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Postgraduate Certificate in Shipping Decarbonization Strategies

Ship Design for Low-Carbon Performance

Absorption Chiller — A cooling system that uses heat energy, often from waste heat or renewable sources, to
produce chilled water. Related: waste heat recovery, refrigerant cycle. Example: integrating an absorption
chiller with a LNG-fueled ship’s exhaust heat reduces electrical load. Challenge: limited cooling capacity and
larger equipment footprint compared to vapor-compression chillers.

Alternative Fuels — Non-conventional energy carriers such as liquefied natural gas (LNG), methanol,
ammonia, hydrogen, and bio-fuels. Related: fuel flexibility, carbon intensity. Example: a container vessel
designed for dual-fuel capability can switch between LNG and low-sulphur fuel oil. Challenge: fuel
availability, storage safety, and infrastructure compatibility.

Aerodynamic Hull Form — Hull shapes optimized to reduce air resistance, especially for vessels with
significant above-water structures. Related: wind resistance, superstructure design. Example: a cruise ship
with a streamlined superstructure and reduced deck clutter experiences lower wind-induced drag.
Challenge: balancing aesthetic, passenger space, and structural requirements.

Ballast Water Management — Systems that treat ballast water to meet environmental regulations while
minimizing energy use. Related: BWMS, energy recovery. Example: using low-energy UV treatment paired
with recirculation pumps that draw power from renewable sources. Challenge: ensuring compliance without
excessive power draw.

Barometric Pressure Compensation — Adjusting propulsion system performance based on atmospheric
pressure to maintain optimal efficiency. Related: engine tuning, sensor integration. Example: a diesel engine
control unit that reduces fuel injection rate at high altitude ports. Challenge: accurate real-time data and
integration with existing control logic.

Beam-to-Length Ratio — The proportion of a ship’s beam (width) to its length, influencing resistance and
stability. Related: slenderness ratio, hull efficiency. Example: a slender container ship (beam-to-length ratio
~0.12) achieves lower wave resistance. Challenge: maintaining adequate cargo capacity and transverse
stability.

Bow Thruster Optimization — Design and control strategies that minimize energy consumption of bow
thrusters during maneuvering. Related: dynamic positioning, thrust allocation. Example: variable-frequency
drives combined with predictive control reduce thruster power by up to 30 %. Challenge: ensuring sufficient
maneuverability in confined ports.

Carbon Capture on Board — Technologies that capture CO, emissions from exhaust gases for storage or
utilization while at sea. Related: CCS, emissions reduction. Example: a pilot project using amine-based
scrubbers on a research vessel. Challenge: added weight, space constraints, and high energy penalty.

Carbon Intensity Rating — A metric that quantifies CO, emissions per cargo unit (e.g., grams CO, per
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tonne-km). Related: IMO EEXI, SEEMP. Example: a liner service targeting a 15% reduction in carbon intensity
over five years. Challenge: accurate data collection across varied routes and fuel types.

Center of Gravity Management — Controlling the vertical and longitudinal position of the ship’s centre of
gravity to enhance stability and reduce resistance. Related: ballast distribution, weight optimization.
Example: using lightweight composite decks to lower the vertical centre of gravity. Challenge: retrofitting
existing vessels without compromising structural integrity.

Clean Propulsion Systems — Propulsion technologies that emit little or no greenhouse gases, such as electric
motors, fuel cells, or hybrid diesel-electric arrangements. Related: zero-emission, hybridization. Example: a
short-sea ferry powered by lithium-ion batteries for port operations. Challenge: limited energy density and
the need for shore-side charging infrastructure.

Co-generation (CHP) — Simultaneous production of electricity and useful heat from a single fuel source,
improving overall energy efficiency. Related: waste heat recovery, thermal management. Example: a ship’s
diesel engine driving an alternator that supplies shipboard power while capturing exhaust heat for water
heating. Challenge: matching heat demand with production and integrating with other energy systems.

Computational Fluid Dynamics (CFD) — Numerical simulation tools used to predict flow patterns around
hulls, propellers, and appendages. Related: hydrodynamic analysis, virtual prototyping. Example:
CFD-optimised bulbous bow reduces wave resistance by 5% in sea trials. Challenge: high computational
cost and the need for validation with physical model tests.

Conceptual Design Phase — The early stage where overall ship architecture, performance targets, and
feasibility are defined. Related: preliminary sizing, trade-off studies. Example: selecting a hybrid propulsion
layout based on route analysis and emission caps. Challenge: limited data on future fuel availability and
regulatory changes.

Cooling Load Management — Strategies to balance cooling demand with available energy, often using heat
recovery and smart controls. Related: HVAC optimization, thermal storage. Example: using chilled water
produced by an absorption chiller during night-time low-load periods. Challenge: predicting variable
cooling loads in different climate zones.

Deadweight Tonnage (DWT) Optimization — Adjusting payload distribution to maximize cargo while
minimizing resistance and fuel consumption. Related: payload planning, trim control. Example: loading
heavy containers aft to achieve optimal trim for a voyage. Challenge: operational constraints and port
handling limitations.

Deck Layout Integration — Designing deck structures to accommodate low-carbon technologies without
compromising cargo handling or passenger comfort. Related: space allocation, modular design. Example:
placing battery modules beneath deck plates to preserve cargo space. Challenge: ensuring structural
strength and fire safety compliance.

Drag-Reducing Coatings — Specialized hull paints that lower frictional resistance through micro-textured
surfaces or polymer additives. Related: fouling control, surface roughness. Example: a silicone-based coating
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achieving a 3% drag reduction in long-haul service. Challenge: durability, cost, and compatibility with
anti-fouling requirements.

Dynamic Positioning (DP) Energy Efficiency — Optimizing DP system algorithms to reduce power
consumption while maintaining vessel position. Related: thruster control, power management. Example:
using model-predictive control to anticipate wind drift and adjust thruster output pre-emptively. Challenge:
maintaining reliability under extreme weather conditions.

Electric Propulsion — Use of electric motors to drive propellers, often powered by generators or batteries.
Related: motor sizing, power electronics. Example: a Ro-Ro ferry equipped with a permanent-magnet motor
delivering 8 MW of thrust. Challenge: thermal management of power electronics and integration with
existing fuel systems.

Emissions Trading Scheme (ETS) — Market-based mechanism that caps total emissions and allows trading of
allowances. Related: carbon credits, compliance strategy. Example: a shipping company purchasing
allowances to offset emissions from high-fuel-consumption routes. Challenge: price volatility and regulatory
uncertainty.

Energy Management System (EMS) — Integrated software that monitors, analyses, and optimises energy
flows across all ship systems. Related: data analytics, predictive maintenance. Example: EMS automatically
throttles auxiliary generators when battery SOC (state of charge) exceeds 80 %. Challenge: ensuring
cybersecurity and interoperability with legacy equipment.

Energy-Efficient Hull Form — Hull shapes designed to minimise total resistance, including wave, viscous, and
wind components. Related: slender hull, bulbous bow. Example: a fully-flooded bulbous bow tuned for a
15kt service speed reduces fuel consumption by 4 %. Challenge: cost of redesign and validation for multiple
operating speeds.

Environmental Performance Index (EPI) — Composite score that rates a vessel's environmental impact based
on emissions, waste, and noise. Related: sustainability metrics, stakeholder reporting. Example: a ship
achieving an EPI of 85% qualifies for green port incentives. Challenge: aligning diverse metrics into a single
actionable index.

Exhaust Gas Recirculation (EGR) — Technique that re-injects a portion of exhaust gases into the combustion
chamber to lower peak temperatures and NOx formation. Related: emissions control, engine tuning.
Example: a dual-fuel engine using EGR to meet IMO Tierlll NOx limits. Challenge: managing soot buildup
and maintaining combustion efficiency.

Fifth-Generation (5G) Connectivity — High-speed, low-latency communication networks enabling real-time
data exchange for ship performance monitoring. Related: IoT, remote diagnostics. Example: transmitting
propulsion performance metrics to shore-based analysts for immediate optimisation. Challenge: coverage in
remote oceanic regions and data security.

Fouling Management Strategy — Integrated approach combining anti-fouling coatings, regular cleaning, and
hull-form design to limit bio-fouling growth. Related: drag reduction, maintenance scheduling. Example:
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using a low-toxicity silicone coating combined with periodic in-water cleaning reduces fuel use by 2 %.
Challenge: balancing environmental compliance with cleaning frequency.

Fuel Cell Power Plant — Electrochemical devices that convert hydrogen or other fuels directly into electricity
with high efficiency and zero tailpipe emissions. Related: PEM fuel cell, solid-oxide fuel cell. Example: a
research vessel employing a 2 MW PEM fuel cell for propulsion. Challenge: hydrogen storage safety,
durability under marine conditions, and high initial capital cost.

Fuel Flexibility Design — Architectural provisions that allow a ship to operate on multiple fuel types without
major modifications. Related: dual-fuel engines, fuel switching. Example: a container ship equipped with
LNG tanks, methanol storage, and a compatible engine. Challenge: space allocation, weight distribution, and
certification for each fuel.

Fuel Sulphur Content Regulation — Limits set by IMO (currently 0.5% globally) on the sulphur percentage in
marine fuels to reduce SOx emissions. Related: scrubbers, low-sulphur fuel oil. Example: installing exhaust
gas cleaning systems to allow the use of higher-sulphur fuel in emission-control areas. Challenge: additional
capital cost and maintenance of scrubbers.

Frictional Resistance Reduction — Techniques aimed at lowering the viscous drag component of total
resistance. Related: laminar flow promotion, hull smoothing. Example: applying a low-roughness polymer
coating that decreases skin friction by 7% in trials. Challenge: long-term coating durability and compatibility
with cleaning regimes.

Forward-Looking Energy Assessment — Predictive analysis that estimates future energy demand based on
projected routes, fuel prices, and regulatory trends. Related: scenario planning, lifecycle costing. Example:
modelling a 20-year fleet upgrade path to meet the 2030 carbon cap. Challenge: uncertainties in
technology adoption rates and policy changes.

Gas Turbine Propulsion — Utilisation of gas turbines, often in combined cycle configurations, for ship
propulsion. Related: COGES, hybrid propulsion. Example: a high-speed ferry using a gas turbine driving a
water-jet for rapid acceleration. Challenge: high fuel consumption at low loads and limited fuel flexibility.

Global Wind Atlas Integration — Leveraging wind resource data to design and position auxiliary sails or
rotors for energy harvesting. Related: sail-assisted propulsion, renewable integration. Example: installing a
rigid-sail system on a bulk carrier that captures prevailing westerly winds. Challenge: impact on vessel
stability and cargo operations.

Green Ship Rating — Classification society certification that recognises vessels designed with superior
environmental performance. Related: DNV Green Ship, Lloyd's Register Eco-Design. Example: a container
ship receiving a Green Ship award for meeting stringent CO, reduction targets. Challenge: meeting the
rating criteria while staying cost-effective.

Hybrid Energy Storage — Combination of batteries, supercapacitors, and flywheels to provide flexible power
for propulsion and auxiliary loads. Related: power management, peak shaving. Example: a hybrid system
that uses supercapacitors for rapid load changes during docking. Challenge: complex control algorithms
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and lifecycle management of multiple storage technologies.

Hydrodynamic Appendage Optimization — Design of rudders, thrusters, and stabilisers to minimise added
resistance while preserving functionality. Related: vortex shedding control, CFD analysis. Example: a
semi-balanced rudder with a streamlined profile reduces drag by 1.5%. Challenge: ensuring adequate
manoeuvrability under varied sea states.

Hydrogen Fuel Infrastructure — Shore-side facilities for storage, transfer, and refuelling of hydrogen to
support marine operations. Related: bunkering, safety protocols. Example: a port installing cryogenic
hydrogen tanks and a dedicated bunkering berth for fuel-cell vessels. Challenge: high capital investment
and regulatory approval.

Hydrogen Production Pathways — Methods for generating hydrogen, such as electrolysis (green),
steam-methane reforming (grey), or biomass gasification (blue). Related: carbon capture, renewable
electricity. Example: a shipping line sourcing green hydrogen from offshore wind-powered electrolyzers.
Challenge: scaling production to meet maritime demand at competitive cost.

Hydrodynamic Shape Optimization — Use of parametric modelling and optimisation algorithms to refine hull
geometry for minimal resistance. Related: genetic algorithms, surrogate modelling. Example: applying a
multi-objective optimisation that balances fuel efficiency with cargo volume. Challenge: computational
expense and translating virtual results to physical hull forms.

Ice-Class Design for Low-Carbon Vessels — Structural and propulsion considerations for ships operating in
polar regions while maintaining low emissions. Related: reinforced hull, hybrid propulsion. Example: an
ice-strengthened LNG carrier equipped with a battery-assisted propulsion system to meet emission limits in
the Arctic. Challenge: added weight of ice reinforcement and limited battery performance in low
temperatures.

Impact Assessment of Emission Zones — Evaluation of how Emission Control Areas (ECAs) affect ship routes,
fuel choice, and overall carbon footprint. Related: routing software, compliance cost. Example: modelling
alternative routes to avoid EU ECAs, resulting in a 5% increase in voyage distance but a 12 % reduction in
SOx emissions. Challenge: balancing economic penalties with environmental benefits.

Integrated Bridge-Engine Room (IBER) — Consolidated control architecture that merges navigation and
propulsion systems for coordinated operation. Related: automation, crew training. Example: an IBER system
that automatically adjusts propeller pitch based on heading changes to minimise energy waste. Challenge:
ensuring redundancy and crew familiarity with integrated interfaces.

Intelligent Propeller Pitch Control — Adaptive adjustment of propeller pitch in real-time to maintain optimal
thrust efficiency across varying speeds. Related: controllable-pitch propeller, sensor fusion. Example: a
controllable-pitch propeller that reduces fuel consumption by 3% during speed fluctuations in congested
waterways. Challenge: mechanical complexity and maintenance of pitch mechanisms.

Lifecycle Carbon Accounting — Comprehensive accounting of CO, emissions from material extraction,
construction, operation, and disposal of a vessel. Related: embodied carbon, operational emissions.
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Example: assessing that 30 % of a ship’s total carbon footprint originates from steel production, prompting
material substitution. Challenge: data availability and standardisation across supply chains.

Low-Carbon Material Substitution — Replacing traditional steel components with lighter,
lower-embodied-carbon alternatives such as aluminium alloys or fibre-reinforced polymers. Related: weight
reduction, structural integrity. Example: using aluminium for deck superstructures reduces overall vessel
weight by 8%, improving fuel efficiency. Challenge: cost, corrosion resistance, and fire safety compliance.

Marine Renewable Energy Integration — Incorporation of on-board renewable sources such as solar panels,
wind turbines, or wave energy converters. Related: auxiliary power, energy harvesting. Example: a solar array
covering 1000 m? of deck area supplying 150 kW to shipboard loads. Challenge: limited surface area,
variability of generation, and added weight.

Modular Ship Design — Construction approach where ship sections are built as interchangeable modules,
facilitating upgrades and retrofits for low-carbon technologies. Related: plug-and-play, future-proofing.
Example: a modular battery block that can be replaced with a larger unit as energy density improves.
Challenge: ensuring structural continuity and certification of modular interfaces.

Multi-Fuel Engine Certification — Process of obtaining regulatory approval for engines capable of operating
on several fuel types while meeting emission standards. Related: type approval, performance testing.
Example: a dual-fuel engine certified for LNG, methanol, and diesel, allowing flexible operation based on
fuel availability. Challenge: extensive testing and documentation for each fuel scenario.

Naval Architecture Trade-Off Analysis — Systematic evaluation of conflicting design objectives such as cargo
capacity, speed, and emissions. Related: Pareto frontier, decision matrix. Example: using a weighted scoring
model to select a hull form that balances a 0.5 % speed loss with a 10 % fuel saving. Challenge: quantifying

intangible factors like crew comfort.

Noise and Vibration Control — Measures to reduce acoustic emissions, which indirectly affect fuel
consumption by improving propeller-wake interaction. Related: acoustic insulation, propeller design.
Example: installing flexible mounts for auxiliary generators reduces transmitted vibrations, leading to
smoother hull flow. Challenge: space for damping materials and maintaining accessibility for maintenance.

Optimised Trim and Draft Management — Continuous adjustment of a vessel’s longitudinal balance and
immersion depth to achieve minimal resistance. Related: ballast optimisation, auto-trim systems. Example:
an auto-trim system that shifts ballast water forward during heavy weather to lower wave resistance.
Challenge: real-time sensor accuracy and integration with propulsion control.

Passive Aerodynamic Devices — Fixed structures such as fins or spoilers that modify airflow over the ship to
reduce wind resistance without active power consumption. Related: wind-drag reduction, superstructure
shaping. Example: installing aft-mounted finlets on a Ro-Ro vessel reduces wind-induced fuel penalty by
1%. Challenge: ensuring they do not interfere with cargo handling or stability.

Petroleum-Based Fuel Alternatives — Low-carbon derivatives of traditional marine fuels, including ultra-low
sulphur diesel (ULSD) and synthetic paraffinic kerosene. Related: fuel blending, emissions profile. Example:
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blending 20 % bio-derived diesel with conventional fuel to achieve a modest carbon reduction. Challenge:
fuel compatibility and potential engine wear.

Power-Split Propulsion — Architecture where multiple power sources (e.g., diesel generators, gas turbines,
batteries) feed a common electric propulsion motor. Related: hybrid architecture, power management.
Example: a power-split system that uses batteries for low-speed maneuvering and diesel generators for
cruise operation. Challenge: coordinating power flows and ensuring seamless transition between sources.

Propeller Skew Optimization — Design of propeller blade geometry to spread load over time, reducing
cavitation and improving efficiency. Related: cavitation avoidance, thrust ripple. Example: a high-skew
propeller on a container ship reduces cavitation erosion and improves fuel efficiency by 2 %. Challenge:
manufacturing complexity and cost.

Propulsion System Redundancy Planning — Designing backup propulsion arrangements to maintain
operability while pursuing low-carbon goals. Related: fail-safe design, reliability analysis. Example:
incorporating an auxiliary diesel engine that can take over if the primary fuel-cell system fails. Challenge:
added weight and space for redundant equipment.

Renewable-Based Bunkering — Supplying ships with fuels derived from renewable sources, such as bio-LNG
or synthetic e-fuel. Related: green fuel supply chain, certification. Example: a port offering bio-LNG that
reduces lifecycle CO, emissions by 70 % compared with conventional LNG. Challenge: limited production
capacity and price competitiveness.

Retrofit Feasibility Study — Assessment of the technical and economic viability of installing low-carbon
technologies on existing vessels. Related: cost-benefit analysis, structural assessment. Example: evaluating
the installation of a battery system on a 20-year-old bulk carrier, identifying a payback period of 7 years.
Challenge: limited space and structural reinforcement needs.

Rudder-Propeller Interaction Mitigation — Design techniques to reduce adverse flow effects between the
propeller and rudder, improving overall propulsion efficiency. Related: ducted propeller, flow straighteners.
Example: adding a flow-straightening strut upstream of the rudder lowers turbulence and improves thrust
by 1%. Challenge: added drag and complexity.

Safety-Critical Energy Systems — Systems whose failure could jeopardise vessel safety, requiring rigorous
design and redundancy. Related: fire protection, fault tolerance. Example: incorporating fail-safe controls for
battery management to prevent thermal runaway. Challenge: balancing safety margins with weight and cost
constraints.

Scrubber Technology Selection — Choosing between open-loop, closed-loop, or hybrid exhaust gas cleaning
systems based on fuel type and regulatory zones. Related: discharge permits, water chemistry. Example: a
closed-loop scrubber enabling compliance in ports with strict wash-water discharge limits. Challenge:
higher capital cost and need for waste disposal.

Sea-State Adaptive Speed Management — Adjusting vessel speed in response to wave conditions to
optimise fuel consumption and emissions. Related: weather routing, resistance modelling. Example:
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reducing speed by 0.5kn in high sea-state periods to avoid a 5% fuel penalty. Challenge: meeting schedule
commitments while varying speed.

Ship-to-Ship Energy Transfer — Transfer of electrical power between vessels, enabling one ship to supply
another’s propulsion or hotel loads. Related: high-voltage couplings, marine power grid. Example: a mother
vessel providing battery power to a smaller feeder ship during port stay. Challenge: standardising
connectors and ensuring safety.

Ship-Scale Energy Modelling — Full-scale simulation of a vessel's energy flows, integrating propulsion,
auxiliaries, and environmental loads. Related: system dynamics, digital twin. Example: a digital twin that
predicts fuel consumption for different cargo loadings, aiding operational decisions. Challenge: high fidelity
data requirements and model validation.

Simplified Energy Index (SEl) — A metric that approximates a ship’s energy efficiency based on readily
available parameters such as speed, displacement, and engine power. Related: EEDI, SEEMP. Example: using
SEl to benchmark a fleet's performance against industry averages. Challenge: limited granularity compared
with detailed CFD or trial data.

Smart Battery Management — Advanced control algorithms that optimise charge/discharge cycles,
temperature, and health of marine batteries. Related: state-of-charge estimation, predictive maintenance.
Example: a BMS that limits depth of discharge to 80 % to extend battery life while meeting peak power
demands. Challenge: integrating with shipboard EMS and ensuring reliability under marine conditions.

Slope-Adjusted Hull Coating — Application of coating layers that vary thickness along the hull to balance
wear resistance with drag reduction. Related: anti-fouling, coating technology. Example: a thicker coating at
the bow where fouling is aggressive and a thinner low-drag coating amidships. Challenge: complex
application process and quality control.

Solar-Assisted Propulsion — Use of solar-generated electricity to supplement propulsion power, reducing
fuel consumption during daylight operations. Related: photovoltaic panels, power management. Example: a
solar-assisted ferry that reduces diesel use by 5% on sunny routes. Challenge: limited surface area and
variability of solar irradiance.

Sustainable Ship Recycling — End-of-life processes that minimise environmental impact, including material
recovery and safe disposal of hazardous components. Related: circular economy, ship-breaking standards.
Example: designing for dismantling with modular hull plates that can be recycled into new steel. Challenge:
compliance with the Hong Kong Convention and economic feasibility.

Thermal Insulation Optimization — Improving insulation of fuel tanks, water lines, and HVAC ducts to reduce
heat losses and auxiliary power demand. Related: energy conservation, material selection. Example:
installing aerogel blankets around LNG tanks lowers boil-off rates, decreasing fuel consumption for
re-liquefaction. Challenge: cost and installation complexity.

Thrust Deduction Factor (t) — Coefficient representing the loss of propulsive thrust due to hull-propeller
interaction. Related: propulsive efficiency, wake fraction. Example: a modern hull-propeller arrangement
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achieving a thrust deduction factor of 0.10, improving overall propulsive efficiency. Challenge: accurate
measurement and influence of operating conditions.

Trim Optimization Software — Digital tools that calculate optimal trim settings for varying cargo loads and
sea conditions. Related: ballast management, fuel consumption. Example: a software package that suggests
a 0.5m forward trim for a loaded container ship, saving 3 % fuel per voyage. Challenge: integrating with
ship’s ballast control system.

Ultra-Low-Sulphur Diesel (ULSD) — Marine diesel fuel with sulphur content below 0.1 %, meeting the most
stringent emission standards. Related: fuel compliance, engine wear. Example: using ULSD in emission
control areas to avoid scrubber installation. Challenge: higher price and limited global availability.

Variable-Frequency Drives (VFD) — Electrical converters that allow motor speed to be adjusted by varying
supply frequency, enhancing efficiency. Related: motor control, energy savings. Example: VFDs on auxiliary
generators reduce fuel consumption during low-load periods by up to 15%. Challenge: harmonic distortion
and need for robust cooling.

Vessel Energy Management Plan (VEMP) — Structured approach outlining actions, targets, and monitoring
procedures to improve a ship’s energy performance over its operational life. Related: SEEMP, continuous
improvement. Example: a VEMP that sets a 5% annual fuel reduction target through technology upgrades
and crew training. Challenge: maintaining momentum and verifying results.

Wave-Resistance Minimisation — Design strategies aimed at reducing the energy lost to wave creation,
especially at higher speeds. Related: hull form, bulbous bow tuning. Example: a fine-tuned bulbous bow on
a cruise ship reduces wave resistance by 4% at 22 kn. Challenge: optimizing for a range of speeds and
loading conditions.

Wind-Assisted Propulsion — Use of sails, kites, or rotor systems to capture wind energy and provide forward
thrust, reducing fuel use. Related: Flettner rotor, rigid sail. Example: a 120-meter Flettner rotor installed on a
bulk carrier yields a 7% fuel saving on prevailing westerly routes. Challenge: structural integration, crew
training, and variable wind availability.

Zero-Emission Corridor — Designated maritime routes where only zero-carbon vessels are permitted,
encouraging adoption of clean technologies. Related: policy incentives, infrastructure. Example: a European
North Sea corridor that offers priority docking for battery-powered ferries. Challenge: ensuring sufficient
charging infrastructure and vessel availability.

Zero-Carbon Fuel (ZCF) — Fuels that achieve net-zero CO, emissions over their lifecycle, such as synthetic
e-fuel produced from renewable electricity. Related: carbon accounting, fuel certification. Example: using
e-methanol derived from offshore wind to power a chemical tanker, achieving a 95 % reduction in lifecycle
emissions. Challenge: high production cost and limited market scale.
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