilitate the transition 
towards low-carbon and ultimately net-zero shipping.

A meaningful discussion on maritime decarbonisation 
requires a clear understanding of the fundamental 
science behind fuels and emissions. Greenhouse gases 
such as carbon dioxide (CO₂), methane (CH₄) and nitrous 
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oxide (N₂O) naturally regulate 
Earth’s temperature through the 
greenhouse effect, making life on 
Earth possible. However, human 
activities, particularly the extraction 
and combustion of fossil fuels, have 
disturbed the natural carbon balance 
by releasing large quantities of 
carbon that had remained stored 
underground for millions of years. This 
disruption has increased atmospheric 
greenhouse gas concentrations and 
contributed significantly to global 
warming.

The transition toward sustainable 
shipping has led to the emergence 
of numerous fuel options, including 
liquefied natural gas (LNG), biofuels, 
hydrogen, ammonia, methanol and 
synthetic e-fuels. While many of 
these fuels offer reduced emissions 
during combustion, their overall 
env i ronmenta l  per formance 
depends heavily on how they are 
produced, transported and utilised. 
Evaluating fuels solely on the basis 
of exhaust emissions can therefore 
be misleading. Modern regulatory 
frameworks increasingly emphasise 
lifecycle greenhouse gas accounting, 
which considers emissions from fuel 
production, transportation, storage 
and end use.

This paper forms the first part of 
a broader series entitled Conceptual 
Analysis of Green Shipping and 
Consolidated List of References. The 
objective of the series is to clarify 
the concepts associated with “green” 
and “green shipping,” examine the 
evolution of international negotiations 
within the IMO and identify key 
considerations for the development 
of Indian Green Shipping policies. 

Given the breadth and complexity 
of the subject, the series is divided 
into three interconnected papers:

Paper 1: Fundamentals of Fuels and 
Emissions

Paper 2: The Difference Between 
Short-Term and Mid-Term Measures

Paper 3: Essence of the IMO 
Net-Zero Framework

As the foundation of the series, this 
paper focuses on the scientific and 
technical principles governing fuels 

and greenhouse gas emissions. It explores the carbon cycle, greenhouse 
gas characteristics, global warming potential metrics, fuel feedstocks, fuel 
production pathways and lifecycle assessment methodologies. By establishing 
these fundamental concepts, the paper seeks to provide maritime professionals, 
policymakers, regulators and stakeholders with the knowledge necessary to 
understand the rationale behind current and future decarbonization measures 
and the transition towards sustainable shipping.

Carbon Cycle/Greenhouse Gases and Global Warming

1.	 How is Earth’s temperature maintained?

	 a) �Earth’s temperature is maintained  through a delicate balance 
of incoming solar radiation and outgoing heat, managed by 
the atmosphere acting as a blanket.

	 b) �The blanket of air that surrounds the earth is called atmosphere and 
it contains different gases such as carbon dioxide, Nitrogen, Oxygen, 
Neon and others.

	 c) �Few of gases such as Methane, Ozone and Carbon Dioxide etc absorb 
heat radiated from earth’s surface and maintain the temperature of 
earth. These gases are called Greenhouse gases. 

	 d) �Greenhouse gases are important to maintain Earth’s temperature for 
sustenance of life on earth.

2.	 Then why it is said that anthropogenic emissions of Greenhouse lead to 
Global Warming?

i.	 Forms of Carbon on Earth and Carbon Balance

	 a) �The amount of carbon we have on Earth doesn’t change. It is the same 
as it is now as it was millions of years ago. Only one form of carbon 
changes to another form. The forms of carbon are:

ii.	 Imbalanced Carbon Cycle

	 a) �Carbon is the lifeblood of Earth and is naturally regulated by the carbon 
cycle. IPCC defines carbon cycle as the flow of carbon (in various forms, 
e.g., as carbon dioxide (CO2), carbon in biomass and carbon dissolved 
in the ocean as carbonate and bicarbonate) through the atmosphere, 
hydrosphere, terrestrial and marine biosphere and lithosphere.
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	 b) �This balance is achieved by continual and 
repeated movement of carbon among the 
Earth’s atmosphere, oceans, soil, rocks and living 
organisms converting one form of carbon to 
another. It involves photosynthesis taking from 
the air, respiration and decomposition returning it 
and geological processes storing it in fossil fuels. 
This balance regulates Earth’s climate, maintain its 
temperature and supports life.

	 c) �However, global warming is a result of this 
carbon cycle going out of balance. When we say 
carbon cycle is out of balance, it means that the 
concentration of greenhouse gases specially CO2 in 
earth’s atmosphere, is more than what it had been 
hundreds of years ago. This increases the average 
temperature of earth with resultant impact.

	 d) �The higher-than-normal concentration of 
greenhouse gases in earth’s atmosphere is 
due to Anthropogenic emissions. IPCC defines 
Anthropogenic emissions as emissions of 
greenhouse gases (GHGs), precursors of GHGs 
and aerosols caused by human activities. These 
activities include the burning of fossil fuels, 
deforestation, land use and land-use changes 
(LULUC), livestock production, fertilisation, waste 
management and industrial processes.

3.	  What are various Greenhouse gases and which all of 
these are covered in IMO Revised GHG Strategy?

	 a) �The UNFCCC (United Nations Framework 
Convention on Climate Change) convention 
covers seven primary GHGs:  1. carbon dioxide 
(CO2), 2. methane (CH4), 3. nitrous oxide (N2O), 4. 
hydrofluorocarbons (HFCs), 5. perfluorocarbons 
(PFCs), 6. sulphur hexafluoride (SF6) and 7. 
nitrogen trifluoride (NF3).  These gases, along 
with others like water vapor, contribute to the 
greenhouse effect, trapping heat in the atmosphere 
and causing global warming.

	 b) �Most fuels which are used on board have a 
molecular structure which are bonds of carbon 
and hydrogen and as per combustion equation, the 
CO2 is the major greenhouse gas which is emitted. 
However:

	 i. �Nitrous oxide (N2O) can be emitted during the 
combustion of fossil fuels, particularly coal, oil and 
natural gas as the nitrogen content in these fuels 
and specific combustion conditions can also lead 
to N2O formation.

	 ii. �Methane can be produced when the hydrocarbons 
in fossil fuels (like natural gas, oil and coal) are not 
burned completely. Factors like engine type, fuel 
composition and engine efficiency can influence 
the amount of methane released.

	 c) �The IMO Revised GHG Strategy and IMO Net Zero 
Framework aims to reduce emissions of CO2, CH4 
and N2O only. 

4.	 How do we compare the impact of various Greenhouse 
gases on Earth’s atmosphere?

	 a. �To know the potential climate effect of equal 
emissions of each of the greenhouse gases, IPCC 
developed, the concept of relative Global Warming 
Potentials (GWP), which consider the differing 
times that gases remain in the atmosphere. This 
index defines the time-integrated warming effect 
due to an instantaneous release of unit mass (1 kg) 
of a given greenhouse gas in today’s atmosphere, 
relative to that of carbon dioxide.

	 b. �Basically, Global Warming Potential (GWP) is a 
metric used to compare the heat-trapping ability 
of different greenhouse gases relative to carbon 
dioxide over a specific timeframe, typically 100 
years.

Not All Green Fuels Are 
Truly Green
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	 c. �GWPs provide a common unit of measure, which 
allows analysts to add up emissions estimates of 
different gases (e.g., to compile a national GHG 
inventory) and allows policymakers to compare 
emissions reduction opportunities across sectors 
and gases.

	 d. �When comparing greenhouse gas emission from 
various activities, it is easier to use equivalent 
amount of CO2 emitted for easier comparison 
rather than comparing individual greenhouse effect 
of each individual greenhouse gas.

	 e. �The GWP is the ability of a GHG to trap heat in the 
atmosphere over time, relative to carbon dioxide 
(CO2). The length of time the gas remains in the 
atmosphere and its heat trapping ability determine 
its GWP.

	 f. �The heat trapping ability or radiative efficiency 
measures how effectively the greenhouse gas 
absorbs radiation. Atmospheric Lifetime details as 
to how long a gas remains in the atmosphere before 
being removed. 

The interplay of radiative efficiency and atmospheric 
life time can be understood from following facts:

	 i. �Two GHG gases each with same radiative efficiency 
but one with smaller atmospheric lifetime (10-12 
years) or short-lived and other having long 
atmospheric lifetime (100-200 years): The 
short-lived gas will have low GWP in long term 
compared to other GHG because it will not remain 
in atmosphere after 10-12 years and thus will absorb 
radiation only for 10-12 years, while the gas with 
long-life in atmosphere will continue absorbing 
radiation.

	 ii. �Two GHG gases “A” & “B” with “A” having higher 
radiative efficiency than “B” but the atmospheric 
lifetime of “A” is only 10-12 years (short-lived), while 
“B” having long atmospheric lifetime (100-200 

years): The GWP20-Years of “A” will be much higher 
with than that of “B”; but GWP100-Years of “A” may be 
higher than that of “B” but the difference may not 
be as much as that in GWP20-Years. 

	 iii. �The examples of CO2 and N2O may be seen as 
below:

Table 1: Greenhouse Gases Comparative GWP and  
thus Climate Impact

g.	 Assigning CO2 as GWP20-Years and GWP100-Years as 1 means 
if in 20-Years Radiative Efficiency of CO2 is 1 watt/m2/
ppm then in 20-Years radiative efficiency of CH4 and 
N2O are respectively 82 watt/m2/ppm and 264 watt/
m2/ppm respectively. It provides a comparative basis 
with respect to Carbon Dioxide, which is the major 
greenhouse gas in the atmosphere.

5.	 What happens when we set GHG reduction goals 
based on GWP20-years instead of GWP100-Years?

i.	 Global warming potential (GWP) is a method 
to determine the heat absorption impact of a 
greenhouse gas over a specific period, relative to 
carbon dioxide (CO2), which has a GWP of 1 and it 
does not in any way details amount of greenhouse 
gas in the atmosphere.

ii.	 The choice of time horizon (that is GWP based on 
20-years or 100-Years) has major policy implications. 
As can be seen from Table 1 above, policies based on 
GWP20-Years, that is, a 20-year time horizon raises the 
seen impact on climate by short-lived gases such as 
Methane (CH4) by a factor of 2.92 (82/28) compared 
to GWP100-Years, that is a time horizon of 100-years.

iii.	 Adopting the 20-year GWP index has immediate 
policy ramifications as it would influence the level of 
the baseline as a GWP20 baseline would be higher 
than a GWP100 baseline and thus would influence 
the order of how control steps are implemented, with 
the phase out of substances with high GWP20 likely 
to be implemented first.

iv.	 The IMO 2024 Guidelines on Lifecycle GHG Intensity 
of Marine Fuels issued via Resolution MEPC 391(81):

•	 The GHG emissions are calculated as CO2-equivalent 
(CO2eq)

•	 It uses the global warming potential over a 100-year 
time-horizon (GWP100) to convert emissions of other 

Carbon Accounting Shapes 
Shipping’s Future
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gases than CO2, as given in the fifth IPCC Assessment 
Report, for CO2, CH4 and N2O, as follows: 

𝑔𝐶𝑂2-equivalent-100-Years = (𝐺𝑊𝑃-𝐶𝑂2(100𝑦) × 𝑔𝐶𝑂2) + 
(𝐺𝑊𝑃-𝐶𝐻4(100𝑦) × 𝑔𝐶𝐻4) + (𝐺𝑊𝑃-𝑁2𝑂 (100𝑦) × 
𝑔𝑁2𝑂)

Note taking GWP100-Years as CO2 = 1; CH4=28 & N2O = 265, 
the equation becomes:

𝑔𝐶𝑂2-equivalent-100-Years = (1 × 𝑔𝐶𝑂2) + (28 × 
𝑔𝐶𝐻4) + (265× 𝑔𝑁2𝑂)

•	 These GWP100 values is used in the guidelines for 
the purpose of quantifying the GHG intensity. in 
accordance with these guidelines. A calculation 
using a global warming potential over a 20-year 
horizon (GWP20) may be provided as information for 
comparative purposes, as follows: 

𝑔𝐶𝑂2-Equivalent(20𝑦) = (𝐺𝑊𝑃-𝐶𝑂2(20𝑦) × 𝑔𝐶𝑂2) + 
(𝐺𝑊𝑃-𝐶𝐻4(20𝑦) × 𝑔𝐶𝐻4) + (𝐺𝑊𝑃-𝑁2𝑂 (20𝑦) × 
𝑔𝑁2𝑂)

Note taking GWP20-Years as CO2 = 1; CH4=84 & N2O = 264, 
the equation becomes:

𝑔𝐶𝑂2-equivalent-20-Years = (1 × 𝑔𝐶𝑂2) + (84 × 𝑔𝐶𝐻4) + (264 × 
𝑔𝑁2𝑂)

Fundamental of Fuels:

6.	 What are fuels made up of? How do or can we 
produce Fuels?

i.	 The fuels are fundamentally made from Carbon and/
or Hydrogen. Conventional hydrocarbon fuels or for 
that matter any fuel contain primarily hydrogen and/ 
or carbon in elemental form or in various compounds.

ii.	 To produce fuels, we need to find the sources of 
carbon, hydrogen or carbon & hydrogen and pass 
these through production processes.

7.	 What are conventional fuels made up of?

i)	 Both Conventional oil and natural gas are made up 
primarily of hydrocarbon (H), which is a chemical 
compound consisting entirely of carbon (C) and 
hydrogen (H).

8.	 What are various sources of Carbon?

a)	 There are basically two types of carbon as shown 
below:

b)	 IPCC defines Biogenic carbon emissions Carbon 
released as carbon dioxide or methane from 
combustion or decomposition of biomass or biobased 
products.

c)	 Biogenic carbon is  carbon stored in biological 
material e.g trees, plants, etc. and it means carbon 
that is absorbed from the atmosphere through 
photosynthesis. It is part of the fast, natural biogenic 
carbon cycle.

d)	 Biogenic carbon cycle is a natural, fast-acting process 
where plants absorb atmospheric via photosynthesis 
to create biomass (cellulose), which is later released 
back into the atmosphere through decay, respiration, 
or combustion. This cycle spans years to decades and 
unlike fossil carbon, it is considered renewable.

e)	 Fossil carbon comes from organisms that died 
millions of years ago, buried, transformed and stored 
in the form of coal, oil or natural gas. This carbon has 
come out of natural carbon cycle and is not meant 
to return to atmosphere. Burning this carbon means 
introducing carbon emissions in atmosphere which 
have been out of carbon cycle, millions of years 
ago creating an unbalance in the concentration of 
gases in atmosphere (increasing the concentration 
of greenhouse gases) and thus enhancing global 
warming.

f)	  Sources of biogenic carbon

Beyond CO₂: Methane 
Matters Too
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10.	Show feedstocks for carbon and hydrogen

Feedstock Source of Feedstock Source of

Fossil sources

Carbon and hydrogen

Point source, 
atmospheric CO2,

Renewable Carbon

Biomass/Waste Oil Biogenic source of 
Carbon and hydrogen

Electercity and 
Water

Renewable Hydrogen 
provided renewable 
electricity used for 
electrolysis

g)	 Sources of Fossil Carbon

9.	 What are various sources of hydrogen?

a)	 We can get hydrogen from either fossil sources or 
through electrolysis of water.

b)	 Note that the green hydrogen is produced using 
electrolysis of water with electricity generated by 
renewable energy. The carbon intensity ultimately 
depends on the carbon neutrality of the source of 
electricity (i.e., the more renewable energy there is in 
the electricity fuel mix, the “greener” the hydrogen 
produced).

c)	 Fossil fuels are the dominant source for global 
hydrogen production, accounting for over 90% of 
supply, primarily through  reforming natural gas 
(Gray/Blue hydrogen) or gasifying coal (brown/black 
hydrogen).

d)	 Black or brown hydrogen refers to hydrogen produced 
by coal gasification. The black and brown colours 
sometimes indicate the coal type: bituminous (black) 
and lignite (brown). This process generates significant 
CO2 emissions.
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11.	 We keep on hearing various terms such as alternate fuels, green fuels zero/near zero fuels etc. Explain what 
these means?
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NB: Blue hydrogen is produced mainly from natural 
gas, using a process called steam reforming, with carbon 
dioxide produced as a by-product. This CO2 is captured 
and stored {carbon capture and storage (CCS)} making 
this Blue H2 to be called Low Carbon Hydrogen.

Grey hydrogen is created from natural gas, or methane, 
using steam methane reformation but without capturing 
the greenhouse gases made in the process. Grey hydrogen 
is essentially the same as blue hydrogen, but without the 
use of carbon capture and storage.
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12)	 How do we compare different fuel with respect 
to their greenhouse gas emission potential? 

Different fuels are compared basically through what 
we call Greenhouse Gas Accounting. Carbon accounting 
involves the quantification of carbon dioxide, methane 
and other greenhouse gases emitted during various 
activities or operations.

For understanding GHG accounting we need to under-
stand following terms:

1) Emission Factors

a)	 IPCC defines Emission factor as a coefficient that 
quantifies the emissions of a greenhouse gas per unit 
activity. In terms of fuels used on ships, the activity 
can be production of fuel or burning/combustion of 
fuel or both production + Combustion of fuel.

b)	 Common emission factors can be:

•	 Mass-Based Emission factor in kilograms of  CO2 
equivalent per Kg per Kg of activity if the activity 
can be defined in terms of Mass: Specific industrial 
processes that are highly carbon-intensive, often 
measured in Kg-CO2-Equivalent per Kg of material 
produced e.g. steel, cement, HFO etc.

•	 Energy based Emission factors in kilograms of CO2 
equivalent per megajoule (Kg-CO2-e/MJ) is used for 
direct comparison of the carbon intensity of different 
energy sources based on their energy heat content.

When comparing the greenhouse gas (GHG) intensity 
of different fuels, energy-based emission factor Kg-CO2-

Equivalent/MJ is the preferred standard over mass-based 
emission factor Kg-CO2-Equivalent/Kg. This is because 
different fuels have vastly different energy densities 
(heating values). Comparing them by mass is misleading 
because one kilogram of LNG (48,000 KJ/Kg) provides 
significantly more energy than one kilogram of Diesel or 
Gas Oil (42,700 KJ/Kg).

c) Other types of emission factors 

The other types of emission factors used in Shipping are 
Energy efficiency: Design Indices & Operational Indices. 
Operational indices like Energy Efficiency Operational 
Indicator (EEOI) and Annual Efficiency Ratio (AER) are 
parameters that refer to the actual carbon intensity of a 
vessel which are the prime concern of the CII. This is the 
Summation of each fuel consumed and its Carbon Factor 
Cf. The Carbon Factor represents the conversion factor 
between fuel consumption and CO2 emissions. It is the 

specific mass of CO2 emitted in grams when created per 
unit mass (in grams) of a specific marine fuel is burned. 
Note, it only gives amount of one greenhouse gas emitted 
(that is carbon dioxide) on burning fuel (and not during 
production and transportation) and only what we call 
from tank to wake CO2 emissions and not tank to wake 
CO2-equivalent emissions.

  or 

Resolution MEPC.364(79) 2022 Guidelines on the 
Method of Calculation of the Attained EEDI for New 
Ships.

These emission factors, that is, EEOI and AER are 
basically to measure and compare operational energy 
efficiency, while considering that all ships are using same 
type/s of fuel (that is conventional fossil fuels) with minor 
differences in their Carbon Factor as can be seen above. 

With thrust on carbon emissions, many new fuels are 
entering marked with wide variation in Carbon factor Cf 
and thus comparing operational energy efficiency may 
become difficult and thus IMO is deliberating on changing 
these factors to as below:

2)	 Lifecycle Greenhouse Gas Emissions to prevent 
shifting of GHG emissions from downstream to 
upstream:

a)	 The low carbon and zero-carbon fuels as seen above 
have different/diverse production pathways. Some 
fuels like ammonia and hydrogen on combustion does 
not produce any greenhouse gas because they do 
not contain carbon in their molecular structure, yet 
depending upon production pathway, these fuels can 
emit large amount of greenhouse during production 
and transportation. 

Lifecycle Emissions Tell  
The Real Story
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b)	 Grey Hydrogen during production 
emits 132 gm-CO2e/MJ of energy, 
while on combustion it does 
not emit any greenhouse gas. 
However, HFO (Heavy Fuel Oil) 
emits 13.5 gm-CO2e/MJ during 
production and 78.1 gm-CO2e/MJ, 
that is a total of 91.6 gm-CO2e/MJ 
from production and combustion. 
When we compare the two fuels, 
we find that combining both ghg 
emission during production and 
combustion makes HFO a better 
choice to use, while when we 
compare ghg emitted during 
combustion only hydrogen is a 
better choice.

c)	 If we now intend to replace HFO 
with Grey Hydrogen, the ghg 
emissions can be said to shift from 
combustion to production, that is 
from downstream to upstream 
and it may not have any positive 
impact with respect to global 
warming. Hence, IMO has decided 
to use/transit to fuels, with Zero/
Near Zero Lifecycle Emissions and 
not tank to wake emissions only, 
that emissions of greenhouse gas 
from burning fuels.

d)	 The life cycle assessment (LCA) 
methodology refers to answering 
following two questions:

•	 How much greenhouse gas is 
emitted during production and 
transportation of this particular 
fuel to ships tank? 

•	 How much greenhouse gas 
is emitted when the fuel is 
combusted? This will depend 
upon the molecular structure 
of fuel and amount of carbon 
present.

e)	 LCA is basically assessment of 
greenhouse gas emissions from 

the fuel production to the end-use by a ship (well to wake); it results 
from the combination of a “Well-to-Tank” part (from primary production 
to carriage of the fuel in a ships tank, also known as upstream emissions) 
and a “Tank-to-Wake” (also called “Tank to Propeller”) part (from the ships 
fuel tank to exhaust also known as down stream emission). 

f)	 As per OECD {Life-Cycle Assessment of Passenger Transport: An 
Indian Case Study; World Bank; Downloaded on 20 May 2026 Life-cycle 
assessment of passenger transport (EN)}, the life-cycle assessment 
(LCA), considers not only the carbon emissions from a vehicle’s use, 
but also from its manufacturing, delivery and infrastructure needs. LCAs 
provide an effective means of understanding the impact of alternative 
policy choices on greenhouse gas (GHG) emissions. 

3)	 Explanatory Diagrams Lifecycle Emissions of MDO

Carbon In, 
Carbon Out, 

Climate  
Impact
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Conclusion

The transition toward green shipping is fundamentally 
a transition toward a more balanced and sustainable 
carbon cycle. Understanding the scientific principles 
governing greenhouse gases, carbon flows, fuel chemistry 
and lifecycle emissions is essential for evaluating the 
effectiveness of decarbonisation strategies within the 
maritime industry. While carbon dioxide remains the 
dominant greenhouse gas associated with shipping, 
methane and nitrous oxide can also contribute 
significantly to climate change and must be considered 
through appropriate Global Warming Potential metrics.

The analysis demonstrates that fuels cannot be 
assessed solely based on emissions generated during 
combustion. Alternative fuels such as hydrogen, ammonia, 
methanol, biofuels and synthetic fuels may exhibit very 
different environmental performances depending on 
their feedstocks and production pathways. A fuel that 
appears emission-free during ship operation may still 
possess a high greenhouse gas footprint if produced 
using carbon-intensive processes. Consequently, lifecycle 
assessment and well-to-wake greenhouse gas accounting 
have become indispensable tools for comparing fuels and 
preventing the transfer of emissions from downstream 
ship operations to upstream fuel production.

The paper further highlights the importance of 
distinguishing between fossil carbon and biogenic or 
renewable carbon sources. Fuels derived from renewable 
feedstocks, renewable electricity, atmospheric carbon 
capture and sustainable biomass pathways offer the 
greatest potential for achieving the IMO’s long-term 
net-zero objectives. However, achieving these goals will 
require not only technological innovation but also robust 
regulatory frameworks, transparent carbon accounting 
methodologies and globally harmonised standards.

As the maritime sector moves toward the 
implementation of the IMO Net-Zero Framework and future 
greenhouse gas reduction measures, a comprehensive 
understanding of fuels and emissions will be crucial for 
shipowners, operators, policymakers, regulators and 
maritime professionals. The concepts presented in this 
paper provide the essential foundation upon which future 
discussions regarding alternative fuels, lifecycle emissions 
and sustainable maritime transportation can be built. 
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Regulatory Readiness for Ammonia as An 
Alternative Fuel to Decarbonise Shipping

Ammonia, as a suitable low-carbon fuel, has 
gathered momentum in recent years for shipping 
decarbonisation despite its drawbacks. Newbuilding 

orders for ammonia-fuelled vessels have zoomed due to 
the anticipated economic benefits of the proposed NZF 
of IMO. Hence, regulatory readiness for ammonia as an 
alternative marine fuel has become a matter of great 
interest for the maritime industry. Thus, relevant codes 
were amended; guidelines and notices were issued by the 
IMO, Flag Administrations and Classification Societies. This 
article is a snapshot of recent developments 
on the regulatory front, including NZF, for 
ammonia to continue its suitability as an 
alternative marine fuel. 

Introduction

Ammonia as a fuel has emerged as a 
potential low-carbon option for shipping 
decarbonizsation, as it can achieve a 
lifecycle greenhouse gas (GHG) emission 
reduction of up to 90% based on its 
production method compared to fossil 
fuels, despite its drawbacks. Ammonia 
needs triple the volume of marine fuel oil 
for the same energy, reducing cargo space 
and the cost of ammonia-fuelled newbuilds 
is 15-20% more than conventional designs. 
The anticipated economic benefits 

overshadowed such drawbacks due to regulations for 
international shipping being developed at the IMO 
and current regulations in the EU (European Union) 
and EEA (European Economic Area). Ammonia being 
toxic, its safe and efficient utilisation as an alternative 
marine fuel requires specific attention. Hence, regulatory 
readiness became a priority for the IMO and the Flag 
Administrations, which revolve primarily between the IGC 
Code and the IGF Code. The application of these codes 
has often caused confusion and debate, now clarified 
under the “one ship one code” policy of the IMO. 

Technology readiness was also continuing at a high pace; 
large vessels with two-stroke ammonia-powered engines, 
such as ammonia carriers, as well as bulk carriers, were 
ordered and scheduled to join the global fleet from 2026 
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onward. However, recent happenings at the IMO towards 
adoption of the NZF (Net-Zero Framework) created great 
regulatory uncertainty, which is apparently affecting all 
investment scenarios for ammonia to be considered as 
a suitable low-carbon marine fuel option. The NZF is 
designed to incentivise shipping economically for the 
adoption of low-carbon fuels with the required GHG Fuel 
Intensity (GFI) to achieve the IMO’s “Net-Zero” targets by 
2050 and ammonia, especially green and blue ammonia, 
has become suitable to reap the economic benefits. Green 
ammonia is produced using renewable energy or electricity 
sources, and blue ammonia is produced from fossil sources 
with carbon capture and storage (CCS). However, brown 
ammonia is produced from fossil fuels without carbon 
emission reduction techniques, which results in higher 
life cycle emissions than the traditional marine fuels. 
Accordingly, in the last two years, newbuilding orders for 
ammonia-fuelled vessels were significant (Figures. 1&2), 
including in the Indian shipyard Swan Defence and Heavy 
Industries Limited, which has also secured an order for 
the construction of four 92,500 DWT dual-fuel ammonia 
bulk carriers with expected delivery from October 
2029. Now, with great uncertainties in the international 

regulation of IMO and the limited impact 
of regional EU regulation, which can 
provide economic benefits, whether 
the momentum for ammonia-fuelled 
newbuilding will continue is yet to be 
seen. The following discussion highlights 
recent developments in the regulatory 
readiness for ammonia to continue its 
merits as a suitable alternative marine 
fuel. 

Regulatory Readiness: IGC Code 
& IGF Code

IGC Code is  the International Code 
for the Construction and Equipment of 
Ships Carrying Liquefied Gases in Bulk 
and IGF Code is the International Code 
of Safety for Ships Using Gases or Other 
Low-flashpoint Fuels, other than vessels 
covered by the IGC Code, operating 

with gas or low-flashpoint liquids as fuel. Historically, 
gas carrier regulations for the use of cargo as fuel and 
the IGC Code, mandatory under SOLAS since 1986, only 
permitted the burning of natural gas (LNG) as fuel under 
Chapter 16 (16.1). However, the adoption of the revised 
(2016) IGC Code by IMO Resolution MSC.370(93)(2) 
introduced the option to burn other non-toxic cargoes 
as fuel. This was done for LPG and ethane carriers to 
burn cargo in dual-fuel engines that operate on both LPG 
and ethane. While LNG is predominantly methane, LPG 
is primarily composed of propane and butane. In view 
of the launch of ammonia-fuelled vessels, MSC 109 in 
Dec-2024, adopted amendments to Par16.9.2 of the IGC 
Code to enable the use of ammonia as fuel on ammonia 
carriers, i.e. cargoes listed in Chapter 19 of the IGC Code 
can be used as fuel that includes Ammonia anhydrous 
(UN Number 1005), subject to the requirement of Chapter 
16 (16.2), which states all safety features such as gas fuel 
lines should not pass through accommodation spaces, 
service spaces or control stations. The gas fuel line should 
be a double-wall piping system installed in a mechanically 
exhaust-ventilated pipe or duct, etc.

   
Source: Ammonia Energy Association, Figure 1 & Figure 2 
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SOLAS has historically prohibited 
the use of low-flashpoint fuel oils 
with a flashpoint below 60˚C, except 
for emergency generator use, where 
the limit is 43˚C. The adoption of the 
IGF Code introduced a framework and 
requirements under SOLAS for burning 
fuels with a flashpoint less than 60 
Degree ˚C. The IGF Code, entered 
into force on January 1, 2017, includes 
detailed prescriptive requirements for 
natural gas under Part A-1. However, 
other low-flashpoint fuels, including 
ammonia, may also be used as marine 
fuels, provided they meet the intent of 
the goals and functional requirements of 
the IGF Code and provide an equivalent 
level of safety. In the longer term, it is 
expected that additional parts will be 
added to the IGF Code (i.e. Parts A-2, 
A-3, etc.) to cover other low flashpoint 
fuels as marine industry applications and experience 
grow. While the carriage of ammonia as cargo has been 
a common practice for many years, its chemical properties 
and characteristics, such as flammability, corrosivity and 
toxicity in particular, differ significantly from conventional 
fuels and require strict safeguards. Therefore, a common 
debate continued- which of the current regulations, the 
IGF or IGC Code, would be more suitable to be applied to 
“ships other than gas carriers using low-flashpoint fuels” 
and “gas carriers using low-flashpoint fuels.”

Now, with the growing recognition of ammonia’s 
potential as a marine fuel in support of decarbonisation 
goals, the IMO in February 2025 clarified the application 
of the IGF Code and amendments to SOLAS Chapter 
II-1 were approved at MSC 109 to ensure gaseous fuels, 
including ammonia, are explicitly covered. The IMO 
issued the Interim Guidelines for the Safety of Ships 
Using Ammonia as Fuel (MSC.1/Circ.1687). This guideline 
is for ammonia as fuel, either in its liquefied or gaseous 
state. This will certainly help designers with a regulatory 
framework to work with until binding Code amendments 
are in place. Indeed, the Interim Guidelines are closely 
aligned with the IGF Code. It is non-mandatory, covering 
ship design, equipment, operations, bunkering, toxicity, 
crew protection, etc. and Administrations/industry are to 
take into account and apply, as relevant, the applicable 
regulations of the IGF Code. However, divergent views 
on the application of the IGC Code and the IGF Code 
have often caused confusion and debate, which has now 
been clarified under the ‘one ship one code’ policy of 
IMO. A ship subject to IGC Code should not additionally 
be subject to IGF Code, even when using low-flashpoint 
fuels that are not carried as cargo, such as a gas carrier 
using ammonia (a listed cargo under Chapter 19 of the 
IGC Code) as an alternate fuel. Also, the IGF Code should 
not apply to ships using gaseous or low-flashpoint fuels 
not listed in Chapter 19 of the IGC Code, which would 
be addressed by specific guidelines for such ships to 

be developed. Further, except for ships subject to the 
IGC Code burning cargo as fuel, the IGF Code applies 
to new ships and ship conversions, over 500GT using 
low-flashpoint fuels for which the building contract is on 
or after 1 Jan 2017 or keel laid on or after 1 July 2017 or 
delivery of which is on or after 1 January 2021. 

Also, due to specific properties and toxic characteristics 
of ammonia, which is life-threatening if exposed to high 
concentrations, seafarers on board ships using ammonia 
fuel should complete training to attain the abilities that are 
appropriate to the capacity to be filled and responsibilities 
to be taken up. The master, officers, ratings and other 
personnel on ships using ammonia fuel should be trained 
and qualified in accordance with Section A-V/3 of the 
STCW Code, i.e. IGF Course (basic and advanced training 
course), taking into account the specific hazards of 
ammonia used as fuel. The application of the IGF Code 
for Indian flag vessels is mentioned in the MS Notice No. 
06 of 2024 and for rules, i.e. MS (Use of Liquefied Gases 
as Fuel Appliances) Rules, 2026, is now under discussion. 

Ammonia: Regulatory Advantage & Industry 
Interest

Due to high industry interest in ammonia-fuelled 
vessels, many classification societies have issued 
guidelines and granted Approval-in-Principle certificates 
for ammonia-fuelled ships developed by shipyards and 
engine manufacturers. In September 2025, the Indian 
classification society IRS (Indian Register of Shipping) 
also published guidelines on ammonia-fuelled vessels. 
Ammonia burns carbon neutrally, but produces NOx. 
However, the latest ammonia-fuelled large engines are 
compliant with IMO Tier II NOx emission limits without 
a DeNOx system and are compliant with IMO Tier III 
NOx emission limits with a DeNOx system. Ammonia 
is gaining traction as a marine fuel primarily due to its 
potential to reduce GHG emissions on a well-to-wake 

Green Ambitions Need Clear RulebooksGreen Ambitions Need Clear Rulebooks
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basis and financial incentives associated with it, mainly 
the proposed NZF and newly introduced Fuel EU Maritime. 
Unlike existing IMO tools such as CII (Carbon Intensity 
Indicator) and EU rules, i.e. EU ETS (Emissions Trading 
System), which are tank-to-wake systems for carbon 
dioxide emissions, the NZF is a well-to-wake system for 
GHG emissions and is quite similar to the Fuel EU Maritime, 
but the NZF is less stringent in terms of GFI  (gCO2eq/
MJ) compliance; and non-compliance will attract some 
financial penalty for both. This is where the advantage lies 
with ammonia, green and blue, hence being considered a 
suitable candidate among other alternative fuel options 
for decarbonisation to achieve the Net Zero target. 

Net-Zero Framework (NZF): Recent 
Developments & Industry Impacts

The NZF, which was provisionally agreed in April 
2025, was due for adoption at IMO in October 2025, but 
failed due to strong opposition and threats from many 
oil-producing countries, mainly the USA, resulting in a 
one-year deferment. With the current world order and 
geopolitics, diplomacy and compromise through scientific, 
evidence-based decision-making have all been thrown out 
of the window. In March 2026, it was reported that a USA 
submission to the IMO had officially called for the total 
abandonment of the NZF. Hence, the USA-led objection 
to undermine the NZF in its current form is expected to 
be much higher at the upcoming IMO meetings. It is also 
reported that the USA demands that similar regional 

schemes, such as the EU emission rules, should 
be phased out. Under the circumstances, the 
prospect of ammonia continuing as a suitable 
marine fuel is extremely low, at least in the short-
term. This regulatory uncertainty is causing some 
shipowners to revert to conventional engines 
rather than committing immediately to the more 
costly ammonia option. However, it is yet to be 
seen if the long-term shipping forecasts can hold 
the ammonia momentum, as IMO Member States 
are still committed to achieving net zero by or 
around 2050 as per MEPC 84.

Conclusion

The potential failure or significant delay in 
the relevant regulatory readiness, such as NZF, 
creates huge uncertainty for the adoption of 
ammonia as an alternative fuel. While ammonia 

remains a top candidate for decarbonising shipping, a 
weak or delayed regulatory framework leaves the near-
term path for ammonia-fuelled vessels in limbo, even 
if other technical rules and developments progress. 
Ammonia became a choice as a suitable marine fuel due 
to the economic benefits derived under the relevant EU 
regulation and mainly the NZF of the IMO, which may 
become effective in the long run, may be in a different 
form, as MEPC 84 (27 April -1 May 2026) shows less 
hope for the proposed NZF. Hence, at this juncture, “wait 
and watch” may be a good strategy for new-building 
investments, as it is followed by some shipping companies, 
rather than opting for the conventional engine option! 

Reference
1)	 ABS advisory on gas and other low-flashpoint fuels of 2019
2)	 Class NK Technical Journal No 5 of 2022 
3)	 IGC Code and IGF Code of IMO
4)	 MS Notice No. 06 of 2024 of DGS 
5)	 MSC.1/Circ.1687, 26 Feb- 2025
6)	 News Brief: MSC 110 by ABS 
7)	 News Brief: CCC 11 by ABS 
8)	 IMO CCC 10: Interim Guidelines by DNV 
9)	 Fuel for thought: Ammonia report by LR
10)	 IMO issues interim guidelines for the safety of ammonia-fuelled ships by 

BIMCO 
11)	 Ammonia as a marine fuel: Prospects and challenges by DNV 
12)	 Rules and Guidance for Ships Using Low-flashpoint Fuels by KR 
13)	 Preliminary discussion report on the use of ammonia as fuel for ships by 

MTF 
14)	 FAQs on the EU-ETS for shipping by Class NK 
15)	 Guidelines on ammonia-fueled vessels, Revision 1, IRS, 2025 
16)	 Jeffries (2025) IMO NZF delay- newbuildings will shift back to conventional 

engines 
17)	 Wang, H, et al. (2025), Life cycle analysis of ammonia fuelled ship – case 

ship studies for marine vessels 
18)	 Savvides, N. (2026), US hubris risks shipping’s regulatory consensus and 

stability, Seatrade Maritime News, March 24, 2026. 
19)	 Sagar Sandesh, US makes the case to torpedo ‘flawed’ Net-Zero 

Framework, March 20, 2026
20)	 MEPC 84 Summary Reports, May 2026 by Lloyd’s Register 

Note: The opinion(s), view(s) and conclusion(s) 
expressed in this paper are purely the Author’s 

personal

Dr Shantanu Paul  is a First-Class Marine 
Engineer, WMU (Shipping Management) and PhD 
(Management). He has worked for 25 years with 
The SCI Ltd, of which 10 years were at MTI Powai 
as faculty and Dean. He has published many 
articles in reputed national and international 
journals. Currently, he is associated with IMU 

Kolkata as a faculty and MEO Class-1 course coordinator.

Email: imuspkol@gmail.com 

About the Author

Regulatory Clarity Drives Regulatory Clarity Drives 
Investment ConfidenceInvestment Confidence



MARINE ENGINEERS REVIEW (INDIA)
July 2026

43https://imare.in/ 

Cooling Water, Hot Trouble: Overheating and 
Thermal Distress of Marine Engines
Marine Engineering Accident Investigation Series – Marine Engineers’ 
Review (MER)

Introduction

Marine propulsion engines operate within carefully 
controlled thermal limits, where effective cooling 
is essential for maintaining reliability, efficiency 

and structural integrity. While engine overheating is often 
perceived as an isolated machinery malfunction, accident 
investigations repeatedly demonstrate that it is usually 
the result of progressive deficiencies within the cooling 
system. Scaling, biofouling, reduced pump performance, 
uneven flow distribution and inadequate monitoring can 
gradually erode the thermal margins designed into marine 
machinery.

The consequences of cooling system failures extend far 
beyond elevated temperatures. Thermal distress can lead 
to piston scuffing, cylinder liner damage, exhaust valve 
failures, lubricating oil degradation, automatic engine 
slowdowns and complete loss of propulsion system. In 
congested waterways or environmentally sensitive regions, 
such failures may escalate into collisions, groundings, 
pollution incidents and substantial commercial losses.

This article examines the role of cooling water systems 
in marine engine casualty investigations, emphasising 
the importance of identifying root causes rather than 
focusing solely on the final machinery failure. Through 
the analysis of scaling, biofouling, hydraulic performance, 
temperature-profile reconstruction and maintenance 

practices, the article provides investigators, operators 
and marine engineers with a structured methodology 
for diagnosing overheating incidents. It also highlights 
the relevant regulatory framework under SOLAS, the ISM 
Code, classification society requirements and the legal 
implications arising from preventable cooling system 
deficiencies. By understanding the thermal history of 
machinery failures, stakeholders can move beyond 
symptom-based troubleshooting and adopt a more 
proactive approach to machinery reliability and safety.

In addition to the technical aspects, the paper addresses 
the legal and financial consequences that may arise when 
propulsion loss, engine damage, or navigational incidents 
are linked to inadequate cooling-system management. 
The findings demonstrate that effective cooling-water 
management is not merely a maintenance concern but 
a critical reliability barrier essential to vessel safety, 
operational continuity and regulatory compliance. A 
disciplined approach to monitoring, maintenance and 
investigation can significantly reduce the likelihood of 
thermal distress and prevent costly marine casualties.

Abstract

Engine overheating remains one of the most common 
precursors to serious marine machinery failures and 
propulsion losses. Although high-temperature alarms, 
piston seizures, liner scuffing and thermal cracking 
are often treated as the primary failures, accident 
investigations frequently reveal that the true causes 
originate within deteriorating cooling-water systems. This 
article explores the mechanisms through which scaling, 
biofouling, degraded pump performance, poor flow 
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distribution and ineffective temperature control contribute 
to progressive thermal distress in marine engines.

Keywords: Marine engine overheating; Cooling water 
systems; Thermal distress; Accident investigation; 
Scaling; Biofouling; Heat transfer; Pump performance; 
Flow distribution; Temperature-profile reconstruction; 
Propulsion failure; Jacket water systems; Machinery 
reliability; ISM Code; SOLAS compliance; Condition 
monitoring; Marine casualty investigation; Engine cooling 
efficiency; Root cause analysis; Predictive maintenance.

Marine engines seldom overheat without warning. Long 
before a piston starts scuffing, a cylinder liner begins 
to distort, or an exhaust valve suffers thermal distress, 
the cooling system has usually been offering clues: rising 
differentials, uneven temperatures, weak flow, unexplained 
fouling, or recurring alarms that were acknowledged but 
not deeply investigated. This article examines accident 
investigation techniques for marine engine overheating, 
with particular focus on scaling, biofouling, pump 
performance, flow distribution and temperature-profile 
reconstruction. It also outlines the regulatory framework 
under SOLAS, the ISM Code and class expectations and 
discusses the legal and financial exposure that 
owners may face when loss of propulsion, engine 
damage or navigational incidents can be traced 
to cooling system neglect or poor diagnosis. 
SOLAS Chapter II-1 addresses machinery and 
electrical installations as part of the ship’s safety 
framework, while the ISM Code establishes the 
standard for safe management and operation of 
ships and pollution prevention. 

1. The cooling system rarely lies

Among all shipboard systems, cooling water is 
one of the most deceptive. It appears humble, 
routine, almost secondary to the “real” work 
of combustion and propulsion. Yet cooling 
water determines whether metal remains 
within its designed thermal limits or crosses 
into distortion, loss of lubrication, cracking and 

seizure. In accident investigation, this is a crucial 
point: overheating is rarely a primary failure by 
itself. More often, it is the visible consequence of 
hidden deficiencies in heat transfer, circulation 
or temperature control.

When a main engine overheats, the immediate 
symptoms may include high jacket water 
temperature, exhaust temperature imbalance, 
reduced power, lubricating oil breakdown, 
piston seizure or even automatic slowdown 
and shutdown. But the investigator must resist 
the temptation to stop at the final symptom. 
The real question is not simply why the engine 
became hot, but why the cooling medium failed 
to remove heat where and when it should have 
done so.

2. How thermal distress begins

Marine engines rely on a balanced thermal regime. 
Jacket water, piston cooling oil or water, charge air 
cooling, lube oil cooling and in many cases central cooling 
systems all work together to control the heat generated 
by combustion. A disruption anywhere in this network can 
create local hot spots.

The earliest mechanisms are often ordinary and 
cumulative. Scaling narrows heat transfer passages 
and insulates surfaces from coolant. Biofouling in sea 
chests, coolers and piping reduces flow and undermines 
exchanger performance. Weak pump performance 
reduces circulation rates, particularly under manoeuvring 
or hot-weather conditions. Poor flow distribution inside 
cylinder jackets or through multi-pass coolers means 
some units receive less effective cooling than others. Over 
time, this produces uneven metal temperatures, thermal 
stress and differential expansion.

By the time the chief engineer sees a high-temperature 
alarm, the process may already be advanced. That is why 
accident investigation into overheating must be as much 
about thermal history as about the final breakdown.

Heat Kills Long Before Metal FailsHeat Kills Long Before Metal Fails
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3. Scaling: the slow thief of heat transfer

Scaling is one of the oldest marine engineering problems 
and still one of the most underestimated. Calcium salts, 
corrosion products, silicates and treatment residues build 
up on heat transfer surfaces and gradually reduce both 
flow area and thermal conductivity. The engine may 
continue to run, but the cooling system is quietly losing 
efficiency.

In post-incident investigation, scaling should not be 
treated as “poor housekeeping” alone. It may be central 
causation. Deposits inside cylinder liners, cylinder heads, 
charge air coolers and fresh water coolers create a thermal 
barrier. Metal temperatures rise locally, lubricating films 
weaken and components experience expansion beyond 
design assumptions. What finally emerges may be piston 
ring sticking, liner polishing followed by scuffing, cracked 
heads, or abnormal exhaust temperatures.

The investigation should therefore document not just 
the existence of scale, but its extent, location and likely 
age. Was scaling uniform, suggesting long-term neglect 
of water chemistry? Or was it concentrated in low-flow 
regions, indicating distribution defects? 
Samples should be analysed where practicable. 
The chemistry of the deposits may reveal 
whether the root issue was poor treatment 
control, use of unsuitable make-up water, or 
contamination from another system.

4. Biofouling: living growth, dead 
machinery

Sea-water cooled systems invite life. Marine 
growth, slime, shell fragments and biological 
films in sea chests, strainers, coolers and 
overboard lines can significantly reduce flow 
and exchanger performance. In warm waters, 
this process can accelerate dramatically.

Biofouling is especially dangerous because 
it often produces intermittent performance 

loss. The vessel may run satisfactorily in cool 
climates but struggle in tropical waters or at 
sustained high load. Engineers then respond 
tactically, opening bypasses, increasing pump 
use, throttling elsewhere, without appreciating 
that the system has already lost its original 
margin.

In a casualty investigation, biofouling 
must be treated as a dynamic operational 
hazard. The team should inspect sea chests, 
cooler tubes, sea strainers and branch lines 
and compare actual internal condition with 
planned maintenance records. If there were 
prior complaints of marginal cooling, repeated 
cleaning of strainers, or unexplained jacket-
water trends, those become important 
evidence of foreseeability. Where the owner 
knew or ought to have known that cooling 
efficiency was deteriorating, the legal picture 

changes substantially.

5. Pump performance: flow lost in plain sight

A cooling system is only as good as its circulation. Pump 
wear, cavitation damage, loosened impellers, eroded 
wear rings, air ingress on suction, incorrect rotation after 
maintenance, or simply degraded pump curves can all 
reduce delivered flow.

Pump problems are particularly important in accident 
reconstruction because they can hide behind apparently 
normal pressure readings. A pump may show pressure 
yet deliver insufficient volume under real engine demand. 

The investigator should therefore look beyond gauge 
indications and reconstruct actual hydraulic performance. 

This may involve:

•	 Reviewing past suction and discharge pressure logs. 
•	 Checking motor current and comparing with expected 

duty. 

Thermal Distress Leaves A TrailThermal Distress Leaves A Trail

Overheating Begins with Lost Cooling Overheating Begins with Lost Cooling 
MarginsMargins
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•	 Examining impeller condition, clearances and signs of 
cavitation. 

•	 Assessing whether the system was operating near the 
limit of available NPSH. 

•	 Determining whether standby pumps were available, 
operative and properly used. 

Where two pumps operate in parallel or duty/standby 
mode, the failure history matters. A ship that repeatedly 
depended on one “good” pump while treating the other 
as unreliable was already signalling vulnerability. Under 
the ISM philosophy, repeated workaround operation is not 
benign; it is evidence that critical equipment management 
may have been inadequate. The ISM Code is intended to 
provide an international standard for safe management 
and operation of ships and for pollution prevention. 

6. Flow distribution: when one cylinder runs 
hotter than the rest

One of the most revealing aspects of overheating 
investigations is temperature asymmetry. Engines 
rarely heat uniformly when cooling faults are 
involved. One bank, one liner, one cover, one 
cooler section, or one branch circuit may run 
significantly hotter.

That is why temperature-profile 
reconstruction is such a powerful tool. 
Instead of asking only whether the engine 
overheated, the investigator asks how heat 
was distributed across the machinery before 
failure. This can be reconstructed from alarm 
logs, engine monitoring trends, infrared images 
if available, manual watchkeeping records and 
physical evidence such as discoloration, varnish 
patterns, gasket distress and localised material 
degradation.

Flow distribution faults may arise from 
partially blocked branch passages, incorrect or 
stuck thermostatic valves, trapped air pockets, 

temporary maintenance errors, or design 
weaknesses that only become evident under 
certain loads. A cylinder that consistently 
ran hotter than its neighbours before the 
casualty may indicate long-standing local 
flow starvation rather than a sudden global 
problem. In legal disputes, such data can be 
highly significant because it tends to show that 
the failure was progressive and diagnosable, 
not truly sudden.

7. Temperature-profile reconstruction 
after the casualty

Post-accident reconstruction should 
combine documentary, digital and physical 
evidence. The best investigations proceed 
almost like medical diagnosis after fever and 
collapse.

First, gather all available temperature history: jacket-
water inlet and outlet logs, individual cylinder exhaust 
temperatures, lube oil temperatures, cooler differential 
temperatures and alarm timestamps. Second, correlate 
these with operational context: manoeuvring, ambient 
sea-water temperature, fuel changeover, reduced engine 
speed, heavy weather or recent maintenance. Third, 
inspect the failed components for thermal signatures: 
blued metal, coked oil, seized rings, hardened seals, 
cracked paint, warped valve cages or differential 
expansion marks.

This reconstruction often reveals a thermal narrative. 
The engine may have been running acceptably at sea, then 
entering warmer waters with partially fouled coolers. One 
pump may have been underperforming. A thermostatic 
valve may have begun hunting. Flow to one section 
weakened. That cylinder’s temperatures drifted higher 
over several voyages. Finally, under heavy manoeuvring, 
the margin vanished and the component failed.

Such reconstruction transforms “engine overheated and 
failed” into a defensible technical explanation.

Every Degree Tells A StoryEvery Degree Tells A Story

Scale Today, Breakdown TomorrowScale Today, Breakdown Tomorrow
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8. Codes, conventions and class expectations

Although no single convention is titled “cooling water 
management,” the applicable framework is clear. SOLAS 
Chapter II-1 covers machinery and electrical installations 
and is intended to ensure that essential services 
supporting ship safety are maintained. IMO describes 
the goal of machinery installations under the chapter as 
providing required functionality for safe navigation and 
safe carriage. 

The ISM Code requires companies to establish 
safe management systems, including procedures 
for maintenance of ship and equipment, reporting 
non-conformities and corrective action. Where a 
ship experiences recurring cooling inefficiency, rising 
temperatures or repeated alarm events without proper 
root-cause analysis, the issue is no longer merely technical; 
it enters the realm of management system failure. 

Classification societies also impose machinery survey 
and maintenance expectations and modern condition 
monitoring practice is increasingly guided by standards 
such as ISO 17359:2018, which gives general 
guidelines for setting up machine condition 
monitoring programmes. While not a statutory 
convention in itself, it is relevant where owners 
rely on trend monitoring and predictive 
maintenance to manage machinery risk. 

9. Legal consequences and financial 
damage to the owner

Overheating casualties can become expensive 
very quickly. The direct costs are obvious: 
damaged pistons, liners, bearings, cylinder 
heads, coolers, pumps and associated labour. 
Dry-docking, spares logistics, class attendance 
and expert attendance add further expense. If 
the vessel loses propulsion in restricted waters, 
the cost escalates to tug assistance, towage, 
emergency repairs and schedule collapse.

But the larger exposure often lies beyond 
the engine room. If the vessel grounds, 
collides, blocks a channel or delays cargo due 
to propulsion loss traceable to preventable 
thermal distress, the owner may face off-hire 
claims, charterparty disputes, cargo claims 
and infrastructure claims. If environmental 
damage follows, the matter becomes even 
more serious. In court or arbitration, the 
decisive question is often whether the owner 
exercised due diligence to keep the vessel 
seaworthy and to maintain critical machinery 
properly.

A cooling-water problem that had been 
“managed” through repeated temporary 
cleaning, manual valve adjustment or 
alarm acknowledgement can look deeply 
unattractive under legal scrutiny. The owner 
may argue that the failure was sudden. The 

claimant will argue that the warning signs were present 
for weeks or months. Temperature logs, maintenance 
records, chemical treatment records and crew reports 
become central evidence.

Insurers, too, will look closely at whether the machinery 
failure was fortuitous or the product of deferred 
maintenance and weak technical management. Thus, 
cooling water neglect can move from a technical nuisance 
to a major liability event.

10. Lessons for accident investigators and 
operators

The central lesson is that overheating should never 
be investigated as a single-temperature problem. It is a 
system problem involving chemistry, biology, hydraulics, 
materials and control. 

Investigators should therefore adopt a methodical 
structure:

Lost Cooling Means Lost PropulsionLost Cooling Means Lost Propulsion

Weak Flow, Strong ConsequencesWeak Flow, Strong Consequences
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Begin with the top event: overheating, thermal distress 
or propulsion loss. Trace backwards through temperature 
trends, flow performance, exchanger condition, pump 
capability, valve logic, water chemistry and maintenance 
history. Compare affected and unaffected cylinders or 
circuits. Reconstruct the thermal map. Ask not just what 
failed, but what margin was lost, when it was lost and 
whether the ship’s systems and management should have 
detected it earlier.

Conclusion

Marine engine overheating is rarely a sudden or isolated 
event. In most cases, it represents the culmination of 
progressive deficiencies within the cooling system that 
have gradually reduced the machinery’s ability to dissipate 
heat effectively. Scaling, biofouling, reduced pump 
efficiency, flow maldistribution and inadequate monitoring 
often develop over extended periods, providing numerous 
warning signs before thermal distress ultimately manifests 
as machinery damage or propulsion loss.

Effective accident investigation therefore requires a 
holistic approach that examines the complete thermal 
history of the machinery rather than focusing solely on 
the failed component. Temperature trends, hydraulic 
performance data, maintenance records, water-treatment 
practices and physical evidence must be integrated to 
reconstruct the sequence of events leading to the casualty. 
Such investigations frequently reveal that overheating 

incidents are both foreseeable and 
preventable when early indicators are 
properly recognized and addressed.

From an operational perspective, 
cooling-water systems should be 
regarded as critical safety and 
reliability barriers rather than auxiliary 
support services. Regular monitoring 
of temperature profiles, systematic 
performance testing of pumps and 
heat exchangers, disciplined water-
treatment programs and prompt 
investigation of recurring alarms 
are essential elements of sound 
machinery management. These 
practices align with the expectations 
of SOLAS, the ISM Code and modern 
condition-monitoring philosophies.

Ultimately, the lessons from 
overheating casualties reinforce a 
fundamental engineering principle: 

machinery failures rarely occur without warning. Cooling 
systems communicate their deteriorating condition 
through changes in temperatures, pressures and flow 
characteristics long before catastrophic damage occurs. 
Organizations that listen to these signals, investigate them 
thoroughly and act proactively will significantly enhance 
vessel reliability, reduce operational risk and avoid the 
substantial legal, financial and safety consequences 
associated with thermal distress and propulsion failure. 

For operators, the message is equally plain. A cooling 
system must be treated as a critical reliability barrier, not 
an auxiliary support service. Trending, water treatment 
discipline, periodic performance testing of pumps, cooler 
inspection and temperature-pattern analysis should all be 
part of serious machinery management.

Because when cooling water begins to fail, the engine 
almost always starts speaking first in degrees Celsius, long 
before it speaks in broken metal.
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Cognitive Digital Twin “Chaitanya” for India’s  
Deep-Ocean Human Submersible Matsya6000-Part D

Abstract 

Safety is the key requirement for human scientific 
submersibles operating in challenging deep-ocean 
environments. Even-though adequate hardware 

and software redundancies are built-in for mission-
critical systems and standards for human-rating are 
followed to ensure the on-demand reliability of life-
critical systems in Matsya6000, unforeseen emergency 
situations could result in cognitive incapacitation of 
the crew, leading to human errors. This five-part article 
reports the development of first-of-its-kind AI-powered 
Situation-aware Cognitive Digital Twin (CDT) “Chaitanya” 
that co-exists with Matsya6000. It comprises of 14 
complex coupled-models involving interactions between 
engineering systems, crew physiologies, human cabin 
microclimate and ocean environment. Chaitanya updated 
with essential sensory information in real-time, simulates 
15 hard-to-predict scenarios “ahead-of-time” supporting 
Matsya crew by redefining protocols that are optimal for 
their survival during the emergency period. This (fourth) 
part describes the development and validation of Shakthi 
and Prana modules of CDT Chaitanya.   

Description of sub-modules of CDT Chaitanya 

Emergency Power System of Matsya

Emergency Power System (EPS) of Matsya6000 is 
powered by two sets of 24V-2.5kWh lead-acid batteries 
located inside the human cabin (HC). Considering safety 
as the priority, matured lead-acid chemistry is used. Their 
capacity is sized to cater power/energy to the life-critical 
systems (LCS) during the emergency period of 96h. 
Based on the Emergency Operating Protocol (EOP), CO2 

scrubbers, Underwater Acoustic Telephone (UAT), shape-
memory alloy (SMA) based actuators (of emergency drop 
weights, jettisoning and emergency rescue buoy) and HC 
lighting shall consume 62%, 8%, 6% and 4% of energy. 
About 20% of energy is for surface communication. 

N. Vedachalam, VBN Jyothi, J. Preetha 
Roselyn, G. Harikrishnan,  

Tamshuk Chowdhury, S Ramesh

AI Predicts Emergencies 
Before Humans Can
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What are the hard-to-predict-scenarios/HTPS in 
the EPS?

HTPS-1

During the emergency period, when lead-acid batteries 
are discharging, predicting the real-time before which 
the emergency systems should be operated (so that 
they operate reliably above the device-specific voltage 
threshold) should be made known to the Matsya pilot 
in-advance, so that the availability of power/energy for 
operating the emergency systems is ensured till 96h. In 
addition to this, the real-time at which the battery’s State 
of Charge (SoC) goes < 20% is to be informed to the pilot 
in-advance for advancing actions. Figure.1 describes the 
voltage drop in a typical Pb-acid battery as a function 
of residual SoC & discharge current. These are the HTPS.

Figure.1. Discharge characteristics of lead-acid  
batteries at various SoC

The C-rating (during discharge) of a battery indicates 
its maximum safe discharge current, expressed as a 
multiple of its total capacity.  For example, 1C rating on 
a 100Ah battery means it can be discharged at 100A for 
1h, while 0.5C rating would allow a discharge of 50Afor 
2h. The discharge performance of the battery under 
0.5C load (Type-1) and 1C load (Type-2) is explained 
for understanding with reference to Figure.1. Assuming 
both types of loads require operating threshold voltage 
>18VDC, under the ongoing discharge pattern, it is 
required to understand the real-time up to which the 
battery could support their operations. With reference to 
Figure.1, by performing simulations ahead-of-time, it can 
be predicted that the battery could support Type-1 load 
only up to time t2 (until SoC >40%), after which voltage 
falls below 18V. Likewise, the battery could support Type-2 
load only until time t1 (SoC >40%), after which voltage falls 
below 18V (refer t3).

Figure.2. Frangibolt used in emergency device actuators

The shape-memory alloy (SMA) based actuators of LCS 
including emergency drop weights (EDW), emergency 
jettisoning systems (EJS) (including trim, manipulators 
and sampling tray) and the emergency rescue buoy/ERB) 
operated using multiple frangibolts (FB). Based on system 
weight, the number of FB used varies from 1 to 8. The basic 
principle of the FB relies on a pre-compressed SMA tube 
and a titanium bolt with a special notched section which 
is positioned through the cylinder and restrained at either 
end. When heated up to a temperature of ~ 90˚C, the SMA 
undergoes a phase change (from martensitic to austenite) 
returning to its original size thus developing enough 
tensile force to fracture the notched section of the FB. 
Redundant DC voltage powered heaters wrapped around 
the SMA generate heat for activation. The mechanism 
without any moving parts makes it reliable compared to 
other mechanisms. Since its invention in 1992 and its first 
application in spacecraft Clementine in 1994, the FB has 
attained unparalleled reliability. 

The activation duration of the subsea FB depends on 
the applied voltage and ambient ocean water temperature 
(Figure.2). A DC-DC converter in the EPS provides 
constant voltage to the FB, until the battery voltage goes 
below 18V. As an example, during emergency, jettisoning 
of the trim system at 40% battery SoC results in a battery 
voltage drop from 23 to 20V, while at 20% SoC, the 
same operation results in voltage drop to <18V, which 
is insufficient to jettison. Based on the ongoing current 
discharge profile, the real-time at which battery voltage 
drops below the thresholds of the LCS, that depends on 
the SoC and the current demand, are HTPS for the pilot/
crew. 

HTPS-2

During the 12h mission, the Underwater Acoustic 
Telephone (UAT) shall be utilised every 30min to have 
voice communication between Matsya and the mother 
ship. Upon failure of voice communication, it is necessary 

Chaitanya Thinks Ahead, 
Humans Stay Safe
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that subsea mission has to be terminated and Matsya 
has to return to the sea surface. During the emergency 
period of 96h (energy-rationed scenario as per EOP), 
there are possibilities that the UAT is used more frequently 
(>2 times/h) by the crew to understand the status of 
recovery operations. Increased usage of UAT results in 
increased energy consumption from the batteries (than 
the allocated budget of 8%) which will affect the energy 
availability for other devices (such as scrubbers) to serve 
the remaining emergency period. Hence the utility of the 
UAT has to be restricted during the remaining emergency 
period. The question of “If the UAT is restricted due to 
prior increased usage, then what is the allowable usage 
during the remaining emergency period?” is a HTPS for 
the crew.

Figure.3. Energy rationing and restricting increased UAT usage

The methodology adopted for predicting the allowable 
futuristic usage, provided the UAT’s energy utilisation 
is with its allocated budget is described in Figure.3. 
With the UAT usage energy inferred from the machine-
learnt battery current signature, the cumulative energy 
consumed by UAT with time is computed, from which 
remaining UAT energy budget is calculated, based on 
which the allowable usage rate (usages/h) for the 
remaining period is determined, from any point of time.   

Chaitanya- Shakthi

The architecture of Shakthi module developed to 
support the crew during the above HTPS is represented 
in Figure.4. At the core of Shakthi is the precise 
mathematical model of the lead-acid battery (third-
order electrical equivalent circuit incorporating thermal 
effect, nominal and pulse discharge response). The pulse 
discharge represents the operation of the FB. It’s priori 
inputs (A) include the ambient temperature (AT) profile 
inside the HC at various ocean depths, characteristics of 
the emergency devices and actuators and the mandatory 

reserve energy (B). With the load current input (C) in real-
time from the emergency batteries as the “only” input, 
Shakthi takes into consideration the characteristics of 
the lead-acid battery chemistry, emergency devices and 
the dynamic ambient temperature conditions inside the 
HC (when Matsya is operating at different ocean depths), 
energy utilised, energy requirements for the remaining 
/extended mission period, surface communication and 
contingency energy as constraints, redefines the EOP(E) 
ensuring the power supply/energy availability during the 
entire period of emergency, thus ensuring human safety. 
Based on the input (D) and situation-awareness (current 
V and residual SoC), Shakthi issues the revised EOP 
(E) ensuring power/energy availability till the extended 
emergency period (TF).    

Figure.4. Architecture of Shakthi module 

Human cabin ambient temperature (AT)

The performance of the emergency lead-acid batteries 
is influenced by the AT inside the HC. The AT profile inside 
the human cabin at various ocean depths is modeled and 
simulated using Siemens Magnet-Thermnet Finite Element 
Analysis (FEA) software. Simulation is done based on 
the environmental conditions (HC microclimate) during 
a practical 12h mission and emergency period of 96h. 
The properties of the Ti-alloy, 80mm thickness, internal 
heat loads and external sea water temperature prevailing 
at various depths are provided as inputs to the Magnet-
Thermnet model. The details of the devices and their 
thermal behavior are not included in this article due to 
confidentiality reasons. The simulation results (Figure.5) 
show the AT inside the HC up to 8h (with 300W of human 
heat load and ~1000W of electronics) and during 8-108h 
(with 300W human heat load only, as systems shall be in 

Survival Through Prediction, 
Not Reaction
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off condition per EOP). The identified AT serves as priori 
inputs to Shakthi.

Figure.5. Ambient temperature variation inside the HC

Machine-learning of ocean water temperature 
profile

The ocean water current profile (Water depth Vs 
Temperature) in Central Indian Ocean basin where the 
water depth is 5500m is logged during a deep-ocean AUV 
OMe6000 scientific cruise undertaken in NIOT’s Ocean 
Research Vessel Sagar Nidhi.  The water current profile is 
machine-learnt using RNN-LSTM (identified by comparing 
with other techniques) and used as input to the AT-block 
(Figure.4) as priori input (Figure.6). The effectiveness of 
the various machine-learning (ML) processes is analysed 
using Mean Absolute Error and the results are summarised 
in Table.1. The closeness between the predicted and actual 
temperature is within 0.01ºC.

Figure.6. Machine-learnt Ocean temperature profile 

 
Table.1. Machine-learning performance assessment 

Method MSE RMSE MAE

ARIMA 2.95 1.71 2.1

GRU 2.12 1.46 1.85

LSTM 1.86 1.36 0.96

RNN LSTM  1.05 1.024 0.65

Shakthi development and validation 

Various stages involved in the development, tuning 
and validation of Shakthi is shown in Figure.7. Edge 
processor dSpace1104 is used for running the twin and 
LabView software is used as a visualisation platform. 

A programmable DC electronic load is to emulate the 
actual loading conditions.  The digital twin of the battery 
is developed using numerically equivalent circuit and is 
adaptively tuned until the required prediction accuracy is 
obtained as that of the actual battery. 

Figure.7. Stages of Shakthi module development

Identification of battery response various load 
patterns

A high-fidelity numerical model, used to digitally twin 
with the actual lead-acid battery is realised through an 
Electrical Equivalent Circuit Model (EECM) that emulates 
the battery behavior at different load conditions. All the 
parameters of the EECM are extracted from the nominal 
and pulse discharge test (PDT). The EECM comprises of 
two parts, including parasitic branch and main branch. The 
battery is characterised by a set of parameters that define 
the operational discharge properties. The resistances and 
capacitances of EECM are presumed as functions of the 
battery SoC and electrolyte temperature. 

PDT refers to electrical discharge pulse pattern in 
battery involving short-duration high-current pulses. PDT 
is highly useful for estimating the battery parameters 
for model development and to understand the battery 
response during high discharge as well as dynamic 
loading conditions, as is the case of FB. The initial voltage 
drop due to the ohmic drop due to internal resistance 
and continues to drop due to internal resistance and 
electro-chemical polarisation. At the end of the current 
pulse, voltage instantly jumps up showing partial voltage 
recovery after the pulse. The voltage continues to relax 
as electrochemical system stabilises.

PDT was conducted on the actual fully-charged lead-
acid battery to determine its dynamic response and 
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voltage recovery behavior. Programmable DC load is used 
to create the short duration high current pulses, emulating 
the characteristics of the FB-based actuator. The response 
of the battery to the PDT to a current pulse (square 
waveform of amplitude 10 A) is shown in Figure.8. The 
results of PDT conducted on the battery are incorporated 
in the EECM.

Figure.8. Pulse discharge test conducted on actual battery 

Adaptive Parameter Tuning by Unsupervised 
Learning 

The parameters of Shakthi are adaptively tuned 
(optimised) using unsupervised ML process. Optimisation 
is done using non-linear least-square optimisation 
method with trust region reflective (TRR) algorithm. 
The TRR algorithm is a numerical optimisation method 
used to solve bound-constrained non-linear minimisation 
problems. Subsequent to the adaptive tuning of Shakthi 
with the actual battery, its discharge performance under 
actual load conditions is validated in real-time with 
physical battery under different discharge conditions 
with varying loads, including actual pulsed patterns. 
The residual error between physical battery and digital 
twin is obtained as <0.3 V (Figure.9 and Table.2), which 
indicates the Shakthi has achieved a cognitive prediction 
accuracy of ~97%. The visualisation platform for the EPS, 
in real-time monitors the battery parameters, provides 
scenario analysis and physical parameter deviations for 
enable condition monitoring.

The validated Shakthi is used to predict the UAT 
usage during the emergency period based on the logic 
described in Figure.3. An off-normal UAT usage of 10 
times/h during the 10-15h (of emergency period) results 
in allowable operations of every 43min, while at the end 
of the emergency period (70-75h) the emergency power 
system can support only 1 time every 240min (2h). The 
HMI periodically updates every 5min (update rate can be 
modified by the user) simulates the time-series SoC and 
voltage of the battery and predicts the real-time to reach 
20% of SoC, real-time (last opportunity) before which 

the “voltage-sensitive” SMA-based emergency releases 
needs to be operated and the allowable operations for the 
UAT/h, enabling Matsya6000 crew to “foresee” scenarios 
and redefine the EOP. 

Figure.9. Battery voltage versus capacity (twin and actual)

Table.2. Performance of Shakthi during operation of emergency 
devices

Emergency 
FB-actuated 

device

Maximum 
threshold time to 

actuate
Critical 
voltage 

(V)

Accuracy 
%

Shakthi
Actual 
battery

EDW, ERB 95.2h 97.2h 20.77 97.3%
Manipulator, 
Sample Tray

90.4h 92.6h 21.65 97.6%

Trim 82.8 h 84.6h 22.29 97.9 %
Instance 
SoC falls 
below 20% 
(h)

107 h 98.6h 18 97.6%

Prana – O2 supply system 

The HC of Matsya is equipped with life-support systems 
including O2 supply system (with 1045L of O2 stored in 
67 cylinders) for catering the requirements of 3 crew 
for 108h, two CO2 removal scrubbers, four emergency 
breathers, smoke & fire detectors and environment 
monitoring sensors, alarms and data acquisition systems. 
Under nominal conditions, the O2 concentration inside the 
human cabin shall be maintained at 21% by the crew by 
opening the O2 cylinders one after other, as and when they 
are exhausted. The cylinders are equipped with needle 
valves so that the flow rate can be varied to maintain the 
desired O2 concentration at the desired level. Based on 
OSHA standards, O2 concentration inside the closed HC 
should be in the range 18.5-23%. Concentrations <18.5% 
is detrimental to the crew health and concentrations 
>23% creates an environment supporting combustion 
(possibility ignited by electrically-generated sparks) and 
creates O2 toxic environment for the crew.

HTPS-3

During emergency scenarios, such as Matsya6000 
stranded to the ocean floor, precise localisation shall be 
done using acoustic transponders and drag-anchor shall 
be used for rescue. The duration required for carry out the 

Predict. Adapt. 
Survive
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operations forms the basis of definition of the emergency 
period (96h). However, in case of delays beyond 96h, 
optimised consumption of O2 shall help in surviving 
beyond 96h, before they are rescued. However, predicting 
O2 flow rate required to sustain for the additional period 
(beyond 96h) in-advance, is a HTPS for the crew, when 
physical and physiological stresses dominate.

Figure.11. O2 consumption by the crew during 12h mission 

The O2 consumption pattern by Matsya6000 crew 
during various phases of 5500m depth-rated scientific 
mission forms the basis of Prana module. Based on the 
physiological models and the metabolic activity, O2 

consumption rate during the nominal and emergency 
operational phases of Matsya are incorporated in the 
models. Based on the actual physical and cognitive work 
load of the crew during piloting phases, O2 consumption 
of the pilot, co-pilot and observer is computed as 660 
ml/min, 430 ml/min and 250 ml/min, respectively. During 
the seafloor observations, all three consume 430m/
min. During the initial emergency period (8h) all three 
consume 660m/min and 250m/min during the rest of the 
emergency period, till recovery. Taking into consideration 
maintenance requirements, residual O2 requirements in 
the cylinders and the plumbing lines, total O2 required 
onboard is ~9kL (Table.3). However, to comply with DNV 
regulations 10450L of O2 stored in 67 cylinders is used 
for the mission. 

Figure.12. Crew in Matsya HC in surface floating condition
Figure.10. Architecture of Prana module

Table.3. O2 consumption during nominal and emergency  
period used for sizing the on-board O2 storage

Phase Duration

O2 consumption (litres)

Pilot Co-pilot Obser- 
ver

Nominal operations (12h mission)

On ship deck 30min 20 13 8

Surface 
floating 

30min 10 9 5

Descent 180min 77 77 45

Survey at 
altitude

120min 79 52 30

Near ocean-
floor survey 

90min 59 39 39

Intervention 
/Sampling

60min 40 40 26

Ascent 180min 72 72 45

Retrieval till 
disembark

30min 20 13 8

Up to 12h 12h 377 314 205

Emergency period

12-20h 8h 316 316 316

Up to 96h 76h 1961 1961 1961

Crew-wise 
consumption

108h 2654 2591 2482

Total consumption for 
108h

7727 Litres
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Figure.13. O2 concentration inside HC during surface floating

The O2 consumption for three crew was monitored 
during the Matsya qualification tests conducted in L&T 
ship-building port in Chennai (Figure.12). The cabin O2 

concentration log on-board Matsya is shown in Figure.13. 
During the stabilised period (15.40hrs -16:04hrs), the O2 
concentration was constant (21%) for a fixed O2 flow rate 
of 1.5LPM. The measured O2 consumption was closely 
matching (with an accuracy of 3%) with the OSHA model. 
The obtained consumption pattern was used as an input 
for the Prana module. 

Based on the architecture of Prana described in 
Figure.10, Prana shall be started once the crew embarks 
the human cabin and the entry hatch is shut and thereafter 
the computation of the cumulative O2 consumption is 
done based on the mission plan with pre-defined O2 
consumption pattern. During an emergency scenario, the 
start of the emergency (real-time) shall be provided as an 
input and thereafter Prana switches to emergency mode 
of operation. Once it enters into the emergency mode, the 
remaining O2 onboard serves as an input to Prana. During 
the emergency, at any instant, Prana accepts the “time-to-
retrieve” as input and recommends cabin O2 concentration 

and flow rate that has to be maintained to survive for the 
specific additional duration. The output of the CDT Prana 
for a query raised after 20th hr of emergency is shown in 
Figure.14. It can be seen that, for an emergency period 
that started at 20th hr, with a flow rate of 1.3LPM, the crew 
survival can be extended up to 114h, while with 1.14LPM, 
the crew can survive up to 127h. 

Figure.14. Prana decision support for survial beyond 96h 

Figure.15. CDT-Chaitanya-Prana deployed in HC and the HMI

In the next issue 

The development and validation of Pushar and Garuda 
modules of CDC Chaitanya shall be presented.   
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Virtual Intelligence,  
Real-World Safety
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