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Executive Summary

Global fleet operations today face
increasing pressures of tighter
decarbonisation mandates and financial
impact of unplanned downtime. This
paper explains how Al-driven predictive
diagnostics and condition-based
monitoring address marine operational

challenges while reshaping maintenance

from reactive cost centre to a strategic
performance-optimising lever.

The core use case explained here takes
the ship’s main engine and generator as
a core use case here to demonstrate how
high-frequency data, thermal and
vibration analytics, and intelligent alerting
detect failures weeks in advance. The
outcome is higher uptime and fuel
efficiency. We also describe the business
value, implementation considerations,
and emerging role of Al in technical
decision-making.

When the Vessel Stops, the Costs Don’t

For any commercial ship, unplanned
downtime — a mere engineering
inconvenience on the surface —is also a
direct hit on its earnings, charter
commitments, and voyage margins. A
main engine or generator failure throws
a vessel off-hire immediately, resulting
in daily opportunity losses that often
exceed its operating costs. According to
a survey, they can reach $125,000 per
hour, depending on the vessel class. The
financial impact is further exacerbated
by deviation costs, emergency repairs,
bunkers burnt at non-optimal loads, and
contractual penalties.

Machinery failures happen with subtle
warnings — developing quietly through
small temperature drifts, unnoticed
vibration increases, or minor lubrication
irregularities. But these early signs
remain concealed if noon reports and

manual checks are the only ways to
capture maintenance information. The
damage curve is steep by the time a
symptom becomes perceptible with
unusual sounds, abnormal exhaust
temperature, or load instability.
Downtime also affects safety and
compliance. Engine or generator failure
during manoeuvring, port entry, or
congested waters can spiral into
navigational risk and regulatory
complications. As the marine sector
faces rising pressure for reliability,
emissions transparency, and
predictable schedules, traditional
reactive maintenance approaches are
no longer sufficient.

These operational realities are pushing
commercial fleets toward Al-enabled
diagnostics as the new baseline for
technical resilience.



What Al Brings to the Deck: Prescriptive Action Guided by Data

With sensors installed across their
components, modern vessels generate
a large volume of high-frequency
operational signals. These include
thermal signs from infrared cameras,
vibration patterns from accelerometers,
load data from engine control systems,
and pressure/temperature traces from
auxiliary machinery. Years ago, these
streams remained hidden or were
interpreted long after an incident. Al has
changed this trend with its continuous
sensing that supports active
decision-making.

Al's workflow starts with data ingestion,
where thermal, vibration, and
performance readings are synchronised
in near real-time. Machine-learning
models then check for anomalies and
identify subtle deviations, such as a 2 to
3°C hotspot on a cylinder liner, a
harmonic shift in generator bearings, or
a torque fluctuation on the main engine
shaft. Such changes often fall below the
threshold of human perception.

The next step is route-cause pattern
matching, where Al uses its historical
fault libraries and fleet-wide behavioural
models to compare patterns it detected
against known failure trajectories.
Instead of just flagging an issue, the
system works to understand why it is
happening: is it due to early-stage
misalignment? Lubrication degradation?
Cooling inefficiency? Or combustion
imbalance?

This leads to prescriptive decision
support. The Al-powered conditioning
monitoring system recommends the
most effective intervention to address
the identified problems. It can suggest
operators to adjust load distribution,
reduce RPM for thermal stabilisation,
schedule an in-port inspection, replace
specific components, or change the
synchronisation of generator sets to
relieve stress.




Data Collection
gea Sensor & loT data
8 Engine, fuel, navigation parameters
Historical logs and operational records

Descriptive Analytics — “What happened?”
Identifies deviations or anomalies
Example: “15% rise in fuel consumption”

g‘ Root-cause analysis

25 Diagnostic Analytics — “Why did it happen?”
Q
° Example: “Increased fuel use traced to hull fouling”

Forecasts future outcomes

@ Predictive Analytics — “What will happen?”
Example: “Fouling expected to worsen by 30% in 45 days”

Al Model Processing
Models learn patterns from data
Convert inputs into predictions, classifications, and insights

Agentic Al Architecture
Diagnostic Agent : Identifies underlying causes
Prediction Agent  : Projects future states
Optimisation Agent : Evaluates possible action paths
Knowledge Agent : Adds historical + regulatory context

Multi-Dimensional Optimisation
Considers crew availability
Considers spare parts and budgets
Accounts for port schedules and regulatory timelines
Assesses risk, safety, and operational trade-offs

Prescriptive Analytics — “What should we do?”
Converts predictions into recommended actions
Example: “Schedule underwater hull cleaning at next Singapore port call”

Key Enablers
fé‘?o LLMs: Advanced reasoning and domain grounding
gso Agents Framework: Specialised, coordinated decision-making
Retrieval Augmented Generation (RAG): Validates actions with regulatory and factual references

Final Prescriptive Action Output

T 7 7 7 7 177177
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® Clear recommended action
Y Explanation + regulatory/safety justification

Expected impact (fuel savings, emission reduction, cost efficiency)



The benefits for operators are tangible:

If faults are addressed before they cascade into failures, the uptime increases.

As engines start operating within optimal thermal and vibration boundaries, fuel

efficiency records an improvement.

Thanks to targeted (not blanket) maintenance, spare-part consumption drops.

With maintenance happening at the right time, security is improved for the vessel and

Crew.
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Compliance adherence becomes simpler because the system documents data-backed
actions aligned with emerging class and regulatory expectations.

A Key Use Case: Condition-Based Monitoring of Main Engines & Generators

For ships, their main engine and generator
sets are the “beating heart” of operations
on the sea. So they also become the chief
sources of unplanned downtime when they
malfunction. Al-driven condition-based
maintenance(CBM) transforms how these
assets are monitored, diagnosed, and
repaired.

A modern CBM platform pulls in thermal
signatures, vibration spectra, lubricating oil
quality indicators, load cycles, and fuel
index behaviour from the engine control
system. Individually, each signal offers clues,
and collectively they reveal patterns that
humans cannot track through manual
analysis.

Al models compare real-time sensor
signatures with thousands of hours of
historical “normal” behaviour to catch even
subtle nonconformities.

If we look at thermal data, a gradual change
in bearing temperature can go unnoticed
during routine rounds, especially with
fluctuating loads. However, the Al model
constantly compares real-time temperature
data against each engine’s historical “normal”
baseline. If it finds a subtle but persistent
deviation, it flags the temperature as a soft
anomaly instead of waiting for it to reach
alarm limits.




Simultaneously, vibration analytics may
detect a slight increase in acceleration at
specific frequencies associated with
early-stage bearing wear. And while oil
analysis might remain within limits,
long-term viscosity and particle-count
trend models can spot emerging shifts. On
their own, none of these changes would
trigger a traditional alarm. It is Al that
correlates them and classifies the pattern
as an early-risk event.

Let’s consider a real-world scenario: during
a Pacific crossing, a two-degree-per-hour
uptick in the No. 3 main bearing
temperature escapes the crew’s attention

because it is still below the alarm threshold.

The Al monitoring system identifies the

Business Impact & Strategic Value

abnormal slope, cross-references it with a
120 Hz vibration variance, and instantly
notifies the chief engineer and the shore
team. As the alert arrives days before the
problem becomes critical, teams schedule
a bearing inspection during the next port
call to avoid a possible shutdown or
mechanical failure at sea.

This single intervention prevents 3to 5
days of off-hire, reduces unplanned repair
costs, and eliminates cascading
operational risks of a mid-voyage failure.
That's the value of predictive diagnostics:
fewer surprises, better planning, and a
vessel that stays safely on schedule.

Al-enabled CBM protects machinery and strengthens a fleet's overall commercial position.
Its value shows up in operational, financial, environmental, and strategic layers:

OpEXx
20-30% cut in e
unplanned co
costs

Charter Readiness
Higher uptime and
hiring confidence

Risk and Insurance
Stronger insurer
trust

ESG
Lower CO, and cleaner
operations

Asset Value
Longer asset life + better resale
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@) Lower OpExX through Targeted

©A .
¥ Maintenance:

Al reduces unnecessary overhauls
and keeps efforts targeted where
they matter. Shipowners using
advanced analytics for machinery
condition and health monitoring
observe 20-30% reductions in
unplanned maintenance costs and
fewer component replacements
over assets’ lifecycles

High Charter-Readiness &
Predictable Availability:
Ships with stable performance
signs, fewer breakdowns, and
documented predictive
diagnostics are more reliable for
hire. High uptime leads to
increased Time Charter Equivalent
(TCE) realisation and reduced
off-hire disputes.

Improved Asset Valuation &
Lifecycle Extension:
Health-trend visibility through
dashboards, precise degradation
modelling, and fewer shock failures
extend machinery life and enhance
a ship's resale value. Buyers place
a premium on vessels with a
continuous digital maintenance
history.

Stronger ESG & Compliance
== Position:

Predictive maintenance stabilises
engine performance, reduces fuel
waste, and minimises pollution
events. With demonstrable
reductions in CO, and oil-related
incidents, a fleet boosts its CII/EEOI
profile and sustainability credibility.

Higher Confidence from Insurers &
@’ charterers:

Documented risk reduction — with
verified records of fewer
high-impact events, early
detection of abnormal behaviour,
and continuous monitoring logs -
improves a ship’s insurance
posture and strengthens trust with
charterers who look for operational
transparency.




Implementation Roadmap and Top Considerations

Deploying Al-driven CBM requires a
structured approach that balances
technical readiness with operational
adoption. The process starts with building a
robust data foundation. For this, Smart
Ship© Hub leverages loT sensors,
connectors, multiplexers, and gateway
technologies to capture high-frequency
thermal, vibration, and machinery
performance signals from the main engine
generators and auxiliary systems. SSH’s
engineering team handles installation,
commissioning, and system integration
during berthing. We can complete the
digitalisation process in tight operational
windows.

Once onboard data capture is stabilised,
the next step is to harmonise the vessel's
legacy system outputs with high-frequency
analytics. SSH’s CBM platform aggregates
machinery, navigation, and emissions data
into a secure, single-source pipeline and
presents visually rich dashboards, anomaly

alerts, and diagnostics for both the crew
and shore teams. The predictive Al insights
are powered by validated ML models and
supported by our Vessel Health Index (VHI)
metrics, providing interpretable indicators
of machinery and vessel condition. Further
operational success depends on user
training, governance frameworks, and lucid
maintenance-response protocols to ensure
alerts lead to action.

With integrated advisory, FMEA-linked
alarms, and workflow guidance, Smart
Ship© Hub eliminates ambiguity and
embeds data-backed decision-making
into daily operations. Progress is assessed
through KPIs that include optimised
maintenance intervals, reduction in
unplanned downtime, lower spares usage,
higher fuel performance, and improved
charter readiness. Such changes
demonstrate tangible ROI as fleets move
towards predictive maintenance maturity.

Positioning Fleets Amidst the Rising Waves of Technology

Al-driven predictive diagnostics are now
central to resilient and profitable marine
operations. As we observed in our main
engine and generator use case, the value is
not only in early awareness of faults, but in
making maintenance strategically stronger
to protect uptime, reduce OpEx, and boost
charter readiness. High-frequency insights
and ML models give operators the
confidence to plan interventions at the right
time.

Smart Ship© Hub helps shipowners and
crews leverage Al-backed digital systems
to turn the vision of their commercial
operations into everyday realities.
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Our remote vessel CBM and predictive
diagnostic framework provide continuous,
real-time insights into machinery health,
fuel performance, and emerging risks, long
before they trigger breakdowns or off-hire
events.

By combining high-frequency data,
intelligent alerts, and advisory-backed
recommendations, Smart Ship© Hub
enables mariners to work with more
confidence, precision, and clarity. Contact
us to know more about our marine solutions
or for a tailored implementation roadmap
designed around your operational profile.
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