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Editorial

The Indian maritime industry is entering a decisive 
phase of transformation aligned with India’s Maritime 
Amrit Kaal Vision 2047, driven by sustainability goals, 

energy security, digital innovation, and the need for resilient 
maritime infrastructure. Recent developments across 
shipping, ports, ship recycling, shipbuilding, and maritime 
policymaking clearly reflect this transition.

A major international development was the 84th session 
of the IMO Marine Environment Protection Committee 
(MEPC 84), held in London from 27 April to 1 May 2026. 
Discussions focused on greenhouse gas reduction 
measures, MARPOL Annex VI amendments, ballast water 
management, marine plastic pollution, and the debated IMO 
Net-Zero Framework (NZF). While consensus on the NZF 
remained unresolved, progress was achieved on methane 
and nitrous oxide measurement guidelines, lifecycle fuel 
assessment methods, onboard carbon capture systems 
(OCCS), and stricter emission-control measures.

Global shipping continues to face disruptions from 
geopolitical conflicts, Red Sea diversions, and volatile freight 
markets. Yet the industry remains resilient and increasingly 
technology driven. Investments are accelerating in dual-
fuel propulsion systems, LNG and methanol-ready vessels, 
AI-enabled logistics, predictive maintenance, digital twins, 
and cyber-resilient smart-port ecosystems. Nations such as 
Japan, Singapore, South Korea, and China continue leading 
autonomous shipping and green corridor initiatives.

Ship recycling and retrofitting activities are also gaining 
momentum following the enforcement of the Hong Kong 
International Convention for the Safe and Environmentally 
Sound Recycling of Ships. Recycling yards in India and 
neighbouring countries are upgrading facilities to meet 
international standards, while older vessels are increasingly 
retrofitted with energy-saving and carbon-reduction 
technologies instead of immediate scrapping. India’s Alang 
ecosystem continues strengthening its global position 
through modernization and green recycling initiatives.

India’s maritime sector is simultaneously witnessing 
strong domestic growth. Indian shipyards are receiving 
increased orders under the “Make in India” vision, while 
SCI and ONGC are expected to expand fleet and offshore 
activities. The proposed Indian maritime insurance 
framework may further strengthen national shipping 
resilience.

Today, maritime operations are increasingly shaped by 
the close interaction between environmental regulations, 
energy security, technology, and geopolitics. Navigating this 
evolving landscape will demand innovation, adaptability, 
and strategic foresight from the global maritime community.

The first article by Dr. Shantanu Paul examines maritime 
decarbonisation challenges following the failure of the 
IMO Net-Zero Framework in 2025. It highlights geopolitical 
resistance to alternative fuels and presents Onboard 
Carbon Capture and Storage (OCCS) as a practical, 

politically feasible solution for 
reducing shipboard CO₂ emissions 
while supporting global shipping 
sustainability goals. 

The second article written by Mr. Venkat explores why 
many AI products fail despite technological advances. It 
highlights challenges such as unreliable outputs, premature 
scaling, trust deficits and poor workflow integration, while 
advocating iterative development, human oversight, 
continuous calibration and organisational adaptability 
for successful AI adoption in enterprise and maritime 
environments. 

The third article by Dr. Saptarshi Basu & Mr. Kaushik Seal 
examines the evolution of dual-fuel marine engines as a 
practical pathway toward maritime decarbonisation. It 
highlights operational efficiency, methane-slip reduction, 
fuel flexibility, regulatory compliance and the long-term role 
of LNG, methanol, ammonia and hydrogen-ready propulsion 
systems in achieving net-zero shipping goals. 

The fourth article by Capt. Gajanan Karanjikar explores 
how big data, AI and predictive analytics are transforming 
maritime supply chains through a “Sense–Predict–Act” 
framework. It highlights real-time decision-making, 
operational integration, cyber resilience, congestion 
prediction and AI-enabled optimisation to improve 
efficiency, sustainability and logistics reliability across 
global shipping networks. 

 

The fifth article by the National Institute of Ocean 
Technology (NIOT) team presents “Chaitanya,” an 
AI-powered Cognitive Digital Twin developed for India’s 
deep-sea submersible Matsya6000. The article is Part ’C’ 
of the series of five articles and explores mission planning, 
human-error reduction, predictive emergency management 
and AI-assisted decision support systems designed to 
improve crew safety, operational reliability and survival 
during complex deep-ocean missions. 

The sixth article by Mr. Gokulnath Anandakumar examines 
a common sealing error in marine electrical enclosures—
the external application of silicone sealant. The article 
explains how improper sealing accelerates moisture ingress, 
corrosion and insulation damage, while emphasising correct 
gasket-based sealing practices aligned with IEC standards 
to improve electrical safety, enclosure integrity and long-
term equipment reliability onboard ships.

Mani Ganapathi Ramachandran 
� Honorary Editor

Head – Engineering, HIMT 
editormer@imare.in

 “In the midst of chaos, there is also opportunity.”  — Sun Tzu
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Our Oceans, Our Regulations, Our Responsibilities

Shantanu Paul

Abstract

Global warming and climate change caused by 
greenhouse gas emissions from fossil fuels are 
major threats to the marine environment and 

human existence. International shipping, which carries 
nearly 80% of global trade, faces increasing pressure 
to decarbonize. In response, the International Maritime 
Organization (IMO) introduced the proposed Net-Zero 
Framework (NZF) to achieve net-zero emissions by 2050 
through fuel standards and market-based measures. 
However, strong opposition from oil-producing countries 
and the United States led to the deferment of the NZF 
during the October 2025 MEPC/ES.2 discussions.

This paper examines the geopolitical and economic 
challenges surrounding the NZF and compares it with 
FuelEU Maritime. It argues that large-scale adoption 
of alternative fuels may face delays due to regulatory 
uncertainty, infrastructure limitations, and conflicting 
national interests.

The study identifies Onboard Carbon Capture and 
Storage (OCCS) as a practical and politically feasible 
solution for reducing shipboard CO₂ emissions while 
continuing the use of conventional marine fuels. It 
discusses OCCS technology, regulatory developments, 
ongoing industry trials, and its positive impact on 
Carbon Intensity Indicator (CII) performance.

The paper concludes that maritime decarbonisation 
requires realistic policies, technological innovation, and 

strategic investment. Under the present global scenario, 
OCCS appears to be one of the most viable pathways 
toward achieving the IMO’s long-term decarbonisation 
goals

Introduction: 

Every second breath we take comes from the ocean, 
which supports global ecosystems, food security, and 
nearly 80% of world trade through shipping. However, 
human activities, including fossil fuel consumption by 
the shipping industry, are contributing significantly to 
global warming, ocean acidification, deoxygenation, 
and rising sea levels, posing a serious threat to 
humanity. To address this challenge, the International 
Maritime Organization (IMO) has been developing 
regulations to reduce greenhouse gas (GHG) emissions. 
Its most ambitious proposal, the Net-Zero Framework 
(NZF), failed to secure adoption in October 2025 due 
to strong opposition from oil-producing nations and 
the United States, resulting in a one-year deferment for 
further discussions in 2026. The resistance appears to 
be driven more by geopolitical and economic interests 
than by technical concerns.

Despite this setback, the European Union remains 
committed to maritime decarbonisation through 
measures such as the EU ETS and FuelEU Maritime. 
However, the NZF in its current form is unlikely to gain 
broad global acceptance, particularly after declining 
support during the MEPC 84 discussions in 2026.

In this context, Onboard Carbon Capture and Storage 
(OCCS) is emerging as a practical and politically 
acceptable decarbonisation solution. OCCS enables 
ships to continue operating on conventional fuels while 
reducing CO₂ emissions, thereby minimizing conflict 
with the interests of oil-producing nations. Since 
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much of the existing global fleet cannot 
be easily retrofitted for alternative or 
low-carbon fuels without significant 
cost and technical modifications, OCCS 
offers a more realistic transition pathway. 
In addition, international conventions 
already permit sequestration of captured 
carbon in subsea geological formations, 
and the IMO regulatory framework 
for OCCS continues to progress, as 
highlighted during MEPC 84.

Given these realities, this paper argues 
that strategic investment in OCCS may 
provide a more practical and effective pathway toward 
maritime decarbonisation than large-scale dependence 
on alternative fuels alone.

Keywords: International Maritime Organization 
(IMO), Net-Zero Framework (NZF), Maritime 
Decarbonisation, Onboard Carbon Capture and Storage 

(OCCS), Greenhouse Gas Emissions 
(GHG), FuelEU Maritime, Carbon 
Capture Technology, Climate Change, 
Alternative Marine Fuels, MARPOL 
Annex VI, Carbon Intensity Indicator 
(CII), Shipping Sustainability, Net-Zero 
Emissions, Maritime Regulations, Carbon 
Sequestration.

Global warming and its mitigation 
efforts:

Human activities, including shipping, 
have significantly contributed to global 

warming and climate change through the large-
scale use of fossil fuels. The resulting greenhouse 
gas emissions, primarily CO₂, are causing ocean 
deoxygenation, ocean acidification, and rising sea 
levels, posing serious threats to ecosystems and human 
survival. Ocean oxygen levels have already declined by 

Every  
second breath 

we take 
comes from 
the ocean

Figure-1 (SOURCE: BREITBURG ET AL., SCIENCE)

 Figure-2  (SOURCE: CLIMATE.GOV, NOAA)
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around 2%, while hypoxic zones continue to expand, 
affecting marine biodiversity and food security. Since 
nearly half of Earth’s oxygen production comes from 
oceanic plankton, the health of the oceans is critical for 
humanity. Global sea levels have also risen substantially, 
with record highs observed in recent years. These 
developments highlight the urgent need for effective 
climate regulations and responsible implementation 
by all nations.

The Paris Agreement, adopted under the United 
Nations Framework Convention on Climate Change 
(UNFCCC), aims to limit global temperature rise to well 
below 2°C while pursuing efforts to restrict warming to 
1.5°C. However, in 2025, the United States announced 
its withdrawal from the agreement and opposed 
climate-related initiatives, including the proposed 
Net-Zero Framework (NZF) at the International 
Maritime Organization (IMO).

At the MEPC 83 meeting in April 2025, the NZF 
received provisional approval, but during the 
extraordinary MEPC/ES.2 session in October 2025, 
strong opposition from the USA, Saudi Arabia, and 
several other countries prevented its adoption. 
Attempts were made to replace the IMO’s tacit 
acceptance procedure with explicit acceptance, 
potentially delaying implementation indefinitely. 
Economic dependence on oil exports and geopolitical 
considerations were widely viewed as major reasons 
behind the resistance. The final vote resulted in the 
deferment of the NZF for one year, with further 
discussions scheduled for November 2026. 

MEPC/ES.2 Saga – October 2025

During the MEPC 83 meeting held in April 2025, 
the Net-Zero Framework (NZF) was provisionally 
approved following an initial vote. Of the 103 countries 

present, 63 voted in favour, 16 voted against, and 24 
abstained. Since only a simple majority was required for 
preliminary approval within the International Maritime 
Organization (IMO), the proposal passed comfortably. 
However, the United States delegation walked out of 
the meeting in protest.

An extraordinary session, MEPC/ES.2, was 
subsequently held from 14–17 October 2025 to formally 
adopt the NZF under MARPOL Annex VI, Chapter 5. 
Voting rights were limited to the 107 countries that 
had ratified MARPOL Annex VI, and adoption required 
approval by two-thirds of the party’s present and 
voting.

The proposed amendment was intended to follow the 
IMO’s “tacit acceptance” procedure, which is designed 
to accelerate implementation. Under this mechanism, 
amendments are deemed accepted unless one-third of 
the contracting States, or States representing at least 
50% of global shipping tonnage, formally object within 
a specified period—normally within 12 months, but not 
less than 10 months. Entry into force typically occurs 
six months after acceptance or as otherwise decided 
by the IMO. In this case, implementation was being 
considered for 2028.

However, the USA, supported by Saudi Arabia and 
several other countries, opposed the adoption of 
the NZF. They reportedly attempted to change the 
IMO procedure from tacit acceptance to explicit 
acceptance, which would have required direct approval 
from member States and could potentially delay or 
indefinitely block implementation. Prior to the MEPC/
ES.2 session, the USA also issued strong warnings, 
including the possibility of tariffs, restrictions on 
ships from supporting States entering US ports, and 
additional port fees on vessels owned, operated, or 
flagged by countries backing the NZF.

Figure-3. (SOURCE: CLIMATE.GOV, NOAA)

Geopolitics 
now shapes 

maritime 
decarbonisation
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Saudi Arabia’s opposition was widely viewed in the 
context of its economic dependence on oil exports, 
which account for a significant portion of its export 
revenue. At the same time, the USA has emerged as 
a major exporter of crude oil and petroleum products 
in recent years, creating a geopolitical and economic 
alignment among some of the opposing States.

As a result of these developments, several countries 
representing more than 50% of global shipping 
tonnage reportedly altered their earlier positions or 
chose to abstain from voting. India, however, defended 
the tacit acceptance procedure during the discussions.

The final vote resulted in 57 votes in favour, 47 
against, and 21 abstentions. Consequently, adoption 
of the NZF was deferred for one year, with the 
expectation that member States would continue 
dialogue and negotiations to create conditions for 
possible successful adoption at the November 2026 
IMO meeting.

The Proposed IMO NZF & The Fuel EU Maritime 

In 2023, as per the 2015 Paris Agreement concluded 
in the Conference of Parties (COP) 21, the MEPC 80 
session adopted a revised strategy for the reduction in 
total GHG emissions from international shipping, i.e. i.e. 
70% reduction by 2040 from 2008 and finally achieving 
net-zero emissions by 2050. This cannot be achieved 
by only technical measures; hence, an economic or 
market-based measure (MBM) is also considered under 
the NZF proposal. The proposed NZF is a combination 
of two things: (i) A global fuel standard, i.e. Greenhouse 
gas Fuel Intensity (GFI), and (ii) A global economic 
measure, i.e., ships emitting above GFI thresholds 
(Base Targets and Direct Compliance Targets) will 
have to acquire remedial units to balance their deficit 
emissions, which will help to generate IMO Net-Zero 
Fund for disbursement for ensuring the availability of 
sufficient low-carbon fuels globally. 

The IMO NZF (Figure. 5) is like the Fuel EU 
Maritime (Figure. 6) as both are well-to-wake GHG 
(CO2-Equivalent) systems, i.e., CO2, N2O, and CH4. 
However, Fuel EU Maritime is more stringent- a 

 Figure-4 (SOURCE: USA FACTS, ECONOMY)

 
Figure-6 

(SOURCE: FUELEU MARITIME REGULATION, LR)
Figure-5 

(SOURCE: TECHNICAL AND REGULATORY NEWS, DNV) 
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single-tier system and considers GFI reduction with 
respect to 2020 (91.16 gCO2eq/ MJ), whereas NZF 
is a two-tier system and considers a reduction with 
respect to 2008 (93.3 gCO2eq/ MJ). However, the EU 
remains committed to its decarbonisation target and 
related laws despite NZF not going through at the IMO 
in October 2025, but without key global players on 
board, the unilateral imposition of rules by the EU to 
decarbonise international shipping creates political risk 
and regulatory instability that weakens the investment 
for low-carbon fuel producers and users (shipping 
company) (Supra, 2025).

The Proposed IMO NZF and FuelEU Maritime

In 2023, following the commitments made under 
the Paris Agreement adopted during COP 21, the 
International Maritime Organization (IMO), through 
the MEPC 80 session, approved a revised strategy 
for reducing greenhouse gas (GHG) emissions from 
international shipping. The strategy targets a 70% 
reduction in total GHG emissions by 2040 compared 
to 2008 levels and aims to achieve net-zero emissions 
by 2050.

Recognizing that technical measures alone would not 
be sufficient to achieve these targets, the proposed 
IMO Net-Zero Framework (NZF) also incorporates 
economic or market-based measures (MBMs). The 
proposed NZF consists of two key elements:

1.	 A Global Fuel Standard – based on Greenhouse Gas 
Fuel Intensity (GFI), which measures lifecycle or “well-
to-wake” emissions of marine fuels. 

2.	 A Global Economic Measure – ships exceeding the 
prescribed GFI thresholds, namely the Base Target 
and Direct Compliance Target, would be required 
to purchase remedial units to offset their emissions 
deficit. The resulting revenue would contribute to an 
IMO Net-Zero Fund intended to support the global 
availability and adoption of low-carbon and zero-
carbon marine fuels. 

The proposed IMO NZF is conceptually similar 
to FuelEU Maritime, as both frameworks adopt a 
“well-to-wake” approach for measuring greenhouse 
gas emissions, considering carbon dioxide (CO₂), 
methane (CH₄), and nitrous oxide (N₂O) in terms of 
CO₂-equivalent emissions.

However, FuelEU Maritime is generally regarded as 
more stringent. It operates as a single-tier system and 
measures GFI reductions against a 2020 baseline of 
91.16 gCO₂eq/MJ. In contrast, the IMO NZF follows a 
two-tier structure and uses a 2008 baseline of 93.3 
gCO₂eq/MJ.

Despite the failure to adopt the NZF at the IMO 
extraordinary session in October 2025, the European 
Union has remained committed to its maritime 
decarbonisation objectives and related regulations. 
However, without broad participation from major global 

Figure. 7 
(SOURCE: BP ENERGY OUTLOOK 2024)

Figure. 8 
(SOURCE: BP ENERGY OUTLOOK 2024)

shipping nations, unilateral regulatory measures by 
the EU may create political uncertainty and regulatory 
fragmentation. Such uncertainty can weaken long-
term investment confidence among both low-carbon 
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fuel producers and shipping companies seeking to 
transition toward cleaner fuels and technologies.

A Viable Decarbonisation Option

Maritime decarbonisation can broadly be achieved 
through three approaches:

1.	 Reducing fuel consumption, 

2.	 Adopting alternative or low-carbon fuels, and 

3.	 Capturing and reducing emissions. 

The first pathway for maritime decarbonisation—
improving energy efficiency and reducing fuel 
consumption—is already addressed under MARPOL 
Annex VI. However, these measures alone are 
insufficient to achieve the International Maritime 
Organization (IMO) target of net-zero greenhouse gas 
emissions by 2050. The second pathway, based on 
alternative and low-carbon fuels under the proposed 
Net-Zero Framework (NZF), faced significant political 
resistance and failed to secure adoption, making its 
implementation uncertain. Consequently, increasing 
attention is now being directed toward the third 
pathway—emission capture and cleanup technologies.

Among these, Onboard Carbon Capture and 
Storage (OCCS) is emerging as one of the most 
promising solutions for reducing shipboard carbon 
emissions. OCCS is increasingly recognised within 
the IMO framework as a practical tool for mitigating 
climate change by capturing CO₂ emissions directly 
from ship exhaust systems. Progress in developing 
an international regulatory framework for OCCS was 
also acknowledged during the MEPC 84 discussions, 
strengthening its position as a realistic and politically 
acceptable decarbonisation option.

Unlike fuel-transition strategies, OCCS does not 
require a major reduction in the use of oil and gas in 
marine engines. As a result, it is less likely to conflict 
with the economic interests of oil-producing nations, 
making it more acceptable at the international policy 
level. In addition, OCCS aligns with existing international 
conventions. The sequestration of captured carbon in 
subsea geological formations is permitted under the 

London Convention, while transboundary transport 
of captured CO₂ for disposal is generally permissible 
under the Basel Convention because captured carbon 
dioxide is not classified as hazardous waste. The 
principal challenge therefore lies not in regulation, but 
in infrastructure development and investment.

Full-scale OCCS trials are already being conducted in 
collaboration with major marine engine manufacturers. 
At the same time, shipping companies have begun 
investing in liquid CO₂ carriers of approximately 22,000 
cubic metres capacity for transporting captured 
carbon, with deliveries expected from 2026 onward.

Commercial implementation has also commenced 
within the shipping industry. In 2024, Evergreen Marine 
retrofitted its container vessel Ever Top (14,110 TEU) 
with an OCCS system and received the “SCCS-Full” 
notation from ClassNK. Importantly, the captured CO₂ 
contributed positively to the vessel’s Carbon Intensity 
Indicator (CII) assessment, demonstrating both the 
operational and regulatory advantages of onboard 
carbon capture technology.

Onboard Carbon Capture Storage and 
Sequestration Technology

In marine systems, carbon is separated from the 
exhaust after combustion. The captured carbon can 
be in various states, as per the capture method: 
compressed gas, liquid, or solid (bonded in a mineral). 
Captured CO2 is temporarily stored on the ship, then 
offloaded and transported by ship or pipeline to a 
permanent location and stored deep in underground 
geological formations. (DNV, 2024) The onboard 
carbon capture storage system, as part of a greater 
value chain, is illustrated in Figure. 9.

Figure. 9 
(SOURCE: THE POTENTIAL OF ON-BOARD CARBON CAPTURE IN SHIPPING, WHITE PAPER, DNV 2024) 

OCCS may become 
shipping’s most practical 

net-zero solution



MARINE ENGINEERS REVIEW (INDIA)
June 2026

15https://imare.in/ 

Dr Shantanu Paul  is a First-Class Marine 
Engineer, MSc. (Shipping Management) WMU 
and PhD (Management) MU. 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. Now, he is associated with 

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

Email: wmuspsci@gmail.com/imuspkol@gmail.com 

About the Author

Chemical absorption with amine solvents (in a 
scrubber) is a suitable option for Onboard Carbon 
Capture Storage. The exhaust gas is scrubbed by a 
liquid solution (amines and water). CO2 is absorbed 
into the liquid, where it is bonded by the chemical 
compound and thus removed from the exhaust gas. The 
clean exhaust gas leaves the system, while the liquid 
solution saturated with CO2 is regenerated to release 
CO2 gas. CO2 can either be compressed or liquefied 
and stored on board. The system requires energy (heat 
and electricity) to run the fluid pumps, the exhaust 
gas forced draft fan, and the CO2 liquefaction plant, 
etc., which will lead to additional fuel consumption 
(penalty). However, proper integration with the ship’s 
machinery system will enhance the overall performance 
and reduce the fuel penalty and more importantly, 
net-zero emissions can be achieved. (DNV, 2024) 

Conclusion:

Human activities, including international shipping, 
significantly contribute to global warming through the 
combustion of fossil fuels, releasing large amounts of 
CO₂ and other greenhouse gases. These emissions are 
causing ocean acidification, deoxygenation, rising sea 
levels, and serious threats to ecosystems and human 
survival, highlighting the need for effective global 
regulations and coordinated action.

The International Maritime Organization (IMO) has 
introduced measures to reduce shipping emissions, 
including the proposed Net-Zero Framework (NZF), 
which aims to achieve net-zero emissions from 
international shipping by 2050. However, the NZF failed 
to gain adoption in October 2025 due to opposition 
from several oil-producing nations and the United 
States, resulting in its deferment until November 2026. 
The framework was intended to promote the global 
adoption of alternative and low-carbon marine fuels.

Given the current geopolitical and economic 
landscape, resistance to the NZF is likely to continue, 
making its adoption uncertain. Although the European 
Union continues to advance maritime decarbonisation 
through measures such as FuelEU Maritime, achieving 
broad international consensus at the IMO remains a 
major challenge.

In this context, Onboard Carbon Capture and Storage 
(OCCS) is emerging as a practical and politically 
acceptable solution for reducing shipboard CO₂ 
emissions. Unlike fuel-transition strategies, OCCS allows 
continued use of conventional marine fuels, making it 
less likely to conflict with the interests of oil-producing 
nations, including the United States. This technology 
also aligns with existing international regulations and 
supports the long-term decarbonisation goals of the 
International Maritime Organization (IMO). Successful 
onboard trials have already demonstrated its technical 
feasibility, although large-scale implementation will 

require significant investment in carbon transport, 
storage, and sequestration infrastructure.

In conclusion, maritime decarbonisation will depend 
not only on technological innovation but also on 
political realism, adaptable regulations, and strategic 
investment. A balanced and practical approach is 
therefore essential for achieving sustainable and 
globally acceptable solutions.
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Beyond the Hype: Pitfalls in AI Product Development

Venkat Krishna Soundararajan

Abstract

This paper examines the critical challenges and strategic 
approaches to successful AI product development in 
enterprise environments. Moving beyond the prevailing 
hype around artificial intelligence, the article identifies 
fundamental pitfalls that cause most AI initiatives to fail, 
including the misunderstanding of AI’s non-deterministic 
nature, premature scaling, overreliance on evaluation 
metrics, and trust deficits. Drawing on maritime 
operations as an illustrative context, the author presents a 
progressive four-stage framework for AI implementation—
from simple single interactions to complex agent systems, 
emphasising that 90% of enterprise needs can be met 
in early stages. The article introduces the concept of 
Continuous Calibration/Continuous Development (CC/
CD) as a replacement for traditional CI/CD practices, 
recognising that AI products are never “complete” but 
require ongoing adjustment. Key success factors include 
strong leadership willing to embrace vulnerability, 
organisational cultures of empowerment over FOMO, 
deep workflow understanding, and the development of 
improvement flywheels rather than rushing to market. 
The paper argues that reliability, not capability, remains 
the primary barrier to AI adoption, and that persistence 
through the difficulties of implementation becomes the 
ultimate competitive filter in AI product development.

Keywords: Artificial Intelligence Product Development; 
Non-Deterministic Systems; AI Adoption; Enterprise AI; 

Continuous Calibration; Trust and Reliability; Prompt 
Engineering; Retrieval-Augmented Generation (RAG); 
AI Agents; Human-in-the-Loop; Model Evaluation; 
Prompt Injection; AI Security; Organizational Change 
Management; Maritime Digital Transformation; AI Ethics; 
Progressive Implementation; AI Literacy

Introduction:

AI’s rise has fueled expectations of autonomy and 
efficiency, but critical distinctions—like non-determinism 
and agency trade-offs—are often ignored. This leads 
to designs that treat AI like traditional software, where 
reliability, not capability, is the real barrier to enterprise 
adoption.

The way forward is small, iterative builds with strong 
human oversight, guided by a problem-first approach 
rather than hype. Leaders must stay hands-on, embrace 
vulnerability, and resist FOMO-driven culture, since 
empowerment and deep workflow understanding 
consistently outperform shallow fascination with 
technology.

Success lies not in being first to launch, but in building 
flywheels for continuous improvement. Real deployments 
face messy data, brittle infrastructure, and long-term 
effort. Evaluations alone are insufficient—they must pair 
with production monitoring.

Ultimately, persistence is the new mode, and difficulty 
itself becomes the shield. The pain of execution is the 
competitive filter in AI product development.

Why do most AI products fail?

Misguided beginnings: The key insight is that building 
AI products fundamentally differs from building traditional 



M o b :  8 8 0 7 0 2 5 3 3 6 / 7 2 0 0 0 5 5 3 3 6
E m a i l :  m m a c h e n n a i @ m a s s a . n e t . i n

W e b s i t e :  h t t p : / / m a s s a - a c a d e m y - c h e n n a i . c o m

M A S S A  M a r i t i m e  A c a d e m y ,  C H E N N A I

New Courses @ CHENNAI

IGF Basic    &    IGF Advanced (DGS Approved)

Value-added:- 

Methanol Bunkering - ME Engines - WIN-GD
Engines - RT Flex Engines - EEE Workshop -
SCR (Selective Catalytic Reduction)- E-ORB

M o b :  8 8 0 7 0 2 5 3 3 6 / 7 2 0 0 0 5 5 3 3 6
E m a i l :  m m a c h e n n a i @ m a s s a . n e t . i n

W e b s i t e :  h t t p : / / m a s s a - a c a d e m y - c h e n n a i . c o m

M A S S A  M a r i t i m e  A c a d e m y ,  C H E N N A I

New Courses @ CHENNAI

IGF Basic    &    IGF Advanced (DGS Approved)

Value-added:- 

Methanol Bunkering - ME Engines - WIN-GD
Engines - RT Flex Engines - EEE Workshop -
SCR (Selective Catalytic Reduction)- E-ORB

M o b :  8 8 0 7 0 2 5 3 3 6 / 7 2 0 0 0 5 5 3 3 6
E m a i l :  m m a c h e n n a i @ m a s s a . n e t . i n

W e b s i t e :  h t t p : / / m a s s a - a c a d e m y - c h e n n a i . c o m

M A S S A  M a r i t i m e  A c a d e m y ,  C H E N N A I

New Courses @ CHENNAI

IGF Basic    &    IGF Advanced (DGS Approved)

Value-added:- 

Methanol Bunkering - ME Engines - WIN-GD
Engines - RT Flex Engines - EEE Workshop -
SCR (Selective Catalytic Reduction)- E-ORB

M o b :  8 8 0 7 0 2 5 3 3 6 / 7 2 0 0 0 5 5 3 3 6
E m a i l :  m m a c h e n n a i @ m a s s a . n e t . i n

W e b s i t e :  h t t p : / / m a s s a - a c a d e m y - c h e n n a i . c o m

M A S S A  M a r i t i m e  A c a d e m y ,  C H E N N A I

New Courses @ CHENNAI

IGF Basic    &    IGF Advanced (DGS Approved)

Value-added:- 

Methanol Bunkering - ME Engines - WIN-GD
Engines - RT Flex Engines - EEE Workshop -
SCR (Selective Catalytic Reduction)- E-ORB

MARINE ENGINEERS REVIEW (INDIA)
June 2026

18 https://imare.in/ 

software. Success depends not just on adopting AI, but on carefully selecting 
and integrating the right LLMs into the product.

So which LLM is good? The “best” LLM depends entirely on what you need 
it for — there isn’t a single winner. Refer table below.

Key Considerations Before Choosing an LLM:

Considerations for choosing an LLM

Most overlook the nondeterministic nature of LLMs: outputs vary with 
both user behavior and model responses. Delegating decisions to agentic 
systems means surrendering some control — the agency tradeoff that reshapes 
product design. Unlike traditional software, identical inputs don’t guarantee 
identical outputs; variability is inherent, not a flaw. When answers feel “wrong,” 
causes may include limited training data, prompt design gaps, unrealistic 
expectations, or simple probabilistic variation

This makes the traditional “bug → fix → verify” loop ineffective. What’s needed 
is ongoing calibration, like tuning an instrument — continuous fine adjustments 

guided by realworld performance, not 
onetime corrections.

Humans must always be in 
control loop. AI should be an 
advisor, not a decision maker.

GitHub Copilot can suggest code, 
but it’s the programmer who decides 
whether to use it. Similarly, a maritime 
AI may flag unusual vessel routes or 
highlight potential collision risks, yet 
the final decision must rest physically 
with a certified maritime officer. By 
contrast, allowing AI to automatically 
authorise ship departures, reroute 
vessels, or clear cargo manifests 
without human oversight is reckless 
— it’s like planting a time bomb inside 
maritime operations.

Scaling too soon: The trap of 
big bang launches

Many AI products fail because 
teams rush to scale before proving 
the basics. Instead of validating 
workflows through small, iterative 
steps, they deploy large, complex 
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systems prematurely. The result is fragile solutions, 
misaligned expectations between leaders and engineers, 
and wasted investment. Without disciplined cycles of 
iteration, feedback, and gradual expansion, products 
lack the resilience to handle messy data, unpredictable 
customers, and evolving model limitations.

Progressive building path: Simple prompt engineering 
can provide clear solutions and restrict problems. It 
involves four stages shown below.

Stage 1 : Single interaction (Table 1)

Table 1. Single Interaction

Stage 2: Anchored intelligence (Table 2)

Table 2. Anchored Intelligence

 Stage 3: Limited Autonomy System (Table 3)

Table 3. Limited Autonomy system

Stage 4: Complex agent systems (Table 4)

Table 4. Complex Agent Systems

Experts claim 90% of Enterprise’ needs can be met in 
the first or second stage itself.

The Evaluation Myth: Scores ≠ Success

Evaluation metrics (evals) may mislead at times; a high 
score isn’t enough. It cannot guarantee success. Take an 
example as shown in the Table 5 below:

Table 5. Example evaluation

Why did Model B score better in real world inspite of 
lower offline score? 

Because offline evaluations and realworld usage are 
worlds apart. Test sets are built from clean, standardised 
inputs, but actual users bring messy, unpredictable 
queries. 

Evaluations emphasise “accuracy,” while users often 
care more about “response speed”, clarity, and ease of 
understanding.

A deeper problem is ‘evals’ cannot measure users’ 
psychological expectations. Sometimes an “adequate” 
answer is far more popular than a “perfect but complex 
one”.

It could be necessary then to phase out traditional 
evaluation tests. The only ones to keep are the essentials 
— checking if the code runs and ensuring there are 
no security vulnerabilities. Everything else can be 
driven entirely by real‑world data from the production 
environment.

The strategy then should be to keep offline testing to a 
minimum, focusing only on the core capabilities that must 
never fail. Move fast with weekly iterations, making small, 
incremental improvements. 

Once launched, track real‑world user behavior closely 
— monitor code acceptance rates, the parts users modify, 
and which suggestions they reject. Let A/B testing guide 
you, so actual users decide which version delivers more 
value.

In highrisk domains such as medical diagnosis, financial 
decisionmaking, or maritime navigation and vessel 
safety, offline testing remains an essential safety net. 

For instance, you would never deploy an AI system to 
automatically reroute ships through congested waters 
or approve cargo clearance without rigorous validation.

Reliability, not capability, limits AI adoption
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For most applications, leaning too heavily on evaluation 
scores slows progress and traps teams in a “numbers 
game,” distracting them from what truly matters — 
meeting real user needs and ensuring operational 
reliability.

Continuous Calibration: AI Is a Voyage, not a 
Destination

Traditional software has the concept of ‘feature 
complete.’ But AI products don’t. If you think the 
development is finished, the product is not far from death. 

“AI products are never fully developed”.

What AI products need is ‘not CI/CD’ (Continuous 
Integration/Continuous Deployment), but ‘CC/CD’ 
(Continuous Calibration/Continuous Development). 
Refer Table 6.

Continuous calibration framework:

Table 6. CC/CD framework

Why can AI products never be “completed”? 

Because the performance of the model will drift. User 
behavior is changing, new edge cases are constantly 
emerging, language usage habits are evolving, and 
competitors are changing users’ expectations. All 
these will gradually make an originally good AI system 
ineffective.

In short: Software is shipbuilding; AI is seamanship.

The trust crisis: Why AI Adoption Stalls?

Why is the fault – tolerance rate of AI products is so 
low?

When traditional software hits a bug, churn rates usually 
hover around 10–20%. But when an AI product makes a 
glaring mistake, churn can spike to 50–70%.

The reason lies in user psychology. With conventional 
software, a crash feels routine — “bugs happen.” 

Table 7. Establishing pillars of trust

But when an AI assistant delivers a wrong or absurd 
response, users interpret it differently: “This system isn’t 
intelligent, it’s misleading me, and it’s wasting my time.” 
The very label AI carries an implicit promise of intelligence. 
Once that promise is broken, trust is far harder to rebuild.

One mistake can destroy not just one user, but a group 
of users.

Establishing pillars of trust: 

Trust is the rarest currency in AI. You can invest in 
compute, pour effort into tuning, and iterate endlessly — 
but once trust is broken, it’s almost impossible to earn it 
back. Table 7 identifies pillars for establishing trust.

Security matters: Prompt injection & Jail breaking

As long as your AI product is facing people, someone 
will definitely try to attack it. Not might, but definitely.

•Prompt injection: Sneaking malicious instructions into 
legitimate input or external data.

•Jailbreaking: Tricking AI into dropping its guardrails 
through clever wording, role play, or persistence. Refer 
Table 8.

Table 8. Prompt injection & Jail breaking

“How could the user gain entry?” In the context of 
prompt injection and jailbreaking, the idea is about how 
attackers or curious users manage to break into the AI’s 
“decision space”. Refer Tables 9 & 10 for entry points & 
Table 11 for defense strategies.

AI products are never truly complete
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Entry Points for Prompt Injection: 

Table 9. Prompt injection entry points

Entry Points for Jailbreaking: 

Table 10. Jail breaking entry points

Both are ways of “gaining entry” into the AI’s protected space — one through 
hidden commands, the other through psychological manipulation of the 
model’s rules.

Defense Strategies: 

Table 11. Defense strategies.

Skill reconstruction:

Yesterday’s standout engineer was 
praised for writing 50,000 lines of 
flawless code. Tomorrow’s will be 
praised for architecting the system 
that enables AI to generate those 
lines. The spotlight is shifting from 
raw coding output to designing, 
orchestrating, and guiding intelligent 
systems.

One engineer spent weeks hand-
crafting a script; another used AI to 
produce a similar function in days. But 
months later, the handwritten code 
proved stable, while the AIassisted 
version carried critical bugs the 
developer couldn’t debug — because 
he hadn’t understood the generated 
logic.

This highlights the risk of blindly 
trusting LLMs: without understanding 
syntax, logic, and workflows, 
developers surrender agency and end 
up with fragile solutions. The remedy 
is clear: learn the fundamentals of 
coding to critically evaluate, adapt, 
and control what AI produces.

Fast code isn’t lasting code. AI 
accelerates output, but human 
understanding sustains it. In the AI 
era, the shift is from coding logic to 
directing intent. Core competencies 
now lie in problem decomposition, 
sound judgment, and humancentric 
abilities that steer and safeguard AI 
systems.

The three most important abilities 
are:

Problem Decomposition (Task 
Breakdown):

As you noted, this is the ability 
to break a complex “fuzzy” goal 
into manageable, sequential tasks 
that an AI can execute with high 
precision. Refer Table 12.

Persistence is the competitive advantage in AI
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Table 12. Problem decomposition (Task breakdown)

Critical Thinking & Verification:

AI can generate content at lightning speed, but it cannot truly reason or understand consequence. Refer Table 13.

Table 13. Critical thinking & verification

AI Literacy & Adaptability:

This is not about being a data scientist; it is about “digital fluency”—understanding the underlying mechanics of AI 
to set realistic expectations. Refer Table 14.

Table 14. AI literacy & adaptability

AI adoption & Organisational Values: 

Success rests on three pillars: Strong Leadership, 
Healthy Culture, and Technical Excellence.

Leadership:

Leaders In many companies, leaders are respected for 
the intuition they’ve built over 10–15 years. Leaders need 
to become handson again, not to implement solutions 
directly, but to rebuild their intuition. Past instincts may 
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no longer apply, and the best leaders embrace being 
the “least knowledgeable person in the room” so they 
can learn from everyone.

This topdown openness is what distinguishes 
companies that succeed. Too often, leaders assume AI 
can solve a problem and rush it into production without 
understanding its limits.

To guide decisions effectively, leaders must grasp the 
true range of what AI can and cannot solve today. That 
understanding is critical for aligning culture, strategy, 
and technical execution.

Culture: In some enterprises, AI isn’t central to their 
business, yet they feel compelled to adopt it simply 
because competitors are doing so. This stems from a 
culture of FOMO (fear of missing out) and the belief that 
failing to integrate AI could leave them behind.

Subject matter experts (SMEs) are critical to building 
effective AI products, since their insights shape how 
the system behaves and what “ideal” performance 
looks like. However, some SMEs hesitate to contribute, 

fearing that sharing their knowledge might make their 
roles obsolete.

That’s why leaders must foster a culture of 
empowerment — one where AI is seen as an enabler 
rather than a threat. When employees are encouraged 
to embrace AI collectively, they stop guarding their 
jobs defensively and instead open themselves to larger 
opportunities.

Technical: Successful organisations are deeply focused 
on mastering their workflows. They know which parts can 
be augmented with AI and which still require humans in 
the loop.

It’s critical to recognise that automation is never a 
matter of deploying a single AI agent to solve everything. 
In practice, it’s a combination of machine learning models 
handling specific tasks and deterministic code managing 
others. The real challenge is understanding the workflow 
itself, not just chasing the latest technology.

Building effective AI agents requires a clear grasp of 
the development lifecycle: iterating quickly, managing 

Table 15. Pillars of success

Fast code isn’t always lasting code
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customer expectations, and collecting enough data to 
estimate behavior. This feedback loop — the flywheel — is 
what enables continuous improvement.

The race isn’t about being the first company to launch 
an agent. It’s about building the right flywheels that allow 
systems to evolve over time. Any promise of a “oneclick 
agent” delivering dramatic gains in days is a marketing 
gimmick. 

By staying obsessed with the problem and workflow, 
rather than assuming agents will work outofthebox, 
companies can steadily improve performance. 

True ROI from AI integration typically takes four to six 
months or more, even with strong data and infrastructure 
foundations.

Conclusion:

AI is ultimately just a tool. Staying updated on the latest 
developments is essential, but don’t get caught up in 
building too quickly. Building has become cheap; design 
is what’s truly expensive. Focus on your product — ask 
whether it genuinely solves a pain point.

Be obsessed with your customers and with the problem 
itself. Start small, follow best practices, iterate effectively, 
and build a flywheel that compounds over time. The real 
impact comes from workflows that move the needle for 
the company.

Venkat Krishna Soundarraja, Fellow of 
IME(I), blends 30 years of marine engineering 
and data science. Former Chief Engineer turned 
Chief Data Officer (Volteo Maritime Pte. Ltd.), he 
drives digital transformation and sustainability 
in maritime operations. As educator, mentor, 
and researcher, he bridges theory with practice, 

translating complex data into clear insights while inspiring future 
engineers through teaching, writing, and innovation.

Email: venkatmarine158@gmail.com 

About the Author

Persistence matters: keep learning, keep implementing, 
and discover what works and what doesn’t. The companies 
succeeding today aren’t winning because they were first 
to market or because they launched flashy features. 
They succeed because they endured the hard work of 
identifying nonnegotiables, trading them off against 
model capabilities, and solving problems in a disciplined 
way.

There are no textbooks or playbooks for this journey. 
Much of the process is trial and error — lived experiences 
that accumulate across teams and organisations. That 
struggle, that pain, is what shapes the company’s spirit 
and produces products that become true gamechangers.

It’s the transformation of coal into diamond.
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Dual-Fuel Engines: Operational Strategies, Emerging 
Fuels & Path to Maritime Decarbonization (Part5)

Saptarshi Basu, Kaushik K Seal

Abstract

Part 5 constitutes the capstone of the five-part technical 
series and consolidates operational best practices, 
long-term strategic recommendations, future research 
trajectories and authoritative conclusions for the maritime 
application of two-stroke and four-stroke dual-fuel 
engines. 

Dual-fuel gas-burning diesel engines have emerged 
as the most commercially viable and technically mature 
solution for maritime decarbonisation during the 
transition toward net-zero shipping. Modern low-speed 
and medium-speed dual-fuel engines now dominate 
new building orders across LNG carriers, container ships, 
tankers and bulk carriers due to their fuel flexibility, lower 
emissions and compliance with evolving environmental 
regulations. 

This article consolidates the best operational practices, 
predictive maintenance strategies, methane-slip mitigation 
methods, retrofit considerations and future fuel pathways 
associated with dual-fuel propulsion systems. It examines 
the technological evolution of MAN ME-GI, ME-GA, 
WinGD X-DF and medium-speed dual-fuel platforms, 
while evaluating operational experience accumulated 
through millions of gas-mode running hours. Emerging 
pathways involving methanol, LPG, ethane, ammonia, 
hydrogen blendsand synthetic fuels are also analysed in 
the context of future maritime decarbonisation strategies. 
The study concludes that dual-fuel engines represent not 

merely a transitional solution but the principal propulsion 
architecture supporting global shipping’s transition toward 
the IMO’s net-zero targets by 2050. 

Keywords: Dual-fuel engines, LNG propulsion, methane 
slip, ME-GI, X-DF, maritime decarbonisation, predictive 
maintenance, FuelEU Maritime, EU ETS, ammonia fuel, 
methanol engines, LNG bunkering, onboard monitoring, 
maritime emissions, alternative fuels, IMO regulations.

1. Introduction

The maritime industry is undergoing one of the 
most significant technological transitions in its history. 
Increasing environmental regulations, greenhouse 
gas reduction targets, fuel price volatility and global 
decarbonisation pressures are reshaping marine 
propulsion systems. International shipping carries nearly 
80% of global trade and remains essential for economic 
growth, yet it also contributes substantially to greenhouse 
gas emissions because of its dependence on fossil fuels. 
Consequently, the International Maritime Organization 
(IMO) has introduced ambitious targets under its revised 
Greenhouse Gas Strategy to reduce emissions and achieve 
net-zero shipping around 2050.

Among all available propulsion technologies, dual-fuel 
gas-burning diesel engines have emerged as the most 
practical and commercially scalable solution. These 
engines provide the flexibility to operate on both gaseous 
fuels and conventional liquid fuels while achieving major 
reductions in sulfur oxides, particulate matter, nitrogen 
oxides and carbon dioxide emissions. LNG-fueled dual fuel 
systems have already accumulated extensive operational 
experience, demonstrating high reliability, fuel efficiency 
and strong economic viability.

Modern dual-fuel engine technologies such as MAN 
Energy Solutions’ ME-GI and ME-GA engines, WinGD’s 
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X-DF series with Variable Compression Ratio (VCR)
and Wärtsilä medium-speed platforms now dominate 
large segments of the newbuilding market. Continuous 
improvements in combustion optimisation, methane-slip 
reduction, automation, predictive maintenance and fuel 
flexibility have transformed dual-fuel propulsion from a 
niche innovation into a mainstream marine propulsion 
architecture.

The future significance of dual-fuel engines extends 
beyond LNG. Engine manufacturers are increasingly 
developing fuel-flexible systems capable of operating 
on methanol, LPG, ethane, ammonia, hydrogen blends, 
synthetic methane, bio-LNG and other renewable fuels. 
This adaptability positions dual-fuel engines as a critical 
bridge technology connecting today’s hydrocarbon-based 
infrastructure with future zero-carbon propulsion systems. 

2. Evolution of Dual-Fuel Marine Engines

The development of dual-fuel propulsion initially 
emerged from the need to utilise boil-off gas onboard 
LNG carriers. Earlier LNG carriers relied on steam-turbine 
propulsion systems, which suffered from relatively low 
thermal efficiency and high fuel consumption. The 
introduction of electronically controlled diesel engines 
capable of burning natural gas transformed LNG 
propulsion economics and environmental performance.

The first generation of dual-fuel engines primarily 
involved medium-speed four-stroke designs. However, 
major technological breakthroughs occurred with the 
introduction of low-speed two-stroke dual-fuel engines 
suitable for deep-sea commercial 
shipping. MAN Energy Solutions 
introduced the ME-GI high-pressure 
gas injection system based on the 
diesel combustion cycle, while WinGD 
developed the X-DF low-pressure 
Otto-cycle concept.

Over time, these technologies 
matured significantly. Gas admission 
systems, electronic engine control 
units, pilot fuel injection systems 
and safety mechanisms evolved into 
highly reliable integrated platforms. 
By 2025, dual-fuel engines accounted 
for a majority of ordered propulsion 
power globally, reflecting strong 
industry confidence in technology. 

3. Major Dual-Fuel Engine Technologies

3.1 MAN ME-GI High-Pressure Engines

The MAN ME-GI engine operates on the diesel 
combustion cycle using high-pressure gas injection 
directly into the combustion chamber. Gas injection 
pressures may exceed 300 bar, while pilot fuel initiates 
combustion near top dead centre.

Major advantages include:

•	 Extremely low methane slip 

•	 High thermal efficiency 

•	 Full-load operational capability 

•	 Strong combustion stability 

•	 Minimal greenhouse gas impact 

ME-GI engines are widely preferred for LNG carriers 
and ultra-large container ships where environmental 
performance and operational reliability are critical.

3.2 MAN ME-GA Low-Pressure Engines

The ME-GA platform represents MAN’s low-pressure 
Otto-cycle dual-fuel solution. Gas is premixed with intake 
air and ignited by pilot fuel.

Key benefits include:

•	 Lower capital cost 

•	 Simpler fuel systems 

•	 Reduced gas compression requirements 

Fuel flexibility defines the 
future of marine propulsion
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•	 Efficient operation at varying 
loads 

However, methane slip remains 
higher than high-pressure systems, 
although recent improvements such 
as Exhaust Gas Recirculation (EGR) 
and optimised combustion control 
have significantly reduced emissions.

3.3 WinGD X-DF Engines with VCR

WinGD’s X-DF platform became 
highly successful because of 
its low-pressure simplicity and 
excellent operational economics. The 
introduction of Variable Compression 
Ratio (VCR) technology represented 
a major advancement in methane-
slip reduction and fuel efficiency 
optimisation.

VCR dynamically adjusts compression ratio during 
operation, enabling:

•	 Lower methane slip 

•	 Improved gas-mode fuel consumption 

•	 Better diesel-mode efficiency 

•	 Enhanced combustion stability 

Real-world operational data indicate substantial 
reductions in methane emissions and significant lifecycle 
economic savings for X-DF VCR vessels. 

4. LNG Fuel Systems and Infrastructure

LNG remains the dominant gaseous marine fuel today. 
Stored at approximately –162°C, LNG requires specialised 
cryogenic storage and handling systems.

Typical LNG fuel systems include:

•	 Cryogenic storage tanks 

•	 Vaporizers 

•	 High-pressure pumps 

•	 Compressors 

•	 Gas valve units 

•	 Double-wall piping systems 

•	 Ventilation arrangements 

•	 Emergency shutdown systems 

Modern LNG bunkering infrastructure has expanded 
rapidly across major global ports including Singapore, 

Rotterdam, Shanghai, Tokyo and major European terminals. 
The availability of LNG at over 220 ports worldwide has 
significantly accelerated dual-fuel adoption.

Ship-to-ship LNG bunkering, truck-to-ship operations 
and shore-based LNG terminals now provide reliable 
global fuel availability for dual-fuel fleets. 

5. Operational Best Practices

Operational safety and efficiency are fundamental for 
successful dual-fuel operations.

5.1 Crew Training

Training requirements under the IMO IGF Code include:

•	 Fuel selection procedures 

•	 Gas-mode operation 

•	 Automatic fuel switching 

•	 Gas leak detection 

•	 Emergency shutdown procedures 

•	 Ventilation management 

•	 Pilot fuel monitoring 

Crew competence remains one of the most critical 
elements in safe gas-fuel operations.

5.2 Fuel Switching Procedures

Modern engines can seamlessly switch between gas 
mode and diesel mode within seconds without propulsion 
interruption. This ensures vessel maneuverability and 

Dual-fuel engines are 
shipping’s decarbonisation 

backbone
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operational continuity even during 
gas system failures.

Recommended operat ional 
practices include:

•	 Gradual load changes 

•	 Controlled ramp-up rates 

•	 Co n t i n u o u s  co m b u s t i o n 
monitoring 

•	 Knock detection supervision 

5.3 Gas Detection and Safety

Gas detection systems continuously 
monitor engine rooms, fuel spaces 
and ventilation ducts. Weekly testing 
of gas detection systems has become 
standard industry practice.

In the event of gas detection:

•	 Automatic changeover to diesel mode occurs 

•	 Gas valve units isolate fuel supply 

•	 Gas piping is depressurised 

•	 Ventilation systems activate automatically 

Such systems have significantly enhanced operational 
safety in dual-fuel vessels.

6. Condition Monitoring and Predictive 
Maintenance

Modern dual-fuel engines increasingly rely on digital 
condition monitoring systems.

Important monitoring parameters include:

•	 Cylinder pressure 

•	 Exhaust temperature differentials 

•	 Pilot fuel return flow 

•	 Gas manifold pressure stability 

•	 Lubrication oil quality 

•	 Turbocharger performance 

•	 Vibration signatures 

Predictive maintenance systems use machine learning 
and AI-based algorithms to identify abnormal operating 
patterns before failures occur.

Key predictive tools include:

•	 Thermal imaging 

•	 Borescope inspections 

•	 Oil analysis 

•	 Vibration analysis 

•	 Combustion diagnostics 

Such systems reduce downtime, optimise maintenance 
intervals and improve fuel efficiency. 

7. Methane Slip and Environmental Performance

Methane slip has historically been one of the major 
challenges associated with gas-fueled engines because 
methane possesses a high global warming potential.

7.1 Methane Slip Reduction

Modern technologies have significantly reduced 
methane emissions through:

•	 Variable Compression Ratio systems 

•	 Exhaust Gas Recirculation 

•	 Combustion optimisation 

•	 Advanced fuel injection timing 

•	 Improved air-fuel management 

ME-GI engines achieve extremely low methane-
slip levels, while advanced X-DF VCR engines now 
demonstrate substantial reductions compared with earlier 
low-pressure systems.

7.2 Emissions Benefits

Dual-fuel engines provide major environmental 
advantages:

Methane slip remains 
LNG’s greatest operational 

challenge
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•	 SOx reduction exceeding 99% 

•	 Particulate matter reduction above 90% 

•	 NOx reductions meeting IMO Tier III 

•	 CO₂ reduction of approximately 20–25% 

These benefits position dual-fuel systems favorably 
under FuelEU Maritime, EU ETS, EEXI and CII regulations.

8. Alternative Fuel Pathways

The future of dual-fuel propulsion extends beyond LNG.

8.1 Methanol Propulsion

Methanol engines eliminate cryogenic storage 
complexity and provide:

•	 Lower emissions 

•	 Simpler bunkering 

•	 Easier retrofit potential 

Green methanol produced from renewable sources 
offers significant lifecycle carbon reduction potential.

8.2 LPG and Ethane Engines

MAN’s ME-LGIP and ME-GIE engines allow operation 
on LPG and ethane fuels. These systems are especially 
suitable for LPG carriers and ethylene carriers where 
cargo can also serve as fuel.

8.3 Ammonia Propulsion

Ammonia is emerging as a major zero-carbon marine 
fuel candidate because it contains no 
carbon.

Challenges include:

•	 Toxicity 

•	 Combustion instability 

•	 High NOx formation 

•	 Ammonia slip 

Nevertheless, engine manufacturers 
are actively developing ammonia-
ready dual-fuel engines expected to 
enter commercial service between 
2027 and 2030.

8.4 Hydrogen Blends

Hydrogen blending with LNG offers 
additional greenhouse gas reductions. 
However, hydrogen’s high flame 

speed and combustion characteristics create technical 
challenges requiring advanced combustion management 
systems.

9. Economic Viability

Although dual-fuel systems involve higher capital costs 
than conventional engines, long-term economics are 
increasingly attractive.

Economic benefits include:

•	 Lower fuel costs 

•	 Reduced emissions penalties 

•	 Improved CII ratings 

•	 Fuel flexibility 

•	 Better charter attractiveness 

•	 Lower maintenance costs 

•	 Future fuel adaptability 

Many retrofit projects now achieve payback periods 
within a few years due to fuel savings and carbon pricing 
advantages.

EU ETS methane pricing mechanisms further strengthen 
the economic case for low-methane-slip technologies 
such as ME-GI and X-DF VCR engines.

10. Retrofitting Existing Ships

Retrofitting conventional vessels with dual-fuel systems 
has become increasingly common.

Dual-fuel propulsion 
bridges shipping toward 

net-zero 
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Typical retrofit activities include:

•	 LNG tank installation 

•	 Fuel gas supply system integration 

•	 Engine conversion 

•	 Automation upgrades 

•	 Safety-system modifications 

•	 Crew training 

Retrofits allow shipowners to extend vessel life while 
improving regulatory compliance and environmental 
performance.

11. Digitalisation and Smart Shipping

Digital transformation is increasingly integrated with 
dual-fuel propulsion.

Modern ships now utilize:

•	 AI-driven voyage optimisation 

•	 Predictive maintenance systems 

•	 Digital twins 

•	 Remote diagnostics 

•	 Cloud-based engine monitoring 

•	 Cyber-resilient automation platforms 

Digital twins enable simulation of engine performance 
under varying operational conditions, allowing 
optimisation of fuel efficiency, maintenance planning and 
emissions management.

12. Future Outlook

The maritime industry is moving toward a multi-fuel 
future. Dual fuel engines provide the flexibility needed 
during this transition period.

Future developments are likely to include:

•	 Expansion of ammonia propulsion 

•	 Greater use of methanol and hydrogen blends 

•	 Bio-LNG integration 

•	 Synthetic methane fuels 

•	 Carbon capture technologies 

•	 AI-enhanced combustion optimisation 

•	 Autonomous engine diagnostics 

While fully zero-carbon propulsion technologies 
continue developing, dual-fuel engines provide an 
immediate and practical pathway for reducing global 
shipping emissions.

Conclusion

Dual-fuel gas-burning diesel engines have evolved into 
the dominant propulsion technology supporting maritime 
decarbonisation. Modern systems such as MAN ME-GI, 
ME-GA and WinGD X-DF VCR engines demonstrate high 
efficiency, operational reliability, regulatory compliance 
and significant environmental benefits. Their ability 
to operate on both gaseous and liquid fuels provides 
unmatched flexibility during the shipping industry’s 
energy transition.
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Sense–Predict–Act: A Big-Data Playbook for 
Smarter Maritime Supply Chains

Gajanan Karanjikar

For a decade, we have chased “visibility” with AIS 
dots, EDI status codes, and terminal dashboards. 
Useful, but incomplete. The leaders in 2026 are 

moving from seeing to deciding in real time. Their 
playbook is simple to state and hard to execute sense what 
matters across sea and shore, predict what will happen 
next, and act inside the operational systems that move 
ships, boxes, fuel, and people. This article sketches that 
playbook using current supply chain data and standards, 
and points to where returns first appear.

Why This Matters Now

Two structural shocks have made Sense–Predict–Act 
urgent.

First, global rerouting and chokepoint pressure have 
pushed up costs and stretched schedules. UNCTAD’s 
2024 review tied higher freight rates to longer distances 
and congestion, warning that sustained shipping cost 
inflation can ripple into consumer prices. The remedy 
it highlights is more digitalisation, standards, and data-
driven coordination across the chain.

Second, volatility has returned to ocean schedules. 
Sea-Intelligence’s 2025 updates show global schedule 
reliability hovering in the mid-60s and slipping again 
late in the year. That is better than the crisis years, but 

still fragile for just-in-time importers. A playbook that 
anticipates slippage and pre-positions decisions is the 
difference between premium freight and planned flow.

Sense: Build a Shared Picture that Operations 
can Trust

Sensing starts with Standardised, machine-readable 
events. Container shipping now has a practical backbone 
for this in the Digital Container Shipping Association’s 
Track & Trace standards, which define common event 
names, timestamps, and APIs for tracking a container’s 
location and what happened to it. When carriers, 
forwarders, and ports emit the same verbs, we can stitch 
inland legs to vessel milestones without custom mapping 
for each partner.

At the port and terminal level, sensing expands beyond 
status messages. Gate telemetry, yard equipment data, 
berth utilisation, tug and pilot dispatch, rail EDI, and 
truck appointment compliance form a real-time fabric. 
Cyber telemetry belongs in the same fabric because it 
now affects schedule and safety. The Port of Los Angeles 
reports blocking tens of millions of hostile probes per 
month, and documented 750 million intrusion attempts 
in 2023 alone. Treating cyber health as an operational 
signal enables early mitigation, so that TOS, gates, and 
documentation flows are not the next bottleneck.

Two practical rules keep sensing honest. First, schema 
first: agree on data models before dashboards. Second, 
provenance and quality: track the source of every field 
and its reliability. Teams that do this find they can reuse 
the same data for safety cases, emissions reporting, 
and customer service rather than running three parallel 
projects.
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Predict: Convert Streams into Forward-looking 
Features

The predictive layer converts raw signals into features 
that explain risk and cost. A few high-leverage ones:

■	 ETA slippage velocity tracks how quickly ETA moves 
compared with the last update. It flags deteriorating 
routes long before a vessel appears late at anchor.

■	 Berth contention  index blends approaching vessel 
ETAs, historical berth productivity, and planned turn 
times to forecast queue formation days.

■	 Probable speed loss uses weather, currents, and vessel 
performance curves to estimate speed degradation on 
the next leg.

■	 Gate dwell predictor uses live gate rates, appointment 
compliance, and yard fill to forecast truck turn times 
and prevent platoons from peaking at the same hour.

Academic and industry work on port congestion 
prediction from AIS features has matured enough to be 
useful. These models move beyond counting ships at 
anchor to leading indicators based on trajectories and 
port process data. The output is not a pretty heat map. 
It is an earlier decision about where to call first, whether 
to swap rotations, or when to slow steam without risking 
a miss.

Prediction is not only about time. It is also about 
safety and sustainability. One recent analysis found that 
AI-assisted navigation, by reducing close encounters 
and unnecessary maneuvers, could cut global shipping 
emissions by roughly 47 million tons 
per year and save about one hundred 
thousand dollars in fuel per vessel. 
Even if your fleet captures a fraction 
of that, the business case is obvious.

Act: Wire Predictions into the 
Systems that Move the Work

The hardest step is action. The 
prediction that lives in a slide deck 
does not save a dollar. An action 
engine pushes decisions into the tools 
frontline teams already use.

■	 Vo y a g e  a n d  n e t w o r k 
control:  When ETA slippage 
velocity crosses a threshold, the 
network control center receives 
a re-sequencing suggestion with 

cost and service impacts. If the berth contention index 
points to a queue, the system proposes a swap and 
pre-books tugs and pilots for the alternative call.

■	 Terminal operations: When the gate dwell predictor 
shows a spike for the afternoon, the TOS triggers 
micro-windows for truck appointments and staggers 
rail pulls.

■	 Mariner decision support:  When probable speed 
loss exceeds a safe envelope for lashing design or 
crew hours, the conning display offers speed and 
heading envelopes that stay inside limits, with a simple 
rationale for the bridge team.

■	 Cyber playbooks: If a port partner’s telemetry shows 
elevated threat levels, the documentation cutovers 
move to a pre-agreed backup path, avoiding last-
minute delays at cargo release.

■	 A good pattern is to build a small catalogue  of 
playbooks that combine trigger, decision, and 
integration target. Example: “If BCI > 0.7 and next-port 
slack < 6 hours, propose rotation swap and simulate 
customer impact.” Each playbook has an owner on 
sea and shore, so operations do not wait for a steering 
committee.

Architecture that scales

Most organisations converge on a similar stack:

1.	 Open ingestion.  Stream AIS, engine telemetry, 
weather, tides and currents, TOS events, WMS/TMS 

Visibility alone no longer 
creates competitive 

advantage
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events, rail and truck feeds, plus 
cyber telemetry.

2.	 Standard semantics. Adopt DCSA 
event vocabularies for container 
flow, and consistent naming for 
port and berth events, so every 
stakeholder reads the same 
timeline.

3.	 Feature store. Centralise features 
such as slippage velocity, 
contention index, and dwell 
predictors so models share the 
best-engineered signals rather 
than reinventing them.

4.	 Model factory.  Time series for 
ETA and dwell, classification for 
encounter risk, reinforcement 
learning for routing under 
constraints.

5.	 Decision integrations. APIs into 
voyage planning, TOS, appointment systems, and NOC 
tools.

6.	 Learning loop. After action, compare predicted vs 
actual, adjust features, and improve triggers.

Governance underpins the stack. Treat models as 
operational assets with change control and rollback. 
Capture the why behind a recommendation so a master, 
pilot, dispatcher, or planner can accept it with confidence.

Where Returns Appear First

■	 Avoided queues and reshuffled calls. Even a few hours 
of earlier warning about emerging berth contention 
enables rotation swaps that protect service windows. 
Sea-Intelligence’s mid-60s reliability environment 
leaves value on the table for those who can buy time 
with early changes.

■	 Fuel and emissions. AI-assisted navigation that reduces 
sharp maneuvers and close-quarters risk lowers fuel 
burn and CO₂. That helps near-term budgets and 
positions teams for tightening decarbonisation rules 
and customer scorecards.

■	 Cyber-resilient operations. Port communities that 
operationalise cyber telemetry reduce the risk that 
a gate, TOS, or documentation system becomes a 
surprise bottleneck. LOSA-style “near-miss” tracking 
for cyber events is emerging as a shared KPI. Evidence 
from Los Angeles shows the sheer scale of attempted 
intrusions and the value of shared defences.

■	 Customer experience. When a forecast is paired with a 
concrete plan, customer conversations change. Instead 
of “your box is delayed,” the message is “we anticipate 
a two-day delay at X; we have moved your cargo to Y 
with an inland plan that preserves delivery.”

Lessons from the Front Line

From my years across ship command and logistics 
leadership, three lessons repeat.

■	 Make features first. The biggest wins came when 
teams stopped polishing dashboards and started 
crafting robust features, such as approach instability or 
dwell predictors. Good features feed multiple models 
and survive vendor changes.

■	 Integrate with authority. The moment predictions 
triggered actual bookings, rotation swaps, and 
appointment nudges, trust rose. If the system only 
suggests changes and nobody owns them, the value 
evaporates.

■	 Explainability beats magic. Bridge teams and terminal 
planners accept guidance when they see the drivers. 
A one-line reason code with the recommendation is 
often enough.

What ‘Good’ Looks Like in 18 Months

■	 Shared event language. Partners publish DCSA-style 
events across booking, track-and-trace, and verified 
gross mass, so all parties read the same clock.

Prediction without action 
saves nothing
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About the Author■	 Playbooks in production. Five to ten Sense–Predict–
Act playbooks operate every day across voyage 
control and terminals, each with an owner and a KPI.

■	 Operational cyber telemetry. Security health is visible 
to operations and used to route documentation paths 
during incidents.

■	 Measured decarbonisation. AI navigation support is 
tied to fuel and CO₂ metrics, not just safety narratives, 
aligning with the regulatory vector and customer 
commitments.

■	 Sense–Predict–Act is not another rebrand.  It is a 
discipline for converting noisy, multi-party supply 
chains into reliable outcomes at sea and ashore. The 
technology is ready. The standards exist. The data 

is already flowing. The advantage accrues to the 
operators who wire predictions into decisions and let 
their teams act with confidence when minutes still 
matter.

Good features outperform 
beautiful dashboards

Minutes matter in modern 
maritime logistics

mailto:captgajanan@gmail.com
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Cognitive Digital Twin “Chaitanya” for India’s  
Deep-Ocean Human Submersible Matsya6000 - Part C
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V.Doss Prakash, J. Preetha Roselyn,  

S. Ramesh

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 (of numerical, data-driven and machine-
learnt types) involving interactions between engineering 
systems, crew physiologies, human cabin micro-climate 
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 (third) part 
describes the Matsya’s Mission-Vision planner, unforeseen 
risk management systems, and architecture of Cognitive 
Digital Twin Chaitanya. 

Mission Vision- A Mission Planning Tool 

Matsya6000 shall be used for a variety of applications 
including biological and geological surveying, resource 
exploration, in-situ experiments, search and salvage 
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support. As the on-board energy and life-support systems 
limit Matsya6000 mission duration to 12h, the Mission-
Vision software 1.1 (MV1.1) is developed to enable effective 
mission planning. MV1.1 creates an optimised mission plan 
prior to deployment, based on mission objective and 
limitations (Figure.1). 

Figure.1. Architecture of Mission-Vision planner MV1.1

The objective of a subsea mission could be either time-
bound, such as search of a seafloor object (locating a 
sunken aircraft/debris, where the acoustic locating 
beacon will be active only for a limited period) or a 
survey mission where it is beneficial to cover a maximum 
possible area within the mission period. The constraints 
arise from Matsya’s on-board battery energy, life-support 
O2, CO2 scrubbers, sonar coverage area/sonar footprint; 
environmental conditions, bathymetry (depth) and the 
dimensions of the object (or the features) that are being 
surveyed. 

Taking into consideration the objectives and constraints, 
the spatial and temporal sections of MV1.1 (Figure.2) 
computes the optimum altitude, speed, area surveyed 
in each sortie, and the number of sorties required to 
complete the survey of the targeted ocean-floor area. 
The temporal section computes the energy endurance of 
the battery under various forward speeds (up to design 
speed of 3 knots) for the time of travel (obtained as input 
from spatial block) based on power required at various 
speeds (hydro-dynamic characteristics), effective battery 
energy based on water depth of operation (de-rating with 
respect to water temperature) and energy required for 

the hotel loads. The spatial block computes the altitude 
of survey and survey area that could be completed in one 
mission/sortie. The sonar specifications and dimensions 
of survey features determine the altitude of survey. Based 
on the altitude of Matsya and the area of the location to 
be surveyed, the number of survey lines are calculated 
(including overlapping area), from which Matsya’s total 
time to complete the survey in line-km is computed. The 
inputs from the spatial and temporal sections serve as 
input to the spatio-temporal block, that computes the 
area covered per sortie and number of sorties required 
to complete the entire survey. 

The results of MV1.1 model (Figure.3) when simulated 
for a range of Matsya speeds (at an altitude of 200m 
with typical side scan sonar swath) shows that the 
maximisation of the survey area could be achieved with 
Matsya’s forward speed at 1.25knots. At higher speeds, 
the hydrodynamic power is higher (which increases as 
a cubic function of speed) and the battery efficiency is 

Figure.2. Algorithm of Mission-Vision planner MV1.1

Figure.3. Performance of Matsya under various survey speeds
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relatively lower (at higher discharge C-rate) resulting in 
a reduced survey area. It can be seen that at shallower 
waters (500m), the surveyable area is relatively higher 
than in 5500m water depths (by ~70%), due to increased 
bottom survey time (gained from reduced descend and 
ascend durations) and less de-rating of on-board Li-Po 
batteries (the capacity derating at 500m depth is less 
than at 5500m).

Efforts to reduce human errors and need for a 
Cognitive Digital Twin

While hardware and software failures are reduced 
through redundancies based on the principles of 
HSE-IEC61508-ALARP and ALARA/ALATA, human-errors 
during operations are reported to contribute >90% of 
failures in nuclear plants, >80% of accidents in process 
industries, 75% in automotive, 75% in aviation and 90% in 
air traffic control. The influence of various factors in the 
Human Error Probability (HEP) in various human missions 
summarised in Figure.4, includes lack of operation 
procedures (HEP-1), crew inexperience (HEP-2), poor 
human cabin ergonomics (HEP-3) and complex/lop-sided 
task distribution among the crew (HEP-4). Analysis was 
carried out to understand the factors that contribute to 
HEP in Matsya6000 operations and systematic approach 
was adopted to reduce human errors through improved 
system design and operational practices.

Figure.4. Influence of factors affecting HEP

To reduce the HEP arising due to lack of operating 
procedures (HEP-1) in Matsya6000, human cognitive 
reliability (HCR) approach is adopted. The PoF of human 
operations that are carried out on the basis of operator’s 
skill, pre-defined rules and knowledge is represented 
as HCR curves (Figure. 5, Above). The HCR model is 
mathematically represented by three normalised three-

parameter Weibull distributions (one for each behavior 
category). Human factor reliability analysis studies done 
by an Indian nuclear power establishment indicate 6% 
failure probability in starting the emergency systems 
involving trained personnel. Based on the HCR approach, 
operational errors are reduced by training the Matsya 
crew using simulators (physical twins), using hardware 
interlocks and software interlocks. 

Figure.5. Influence of factors affecting human error probability

According to NASA and INCOSE Human Factors 
Engineering (HFE) guidelines, the factors influencing the 
HEP-3 are shown in Figure.5 (below). In order to reduce 
HEP-3, Matsya’s HC is ergonomically-designed based 
on the guidelines of HFE considering anthropometry, 
biomechanics, environment, temperature, lighting, 
sensation, perception and physiological factors. In 
addition to fatigue-free ergonomics, to reduce HEP-4, 
based on probabilistic Human Reliability Assessment 
(HRA), activities (Standard Operating Protocol/SOP) 
during Matsya’s nominal and off-nominal scenarios 
(including maneuvering, manipulator operations, O2 

& CO2 management, monitoring vehicle health, ship 
communication, etc) are distributed to the pilot and two 
crew, on the basis of physical and cognitive load (evaluated 
using Grey Relational theory and fuzzy DEMATEL), 
Workload-HEP analysis using modified SPAR-H, aided by 
instrumented human behavioral assessment.

Predictive intelligence saves 
lives underwater
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Figure.6. NIOT scientists diving in French Nautile (above) & HFE /
capturing behavioral informatics on physical twin (below) 

The instrumented platform inside the physical twin of 
the HC named “Manu” (Figure.6) below, located inside 
Deep Sea Technologies lab of NIOT) includes sensors/ 
systems for monitoring physical condition (smart insole, 
body posture sensors and EMG), physiological state (pulse 
rate, SpO2, skin temperature) and cognitive behavior 
(eye-tracking, voice-recording, EEG, cameras for facial 
emotion recognition) of the crew. While experienced 
pilots are in place, to reduce the HEP-2, Matsya’s crew 
are acclimatised in the physical twin, as well as during the 
deep-dives (up to 5000m) undertaken in the celebrated 
French deep-ocean human scientific submersible 
Nautile6000, as a part of Indo-French expedition in the 
Atlantic Ocean during Aug-25 (Figure.6, above). Further 
to this, Matsya’s crew shall be provided with a documented 
Mission Abort Protocol (MAP). 

Figure.7. Degradation-based mission abort protocol

Figure.7. shows the mission abort criteria during 
flooding of the dry compartments (resulting in loss-of-
buoyancy) and subsystem damages, indicated from A to 
G. It shows that, while damages up to D could be tolerated, 
failures beyond D lead demands a mission-abort (details 
of A to G are not described due to confidentiality reasons). 
This degradation-based MAP serves as a guideline for the 
crew during off-nominal scenarios, which shall serve to 
reduce HEP-2 during emergencies. 

Over and above, crew performance is strongly influenced 
by various human Performance Shaping Factors (PSF) of 
varying magnitudes (indicated as stressors in Figure.4), 
leading to higher human-induced errors (defined as 
HEP-5). During Matsya6000 operations, the cognitive 
state of crew (including pilot) shall be dynamically 
affected by environmental factors such as temperature, 
humidity, ergonomics, work stress, work intensity, likely-
risk during an emergency, and more importantly, during 
the emergency period. The likely PSF and efforts made 
for minimising the HEP in Matsya6000 are summarised 
in Table.1.

Table.1. PSF and reliability improvements to reduce HEP

HEP reduction Reliability improvements

Operating 
procedures 
(HEP-1)

Well-defined SOP, Emergency 
Operating Procedures (EOP) and MAP 
defined based on safety systems 
on-demand reliability degradation.

Pilot/Crew 
experience 
(HEP-2)

Experienced submersible pilot with 
physical, mental and psychological 
fitness. Acclimatisation in French 
Nautile submersible and physical twin.

HC 
Ergonomics 
(HEP-3)

HC ergonomically designed (fatigue-
free) based on Human Factors 
Engineering. 

Task 
complexity 
(HEP-4)

Task distributed to pilot and crew on 
the basis of physical and cognitive 
load demands during the mission 
determined based on behavioural 
informatics arrangements on physical 
twin (instrumented with in-situ 
physical, physiological and cognitive 
performance monitoring sensors 
and tracking systems) and human 
reliability error probability using 
modified SPAR-H.

Stressors 
(HEP-5)

Human Performance Shaping Factors 
(PSF) that increases with time, leading 
to cognitive incapacitation. Situation-
aware Digital Twin with cognitive 
capabilities offers decision-support 
for the crew during hard-to-predict 
scenarios.

While efforts are made to reduce the HEP-1 to 4, 
stressors play a major role in determining the PSF during 
extended periods of emergency (Figure.1). HRA studies 
on deep-ocean submersibles indicate that crew task 
efficiencies drop to 50% during 12th hour of operations, 

Deep oceans demand cognitive 
decision support
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and there-after drops exponentially, leading to increased 
HEP. Moreover, unforeseen circumstances, stressful and 
emergency situations, could result in temporary Cognitive 
Incapacitation (CI) for the crew, that takes significant time 
to recover. Temporary CI impairs perception, reasoning, 
and decision-making abilities, which ultimately leads to 
increase in the HEP, which is evident from three major 
aviation accidents. The affected crew may not be aware 
of his/her own state, until recovery. Based on these 
experiences it is estimated that a digital twin /co-pilot 
could help in reducing flight accidents by ~50%.

The absolute need for providing cognitive assistance 
to the distressed submersible crew is justified from the 
mammoth multinational effort in the successful rescue of 
crew from deep-ocean submersible Pisces III, just 12min 
before O2 got depleted, which was only possible due to 
the conservative measures exercised by the experienced 
pilot. To support the crew with optimal decisions (reduce 
HEP-5) during hard-to-predict scenarios (HTPS), NIOT-
Deep Sea Technologies-Matsya6000 team along with 
SRM University’s Center for Intelligent Marine and Energy 
Systems (CIMES) have developed “Chaitanya”, a Situation-
aware Cognitive Digital Twin (CDT), based on numerical 
model and data-driven machine-learning techniques ,that 
could serve as a digital co-pilot for Matsya6000. This CDT 
(next evolution of DT technology, bringing in the power of 
AI and edge computing) can autonomously learn, predict 
future behaviors, and make optimal decisions. 

Figure.8. Principle of drag-anchor based recovery

Even-though risks are reduced to ALARA/ALATA and 
human reliability is improved by various approaches (HEP 
reduction 1 to 4), deep-ocean human submersibles should 
be equipped with emergency rescue systems (ERS) to 
recover the submersible during ocean-floor stranded 
scenarios. The drag anchor-based recovery system shall 
involve a ship-deployable deep-recovery line (DRL) with 
an acoustic beacon ballast weight and a hooking tail with 
multiple hooks (Figure.8). The submersible side recovery 
system shall include a pilot releasable emergency-
releasable buoy (ERB) with a 50 m rope, counter hook 
and an acoustic beacon. The recovery process involves 
four stages. In the 1st stage of localisation, the DRL shall 
be deployed from the ship using a rope winch near the 
distressed submersible and precise localisation (better 

than ± 60 m of circular error probability CEP 50 at 
5500 m water depths) shall be done with the aid of the 
acoustic beacons in the DRL and released ERB. In the 
2nd pre-hooking stage, the DRL shall envelope the target 
submersible over a radius of 75 m. In the 3rd hooking 
stage, the DRL shall be lifted back from the ship to lock 
the DRL hook with the counter hook in the submersible. 
In 4th stage, submersible shall be lifted to deployment 
ship. Subsequent to realisation of the deep-ocean drag 
anchor system (DODAS, Apath-Bandhu6000), its recovery 
performance shall be confirmed by locating and retrieving 
a dummy target from deep-ocean.

Advancements in Digital Twins

Subsequent to the innovation and implementation of 
a physical twin in 1970 during NASA’s Apollo-13 space 
mission, advancements in numerical modeling and real-
time interfacing capabilities led to the development of the 
Digital Twin (DT). A DT is a dynamic digital representation 
of an object or a system (describing its characteristics and 
properties as a set of equations) that spans its lifecycle, 
is updated from real-time data streams (from IOT-based 
sensors), and uses simulation, machine learning, analyse 
possible outcomes and reasoning to help decision-making.

Figure.9. Evolving capabilities of Digital Twins

Presently, due to immense advantages, DT is being 
widely used in space, aviation, defense, robotics, 
power, product development, maintenance, automotive, 
manufacturing, medical, logistics and as a decision support 
system (DSS) in critical manned- and unmanned missions. 

Digital twins are becoming 
autonomous co-pilots
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In the industrial sector, DT is used for battery vehicle 
design (Volvo), racing (Formula1), Cross-rail project 
(London), offshore oil & gas platforms (BP), custom-
made prosthetics for individuals (OSSUR), Autonomous 
Cars (Ford), Autonomous Ship (Kongsberg), Cancer drugs 
(Pfizer) and Virtual model for Singapore city and airport 
traffic management. In these domains, DT are used as 
concept configurator, understand how products/systems 
work, improving product design, monitor and manage 
systems in real-time. Based on the technological maturity 
and its application in various domains, DTs are classified 
into Descriptive, Informative, Predictive, Prescriptive and 
Cognitive types (Figure.9). The maturing cognitive twins 
are expected to become self-conscious in the future.

In the aviation sector, AI-based DT are used by General 
Electric, Rolls-Royce and Pratt & Whitney to maintain 
simulations of individual engines at engineering centers 
on the ground, with real-time data fed from their 
counterparts in the air. The digital shadow enables 
accurate determination of the life of the critical structural 
components; improve engine performance, operational 
safety and flexibility. In the defense sector, Lockheed 
Martin and US Navy use DT for simulating the effects of 
adverse weather conditions on the performance of fighter 
Jets, and recently, US Naval Air Systems Command has 
developed DT for their airborne electronic attack systems 
for error-free targeting. 

In the space segment, DT are being developed by 
NASA-JPL to emulate complicated maneuvers such as 
understanding rocket propulsion system performance 
with reducing propellant, orbit-entry, homing & docking, 
position conversion, astronaut entry/exit of space 
stations, interaction of space debris with space station, 
integrating DT with immersive technologies for enabling 
space learning and habitat scenarios for space tourism 
within low Earth orbit. In the power sector, China’s SGCC 
uses DT to model and analyse the performance of its 
grid infrastructure, improve fault detection, and enhance 
grid resilience in response to natural disasters and rapid 
urbanisation. TenneT (European electricity transmission 
system operator) has deployed DT to model the impact of 
renewable energy sources on the grid and optimise cross-
border energy flows between Germany and neighboring 
countries. Motivated by the Industry4.0, SINTEF’s 
COGNITWIN aims to set a new standard for the design, 
development and operation of the European process 
industry with DTs with proactive cognitive capabilities.

Based on the level of application, DTs are classified as 
Component Twin, Asset Twin and System Twin. Component 

twins provide detailed information about a component’s 
performance and behavior both in real-time and over time. 
Asset twins, comprising of multiple component twins, 
provide information on an asset’s operational status, 
performance data, and environmental conditions in real-
time (buildings, machines and vehicles) help to increase 
safety and operational efficiency. System twins help to 
monitor and analyse a system’s performance, optimise 
and identify areas of improvement. The architecture of 
DT is summarised in Figure.10. 

Figure.10. Generic architecture of AI/ML-enabled Digital Twin 

Architecture of Cognitive Digital Twin (Co-pilot) 
Chaitanya

Chaitanya co-exists with Matsya6000, updated with 
essential sensory information in real-time and simulating 
scenarios “ahead-of-time” is capable of supporting Matsya 
crew by generating/redefining protocols that are optimal 
for survival during emergency period. CDT Chaitanya 
shall be operational on-board Matsya6000, as well as in 
Mission Control Center (MCC) on-board deployment ship. 
The parameters for the CDT shall be transmitted to the 
deployment ship through acoustic telemetry (Figure.11). 

Figure.11. CDC Chaitanya implemented in Matsya6000

Mission planning determines 
deep-sea success
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The architecture of the CDT Chaitanya (Figure.12) 
comprises of four modules Shakthi, Prana, Pushan and 
Garuda. They involve 14 complex coupled models involving 
interactions between crew physiologies, engineering 
equipment and environment (under different operating 
modes in varying subsea conditions). Shakthi module is 
based on precise mathematical model of the lead-acid 
battery incorporating machine-learnt thermal conditions 
that prevail inside the HC of Matsya, when operating at 
different ocean depths. Based on residual energy, Shakthi 
provides the Emergency Operating Protocol (EOP) by 
predicting the allowable usage rate for emergency 
systems over the remaining emergency period, ahead-
of-time, so that the usage does not exceed respective 
allocated energy budgets. Prana module, based on data-
driven machine-learnt O2 consumption model during 
different phases of the mission, supports optimising O2 
consumption during 96h, and beyond, ahead-of-time, until 
crew are rescued. Pushan module, based on machine-
learnt parameters (including vehicle buoyancy, salinity 
profile, ocean current profile and hydrodynamic behavior 
of Matsya6000) predicts in-advance the likely-surfacing 
position and time, enabling precise positioning of rescue 
assets for early recovery of distressed crew. Garuda 
module, based on machine-learnt hydrodynamic behavior 
of Matsya, residual energy in the propulsion batteries and 
the duration to remain in subsurface, recommends the 
optimal hovering depth to achieve maximum hovering 
duration. 

Figure.12. Architecture of CDT Chaitanya

In the next issue 

The development and validation of Shakthi and Prana 
modules of CDC Chaitanya shall be presented in detail. 
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Future submersibles will think 
before humans respond



MARINE ENGINEERS REVIEW (INDIA)
June 2026

44 https://imare.in/ 

Dr. N. Vedachalam is Scientist-G and Director 
of the Deep-Sea Technologies Group at the 
National Institute of Ocean Technology under the 
Ministry of Earth Sciences. With over 30 years of 
experience across industrial power, offshore, and 
subsea sectors, he specialises in subsea power 
systems, underwater vehicles, renewable energy, 

and ocean technologies. He has published over 100 research papers and 
holds international and national patents in subsea robotics. 

Email: veda1973@gmail.com 

Dr. V. Bala Naga Jyothi is Scientist-E at 
the National Institute of Ocean Technology, 
specialising in navigation, positioning, and 
communication systems for India’s deep-sea 
manned submersible Matsya6000 and remotely 
operated underwater vehicles. Previously 
associated with the Indian Space Research 

Organisation (ISRO), she worked on cryogenic propellant and satellite 
control systems. Her research interests include autonomous guidance 
systems and digital twins. She has published over 40 research papers 
and is a member of OSI, MTS, and IEEE.

V. Doss Prakash is Scientist-E and Joint Project 
Director for underwater swarm robotics at the 
National Institute of Ocean Technology under 
the Ministry of Earth Sciences. With over 20 
years of experience in subsea systems and 
submersible technologies, he specialises in ROVs, 
autonomous underwater platforms, and swarm 

robotics. His research interests include AUV dynamics, underwater vehicle 
coordination, and deep-sea control systems. He has co-authored several 
research publications and holds two patents.

Dr. J. Preetha Roselyn is a Professor in 
the Department of Electrical and Electronics 
Engineering at SRM Institute of Science and 
Technology, where she established the Centre for 
Intelligent Marine and Energy Systems (SIMES). 
Her research interests include digital twinning, 
microgrids, renewable energy integration, 

energy management, and intelligent industrial systems. She has received 
several international awards, published over 75 research papers, patents, 
and books, and has led funded projects from organisations including the 
Naval Research Board and Ministry of Earth Sciences

Dr. S. Ramesh is Scientist G and Deputy Director 
of Mission Mode Projects at the National Institute 
of Ocean Technology under the Ministry of Earth 
Sciences. With over 32 years of experience as 
an exploration marine geologist, he specialises 
in deep-ocean mineral exploration, including 
gas hydrates, polymetallic nodules, and 

hydrothermal sulphides. He has participated in several international 
expeditions, including Antarctica and Siberia, and represents India at the 
International Seabed Authority until 2027 

About the AuthorsINCOSE	 International Council on Systems 
Engineering

ISMERLO	 International Submarine Escape and 
Rescue Liaison Office

ISO	 International Organization for 
Standardization

LCS	 Life-Critical Systems
Li-Po	 Lithium Polymer
LOB	 Loss of buoyancy
MAP	 Mission Abort Protocol 
MBS	 Main Ballast System 
MCC	 Mission Control Centre
MCS	 Mission Critical Systems
MoES-NIOT	 Ministry of Earth Sciences-National 

Institute of Ocean Technology
MV	 Mission-Vision software tool 
NASA	 National Aeronautics and Space 

Administration
NSWC	 Naval Surface Warfare Center
O2	 Oxygen 
OREDA	 Offshore Reliability Data
ODR	 On-demand reliability
PoF	 Probability of Failure
PRA	 Probabilistic Reliability Assessment 
PSF	 Performance Shaping Factors
PTI	 Proof Test Interval
SDW	 Service Drop Weights 
SE	 System Engineering
SGCC	 State Grid Corporation of China
SIS	 Safety-related Instrumented Systems
SMA	 Shape Memory Alloy
SoC	 State of Charge
SIL	 Safety Integrity Level
SOP	 Standard Operating Protocol / Procedures
SPAR-H	 Standardized Plant Analysis Risk-Human 

Reliability Analysis
SRV	 Submergence crew Rescue Vehicles
THERP	 Technique for human error-rate prediction
VBS	 Variable Ballast System

Acknowledgement

The authors acknowledge the support extended by 
their colleagues in the Deep-Sea Technologies Division 
of NIOT, and the encouragement given by Ministry of Earth 
Sciences, Government of India for this development.

References
1.	 P. Moorhouse, 2015, A modern history of the manned submersible,MTS 

Journal.
2.	 M. Ravichandran, 2025, India’s deep ocean mission, Current science.
3.	 N.Vedachalam et al, https://sea-technology.com/matsya6000-digital-

twin-co-pilot-for-emergency-rescue
4.	 N.Vedachalam et al, 2014, Review of technological advancements and 

HSE-based safety model for deep-water human occupied vehicles, MTS 
Journal.

5.	 C. Folleau, &N.Vedachalam, 2022, Methodologies for reliability and 
functional safety assessment of offshore systems, MTS Journal.

6.	 M.Palaniappan et al , 2025, Development of cognitive digital twin-aided 
emergency response and rescue systems for Matsya6000, Current 
science.

7.	 M.Palaniappan et al , 2024, A method for evaluating safety reliability of 
descend/ascend drop-weight system and mission abort decision for 
deep-ocean scientific human submersibles. Nature Scientific reports.

8.	 India tests first crewed deep sea submersible, 2025, Nature India.
9.	 N.Vedachalam, 2025, Cognitive digital twins in Strategic Anti-submarine 

warfare- A scoping review, ORF special report number 268.

mailto:veda1973@gmail.com


RANKED GRADE A1 (OUTSTANDING) 

 
 

   Course Id - 1062 

THE MOST PROMISING MARITIME TRAINING INSTITUTE 

TTHHEE  IINNSSTTIITTUUTTEE  OOFF  MMAARRIINNEE  EENNGGIINNEEEERRSS  ((IINNDDIIAA)) 
IMEI HOUSE, Plot No.94, Sector-19, Nerul, Navi Mumbai – 400 706

Email: training@imare.in Website: https://imare.in/
Phone no: +91 22 – 27711663 / 27701664, Mobile No: +91 8454847896

10
Days

Assessment, Examination and Certification of Seafarers meets 
the guidelines provided in the IMO Model Course 3.12   

Entry Criteria: Master (FG) / MEO Class I (FG) / GMDSS (GOC) / ETO COC Holder 
and TOTA / VICT Holder

This Course ensures that the Core publications namely, the STCW Convention and the Code and 
the Quality Management System is familiarized and well understood by the trainee. 

This Course also covers the techniques of assessment and developing written tests and conduct 
of oral and practical assessments 

Assessment, Examination and Certification of Seafarers 
Dates: 13th – 23rd July 2026/ 21st Sept 2026/ 16th Nov 2026  

Time: 9am - 5pm 
Course Fee: Rs.15500/- (per participant inclusive of Taxes) 

VENUE: IMEI HOUSE, Plot No.94, Sector-19, Nerul, Navi Mumbai- 400706 

For Registration, visit- https://imeimum.marineims.com/course/register 

FOR MORE INFORMATION  training@imare.in  contact on Mob: 
8454847896 / Tel:- 

Or 
Visit our Website: https://imare.in/ 



 

 

 

THE INSTITUTE OF MARINE ENGINEERS 
(INDIA), GOA  

                     MTI NO. - 207085 
IMEI House, House No.11, Plot No.- D-27, Ranghavi Estate, Post Office, Dabolim, 

Goa 403 801 
Tel: 0832- 2538500, Mobile: 9923102071, E-mail: traininggoa@imare.com 

 
 
 
 

DG APPROVED MODULAR COURSES 
Sr. 
No. 

Course Name Course 
Fee 

Course 
Duration 

Course Schedule 

1 Basic Training for Oil and Chemical 
Tanker Cargo Operations (OCTF) 

₹7,250/- 6 Days  23rd June, 2026, 
22nd July, 2026 

2 Basic Training for Liquefied Gas 
Tanker Cargo Operations (LGTF) 

₹7,525/- 5 Days 04th June, 2026, 
08th July, 2026 

3 Basic Training for Ships using Fuels 
covered within IGF Code (IGFB) 

₹13,250/- 5 Days 10th  June, 2026, 
29th July, 2026 

4 Security Training for Seafarers with 
Designated Security Duties 
(STSDSD) 

₹4,050/- 2 Days 8th June, 2026 
01st July, 2026 

5 Ship Security Officer (SSO) ₹5,525/- 3 Days 10th June, 2026 
16th July, 2026 

 

 Course Fee includes lunch, two tea breaks, and one examination fee. 
 5% discount on group bookings of more than 6 candidates. 
 7% discount on group bookings for combo courses (OCTF + LGTF) with more than 6 

candidates. 
 Note: Course dates are subject to change. 



MARINE ENGINEERS REVIEW (INDIA)
June 2026

47https://imare.in/ 

A Common Sealing Error in Marine Electrical 
Enclosures

Gokulnath Anandakumar

Abstract

This article examines a recurring and widespread 
maintenance error observed across multiple 
marine electrical installations—the practice of 

applying silicone sealant along the external perimeter of 
an enclosure cover instead of at the engineered sealing 
interface designed by the manufacturer. Marine electrical 
and electronic systems operate continuously in a harsh 
ambient environment characterised by salt-laden air, 
elevated humidity, temperature fluctuations, and the 
constant risk of condensation. Under such conditions, even 
seemingly minor deviations from proper sealing practices 
can have severe long-term consequences, including 
progressive ingress of moisture, corrosion of terminals, 
deterioration of insulation materials, and eventual loss of 
enclosure integrity.

Field inspections consistently indicate that silicone 
placed on the outer edge of the cover does not create a 
reliable exclusion barrier. The externally exposed sealant 
weathers quickly under ultraviolet radiation, mechanical 
vibration, salt crystal deposition, and thermal cycling. As 
the silicone deteriorates, cracks develop and adhesion 
is gradually lost, resulting in moisture pathways leading 
directly to internal components. This paper explains the 
mechanisms behind such deterioration and clarifies the 
correct sealing approach—applying silicone sparingly and 

only to the rubber gasket located inside the dedicated 
groove of the enclosure. When this gasket is properly 
conditioned and compressed, the enclosure preserves 
its intended protection level, maintains compliance with 
IEC standards, and demonstrates long-term reliability. 
Adhering to the designed sealing philosophy not only 
ensures proper ingress protection but also reduces 
corrosion-related failures and enhances overall equipment 
lifespan in demanding marine conditions.

Keywords: Marine insulation, enclosure protection, 
sealing integrity, corrosion prevention, moisture entry

Introduction

Marine electrical enclosures are engineered to 
provide dependable environmental protection for 
critical electrical and electronic equipment. Their design 
ensures resistance to dust, water spray, humidity, and 
corrosive atmospheres typical of marine environments. 
The primary framework governing this protection is IEC 
60529 – Degrees of Protection Provided by Enclosures 
(IP Code), which specifies that the assigned IP rating is 
achieved exclusively through the manufacturer-designed 
sealing components. These sealing components typically 
consist of a precision-fitted elastomeric gasket seated 
within a purpose-designed groove. When the enclosure 
cover is secured, the gasket undergoes controlled, uniform 
compression, forming a continuous protective barrier. 
This engineered sealing interface is the only arrangement 
evaluated and certified for IP54, IP55, IP66, or higher 
protection levels.

Additional environmental expectations are outlined in 
IEC 60092-201 (Electrical Installations in Ships – General 
Requirements), which describes the severe ambient 
conditions encountered at sea: persistent humidity, 
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spray from seawater, temperature variations capable 
of producing condensation, structural vibration, and 
exposure to airborne contaminants. Electrical equipment 
must therefore retain functional reliability while subjected 
to these stresses. Enclosures depend entirely on correctly 
maintained sealing systems to uphold the protective 
requirements set out in these standards.

Despite these formal design principles, shipboard 
inspections reveal a frequently observed maintenance 
error—the application of silicone sealant along the 
external edge of the enclosure cover. While crew members 
may apply sealant to compensate for gasket deterioration 
or suspected leakage, this practice is fundamentally 
inconsistent with the engineering philosophy behind 
IEC-certified enclosures. External silicone is not part of 
the original design, nor is the enclosure tested or certified 
with such modifications. Consequently, the assigned IP 
rating becomes invalid when the sealing interface is 
altered in this manner.

Furthermore, the external perimeter of an enclosure 
is not designed to function as a sealing surface. Silicone 
placed in this area experiences no controlled compression 
and is exposed directly to sunlight, salt contamination, 
vibration, and wash-downs. The externally applied 
silicone consequently degrades rapidly, creating gaps and 
fissures that permit moisture ingress. In many cases, this 
deterioration results in reduced protection much earlier 
than if no sealant had been applied at all.

This article emphasises that such external sealing 
practices are non-compliant with IEC standards and 
ultimately counterproductive. They undermine the 
intended sealing mechanism, provide a false sense 
of security, and lead to operational failures. Proper 
maintenance of the manufacturer-designed gasket 
interface is therefore essential to maintain safety, 
reliability, and certification integrity.

Identification of the Issue

Routine inspections of junction boxes, lighting 
enclosures, control cabinets, and small power distribution 
boxes across multiple ship types consistently reveal 
silicone sealant applied along the outer perimeter of 
enclosure covers. This practice generally arises when crew 
members observe loose covers, deteriorated gaskets, or 
minimal clearance between the cover and the enclosure 
body. Although undertaken with good intentions, 
it demonstrates a misunderstanding of how ingress 
protection is achieved and maintained.

Externally applied silicone rarely adheres uniformly 
to painted or powder-coated metallic surfaces. Salt 
crystals, oil vapours, airborne particulates, and condensate 
accumulate on enclosure surfaces, contaminating the 
silicone interface and weakening adhesion. Over time, 
the combined effects of mechanical vibration and thermal 
expansion cause the sealant to detach in strips. These 
detached segments leave small, often invisible openings 
along the cover edge. During heavy weather, routine 

washdowns, or condensation cycles, moisture seeps 
through these openings and slowly migrates into the 
enclosure.

When moisture ingress occurs, typical symptoms 
observed during inspections include:

•	 faint moisture streaks running down the inner 
backplate

•	 swollen or softened low-voltage insulation materials
•	 corroded and discoloured terminal screws
•	 dull or darkened copper strands
•	 greenish copper oxide on conductors exposed for 

prolonged periods

Such conditions conflict with the expectations of IEC 
60092-302, which requires that low-voltage equipment 
remain free from moisture-induced faults and corrosion. 
These findings confirm that the improvised external seal 
failed early and allowed moisture intrusion long before 
the crew recognised the issue.

In many cases, hardened external silicone prevented 
routine inspection and tightening of the enclosure cover. 
Crew members often hesitated to break the sealant 
unless absolutely necessary, inadvertently allowing minor 
faults such as loose fasteners or misaligned gaskets to 
remain unaddressed. This neglect further reduced gasket 
compression and accelerated moisture entry.

Cumulatively, these observations demonstrate that 
external silicone is not merely ineffective; it conceals 
underlying issues, deteriorates rapidly, and exposes 
electrical systems to moisture-related failures that IEC 
protection standards are explicitly designed to prevent.

Failure of External Silicone Application

Externally applied silicone forms no part of the 
designated sealing interface of an IEC-rated enclosure. It 
is not recognised by IEC standards, classification society 
rules, or manufacturer specifications as a valid means 
of establishing or enhancing ingress protection. Under 
IEC 60529, the declared IP rating assumes sealing is 
achieved solely through the engineered gasket-and-
groove interface. The moment silicone is added externally; 
the enclosure is effectively operating outside its certified 
design assumptions.External silicone is exposed directly 
to environmental stresses described in IEC 60092-201, 
resulting in rapid structural breakdown:

Prolonged UV Exposure

Outdoor or partially exposed enclosures are subjected 
to ultraviolet radiation that breaks down the polymer 
chains in silicone, resulting in discolouration, loss of 
elasticity, and eventual embrittlement. Cracking occurs 
even with minimal enclosure movement.

Salt-Laden Moisture

Salt deposits and chloride ions accumulate on the 
silicone surface. Salt crystals penetrate micro-pores 
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within the sealant, disrupting adhesion and producing 
fine moisture pathways. The sealant surface remains damp 
for extended periods, accelerating deterioration.

Thermal Cycling

Marine environments experience frequent temperature 
changes due to machinery operation, ambient cooling, 
and wet-dry cycles. Silicone expands and contracts at 
rates significantly different from aluminium or steel. 
This mismatch produces fissures and separation lines, 
ultimately resulting in sealant detachment.

Continuous Vibration

Vibration transmitted from main engines, auxiliary 
machinery, propeller shafting, and hull structures 
progressively weakens the adhesion of external sealant. 
When even small segments detach, the silicone layer 
becomes an ineffective shell, often trapping moisture 
while failing to block ingress.

These factors combine to degrade external silicone 
rapidly, often within months. Cracking, pore formation, 
and adhesion loss result in moisture ingress far sooner 
than anticipated. In many documented cases, external 
silicone accelerated failure instead of preventing it.

Proper Sealing Method

Marine junction and terminal boxes rely on a single, 
engineered sealing philosophy—the rubber gasket 
compressed within the enclosure’s dedicated groove. This 
gasket, typically manufactured from EPDM, neoprene, 
silicone rubber, or polyurethane, provides the primary 
barrier against dust, moisture, salt, spray, and airborne 
contaminants. When the enclosure cover is secured, the 
gasket is evenly compressed between two machined or 
moulded surfaces, producing the uniform sealing pressure 
required to achieve the assigned IP rating.

Figure 1 Improper Sealing

IEC 60529 assumes ingress protection is provided 
exclusively through this interface. Any deviation from this 
mechanism—improper gasket seating, incomplete gasket 
contact, incorrect tightening sequence, or application 
of external sealants—compromises the enclosure’s 
performance. Even minor imperfections or 

uneven compression can substantially reduce protection, 
particularly in marine environments where humidity and 
salt water aggressively attack electrical components. 

Gaskets naturally degrade over time due to heat, 
oil vapours, chemical contaminants, and long-term 
compression. Ideally, damaged gaskets should be 
replaced. However, when immediate replacement is 
not possible, a practical and IEC-consistent temporary 
measure involves applying a thin layer of neutral-cure 
silicone onto the gasket or directly into the groove. Unlike 
acidic-cure silicone, neutral-cure formulations do not 
corrode metallic surfaces and remain compatible with 
most elastomers.

When applied sparingly, the silicone fills micro-
voids, enhances gasket conformity, and restores 
sealing performance without altering the compression 
path or the enclosure’s mechanical fit. This controlled 
internal application supports—rather than replaces—the 
engineered sealing system and maintains functional 
compliance with IEC 60529 until a proper gasket 
replacement is feasible.

Figure 2 Proper Sealing - Internal Gasket Interface

Results of Correct vs. Incorrect Practice

Correct Gasket-Based Sealing:

•	 Substantial reduction in moisture ingress
•	 Lower incidence of terminal corrosion
•	 Stable insulation resistance readings over extended 

periods
•	 Longer maintenance intervals and slower overall 

deterioration

Incorrect External Silicone Sealing:

•	 Rapid breakdown of exposed sealant
•	 Formation of moisture pathways along perimeter 

cracks
•	 Accelerated corrosion and insulation damage
•	 Increased frequency of electrical faults and equipment 

failures

These findings illustrate that adherence to the 
manufacturer-designed sealing method consistently 
provides superior long-term performance compared to 
improvised external sealing.

Impact on Safety and Maintenance

IEC 60092-302 specifies that moisture must not 
compromise insulation or lead to corrosion-induced 
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faults in low-voltage equipment. External silicone 
sealing conflicts directly with this requirement due to 
its predictable deterioration under marine conditions. 
Conversely, correct use of the gasket-based sealing 
interface supports compliance with IEC protection 
principles, reduces maintenance burdens, and improves 
operational reliability.

Proper sealing also reduces the likelihood of earth 
faults, intermittent failures, nuisance tripping, and long-
term degradation of distribution systems. Ensuring 
that enclosures retain their designed protection levels 
contributes significantly to onboard electrical safety.

Conclusion

Applying silicone sealant along the external perimeter of 
marine electrical enclosures is fundamentally inconsistent 
with the sealing principles prescribed in IEC 60529. 
This improvised practice results in early deterioration, 
moisture ingress, and corrosion of internal components. 
The correct approach—applying silicone only within the 
gasket groove or onto the elastomeric gasket—reinforces 
the manufacturer-intended sealing mechanism and aligns 
with the environmental protection expectations of the IEC 
60092 series.

Adopting proper sealing practices improves long-term 
equipment reliability, reduces electrical failures, and 
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preserves the functional integrity of marine junction and 
terminal boxes.
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Director of the Shipping Corporation 
of India, reflecting strong industry 
participation and support.

The theme for this year’s 
celebrations, “Maritime India 
– Empowering Progress,”
underscores the sector’s pivotal
role in driving national development,
strengthening global trade linkages
and building a resilient and future-
ready maritime ecosystem.

National Maritime Day, observed 
annually on 5th April, pays tribute to 
India’s rich maritime heritage and 
honours the dedication and service 
of seafarers, port personnel and 
maritime professionals. The 2026 
celebrations are being marked by 
a series of events and initiatives 
across the country, reinforcing the 
importance of maritime excellence 
in shaping India’s economic future. 

The inauguration sets a forward-
looking tone for the celebrations, 
reaffirming India’s commitment to 
leveraging its maritime strength as 
a key driver of growth, sustainability 
and global connectivity.
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