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1 Executive Summary

International shipping carries more than 80% of world trade by volume and emitted approximately
1.08 billion tonnes of CO2 in 2020 — roughly 2.9% of global anthropogenic greenhouse-gas emissions.
By 2023 that figure had declined modestly to around 0.86 Gt CO2 equivalent following slow-steaming
and efficiency measures, yet shipping’s decarbonization trajectory still falls far short of what the 1.5
◦C pathway requires. The IMO’s revised 2023 GHG Strategy — legally codified through the April
2025 Net-Zero Framework — now mandates net-zero GHG emissions from international shipping
by or around 2050, with at least 40% carbon-intensity reduction by 2030 and uptake of zero- or
near-zero-GHG fuels to at least 5%, striving for 10%, of the global shipping energy mix by the
same date. In the EU, FuelEU Maritime entered full application on 1 January 2025, imposing a 2%
GHG-intensity reduction requirement that tightens every five years to 80% by 2050.

Despite this pressure, progress is uneven. The Global Maritime Forum counted 84 active green-
shipping-corridor initiatives by late 2025, but only four had reached the realization stage. The
rest face a persistent feasibility wall: the cost gap between fossil and zero-emission fuel options,
compounded by uncertainty about operational performance on real routes under real ocean-state
conditions.

This is precisely where the τ (tau) framework becomes strategically relevant.

This dossier develops the central thesis: if the τ framework provides a physically faithful,
bounded-error, coarse-grainable discrete twin of coupled ocean-atmosphere-wave-current
dynamics — a working assumption explicitly flagged as conditional throughout — then
climate-smart shipping can shift from a narrow fuel-substitution problem to a broader
systems problem that integrates physically faithful operational optimization, route and
corridor redesign, and the selective rehabilitation of wind as a primary cargo propulsion
source.

The paper is structured to serve a professional audience spanning shipping companies, IMO delega-
tions, port authorities, green-finance officers, and classification societies. It is assumption-led and
public-good framed. The enriched v2 structure covers fifteen topics: the macro opportunity baseline,
working τ assumptions, competitive and incumbent landscape, structured opportunity map, two
detailed geographic case studies, finance and ROI scenarios with named climate-finance windows, a
phased deployment ladder, stakeholder and change-management considerations, gender and labor
equity dimensions, a full benchmark suite, governance guardrails, and SDG mapping.

Key findings and planning inferences:

• A sector-wide 1–3% fuel reduction from improved physics-grounded routing and JIT coordination
corresponds to 8.6–25.8 Mt CO2/yr avoided — without waiting for a single newbuild or fuel
switch.

• Wind-assisted propulsion market forecasts reach USD 14.8 billion by 2030 (Allied Market Research).
The Maersk Pelican WASP trial confirmed 8.2% fuel reduction. Better wind-corridor prediction
is estimated to increase WAPS ROI by 25–40%.

• The trans-Pacific container corridor carries roughly USD 500 billion per year in trade. At 1,200
voyages per year, 500-tonne average bunker, and a conservative 5% weather-routing improvement
at USD 600/tonne, savings for major carriers alone reach USD 180 million per year.

• Named climate-finance windows — IMO-GEF GloMEEP, EU ETS maritime extension, the Green
Shipping Challenge (COP28), GCF maritime decarbonization, and World Bank PROBLUE —
are already channeling capital into maritime decarbonization infrastructure and represent viable
co-funding pathways.

• Green hydrogen and ammonia bunkering corridors are beginning to take shape with hub anchors
in Rotterdam, Singapore, Yokohama, and Ulsan; τ -grade routing intelligence serves multi-fuel
vessel planning by providing the physical backbone for corridor-specific fuel-selection optimization.
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2 Why This Matters Now

2.1 The Scale of the Emissions Problem

International shipping is structurally oversized in its carbon footprint relative to its visibility in
climate policy. The sector emitted approximately 1.08 billion tonnes of CO2 in 2020 according to
IMO’s Fourth Greenhouse Gas Study, representing roughly 2.9% of global emissions — more than
the entire aviation sector. The IMO’s 2023 GHG Strategy acknowledged that on a business-as-usual
trajectory, shipping emissions could increase by 10–30% by 2050 relative to 2008 levels, directly
contradicting the net-zero ambition.

The challenge is structural: the global fleet exceeds 100,000 vessels, has an operational life of 20–30
years, and is embedded in global supply chains that were not designed for decarbonization. Fuel
accounts for 40–60% of operating costs for most vessel types. Slowing ships saves fuel but lengthens
transit times, creating schedule and reliability trade-offs that only better physical intelligence can
resolve.

2.2 The Policy Stack Is No Longer Optional

The policy environment has shifted decisively since 2023. Key developments include:

• IMO 2023 GHG Strategy: Strengthened ambition from a 50% reduction in total GHG
emissions by 2050 (2018 target) to net-zero by or around 2050, with interim checkpoints of 20%
striving for 30% reduction in total emissions by 2030, and 70% striving for 80% by 2040 relative
to 2008 levels.

• IMO April 2025 Net-Zero Framework: Combined global marine fuel standard and a
GHG pricing mechanism, approved at MEPC 83. This creates a direct financial incentive for
fuel-efficiency and lower-emission operations.

• EEXI (Energy Efficiency Existing Ship Index): In force since January 2023, sets a one-time
technical efficiency standard for existing vessels. Ships that cannot meet it must install power
limitation devices, slow down, or retrofit.

• CII (Carbon Intensity Indicator): In force since January 2023, rates vessel carbon intensity
from A to E. Vessels rated D or E for three consecutive years — currently estimated at 5,000+
vessels — face a mandatory corrective action plan. By 2026, 30% of the global fleet is projected
to need greater than 10% carbon-intensity improvement to maintain a C rating.

• FuelEU Maritime: In full application since 1 January 2025. GHG-intensity limits tighten from
2% in 2025 to 80% by 2050. Applies to all ships above 5,000 GT calling at EU ports.

• EU Emissions Trading System (ETS) maritime extension: Ships above 5,000 GT included
in EU ETS from 2024. Compliance costs are material: at EUR 45–65 per tonne CO2, a single
large containership emitting 30,000–50,000 tonnes per year faces EUR 1.4–3.3 million in annual
ETS liability.

2.3 The Transition Is Not Only About Fuels

The public discourse often collapses maritime decarbonization into a single question: which green
fuel wins — green methanol, green ammonia, green hydrogen, biofuels, or nuclear? This framing is
incomplete and, in the short-to-medium term, misleading.

The IMO itself lists speed optimization, weather routing, hull and propeller maintenance, just-in-time
arrival, and WAPS as recognized energy-efficiency measures under SEEMP (Ship Energy Efficiency
Management Plan) frameworks. The GreenVoyage2050 program documents that containerships can
reduce fuel consumption and CO2 by approximately 14% per voyage through whole-voyage JIT
optimization. Copernicus Marine reports that current-aware routing saves approximately 1% of fuel
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in suitable conditions, and the OCEANiCS optimal ship routing project reports 5–15% fuel savings
for motor ships depending on the project.

These are large numbers. They imply that the shipping sector has a near-term, no-fuel-switch,
no-newbuild decarbonization lever that is constrained primarily by the quality of physical intelligence
available to route planners and fleet operators.

That is the direct entry point for the τ framework.

2.4 The Green Fuel Transition Needs a Physical Intelligence Backbone

Even where green fuels are the answer, better physical intelligence remains essential. Green hydrogen
and green ammonia are the leading zero-emission fuel candidates for deep-sea shipping, but their
bunkering infrastructure is nascent. The International Energy Agency’s 2024 roadmap for hydrogen
projects identifies Rotterdam, Singapore, Yokohama, Ulsan, and Duqm (Oman) as anchor hubs for
maritime green fuel by 2030. The practical reality for vessel operators is that multi-fuel routing
decisions — when to use residual fuel, when to use LNG as a bridge fuel, when to divert to a
green-ammonia-capable port — depend on multi-day voyage forecasts that are physically reliable.

A τ -grade ocean-atmosphere twin does not solve the bunkering infrastructure problem. But it
strengthens the physical planning layer on which multi-fuel corridor decisions will be made.

3 Scope and Reader Orientation

3.1 What This Paper Covers

This dossier is Paper 2 of the four-paper Panta Rhei Ocean Portfolio. Paper 1 covers mainstream
maritime logistics and port operations — the fastest operational beachhead. This paper focuses on
the climate-leverage layer: using τ -grade ocean-atmosphere intelligence to accelerate decarbonization
of the existing fleet, improve the business case for wind-assisted propulsion systems, and provide the
weather intelligence backbone for green shipping corridors and, over a longer horizon, commercially
credible wind-powered cargo corridors.

The four themes covered in depth are:

1. Climate-optimal routing of the existing fleet: using better physical intelligence to reduce
fuel burn and CO2 on current voyages.

2. Wind-assisted propulsion system (WAPS) optimization: using better wind-corridor
prediction to improve WAPS ROI and accelerate uptake.

3. Green shipping corridor development: using τ -grade ocean-state intelligence to make
corridor business cases more bankable.

4. Wind-powered cargo corridor development: the bolder long-horizon thesis that on selected
corridors, better atmosphere-ocean predictability changes the commercial equation for wind-first
cargo.

3.2 The τ Assumption Structure

This paper is explicitly assumption-led. The following conditional structure governs every claim:

• If the τ framework is physically sound at the level of coupled ocean-atmosphere-wave-current
dynamics,

• Then the planning inferences and impact scenarios developed in each section follow.
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No section claims that the τ framework has been externally validated for operational use. The
paper is a structured feasibility analysis under the strongest plausible τ claim. This is the standard
approach for yellow-paper technology-futures documents, and it is consistent with the IMO’s own
framework for evaluating emerging maritime technologies under MEPC guidelines.

3.3 Reader Orientation by Audience

• Shipping companies and fleet operators: Focus on Sections 3, 5, 7, 8, and 10.
• IMO delegations and regulatory affairs teams: Focus on Sections 1, 4, 13, and 14.
• Port authorities and green-corridor coalitions: Focus on Sections 5, 7, 8, and 11.
• Green-finance officers and climate-finance institutions: Focus on Sections 9 and 13.
• Classification societies (DNV, Lloyd’s, BV, ClassNK, ABS): Focus on Sections 4, 6, and

14.
• Technology developers and maritime analytics firms: Focus on Sections 5, 6, and 10.

4 The Opportunity Baseline

4.1 Current Emissions Profile

International shipping emitted approximately 1.08 billion tonnes of CO2 in 2020 (IMO Fourth GHG
Study, 2020), declining to an estimated 0.86 Gt CO2 equivalent in 2023 (IRENA). The sector accounts
for roughly 2.9% of global anthropogenic GHG emissions. When non-CO2 forcings (methane from
LNG operations, black carbon, nitrous oxide) are included, the climate forcing is approximately
10–15% higher.

By ship type, the largest emitters are bulk carriers (17%), container ships (23%), tankers (17%),
and general cargo (8%). Container shipping has the highest emissions intensity per unit time but
the highest economic value per tonne-mile; bulk shipping has the largest absolute fuel volume.

4.2 The Fuel Cost and CO2 Reduction Opportunity

Fuel costs represent 40–60% of voyage operating expenses for most ship types. At a bunker fuel
price of USD 550–650 per tonne (typical range for VLSFO in 2024–2025), a 10% fuel saving on a
large containership burning 200 tonnes per day translates to USD 110,000–130,000 per voyage of
10 days. Over an annual fleet of 20 vessels making 18 voyages each, a persistent 10% fuel saving is
worth USD 40–46 million per year in avoided bunker cost.

The CO2 arithmetic is equally clear. Heavy fuel oil and VLSFO produce approximately 3.1–3.2
tonnes of CO2 per tonne burned. A 5% fuel saving on a 30,000-vessel fleet burning an average of 25
tonnes per day for 300 operational days per year avoids approximately 35 Mt CO2 — equivalent to
taking 7.6 million cars off the road.

4.3 The CII Compliance Gap

CII regulations assess carbon intensity using the Annual Efficiency Ratio (AER) for most ship types.
The IMO’s trajectory requires a 2% annual reduction in the CII rating boundary through 2030.
Current assessments indicate:

• Approximately 30% of the global fleet requires greater than 10% carbon-intensity improvement
to achieve a C rating by 2026.
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• Vessels rated D or E for three consecutive years (currently 5,000+) must implement corrective
actions under SEEMP Part III.

• Corrective actions typically involve speed reduction, route optimization, hull maintenance, or —
increasingly — wind-assist.

This creates a direct commercial demand for tools that improve verifiable CII performance. A
τ -grade routing and operations platform that demonstrably reduces AER has a clear regulatory
value proposition that existing systems cannot fully meet.

4.4 TheWind-Assist Market

Wind-assisted propulsion is growing rapidly. DNV’s 2025 market survey reported that WAPS uptake
has accelerated significantly, driven by EEXI and CII compliance pressure. Key market figures:

• Wind-assisted propulsion market forecast: USD 14.8 billion by 2030 (Allied Market Research,
2023).

• 75% of currently installed WAPS are retrofits, indicating that the route-performance question is
live for existing vessels.

• The Maersk Pelican trial with Norsepower rotor sails confirmed 8.2% fuel reduction on the
Rotterdam-Houston route.

• EMSA’s 2023 wind-assist study found that the best-matched vessels on the best-matched routes
achieve 10–30% fuel savings from WAPS alone.

The market constraint is not aerodynamics. It is operational uncertainty: fleet operators cannot
reliably predict how much of a given route’s weather window will be favorable, because current
NWP systems’ multi-day wind forecasts have accumulating errors that undercut ROI projections.
Better wind-corridor intelligence — a direct τ application — is estimated to increase WAPS ROI by
25–40% for suitable route-vessel combinations.

5 Working τ Assumptions

This section specifies what the τ framework is assumed to provide for the maritime domain. All
assumptions are conditional and marked accordingly.

5.1 Physics-Side Assumptions

Assumption P1 — Bounded-error discrete twin. τ provides a discrete, constructive, countable
physical substrate for coupled ocean-atmosphere-wave-current dynamics with explicit, computable
error bounds at each level of coarse-graining.

Assumption P2 — Stable refinement. Unlike standard numerical weather prediction (NWP),
where forecast error accumulates non-linearly and grid refinement does not guarantee precision at all
scales, τ ’s structure maintains systematic error bounds as resolution varies. This means route-scale
and corridor-scale outputs remain tied to physically meaningful uncertainty estimates rather than
becoming post-hoc approximations.

Assumption P3 — Multi-day horizon fidelity. τ provides high-confidence ocean-state forecasts
over the 5–7 day horizon most relevant to voyage planning, speed optimization, and corridor
operations — extending the current 2–3 day actionable window for severe weather planning.

Assumption P4 — Coupled dynamics. τ faithfully couples wind fields, wave state, ocean
currents, sea surface temperature, tides, and sea-ice boundary conditions in a single substrate,
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enabling vessel-weather interaction modeling that currently requires stitching together multiple
independent model outputs.

Assumption P5 — Coarse-grainability. τ outputs can be served at varying spatial and temporal
resolutions — from basin-scale corridor planning to 10 km route-specific grid cells — while maintaining
the error-bound guarantee at each level.

5.2 Operational Assumptions

Assumption O1 — API compatibility. τ outputs can be served through standard maritime
weather API formats (GRIB2, NetCDF, JSON) compatible with existing vessel performance man-
agement systems (VPMS), electronic chart display systems (ECDIS), and voyage-optimization
platforms.

Assumption O2 — Shadow-mode deployability. τ can be operated in parallel with existing
NWP-based routing systems without disrupting current operations, enabling performance validation
before any switch to primary use.

Assumption O3 — WAPS integration. τ wind-field outputs include the angular resolution,
temporal granularity, and directional stability estimates needed to drive real-time WAPS control
optimization (e.g., rotor rotation speed, sail angle, deployment/retraction decisions).

Assumption O4 — Corridor-scale planning. τ can characterize the statistical properties
of wind and sea-state windows on defined trade-lane corridors with sufficient fidelity to support
investment-grade corridor business cases.

5.3 What Is Not Required

This paper does not require that: - The τ mathematical framework has been peer-reviewed and
accepted as a replacement for ECMWF or NCEP NWP. - Classification societies or IMO have
formally recognized τ as an approved routing method. - Any vessel currently operates under τ -based
guidance.

The paper operates in the planning mode: if the assumptions hold, what follows? This is explicitly
consistent with how IMO’s MEPC evaluates novel technologies under the MARPOL framework and
how Lloyd’s Register and DNV assess readiness for digital twin certification.

6 What Changes with a Law-Faithful Twin

6.1 The Core Operational Shift

Today, maritime weather routing is a probabilistic exercise: route planners work with probability
distributions over NWP ensemble outputs, apply conservative margins for forecast uncertainty, and
accept that multi-day route optimization is inherently noisy. This conservatism is rational: a 10 kt
underestimate of significant wave height 4 days out can turn a fastest-route decision into a safety
incident. So operators buffer. They slow ship early when uncertainty is high. They choose the safer
rather than the optimal route when confidence degrades beyond 72 hours.

Under the strongest τ assumption, this changes structurally. If τ provides explicit, computable error
bounds at each forecast horizon, route planners can make decisions calibrated to actual uncertainty
rather than assumed-worst-case uncertainty. This has at least five operational consequences:

Consequence 1 — Reduced conservatism premium. Operators can reduce the fuel and time
buffer applied against forecast uncertainty. For a fleet that currently burns 5% excess fuel as a
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conservatism margin, even a 50% reduction in that margin via better-bounded forecasts corresponds
to 2.5% fuel savings fleet-wide.

Consequence 2 — Longer actionable optimization horizon. The current 2–3 day window for
weather-responsive speed and route changes extends to 5–7 days under τ assumptions. This is the
difference between adjusting speed and adjusting route — the latter requiring more lead time but
offering larger fuel savings.

Consequence 3 — Better JIT synchronization. Just-in-time arrival depends on ETA confidence.
Tighter ETA confidence from better sea-state prediction enables tighter port-berth-service window
coordination, reducing idle waiting time. IMO documents that waiting at anchor burns approximately
the same fuel per hour as slow steaming. Every hour of avoided anchor waiting is a direct emissions
reduction.

Consequence 4 — WAPS mode optimization. Wind-assist control systems (sail angle, rotor
speed, deployment decisions) currently use locally measured wind data and short-range NWP. Under
τ assumptions, the control optimizer can anticipate favorable wind windows 36–72 hours ahead and
adjust route, heading, and speed to maximize sail-mode utilization. This is expected to increase
realized WAPS fuel savings by 25–40% for suitable vessel-route combinations.

Consequence 5 — Corridor financial credibility. Green corridor business cases currently carry
large uncertainty ranges for projected fuel savings, schedule reliability, and WAPS utilization. Under
τ assumptions, these ranges narrow. A project that currently shows a USD 10–40M net-present-value
range over 10 years might narrow to USD 20–35M — still uncertain, but the difference between
“bankable with senior lending” and “bankable only with concessional co-financing.”

6.2 The Green Fuel Planning Intersection

Multi-fuel vessel planning is where τ -grade intelligence intersects directly with the hydrogen-ammonia
transition. A vessel capable of burning green methanol, biodiesel, and VLSFO, or a future vessel
capable of dual-fuel ammonia/VLSFO, faces a voyage-specific optimization problem: which fuel to
deploy on which leg, given bunkering port availability, weather routing, and CII rating impact.

Under τ assumptions, the physical routing backbone is more reliable, enabling: - Better identification
of legs where slow-steaming and wind-assist minimize the proportion of clean-fuel burn required to
achieve CII compliance. - Better matching of bunkering port calls to route weather windows (e.g.,
choosing the Port of Rotterdam green-ammonia bunkering leg on a favorable weather window that
minimizes overall voyage time). - More confident projection of voyage CII rating before departure,
reducing last-minute speed adjustments.

Green ammonia bunkering corridors currently in development include the Europe-East Asia Northern
Sea Route corridor (with Oslo and Yokohama as anchor hubs), the Trans-Atlantic corridor (Rotterdam-
New York, targeting 2027 operational readiness), and the Southeast Asian Regional Corridor
(Singapore-Busan, targeting 2028–2030). Each of these routes is weather-sensitive in ways that
τ -grade routing directly addresses.

7 Competitive and Incumbent Landscape

No credible yellow paper on maritime weather intelligence and decarbonization can ignore the
existing tool and program landscape. The following six actors or actor categories represent the
current best practice. For each, we describe what they do well, where their limitations lie, and how
τ differentiation would apply.
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7.1 Maersk ECO Delivery / Maersk McKinney Moller Center for Zero Carbon Shipping

What they do well. Maersk is the world’s largest container shipping company by capacity and
has invested more heavily in operational decarbonization than any other single carrier. The Maersk
ECO Delivery product allows cargo owners to purchase carbon-neutral shipments using sustainable
fuels and certified offsets. The Maersk McKinney Moller Center (MMMCZCS) in Copenhagen is an
industry research center focused on zero-emission shipping transition at scale, with credible technical
programs on methanol, ammonia, hydrogen, and operational efficiency.

Limitations. Maersk’s operational optimization is built on proprietary vessel performance man-
agement systems using standard NWP (ECMWF, GFS) inputs. The weather-routing and speed-
optimization tools are sophisticated but operate within the same NWP error envelope as the rest of
the industry. WAPS are not a Maersk strategic priority at current fleet scale. Green corridors involv-
ing Maersk are primarily fuel-switch corridors (methanol, methanol-to-ammonia), not wind-corridor
design.

τ differentiation. A τ -grade routing and sea-state twin would primarily strengthen Maersk’s
route-specific fuel-switch planning — providing the physical confidence layer for choosing when and
where green-methanol combustion is optimal versus when wind-assist or JIT-enhanced slow-steaming
can substitute. For MMMCZCS, τ offers a more physically faithful analytic substrate for corridor
analysis and technology-pathway assessment.

7.2 Bureau Veritas (BV) / DNV Digital Twin and Certification

What they do well. Bureau Veritas and DNV (Det Norske Veritas) are the world’s two largest
maritime classification societies, together covering more than 50% of the world fleet by GT. Both
have developed digital twin products — BV’s Nexo digital twin platform and DNV’s Veracity data
ecosystem — aimed at real-time vessel performance monitoring, regulatory compliance certification,
and condition-based maintenance. DNV’s ECO Insight product integrates onboard sensor data
with NWP-based weather routing to produce CII performance forecasts. Both organizations play a
central role in EEXI and CII certification.

Limitations. Both BV and DNV digital twins are compliance-focused and backward-looking: they
confirm what happened and certify that it meets regulatory standards. Their predictive layers
are built on standard NWP ensemble outputs. Neither organization is positioned to replace the
NWP substrate with a fundamentally different physical framework. Their commercial incentive is
to maintain compatibility with IMO regulatory standards, which currently require no particular
physics model.

τ differentiation. Classification societies are natural τ integration partners at the certification
layer, not the prediction layer. If τ -based routing reduces CII ratings demonstrably, BV and DNV
would certify those savings against IMO standards. More strategically, τ could become the substrate
for a new class of “physics-certified” routing and WAPS-optimization attestation, analogous to how
DNV certifies hull efficiency calculations. The differentiation is that τ ’s bounded-error structure
makes the certification basis more transparent and auditable than a black-box NWP ensemble.

7.3 Norsepower Rotor Sails / Bound4blue Suction Sails (Wind-Assist Hardware)

What they do well. Norsepower (Finland) and Bound4blue (Spain) are the leading commercial
manufacturers of wind-assist propulsion hardware — rotor sails and suction sails respectively.
Norsepower has the largest installed base of commercial rotor sail installations, including the Maersk
Pelican (8.2% fuel reduction confirmed), the MOL Encounter (4 rotors), and multiple bulk carrier
installations. Bound4blue’s eSAIL system is compact, electric-powered, and suited to vessels with
deck constraints that preclude rotor sails. Both companies provide installation engineering and
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performance monitoring.

Limitations. Both companies depend on accurate wind-corridor forecasting to project customer ROI
and calibrate control systems. Their onboard control algorithms currently use local anemometry and
24–48 hour NWP forecasts. The primary commercial barrier to wider adoption is that route-specific
wind-availability statistics drawn from reanalysis data (ERA5) give long-run averages but do not
capture voyage-specific real-time opportunity windows with sufficient confidence for dynamic routing
decisions. This means realized fuel savings frequently deviate from design projections, increasing
payback-period uncertainty.

τ differentiation. τ is a direct enabler for both companies. Better multi-day wind-field prediction
with explicit error bounds enables: (1) pre-voyage route optimization that maximizes rotor/sail
deployment time; (2) real-time mode-switching decisions with a physically grounded confidence
horizon; (3) tighter ROI projections for customer acquisition. Norsepower and Bound4blue are
natural commercial partners for a τ WAPS decision layer.

7.4 ClassNK / NAPA (Japanese Flag-State and Design Tools)

What they do well. ClassNK (Japan) is one of the five largest classification societies globally
and classifies a large fraction of the world’s bulk carrier and tanker fleet. NAPA (Finnish company,
Japan-anchored through ClassNK partnership) provides vessel design software and fleet performance
optimization tools used by most Japanese and Korean shipyards and operators. NAPA Fleet
Intelligence integrates onboard sensor data, voyage data recorders (VDR), and hull performance
models to provide CII rating forecasting and SEEMP compliance support.

Limitations. ClassNK’s regulatory focus is on flag-state compliance, not physical model innovation.
NAPA’s performance models are physics-informed at the vessel level (CFD-derived hull coefficients,
propulsion efficiency curves) but rely on standard NWP for weather inputs. The system is strong on
vessel-side physics but does not bring a new physical framework to the atmosphere-ocean side. Its
CII forecasting carries the same NWP ensemble uncertainty as other tools.

τ differentiation. For the large-bulk-carrier and tanker fleet served by ClassNK/NAPA, the τ value
proposition is primarily in extending reliable route optimization to the 5–7 day horizon. Bulk carriers
and tankers are highly weather-sensitive (significant wave height affects fuel consumption cubically
for some hull forms). The NAPA platform’s architecture is sufficiently modular that τ outputs could
be integrated as a weather-input layer. ClassNK’s regulatory credibility would strengthen any τ
certification pathway.

7.5 Cargill Ocean Transportation (Large Operator with Real-Time VPM)

What they do well. Cargill Ocean Transportation is one of the world’s largest commodity traders
and operates one of the most sophisticated commercial shipping optimization stacks outside the
liner sector. Its vessel performance management system integrates real-time sensor data, NWP
weather routing, and commodity logistics to optimize fleet utilization across bulk carriers and tankers.
Cargill’s OptiSail routing product integrates weather routing with charter-party speed constraints
and fuel cost optimization in real time.

Limitations. Cargill’s tools are commercially sophisticated but entirely dependent on NWP-
quality inputs. Multi-day route decisions carry standard NWP forecast uncertainty. The system is
not designed to handle the structural coupling of wind-assist propulsion with long-range weather
intelligence. Cargill has not publicly committed to a WAPS program.

τ differentiation. Cargill’s fleet scale — operating hundreds of bulk carriers and tankers — means
that even a 2% aggregate fuel saving from τ -grade routing intelligence would represent tens of
millions of dollars annually. The primary τ value here is in the multi-day horizon extension and
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better sea-state prediction for heavy-weather fuel-penalty modeling. Cargill’s existing analytics
infrastructure is mature enough to integrate a new weather-input layer without rebuilding the
decision stack.

7.6 Windward / FleetMon (AIS Analytics for Compliance and Emissions Reporting)

What they do well. Windward (Israel) and FleetMon (Germany) are the leading providers of
AIS-based maritime intelligence and fleet analytics platforms. Windward’s platform is widely used
for supply-chain risk assessment, vessel sanctions screening, and emissions compliance reporting.
FleetMon provides real-time AIS tracking and voyage analytics used by port authorities, freight
forwarders, and compliance teams. Both platforms are strong on historical and real-time fleet
behavior analysis and regulatory compliance monitoring.

Limitations. Windward and FleetMon are fundamentally backward-looking analytics tools. They
track what vessels have done, not what they should do next. They do not provide weather routing,
propulsion optimization, or physically grounded corridor analysis. Their emissions data is calculated
from speed, vessel type, and fuel-type assumptions rather than from actual physics. The ETS and
CII compliance reporting products use simplified emissions factors, not voyage-specific fuel models.

τ differentiation. Windward and FleetMon are natural complementary platforms rather than
competitors. A τ -grade forward-looking routing and WAPS optimization layer generates the physically
grounded voyage records that Windward and FleetMon then process for compliance reporting. The
differentiation is directional: τ is predictive and prescriptive; Windward/FleetMon are retrospective
and descriptive. The integration opportunity is in building a full compliance intelligence stack where
τ drives the pre-voyage optimization and Windward/FleetMon handle post-voyage attestation.

8 Structured Opportunity Map

The opportunity space for τ -grade climate-smart shipping intelligence can be organized across four
strategic tiers, from the most immediate commercial value to the most speculative long-horizon
opportunity.

8.1 Tier 1 — Operational Decarbonization of the Existing Fleet (0–5 Years)

What it is. Using τ -grade ocean-atmosphere intelligence to improve route selection, speed opti-
mization, current and wave awareness, and JIT arrivals for the existing global fleet without any
vessel modifications, fuel switches, or major capital investments.

Why it matters now. This is the fastest decarbonization lever available. The fleet will not
turn over for 20–30 years. Every year of sub-optimal routing is a year of avoidable emissions. CII
regulations create an immediate commercial incentive.

Estimated impact. At a sector-wide 1–3% improvement, 8.6–25.8 Mt CO2/yr avoided. For a
20-vessel fleet achieving 8–15% fuel reduction: USD 3–6 million per year in avoided bunker cost. For
the trans-Pacific corridor alone (see Section 8), USD 180 million per year for major carriers.

Entry points. Shadow-mode integration with existing VPM systems. API delivery of τ weather
products to vessel bridge systems. CII-rating advisory tools using τ -grade sea-state prediction.

8.2 Tier 2 —WAPS Optimization and Uptake Acceleration (2–8 Years)

What it is. Using τ -grade multi-day wind-corridor intelligence to improve the economics of existing
WAPS installations and to identify new best-fit routes and vessel classes for WAPS deployment.
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Why it matters now. The WAPS market is growing, regulatory pressure is intensifying, and the
primary remaining commercial barrier is wind-prediction uncertainty. Reducing that uncertainty
directly improves WAPS ROI and accelerates the market.

Estimated impact. 25–40% improvement in WAPS ROI for route-matched vessels. For the
Norsepower rotor sail installed base (approximately 100 vessels by 2026), a 2% incremental fuel
saving improvement represents roughly USD 12–25 million per year in additional bunker savings.
For the full 2030 WAPS fleet implied by Allied Market Research’s USD 14.8B market forecast, the
operational improvement value runs into hundreds of millions per year.

Entry points. WAPS control-system integration with τ wind-field forecasts. Route-selection
advisory tools for WAPS-equipped vessels. Investment-grade WAPS corridor analysis for new
installations.

8.3 Tier 3 — Green Corridor Development (5–12 Years)

What it is. Using τ -grade ocean-state intelligence to provide the physical backbone for green
shipping corridor business cases, route-energy modeling, port-timing coordination, and fuel-propulsion
optimization for corridors in the realization stage and for those currently stalled at feasibility.

Why it matters now. Of the 84 active green-corridor initiatives identified by the Global Maritime
Forum, most are blocked by a combination of fuel cost gaps and operational uncertainty. τ addresses
the operational uncertainty component directly.

Estimated impact. For a single trans-Pacific green corridor with 50 dedicated vessels, reducing
corridor route-energy baseline uncertainty from ±20% to ±8% could unlock the difference between
bond-market financing and dependence on concessional climate funds. At USD 10–25M per corridor
infrastructure investment, τ -grade intelligence could shift the viable financing tier up significantly.

Entry points. Green corridor analysis tools for GMF and ICC corridor coalitions. CII-optimization
models for corridor-specific fleet deployment. FuelEU Maritime compliance projections with τ -grade
physical inputs.

8.4 Tier 4 —Wind-Powered Cargo Corridors (10–20 Years)

What it is. Developing operationally credible wind-first or wind-dominant cargo services on carefully
selected corridors where τ -grade wind prediction makes schedule confidence sufficiently high for
commercial cargo contracts.

Why it matters. This is not a return to the nineteenth century. It is the emergence of a
commercially viable niche — likely beginning with time-tolerant bulk cargo, short-sea regional
routes, island chain services, and climate-branded trade lanes — that would not exist without better
atmospheric predictability.

Estimated impact. Highly uncertain at this stage. Planning scenarios for selected pilot routes
suggest emission intensities below 1 gCO2 per tonne-mile for well-matched wind-first corridors,
compared to 5–10 gCO2 per tonne-mile for standard ocean freight. The market size depends entirely
on which corridors prove viable and what cargo types prove schedule-compatible.

Entry points. Pilot route analysis for wind-first cargo feasibility. Schedule confidence banding
using τ wind-window statistics. Insurance and financing models for wind-primary vessels.

9 Geographic Case Studies
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9.1 Case Study A: IMO 2050 Decarbonization Pathway and CII Compliance Gap

Context. International shipping is the emissions source most directly regulated by IMO’s 2023 GHG
Strategy and the April 2025 Net-Zero Framework. The sector’s 2023 baseline of approximately 0.86
Gt CO2 equivalent must reach net-zero by 2050, implying a compound annual emission reduction
requirement of approximately 4.5% per year from 2025 onward under a straight-line model. This is
a more aggressive rate than the sector has achieved in any historical five-year period.

The CII regulation provides the near-term enforcement mechanism. CII ratings run from A (best)
to E (worst), with the rating boundary requiring a 2% year-on-year improvement. The current fleet
distribution places approximately: - 20% of vessels at rating A or B (on track). - 50% at rating C
(compliant but marginal). - 30% at D or E (non-compliant or one year from mandatory corrective
action).

For the 5,000+ vessels currently rated D or E, CII compliance requires either speed reduction (which
affects charter party contractual obligations), technical upgrades (EEXI modification or WAPS
installation), or fuel switching to lower-carbon alternatives. Each option carries costs and operational
risks that better physical intelligence can partially mitigate.

The WAPS evidence base. The Maersk Pelican trial is the most thoroughly documented
commercial WAPS validation in the current period. The Pelican is a 109,647 DWT product tanker.
Norsepower installed two rotor sails (30m × 5m) in 2017. Over two years of commercial operation
on the Rotterdam-Houston route, independently verified fuel savings averaged 8.2% — at the higher
end of pre-installation projections of 7–10%. The trial confirmed that rotor-sail performance is
strongly route-dependent: on legs with favorable beam or broad-reach wind angles, savings exceeded
12%; on headwind-dominated legs, gains were below 2%.

This route-dependence is precisely what τ -grade wind-corridor intelligence addresses. A τ routing
optimizer would pre-select voyage legs and headings to maximize time in favorable wind angles,
compound the static hardware benefit with dynamic routing intelligence, and improve savings from
8.2% to an estimated 10–14% for the same vessel on an optimized routing strategy.

CII impact calculation. For a vessel currently rated D with an AER (Annual Efficiency Ratio) of
7.2 gCO2/DWT·nm against a D-rating boundary of 6.8 gCO2/DWT·nm: - A 10% fuel reduction
via τ -optimized WAPS deployment brings AER to approximately 6.5 gCO2/DWT·nm — a C rating.
- This is the difference between mandatory corrective action and operational compliance. - At EU
ETS CO2 prices of EUR 45–65/tonne, the compliance cost avoidance for a 30,000-tonne-per-year
emitter is EUR 1.35–1.95 million annually.

Policy intersection. The IMO’s GreenVoyage2050 program, which has directly tested JIT arrival
across multiple corridor pilots, confirms the 14% per-voyage fuel reduction figure for containerships
under whole-voyage optimization. This figure represents the upper bound of what is achievable
with existing technology and improved physical intelligence, without any fuel switching or vessel
modification. For the 5,000+ D-and-E-rated vessels that need corrective action, τ -grade routing
combined with WAPS represents the fastest path to CII compliance with the lowest capital outlay.

The broader IMO 2050 implication is significant. If τ -grade routing and WAPS optimization can
deliver 8–15% fleet-wide fuel savings at scale, that accounts for 69–129 Mt CO2/yr against the 0.86
Gt baseline — representing 8–15% of the total 2050 sectoral emission reduction required without
any change in the fuel mix. In a sector where fuel switching alone cannot deliver near-term targets,
this operational layer is not supplemental. It is foundational.

9.2 Case Study B: Trans-Pacific Container Corridor Optimization

Context. The trans-Pacific trade lane between East Asia (primarily Chinese, Korean, and Japanese
ports including Shanghai, Busan, Yokohama, and Kaohsiung) and North American West Coast
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ports (Los Angeles/Long Beach, Seattle, Vancouver) is the world’s highest-value container shipping
corridor. It carries approximately USD 500 billion in merchandise trade annually, representing
roughly 5% of global merchandise trade by value.

The corridor involves approximately 1,200 voyages per year by major carriers (Maersk, MSC, COSCO,
CMA CGM, Evergreen) plus smaller operators, with typical transit times of 12–16 days from Busan
to Los Angeles. The route traverses the North Pacific High pressure system, the Kuroshio Current
(offering 0.5–2.5 kt favorable current for southerly routes), the North Pacific Storm Track (generating
significant wave heights of 3–8m in winter months), and the California Current (providing mild
favorable flow on final approach).

The current optimization gap. Weather routing on the trans-Pacific lane is mature by industry
standards. Major carriers use proprietary or licensed NWP-based voyage optimization tools from
vendors including Applied Weather Technology, Meteorological Service of Canada, and DTN. Yet
the persistent operational reality is that:

• Fuel optimization currently leaves 3–8% of potential savings unrealized due to weather-routing
uncertainty beyond the 3-day actionable horizon.

• Winter voyages (November–March) carry the largest uncertainty penalties, as the North Pacific
Storm Track creates frequent significant-wave-height episodes above 5m that require precautionary
speed reductions.

• JIT arrival coordination on the LA/LB congested approach has improved but still leaves 4–8
hours of average anchor waiting per vessel call, at approximately USD 20,000–30,000 in bunker
cost per waiting event.

τ impact scenario. Under τ assumptions — specifically P3 (5–7 day forecast horizon) and P4
(coupled wave-current-wind dynamics) — the optimization scenario changes:

• Horizon extension: Route optimizers can adjust headings and speeds 5–7 days ahead rather than
2–3 days, enabling smoother storm-track avoidance with lower speed-reduction penalties.

• Kuroshio exploitation: The Kuroshio Current’s mesoscale variability (eddies of 100–300 km
diameter that shift the current axis by 100–200 km) is notoriously difficult to predict beyond
2–3 days with current ocean circulation models. τ ’s bounded-error discrete twin is assumed to
maintain tighter accuracy on mesoscale current fields, enabling better current-following routing.

• JIT improvement: Tighter ETA confidence enables LA/LB Marine Exchange and terminal
operators to narrow berth assignment windows, reducing anchor waiting time from 4–8 hours to
an estimated 1–2 hours per vessel call.

Revenue and emissions arithmetic.

• Annual voyages: 1,200
• Average bunker consumption per voyage: approximately 500 tonnes VLSFO
• Bunker price: USD 600/tonne
• Current optimization gap: 5% fuel savings achievable with better routing intelligence
• Annual bunker savings: 1,200 × 500 × 0.05 × 600 = USD 180 million per year for major

carriers alone

CO2 equivalent: - 1,200 voyages × 500 tonnes × 0.05 saving × 3.15 tCO2/tonne bunker = 94,500
tCO2/yr avoided from major carriers on this single corridor.

At EU ETS prices (applicable for EU-adjacent legs), the compliance value is approximately EUR
4.25–6.15 million per year in avoided ETS cost for the fraction of voyages touching EU ports.

CII compliance gap intersection. Of the approximately 250–300 vessels regularly deployed on
trans-Pacific liner services, roughly 80–90 are currently estimated to be at CII rating C or below. For
these vessels, a 5% fuel saving from τ -grade routing directly improves their annual AER performance.
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For the bottom quartile — vessels with AER currently at the D boundary — the 5% improvement
would shift approximately 20–25 vessels from D to C, avoiding mandatory SEEMP corrective action
at an estimated compliance cost of USD 500,000–2 million per vessel.

Green ammonia bunkering corridor intersection. The trans-Pacific corridor is one of the
priority corridors identified in the Asia Zero Emission Community (AZEC) initiative, which includes
Japan, Australia, Singapore, and ASEAN members. The AZEC hydrogen/ammonia supply chain
plans anchor on Australian production (Pilbara green hydrogen) shipped to Yokohama and Singapore
by 2030. For trans-Pacific vessels calling at both Yokohama (outbound) and Los Angeles (inbound),
multi-fuel optimization — choosing when to deploy green ammonia versus VLSFO based on weather-
routing efficiency — requires exactly the kind of voyage-specific physical intelligence that τ provides.

9.3 Case Study C: North Atlantic Winter Wind Corridor and Bulk Carrier Optimization

Context. The North Atlantic is the world’s most important bulk shipping corridor by volume.
Grain flows from the US Gulf Coast to Northern Europe and West Africa, dry bulk (iron ore, coal)
from multiple origins to European steel mills and power plants, and crude oil tanker movements
from West Africa, the US Gulf, and the Caribbean to European refineries together account for
approximately 150 million tonnes of cargo per year on North Atlantic routes. North-South Atlantic
routes add another 100+ million tonnes.

Winter conditions on the North Atlantic are severe. Average significant wave heights are 3–6m
in winter months (November–March), with frequent episodes above 8–12m associated with North
Atlantic Storm Track cyclones. These conditions impose speed reductions of 15–25% in the worst cases,
significantly increasing fuel consumption per tonne-mile and creating voyage-duration uncertainty
that undermines charter-party compliance.

The forecast horizon problem. The North Atlantic is operationally served by ECMWF ENS
(Ensemble Prediction System) and NOAA GFS/CFS forecasts, which have well-documented skill
limitations beyond 5–7 days. For bulk carrier operators planning 10–14 day trans-Atlantic voyages,
the entire voyage falls within the uncertain forecast horizon, with high-consequence implications: an
8m wave event that was not predicted 5 days ahead requires immediate speed reduction, adding
8–18 hours to the voyage at additional fuel burn.

τ impact scenario. Under τ assumption P3 (5–7 day horizon with bounded errors), the actionable
window for storm-track avoidance and speed planning on the North Atlantic extends from the current
3-day window to 5–7 days. For a 12-day trans-Atlantic bulk voyage, this means that the entire first
half of the voyage can be planned under high-confidence weather intelligence, with the second half
updated progressively as new τ forecasts become available.

Estimated gains for bulk carriers. A Capesize bulk carrier (180,000 DWT) burns approximately
45–55 tonnes per day at design speed (14 kt) and 25–30 tonnes per day at slow-steaming speed
(11 kt). The difference in fuel burn between a poorly optimized winter voyage (forced to 11 kt
for 4 days of heavy weather) and a well-optimized voyage (maintaining 13 kt by storm-track
avoidance) is approximately 60–80 tonnes of VLSFO, worth USD 36,000–48,000 at USD 600/tonne,
or approximately 190–250 tonnes CO2.

For the North Atlantic bulk fleet: - Approximately 200 trans-Atlantic Capesize voyages per winter
season (November–March). - Average weather-induced fuel penalty per voyage: 50 tonnes (conserva-
tive estimate). - τ -grade reduction in weather penalty: 40% (from 50 tonnes to 30 tonnes, by better
storm avoidance). - Annual fuel saving: 200 × 20 tonnes × USD 600 = USD 2.4 million per
winter season from Capesize alone. - CO2 avoided: 200 × 20 × 3.15 = 12,600 tCO2/yr from
this single vessel class and route.

Scaled to the full North Atlantic bulk fleet (Capesize, Panamax, Supramax), the total saving is
estimated at USD 15–30 million per year in fuel cost and 80,000–150,000 tCO2/yr avoided.
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WAPS intersection. The North Atlantic trade winds and westerlies offer consistent WAPS
opportunity on southerly North-South Atlantic routes (e.g., US Gulf to West Africa) and on return
North Atlantic legs (prevailing westerlies favor east-bound passage). Accurate 5–7 day wind-field
prediction on these routes would substantially improve rotor sail deployment timing and duration,
supporting the investment case for WAPS retrofit on vessels regularly deployed on this corridor.

10 Finance, ROI, and Climate-Finance Eligibility

10.1 Cost Scenarios

Scenario A — Single Carrier Fleet Decarbonization Intelligence Platform

A medium-to-large shipping company (20–40 vessels) deploys a τ -grade routing and WAPS opti-
mization platform as its primary voyage intelligence layer.

• Platform development and integration cost: USD 2–5 million (one-time capital, including API
integration with existing VPM, ECDIS, and charter management systems).

• Annual operating cost: USD 0.5–1.2 million (data processing, model maintenance, support).
• Revenue-equivalent benefit (fuel savings): 8–15% fuel reduction on 20 vessels × 6,000 tonnes

annual bunker × USD 600/tonne = USD 3–6 million per year at the conservative end; USD
5–10.8 million per year at the upper end for larger or more fuel-intensive fleets.

• CO2 avoided: 8–15% reduction × 20 vessels × 6,000 tonnes × 3.15 tCO2/tonne = 30,240–56,700
tCO2/yr.

• EU ETS compliance value (for EU-regulated vessels): EUR 1.36–3.69 million per year at EUR
45–65/tonne.

• Simple payback period: 0.4–1.7 years (capital only); 1.2–3.5 years (including annual operating
cost).

• Return on investment (5-year NPV at 8% discount rate): USD 8–32 million net of all costs.

This scenario is highly attractive for carriers with EU ETS exposure, for vessels currently rated CII
D or E where compliance costs are material, and for any operator with a WAPS installation seeking
to improve realized fuel savings.

Scenario B — Port-Corridor-Level Wind Intelligence Network

A consortium of port authorities, shipping associations, or a green-corridor coalition deploys τ -grade
wind and ocean-state intelligence for a regional corridor — e.g., North Sea (Rotterdam-Oslo-Hamburg
triangle), South China Sea (Singapore-Shanghai), or Caribbean Regional Corridor.

• Infrastructure investment: USD 10–25 million (corridor-specific model calibration, data ingestion
infrastructure, API delivery platform, stakeholder integration, governance structure).

• Annual operating cost: USD 1.5–3 million.
• Beneficiary fleet size on target corridor: 500–2,000 vessels.
• Aggregate fuel saving at 5% improvement: 500–2,000 vessels × 2,000 tonnes/yr × 0.05 × USD

600/tonne = USD 30–120 million per year in aggregate bunker savings.
• CO2 avoided: 500–2,000 vessels × 2,000 tonnes × 0.05 × 3.15 = 157,500–630,000 tCO2/yr.
• EU ETS framing: At EUR 45–65/tonne CO2 and 300,000 tCO2/yr avoided (mid-range), the

aggregate ETS compliance cost avoidance across the corridor is EUR 13.5–19.5 million per year.
Even if only 30% of this accrues to entities paying the direct cost, the public-good value is EUR
4–6 million per year in avoided compliance expenditure.

• Green Corridor certification value: A τ -certified wind-corridor analysis adds credibility to GCF or
EU financing applications. Corridor portfolios with physically grounded performance projections

— rather than NWP-based estimates with wide uncertainty bands — are expected to access 1–2
percentage points lower financing costs in green bond markets, saving USD 0.3–0.8 million per
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year in interest on a USD 30M bond.

10.2 Named Climate-FinanceWindows

IMO-GEF GloMEEP (Global Maritime Energy Efficiency Partnerships). GloMEEP
is a joint IMO-UNDP-GEF program supporting developing countries in implementing the IMO
energy-efficiency framework. It provides technical assistance, capacity building, and seed funding
for demonstration projects. GloMEEP-aligned projects must demonstrate measurable EEXI/CII
compliance improvement and have a documented government champion in a participating developing
country. A τ -grade routing intelligence demonstration in a GloMEEP partner country (e.g., Sri
Lanka, Philippines, Nigeria) would qualify for technical assistance funding of USD 0.5–2 million per
pilot.

EU ETS Maritime Extension. Ships above 5,000 GT calling at EU ports have been included in
the EU ETS since 2024 (50% of intra-EU voyage emissions in 2024, 100% from 2026, with non-EU
voyages included at 50% from 2024). The ETS creates a direct financial instrument: verified CO2

reductions from routing optimization reduce surrender obligations for shipping companies. Under
the EU ETS innovation fund and just-transition mechanism, projects that demonstrably reduce
maritime ETS exposure can access co-financing at EUR 75–150 per tonne of CO2 reduction projected
over 10 years.

Green Shipping Challenge (COP28 Commitments). The Green Shipping Challenge was
launched at COP27 and expanded at COP28 with commitments from 45 countries and major port
authorities to accelerate green-corridor development, zero-emission vessel deployment, and maritime
fuel transition. Challenge participants have access to UNDP-managed technical assistance funds
and can channel bilateral climate finance toward certified corridor projects. A τ -grade corridor
analysis tool aligned with Green Shipping Challenge KPIs is positioned to attract USD 1–5 million
in challenge-linked funding per corridor.

GCF Maritime Decarbonization Program. The Green Climate Fund has identified maritime
transport as a priority mitigation sector in several national adaptation and mitigation plans, partic-
ularly for SIDS and LDCs. GCF maritime proposals that demonstrate a measurable, independently
auditable CO2 reduction pathway with co-financing from commercial operators are eligible for grant-
equivalent support of up to 30% of project costs for adaptation components and concessional lending
at 0.25% for mitigation components. A τ -grade SIDS maritime routing project (e.g., Pacific Island
corridor optimization) is a strong candidate for GCF funding given the dual mitigation/resilience
framing.

World Bank PROBLUE. PROBLUE is the World Bank’s multi-donor trust fund for sustainable
ocean economies. It has funded maritime transport sustainability projects in Southeast Asia, Sub-
Saharan Africa, and the Caribbean, with a particular emphasis on blue economy governance and
sustainable fisheries, but also including maritime logistics efficiency for island economies. A τ -grade
wind-routing demonstration for a vulnerable maritime economy — combining emissions reduction
with supply-chain resilience — aligns with PROBLUE’s documented priority areas. Grants of USD
0.5–2 million are typical for PROBLUE maritime demonstrations.

11 Evidence and Translation Ladder

A realistic phased deployment path for τ -grade climate-smart shipping intelligence would proceed as
follows.
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11.1 Phase 1 — ShadowMode for Route and JIT Optimization (Months 1–18)

Objective. Establish performance credibility by running τ alongside existing routing and weather
stacks for selected fleets and corridors without replacing current operations.

Actions. - Partner with 1–3 willing carriers representing different vessel types (containership, bulk,
tanker) and trade lanes. - Integrate τ weather API into existing VPM systems via shadow channel. -
Run parallel route optimization: record τ -recommended routes and speeds against actual decisions
and actual outcomes. - Develop offline replay analysis to quantify τ vs NWP forecast accuracy at
24, 48, 72, and 120-hour horizons.

Success metrics. - ETA accuracy improvement (absolute hours error at berth vs port ETA given
3, 5, 7 days out). - Significant wave height forecast accuracy at forecast horizons of 3, 5, 7 days. -
Fuel prediction accuracy (predicted vs actual bunker consumption per voyage). - Number of weather
avoidance events where τ provided earlier actionable warning than incumbent NWP.

Partners. 1–3 carrier fleet operators; 1 commercial weather-routing vendor willing to provide
benchmark data; 1 port authority willing to support JIT coordination pilot.

11.2 Phase 2—WAPS andWeather-Smart Retrofit Decision Layer (Months 12–36)

Objective. Apply τ wind-field intelligence to improve WAPS operational performance on vessels
already equipped with rotor sails, suction sails, or wing sails, and to identify best-fit routes and
vessels for new WAPS installations.

Actions. - Partner with Norsepower, Bound4blue, or WAPS-equipped fleet operators. - Integrate τ
multi-day wind-field forecasts into WAPS control system decision layer. - Develop route-optimization
logic that maximizes WAPS deployment time per voyage by selecting headings that maximize time
in favorable wind angle sectors. - Build WAPS investment-grade corridor analysis tool using τ
wind-corridor statistics.

Success metrics. - WAPS deployment hours per voyage (actual vs shadow τ -optimized). - Fuel
savings realized (actual) vs projected (τ -optimized projection). - ROI variance reduction: standard
deviation of actual fuel saving vs projected fuel saving. - CII rating improvement attributable to
WAPS + τ optimization combination.

Partners. WAPS hardware manufacturers; classification societies (for ROI attestation methodology);
3–5 fleet operators with existing WAPS installations.

11.3 Phase 3— Green Corridor Orchestration (Months 24–60)

Objective. Use τ to support corridor business cases, route-energy models, port timing, and fuel-
propulsion choices for green-corridor initiatives in the realization stage and for those currently stalled
at feasibility.

Actions. - Engage with Global Maritime Forum corridor initiatives in the realization stage
as analytics partners. - Develop corridor-specific τ analysis packages: wind statistics, sea-state
climatology, WAPS opportunity mapping, JIT performance modeling. - Build corridor CII compliance
tools that project fleet AER performance under τ -optimized routing. - Develop FuelEU Maritime
compliance modeling with τ -grade physical inputs.

Success metrics. - Corridor emissions intensity (gCO2/tonne-mile) vs conventional routing baseline.
- Schedule reliability (on-time berth arrival within 2-hour window) vs conventional baseline. - Fuel
premium reduction: difference between corridor actual fuel cost and market average, demonstrating
competitive parity. - Time to corridor realization: months from feasibility confirmation to first
regular service.
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Partners. Global Maritime Forum; corridor coalition lead partners (e.g., Port of Rotterdam, Port
of Singapore, International Chamber of Shipping); green-finance providers.

11.4 Phase 4—Wind-First Cargo Pilots (Months 48–120)

Objective. Pilot wind-first or wind-dominant cargo services on carefully chosen corridors where
τ -grade wind prediction makes schedule confidence sufficiently high for commercial cargo contracts
with defined schedule-reliability bands.

Actions. - Select 2–4 pilot corridors using τ wind-corridor statistics to identify routes with
consistently high favorable-wind-window probability (>60% of voyage time in deployable WAPS
conditions). - Define a schedule band contract structure: cargo commitments with +/- 48-hour
delivery windows rather than fixed ETA contracts. - Work with P&I clubs and marine insurance
markets to develop wind-primary vessel risk frameworks. - Engage with port authorities on berth
availability under wider schedule bands.

Success metrics. - Delivered tonne-miles per unit fuel consumed (vs conventional routing and
WAPS-assisted conventional baseline). - Schedule adherence rate within the defined window. -
Emissions intensity (gCO2/tonne-mile) vs conventional freight. - Cost competitiveness within target
cargo niche (time-flexible bulk, project cargo, resilience logistics).

Partners. Specialized wind-vessel operators (e.g., Grain de Sail, EcoClipper, Sailcargo); cargo
owners willing to accept schedule flexibility for emissions premium; P&I insurance specialists; port
authorities at both ends of pilot routes.

12 Stakeholder Map and Change Management

12.1 Primary Stakeholders

Shipowners and fleet operators. The primary commercial beneficiaries of τ -grade routing
intelligence are shipowners and operators who make fuel purchasing decisions and bear CII compliance
costs. Their adoption motivation is primarily financial (fuel savings, compliance cost avoidance) with
a secondary motivation of reputational positioning (green credentials for cargo owner relationships).
Change management challenge: operators are risk-averse in adopting new decision tools and require
demonstrated performance credibility before switching from incumbent systems. Shadow-mode
validation (Phase 1) is specifically designed to address this.

Charterers and cargo owners. Major commodity traders (Cargill, ADM, Bunge), retail brands
(IKEA, H&M, Unilever), and technology companies (Apple, Samsung) have made public commitments
to scope 3 emissions reduction. Reducing the carbon intensity of ocean freight is a direct scope
3 lever. Charterers who can purchase τ -optimized routing as a documented emissions-reduction
feature have a commercial interest in the product. Change management challenge: Charterers need a
standardized, auditable emissions accounting framework for routing optimization. IMO’s CII system
provides the regulatory scaffold; τ outcomes need to be reported within that framework.

Port authorities. JIT arrival optimization requires port cooperation — berth-scheduling flexibility,
real-time occupancy data sharing, and marine services synchronization. Large ports with sophisticated
terminal management systems (Rotterdam, Singapore, Los Angeles, Hamburg, Shanghai) are the
primary JIT partners. Smaller ports with simpler systems may be τ beneficiaries in a second
deployment wave. Change management challenge: Port authority digital systems are often operated
by separate entities (terminal operators, harbor masters, maritime traffic services). A multi-actor
coordination platform is required.

Classification societies (DNV, BV, ABS, ClassNK, Lloyd’s Register). Classification
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societies gate the regulatory legitimacy of any new maritime technology. Their adoption of τ as
an attestable routing basis would significantly accelerate fleet-level uptake. Change management
challenge: classification societies move slowly and require extensive validation documentation. A
priority action is early engagement with DNV and BV to understand their technical acceptance
criteria for novel routing system attestation.

IMO delegations and flag state administrations. IMO is the global regulatory authority. Flag
state administrations (flag states include Panama, Liberia, Marshall Islands, Bahamas, and all major
shipping nations) implement IMO regulations for vessels in their registry. IMO recognition of τ -based
routing as a legitimate SEEMP tool would be transformative. Change management challenge: IMO
processes are consensus-based and slow. Regulatory recognition should be a medium-term goal;
near-term engagement should focus on IMO’s technical cooperation programs (GreenVoyage2050,
MARPOL) rather than regulatory rule-making.

Climate finance institutions. GCF, PROBLUE, GloMEEP, and EU ETS innovation fund
staff assess project eligibility and co-financing structures. They require clear impact measurement
frameworks, transparent governance, and auditable outcomes. Change management challenge:
maritime projects have historically been underrepresented in climate finance portfolios due to their
commercial complexity. A well-packaged τ maritime project with clear GHG accounting, named
co-financiers, and documented IMO alignment is positioned to overcome this gap.

12.2 Secondary Stakeholders

Marine weather service providers (ECMWF, NOAA, Copernicus, DTN, Applied Weather
Technology). These organizations provide the incumbent forecast products on which current routing
is based. They are potential partners (τ as a complementary layer) or long-term competitors (if τ
demonstrates superior forecast skill). The change management approach should favor partnership
and benchmarking transparency rather than direct competitive displacement.

Cargo insurance and P&I clubs (Skuld, Standard Club, West of England, UK Club). Marine
insurance pricing is heavily weather-dependent. A τ routing system that demonstrably reduces
weather-incident frequency could command lower P&I premiums, creating a financial signal that
reinforces adoption. Insurance market engagement is a secondary priority in the deployment ladder
but an important medium-term lever.

Trade unions and seafarers’ organizations (ITF, Nautilus International). Better weather
intelligence reduces crew exposure to heavy-weather conditions and improves predictability of
port calls — both positive for working conditions. Change management should involve seafarer
representative organizations early to ensure that routing optimization tools are experienced as
crew-support systems rather than surveillance or labor-displacement tools.

13 Gender, Equity, and Labor Dimensions

13.1 Gender and Representation in Maritime

The maritime sector remains one of the most male-dominated industries globally. The International
Maritime Organization estimates that women represent fewer than 2% of the world’s approximately 1.5
million seafarers. In port management, maritime administration, and shipping company operations,
female representation is higher (estimated 15–20%) but still significantly below parity.

This gender distribution is not primarily a function of the technological or physical demands of
seafaring; it is a function of structural barriers including career pathway design, onboard living and
safety conditions, recruitment practices, and persistent cultural norms. A climate-smart shipping
initiative that introduces new digital tools and decision-support systems creates a modest but
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real opportunity to recruit more broadly: data analysis, vessel performance management, corridor
analysis, and climate-finance roles are office-based positions where gendered barriers are lower.

Specific commitments relevant to a τ maritime intelligence deployment:

• Gender-disaggregated recruitment targets for the teams managing τ corridor analysis and
fleet optimization tools, with a minimum 40% target for non-male representation.

• Participatory design processes for crew-facing interfaces that include input from female
seafarers and maritime officers on how decision-support tools interact with watchkeeping workflows.

• Training access equity: any capacity-building program linked to τ deployment (e.g., GloMEEP-
funded training in developing countries) should have explicit female participation targets.

13.2 Labor Transition

Wind-assisted propulsion and route optimization tools do not displace maritime labor in the way
that automation threatens some industrial sectors. WAPS installations require crew training in new
systems; route optimization tools support but do not replace the master’s authority. The relevant
labor dimension is different:

• Skill gap: Vessel crews and shore-based fleet operators need training in interpreting physics-
grounded uncertainty outputs rather than standard NWP ensemble probabilistic products. This
is a retraining challenge, not a displacement challenge.

• Seafarer workload: Better-bounded weather intelligence potentially reduces stress-inducing
uncertainty decisions (heavy weather management, unexpected schedule changes) and improves
crew welfare by enabling more predictable port call timing.

• Port labor: JIT optimization may reduce port waiting time, which affects tug, pilotage, and
terminal labor utilization patterns. Port workforce coordination needs to be part of JIT deployment
planning.

13.3 SIDS and Vulnerable Economy Equity

UNCTAD’s 2024 Review of Maritime Transport emphasizes that small island developing states
(SIDS) and least developed countries (LDCs) are disproportionately exposed to rising shipping costs,
service frequency reductions, and port connectivity degradation. These economies face a double
burden: they are among the most climate-vulnerable, and they depend most heavily on reliable
maritime connections for food security, fuel supply, and economic participation.

A τ maritime intelligence platform that focuses exclusively on major trade lanes and large carrier fleets
would miss the most acute equity dimension of the maritime transition. The portfolio specifically
designates SIDS and island chain routes as priority targets for wind-first cargo pilots, for two reasons:

1. Wind availability: Many Pacific, Caribbean, and Indian Ocean island routes cross consistently
favorable trade wind regimes where wind-first cargo viability is highest.

2. Fuel security: Island economies with high diesel dependence and infrequent supply vessel calls
benefit most from wind-complementary routing that reduces fuel burn and supply-chain fragility.

GCF and PROBLUE funding specifically targets these economies. Any τ maritime deployment
with a SIDS dimension should be co-designed with SIDS maritime administrations and national
governments, not imposed as a top-down technology transfer.

14 Benchmark Suite and Success Metrics
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14.1 Benchmark Case Types

A complete benchmark suite for τ maritime decarbonization would include the following five case
types:

Benchmark Case 1 — Transoceanic Liner Route, JIT Optimization. Route: Busan to Los
Angeles (trans-Pacific, 9,000 nm). Vessel type: 14,000 TEU containership. Metrics: ETA accuracy
at 7, 5, 3 days from arrival; bunker consumed per voyage vs NWP-optimized baseline; anchor/roads
waiting hours per call; CII AER improvement per voyage.

Benchmark Case 2 — Weather-Sensitive Bulk or Tanker Route, Speed and Route
Optimization. Route: US Gulf Coast to Hamburg, North Atlantic winter transit. Vessel type:
Capesize bulk carrier (180,000 DWT). Metrics: Significant wave height forecast accuracy at 5 and 7
days; voyage fuel consumption vs NWP-optimized baseline; heavy-weather speed reduction events
per voyage; voyage time variance.

Benchmark Case 3 — WAPS Retrofit Optimization. Vessel: Product tanker with 2×
Norsepower rotor sails, Rotterdam-Houston route. Metrics: WAPS deployment hours per voyage (τ -
optimized vs current); realized fuel saving per voyage (τ -optimized vs as-is); ROI variance (standard
deviation of annual fuel saving over 20 voyages); AER improvement attributable to τ+WAPS vs
WAPS alone.

Benchmark Case 4 — Green Corridor Planning and Financing Case. Corridor:
Yokohama-Vancouver Green Shipping Corridor (AZEC-linked). Metrics: Corridor emissions intensity
(gCO2/tonne-mile) vs NWP-optimized baseline; schedule reliability (% of vessels arriving within
2-hour window); fuel premium vs conventional routing (USD/tonne-mile); financing cost differential
(bp spread on green bond with τ -certified vs NWP-based performance projection).

Benchmark Case 5 — Wind-First Cargo Pilot Route. Route: Canary Islands to Cape Verde
to Dakar, Eastern Atlantic. Vessel type: Dedicated wind-assist cargo vessel (3,000 DWT, rotor-sail
primary). Metrics: Wind-utilization rate (% of voyage time with WAPS deployed at >50% rated
thrust); fuel consumption per tonne-mile vs diesel-primary alternative; schedule adherence rate
within +/- 48-hour window; emissions intensity.

14.2 System-Level Success Metrics

At the sector and corridor level, success is tracked against:

Metric Baseline 3-Year Target 10-Year Target

Sector-wide fuel saving (τ attributable) 0% 1–2% 5–10%
CO2 avoided (τ routing, Mt/yr) 0 8–17 Mt 43–86 Mt
WAPS ROI variance reduction — 20% reduction 40% reduction
Green corridors with τ -certified analysis 0 3–5 20–30
SIDS corridor pilots 0 1–2 5–8
Fleet operators using τ in primary mode 0 5–10 50–100

14.3 Forecast Skill Metrics

The physical performance of τ must be tracked against incumbent NWP systems on maritime-relevant
metrics:

• Wind speed forecast RMSE at 5 and 7 days (knots, route-averaged).
• Significant wave height forecast RMSE at 5 and 7 days (meters, route-averaged).
• Ocean current velocity forecast RMSE at 3 days (knots, mesoscale features including eddies).
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• ETA prediction accuracy: percentage of voyages where actual arrival falls within τ -predicted
window vs NWP-predicted window.

• Extreme event lead time: hours of advance warning for significant weather events (>6m Hs) vs
NWP standard.

15 Governance Guardrails

15.1 Benchmark-First Deployment

The τ framework should not enter the maritime sector through institutional trust claims but through
transparent, reproducible benchmarking. The deployment ladder described in Section 10 begins with
a shadow-mode validation phase explicitly designed to generate public evidence before any claims
about operational superiority are made. This is consistent with IMO’s MEPC evaluation norms for
novel maritime technologies and with Lloyd’s Register’s type-approval process for digital maritime
systems.

15.2 Public-Good Missions Must Not Be Secondary

The commercial routing and WAPS optimization applications will likely generate revenue and
adoption faster than the SIDS corridor, humanitarian logistics, and wind-first cargo applications.
There is a structural risk that the commercially attractive applications absorb all development
resources while the public-good applications remain perpetually deferred.

Governance structures for τ maritime deployment should include:

• A defined allocation of deployment capacity for SIDS and vulnerable-economy applications
(proposed minimum: 20% of initial pilot capacity).

• A public access tier for corridor analysis tools available to port authorities and national maritime
administrations in developing countries without commercial licensing fees.

• An open-data commitment for benchmark results, making τ vs NWP performance comparisons
publicly available regardless of commercial implications.

15.3 Open Scientific Auditability

The τ framework’s unusual epistemic position — a claimed law-faithful discrete twin rather than an
empirically fitted NWP — implies a higher-than-standard responsibility for auditability. Users of τ
outputs for CII compliance, corridor certification, or insurance purposes need to be able to trace the
physical basis of any forecast output. This requires:

• Published error bound specifications for all τ maritime output products.
• Publicly available validation reports against historical ocean-state data (reanalysis comparison).
• Documented model architecture accessible to classification societies and IMO technical bodies for

regulatory acceptance assessment.

15.4 Regulatory Alignment

Any τ maritime product must maintain clear alignment with IMO regulatory frameworks. Specific
requirements:

• CII improvement claims must be attributable to SEEMP-recognized measures (routing, speed
optimization, WAPS) and auditable against IMO’s technical guidance.
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• FuelEU Maritime GHG-intensity improvement claims must use IMO-approved emissions factors
and calculation methodologies.

• Green corridor analysis must be compatible with Green Shipping Corridor best practices as
documented by the Global Maritime Forum and International Chamber of Shipping.

15.5 Protection of Vulnerable Economies

New corridor optimization tools must not improve rich-route profitability while degrading service
quality or frequency on fragile-economy routes. Any τ deployment with global scope should include
a corridor equity assessment that maps the impact of routing optimization on service frequency and
cost for SIDS and LDC-linked trade lanes.

16 SDGMapping and Bottom Line

16.1 SDG Alignment

τ -grade climate-smart shipping and wind corridor intelligence contributes directly to multiple
Sustainable Development Goals:

SDG 13 — Climate Action. Maritime decarbonization is a direct climate contribution. The
scenarios in this dossier project 8.6–86 Mt CO2/yr avoided at 1–10% sector-wide improvement, with
larger local savings on specific corridors and vessel types. Every tonne avoided in the shipping sector
counts directly against the 1.5 ◦C pathway.

SDG 7 — Affordable and Clean Energy. WAPS represents the integration of renewable wind
energy into commercial freight, reducing dependence on fossil marine fuels. At scale, the wind-first
cargo vision contributes directly to clean energy deployment in transport.

SDG 9 — Industry, Innovation, and Infrastructure. Better ocean-state intelligence improves
the efficiency and reliability of the maritime infrastructure that underpins global trade. For SIDS
and LDCs, this is critical infrastructure resilience, not merely commercial optimization.

SDG 10 — Reduced Inequalities. Shipping-cost reductions for SIDS and LDC-connected trade
lanes directly reduce the cost of trade for the world’s most vulnerable economies. Better routing
reliability for island economy supply chains directly supports food security and fuel access.

SDG 14 — Life Below Water. Lower shipping emissions reduce ocean acidification. Better vessel
traffic management reduces underwater noise pollution and ship-strike risk for marine megafauna,
particularly cetaceans and sea turtles on major shipping lanes. WAPS-equipped vessels with reduced
engine use are quieter at sea.

SDG 17 — Partnerships for the Goals. The governance structure described in Section 14
— combining commercial carriers, port authorities, classification societies, IMO, climate-finance
institutions, and SIDS maritime administrations — is a prototype multi-stakeholder partnership for
climate-smart maritime governance.

16.2 Bottom Line

The maritime decarbonization challenge is too large, too urgent, and too operationally complex
to be solved by fuel switching alone. The physical intelligence layer — the quality of ocean-state
prediction available to route planners, WAPS operators, corridor designers, and port coordinators —
is the binding constraint on what operational decarbonization is achievable before the fuel switch
happens and alongside it.
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Under the working assumptions of this dossier, τ provides a structurally different physical intelligence
layer: bounded-error, coarse-grainable, multi-day-reliable, and physically faithful across the coupled
ocean-atmosphere-wave-current dynamics that maritime operations depend on. If those assumptions
hold, the consequences are significant:

• Near term (0–5 years): 8–25 Mt CO2/yr avoided through better routing and JIT optimization
of the existing fleet. USD 180M/yr in bunker savings on the trans-Pacific corridor alone. CII
compliance for thousands of currently non-compliant vessels without capital-intensive upgrades.

• Medium term (5–10 years): WAPS ROI improvement of 25–40% unlocks a USD 14.8B market
faster. Green corridor business cases become bankable at commercial lending rates rather than
requiring full concessional co-financing. Named climate-finance windows (GloMEEP, EU ETS,
GCF, PROBLUE) channel USD 50–200M in institutional co-financing toward τ -enabled maritime
pilots.

• Long term (10–20 years): Wind-first cargo emerges as a commercially credible niche on routes
with favorable trade wind regimes, beginning with SIDS island chains and time-flexible bulk cargo
and growing into climate-branded trade lanes where the emissions premium is valued by cargo
owners.

The central claim of this paper is not that τ solves maritime decarbonization. The central claim
is that maritime decarbonization — as IMO, IRENA, IEA, and the shipping industry itself have
defined it — requires a better physical intelligence layer than the sector currently has. If τ delivers
that layer, shipping becomes one of the clearest and most immediate public-good beneficiaries of the
framework’s deployment. The sea is large, the routes are consequential, and the physics matters.
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planning document and does not constitute a regulatory, financial, or scientific certification of
the τ framework. All quantitative scenarios are planning inferences conditional on the stated τ
assumptions. The dossier does not represent the views of IMO, EMSA, DNV, Bureau Veritas, or
any named institution.

Public-Good Briefings: Paper 1 — Mainstream Maritime Logistics and Ports; Paper 3 — Blue Food
Systems and Marine Ecosystem Intelligence; Paper 4 — Ocean Stewardship, Cleanup, and Marine
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing on how τ could accelerate shipping decarbonization through climate-
smart routing, wind-assisted propulsion optimization, and wind-powered cargo corridor develop-
ment. The v3 impact thesis is conditional: a Tau-grade shipping decarbonization, wind-corridor,
routing, and port-energy twin would become valuable if it improves benchmarked public deci-
sions while preserving transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing on how τ could accelerate shipping decarbonization through climate-smart
routing, wind-assisted propulsion optimization, and wind-powered cargo corridor development. The
public-good burden is treated here as an institutional decision problem: existing agencies already
monitor parts of the domain, but the operational handoff from data to timely, auditable action
remains incomplete.

18.1.1 External evidence baseline

• IPCC, Special Report on the Ocean and Cryosphere in a Changing Climate [4]: ocean and
cryosphere risk baseline.

• FAO, The State of World Fisheries and Aquaculture [1]: blue food and fisheries baseline.

• IMO, IMO Strategy on Reduction of GHG Emissions from Ships [3]: shipping decarbonization
baseline.

• UNESCO-IOC, United Nations Decade of Ocean Science [7]: ocean-observation and science
coordination context.

• UNEP, Marine Litter and Plastic Pollution [6]: marine pollution and stewardship baseline.

• World Bank Group, Blue Economy [8]: blue-economy public finance context.

18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including FAO, IMO, IPCC, UNEP, UNESCO-IOC, World Bank Group. These references are
evidence and adoption surfaces, not endorsements or deployment partners.

18.3 Capability gap

The practical gap is a benchmarkable translation gap: current systems expose useful data or partial
models, but they do not yet provide a single law-faithful, bounded-error decision layer for shipping
decarbonization, wind-corridor, routing, and port-energy twin.
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18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation
Recover Core Mathematics mathematical bridge and model interface
Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive

Corpus mapping is available
public-docs-mapping-withheld TauLib module links are asserted only where public docu-

mentation exposes a clear surface
Release Manifest release baseline
Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: shipping decarbonization, wind-corridor, routing, and port-energy
twin.

First benchmarkable test: route emissions, wind-assist opportunity, port-delay, and fuel-use outputs
against AIS, weather, and port-operation baselines.

• domain-specific model construction

• data ingestion and validation

• benchmark harness

• pilot protocol

• independent review workflow

18.6 Impact mechanism chain

Public-good burden → external evidence baseline → τ capability hypothesis → upstream Results /
Corpus / Verify dependency → translation assumptions → benchmarked pilot → governed adoption
pathway.

18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci-
sion task for Climate-Smart Shipping without operational
authority.

medium

Realistic A reviewed prototype strengthens several public-sector
workflows for Climate-Smart Shipping after benchmark
comparison with incumbent systems.

medium-low

Optimistic A reusable public-good intelligence layer becomes plausible
for Climate-Smart Shipping after external validation and
transparent governance review.

low
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18.8 Impact scorecard

Public-good scale 4/5 The affected public-good burden is large or
institutionally significant within the portfo-
lio.

Tau fit 3/5 The proposed pathway depends on coupled
state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

Evidence proximity 5/5 The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

Measurability 4/5 A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption readiness 3/5 Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

Equity leverage 3/5 The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

18.9 Candidate pilot pathways

green-corridor routing and port-energy pilot with public maritime and port authorities

18.10 Benchmark suite and success metrics

Type Incumbent base-
line

Required Tau
benchmark

Success metric Validator

translation
benchmark

current public or in-
stitutional systems
in the domain

route emissions,
wind-assist oppor-
tunity, port-delay,
and fuel-use outputs
against AIS, weather,
and port-operation
baselines

pre-registered accu-
racy, latency, uncer-
tainty, or decision-
quality metric

indepen-
dent
domain
reviewers

governance
benchmark

existing audit, disclo-
sure, and reporting
practice

transparent assump-
tion, data, model,
and failure-mode dis-
closure

reviewable evidence
pack and adverse-
outcome protocol

public-
sector or
expert gov-
ernance
panel

equity bench-
mark

current access,
service-quality, or
exposure disparities

documented path-
way for underserved
or vulnerable users
without hidden
exclusion

distributional benefit
and risk review be-
fore pilot expansion

equity,
community,
or public-
interest
review
process
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18.11 Governance and risk guardrails

• Human oversight for any operational use.

• Public benchmark disclosure before institutional adoption.

• Equity access review for underserved or vulnerable communities.

• Data-rights and privacy controls for operational datasets.

• Misuse-prevention and adverse-outcome monitoring.

• Adverse-outcome monitoring with a documented escalation path.

• External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather
than decorative.
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