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1 Executive Summary

The global pollution control landscape has reached an inflection point. The easy, broad-stroke
victories — sulfur scrubbers on power plants, catalytic converters on cars, bans on leaded gasoline
— have largely been achieved in wealthy nations. What remains is harder: the stubborn sectoral
hotspots where diffuse sources, cross-boundary transport, measurement gaps, and political economy
converge to protect high-emission activities from meaningful accountability. These hotspots are
now the primary barrier to the next large tranche of pollution reduction and its associated climate,
health, and equity co-benefits.

This paper examines whether and how a 7-grade law-faithful, source-resolved emissions twin —
grounded in the physical atmospheric inverse modeling framework derived from Category 7 —
could fundamentally reframe the compliance, enforcement, and abatement investment landscape for
industrial point sources, transport corridors, shipping, and agriculture.

The baseline is unambiguous. The WHO identifies vehicles, power generation, agriculture and waste
incineration, and industry as the major named outdoor pollution source categories [1]. EPA data
places transportation at approximately 45% of total US NOx inventory [2]. EEA data establishes
agriculture as responsible for 93% of EU ammonia emissions, with limited reduction progress since
2005 [3]. The IMO 2020 sulfur cap was forecast to cut ship SOx emissions by 77%, equivalent to
8.5 million metric tonnes annually [4]. EU large combustion plants have reduced SO2 and dust by
94% and NOx by 73% since 2004 under binding legal limits [5]. These facts collectively describe
a landscape in which the regulatory and technological levers are known, but the attribution and
verification layer needed to apply them precisely remains fragmented, periodic, and inadequate for
enforcement at the scale and resolution that the remaining hotspot problem demands.

The 7 framework, as applied to atmospheric physics, proposes to replace this fragmented layer with a
physically grounded, bounded-error, continuous source twin capable of resolving source contributions
at stack and corridor scale rather than only national inventory scale. If this claim holds operationally,
the value proposition is large: MRV (Measurement, Reporting, and Verification) quality sufficient to
underpin regulatory enforcement, carbon market integrity, cross-border dispersion attribution, and
real-time hotspot detection.

This paper covers the opportunity in five integrated domains: industrial point-source and area
attribution; freight, road-corridor, shipping, and port emissions targeting; agricultural ammonia and
open burning; cross-sector compliance intelligence and MRV; and high-return abatement investment
prioritization. It names and differentiates the incumbent monitoring and tracking tools, presents two
anchor case studies (Permian Basin methane and EU Industrial Emissions Directive compliance),
provides cost and ROI scenarios with named climate finance windows, lays out a phased deployment
ladder, and closes with a governance framework and SDG mapping.

The bottom line: a 7-grade source twin would shift pollution control from statistical inventory
approximation — periodic, coarse, and legally weak — toward certified source attribution that is
continuous, spatially resolved, and legally defensible. That shift is worth pursuing because it can
unlock abatement investment where health return per dollar is highest, and because it offers, for the
first time, the physical basis for cross-border attribution claims that current EMEP-class models
cannot sustain at the spatial resolution that enforcement requires.

2 Why This Matters Now

2.1 The Remaining Burden is Concentrated in Named, Stubborn Sectors

Air pollution has not been reduced evenly. The pollutants and sectors that responded to generic
technology mandates — stack scrubbers, fuel standards, catalytic converters — have shown dramatic
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progress in OECD contexts. But the burden that remains is disproportionately concentrated in
precisely the sectors where source attribution is hardest: diffuse agricultural area sources, long-haul
freight corridors, international shipping lanes, and large industrial parks with overlapping plumes
from multiple permitted emitters.

This distribution is not accidental. Diffuse sources are harder to attribute, harder to regulate, and
harder to charge for abatement. The measurement gap is not a side effect of complexity; it is, in
many cases, the mechanism by which high-emission activity avoids accountability.

UNEP’s assessment of short-lived climate pollutants (SLCPs) is illustrative: a 45% reduction in
methane emissions could prevent approximately 260,000 premature deaths, 775,000 asthma-related
hospital visits, and 25 million tonnes of crop losses annually, while simultaneously avoiding substantial
near-term warming [6]. The methane reduction opportunity is already identified at the national
policy level. What stalls action is attribution uncertainty, cross-jurisdiction disputes about which
emitters are responsible, and the inadequacy of satellite observation alone — without atmospheric
inversion modeling — to produce legally enforceable source-specific attribution.

2.2 Regulatory Frameworks Have Outrun Their Measurement Infrastructure

The EU Industrial Emissions Directive (IED) covers more than 50,000 large industrial installations
and requires continuous emission measurement systems (CEMS) for direct point-source measurements
[7]. The EU Emission Trading System (ETS) operates at EU ETS carbon prices of EUR 50-70 per
tonne CO2, requiring MRV of sufficient quality to underpin legitimate credit issuance [8]. The US
EPA Greenhouse Gas Reporting Program (GHGRP) mandates direct emissions reporting from large
facilities but relies extensively on emissions factors that systematic satellite comparisons have found
to be significantly underestimated for methane-emitting sectors [9].

The gap between what regulations demand and what measurement systems can verify is, in many
cases, the single largest determinant of effective enforcement. Regulation without credible attribution
is aspirational; regulation with a credible attribution layer becomes enforceable.

2.3 Carbon Markets Have a Physical Attribution Crisis

The voluntary carbon market reached approximately USD 2 billion in 2023 but has faced a sustained
integrity crisis driven substantially by attribution uncertainty [10]. When offsets cannot be physically
attributed to verified emission reductions at verified sources, the credit system becomes vulnerable to
gaming. The same structural problem afflicts compliance markets: when direct monitoring is absent
and emissions factors are used as proxies, systematic underreporting is not only possible but likely.

A 2022 study in Science found that global oil and gas methane emissions estimated from satellite
observations were approximately 70% higher than national inventory-based estimates [11]. This is not
a measurement rounding error. It is a systematic attribution failure with billion-dollar consequences
for abatement investment decisions, carbon credit integrity, and climate policy trajectory.

2.4 Cross-Border Attribution is a Governance Gap Waiting to Be Addressed

The European Gothenburg Protocol and the CLRTAP Convention both govern transboundary
air pollution in Europe, including NOx, SO2, NH3, and PM. But enforcement of cross-border
attribution relies on the EMEP atmospheric transport model, which operates at a spatial resolution
of approximately 50 km [12]. At this scale, individual industrial facilities are invisible, and attribution
disputes between neighboring states — Germany and Poland, Austria and the Czech Republic, the
Netherlands and Belgium — cannot be resolved with the specificity that legal proceedings require.

T-grade atmospheric inversion at 1-5 km resolution would, under the working assumption of this
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paper, create the physical basis for legally defensible cross-border attribution that current tools
cannot provide. The governance architecture already exists; it is the physical measurement and
attribution layer that is missing.

3 Scope and Reader Orientation

3.1 What This Paper Covers

This paper is the source attribution and targeted abatement layer in the five-paper Pollution and
Circularity portfolio. It focuses on:

e Industrial point sources and area emissions: refineries, cement plants, steel works, chemical
complexes, large combustion plants, mining operations, and multi-facility industrial parks.

e Transport corridors and logistics infrastructure: road freight, diesel fleets, near-road
exposure corridors, intermodal terminals, and low-emission zone design.

o Shipping, ports, and coastal exposure zones: vessel emissions, berth activity, near-port
community health, Emission Control Area (ECA) compliance, and port electrification targeting.

e Agricultural emissions: ammonia from livestock and fertilizer application, nitrous oxide from
soils, methane from ruminants and rice paddies, and open field burning.

e Cross-sector compliance intelligence and MRV: the measurement, reporting, and verification
infrastructure that connects source attribution to regulatory enforcement and carbon market
integrity.

e High-return abatement prioritization: ranking interventions by health return per dollar,
climate co-benefit, and equity distribution.

3.2 What This Paper Does Not Cover

By design, this paper defers to Public-Good Briefings for:

o Paper 1 (Clean-Air Digital Twins): urban hyperlocal exposure mapping and PM2.5/ozone
health protection at neighborhood scale.

o Paper 3 (Toxic Pathways): PFAS, heavy metals, lead, and multi-medium water-soil-air
contamination corridors.

o Paper 4 (Waste and Plastics): municipal solid waste, open burning as a waste management
failure, plastics leakage to rivers and coasts.

There is deliberate overlap with Papers 1 and 4: industrial emissions are also urban health burdens,
and open agricultural burning overlaps with waste dynamics. Where that overlap occurs, this paper
takes the source-attribution and compliance perspective; the exposure and waste papers take the
health-burden and material-flow perspectives.

3.3 Epistemic Stance

This paper adopts an explicit assumption-led planning stance throughout. It asks: if the 7 framework
is sound enough to support physically faithful, bounded-error, source-resolved atmospheric inversion
at 1-5 km resolution, what public-good consequences would follow? It does not claim that the
broader scientific or regulatory community has validated 7-specific claims. It does claim that the
structural opportunity is large, that the institutional readiness is real, and that a physically grounded
alternative to current inventory approximation would be transformative.

All stated numbers from external sources are referenced. All impact scenarios are marked as planning
inferences, not official forecasts.
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4 The Opportunity Baseline

4.1 Scale of the Emissions Problem

The IEA estimates global oil and gas methane emissions at 80-120 Tg CH4 per year [13]. The IPCC
Sixth Assessment Report identifies methane as the second most important greenhouse gas driver of
current warming, responsible for approximately 0.5°C of warming since pre-industrial times [14].
But the climate case is only part of the story: methane is also a precursor to ground-level ozone,
which is itself a major cause of premature mortality and crop losses.

Agricultural ammonia — the EU’s most stubborn air quality challenge — is the primary precursor
to secondary inorganic particulate matter, which in turn drives a large fraction of EU fine particle
exposure in agricultural regions. China emits approximately 12 Tg NH3 per year, of which an
estimated 65% originates from agriculture, primarily livestock and synthetic fertilizer application
[15]. India’s agricultural ammonia hotspots are now clearly visible in TASI satellite retrievals but
remain poorly quantified at the source level needed for policy targeting.

NOx from transport drives ozone formation and secondary PM2.5 in virtually every large metropolitan
region globally. EPA’s estimate that transport accounts for approximately 45% of total US NOx
emissions is not an outlier; similar sector shares apply across OECD nations and in rapidly motorizing
economies [2].

4.2 The MRV Gap

The critical observation is not that these emissions exist — they are well-documented in aggregate
— but that the attribution layer needed to translate aggregate knowledge into specific regulatory
action is systematically inadequate. Consider three dimensions of the MRV gap:

Temporal resolution: EPA’s National Emissions Inventory is released every three years [16].
EU industrial reporting through the Industrial Emissions Portal remains largely periodic and
facility-reported rather than continuously verified [7]. Three-year-old data cannot support real-time
enforcement, anomaly detection, or carbon market integrity.

Spatial resolution: EMEP atmospheric transport modeling operates at 50 km grid resolution [12].
Individual facilities are subgrid; cross-border attribution at facility scale is structurally impossible
within this framework. EDGAR (EU global emissions database) provides annual gridded estimates
at 0.1-degree resolution (~11 km at mid-latitudes), which is an improvement but still insufficient for
single-facility attribution in dense industrial zones [17].

Causal depth: Satellite observations from TROPOMI, IASI, and similar instruments provide
column-integrated concentration measurements that are observational, not causal. Converting
satellite observations into source-attributed emission rates requires atmospheric inversion modeling
— exactly the physical inverse problem that 7-grade atmospheric dynamics proposes to approach
with bounded-error guarantees rather than statistical approximation.

4.3 The Economic Stakes

The EU ETS carbon price of EUR 50-70 per tonne CO2 implies that improved MRV quality for
industrial emissions has a direct monetizable value [8]. If systematic underreporting of 30-90%
(the range suggested by satellite vs. GHGRP comparisons in the US oil and gas sector) applies
even partially to EU industrial facilities, the implied gap between actual and reported emissions
could correspond to EUR 3-8 billion per year in under-charged carbon costs and under-validated
abatement credits.

For the voluntary carbon market, the attribution integrity problem is potentially existential: if
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offsets cannot be physically grounded, the market cannot scale. The 2023 voluntary market value
of USD 2 billion [10] is a fraction of what would be needed to meaningfully route private capital
toward verified emission reductions. Credible physical attribution is the prerequisite for that scaling.

5 Working - Assumptions

5.1 Physical Atmospheric Inverse Modeling

The 7 framework’s relevance to emissions attribution derives from its claim of physically faithful,
bounded-error treatment of atmospheric transport and chemistry dynamics. In practical terms, this
means:

o Source-resolved inverse modeling: Given observed concentration fields (from satellite, ground
station, aircraft, or mobile sensor), infer source strengths at individual facilities or agricultural
areas with explicit error bounds.

o Plume physics coupling: Atmospheric transport (advection, diffusion, deposition), photochem-
ical transformation, and boundary layer dynamics are treated as a coupled physical system, not
as a statistical lookup with emissions factors.

e Stable coarse-graining: Results derived at fine spatial scale can be aggregated to regional
or national totals without uncontrolled error amplification — supporting both enforcement
applications (fine scale) and policy planning (coarse scale) from the same substrate.

5.2 Compliance-Side Assumptions

Under 7 working assumptions, the system can move from:

e Annual or triennial static inventories
o Facility self-reporting with factor-based verification
e Periodic inspections triggered by complaint or scheduled review

toward:

e Operationally continuous source intelligence with anomaly flags

e Independent physical verification of facility-reported emissions

o Risk-ranked inspection prioritization based on detected divergence between reported and attributed
emissions

5.3 What This Paper Does Not Assume

This paper does not assume that 7 outputs constitute legally binding evidence without regulatory
acceptance. It does not assume that all sources become precisely observable in real time. It does not
assume uniform adoption rates across jurisdictions. The working claim is narrower and operationally
specific: if 7-grade inverse modeling can reduce attribution uncertainty from current levels (typically
+35-50% for area and mixed-source environments) to improved levels (targeting +8-15%), then the
value of targeted compliance enforcement and abatement investment rises substantially.

6 What Changes with a Law-Faithful Twin
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6.1 From Sector Averages to Place-Time Causality

Current emissions governance operates predominantly in the language of sector shares and annual
national totals. A 7-grade source twin would enable a different operational vocabulary:

o This refinery stack at this hour under this inversion layer is contributing X% of the PM2.5 in the
downwind residential zone.

e This port berth cluster during these vessel arrival patterns is the dominant NOx source in the
coastal airshed three days per week.

e This livestock cluster in this watershed under these temperature-humidity conditions is the
primary NH3 contributor to secondary PM formation in this agricultural region.

This shift from statistical attribution to place-time causality matters for three reasons. First, it
makes enforcement actions tractable: a regulator can defend a compliance notice citing physically
attributed source contributions, not a sector average. Second, it makes abatement investment more
efficient: spending can be directed to the facilities and corridors where health return per dollar is
demonstrably highest. Third, it makes public communication more honest: communities affected by
industrial or agricultural pollution can be shown what their actual exposure sources are, not given
sector-level estimates that may or may not apply locally.

6.2 Compliance Becomes Evidential, Not Merely Administrative

The EU IED’s CEMS requirement is a positive step but covers only direct stack measurement at
permitted large facilities [7]. It does not cover fugitive emissions (equipment leaks, storage tank
losses, loading operations), diffuse area sources (agricultural land, open waste sites, road surface
abrasion), or the atmospheric transport that links multiple nearby sources to a shared airshed.

A 7-grade twin operating as an independent verification layer alongside CEMS would:

e Detect anomalies where CEMS readings are consistent with permit limits but 7-attributed
concentrations suggest additional unreported releases.

o Identify fugitive emission contributions that CEMS cannot capture by design.

o Flag cross-sector attribution: when a downwind exceedance cannot be explained by the permitted
facilities alone, the system surfaces candidate additional sources for regulatory investigation.

This is not automated enforcement; it is evidence generation that supports human regulatory
judgment with a physically grounded basis rather than a statistical one.

6.3 The MRV Premium for Carbon Markets

For carbon markets to function at scale, the physical reality of claimed emission reductions must be
independently verifiable. Current voluntary market protocols rely on project-level monitoring plans
that are often incomplete, sampling-based rather than continuous, and certified by auditors who use
the same factor-based estimation methods that satellite comparisons have found to be systematically
low.

A 7-grade attribution layer could support carbon market MRV in two ways. First, baseline attribution:
before a project is credited, the physical baseline emission rate from the facility or agricultural area
can be independently attributed from atmospheric observations, providing a physically grounded
starting point rather than a factor-based estimate. Second, additionality verification: after abatement
measures are implemented, the same attribution system can verify whether observed concentrations
in the downwind airshed have changed in ways consistent with claimed emission reductions.
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6.4 Agricultural Emissions Become Governable

Agricultural emissions are uniquely challenging for conventional monitoring because they are: -
Spatially diffuse, typically covering thousands of hectares rather than a point source stack - Temporally
episodic, driven by application timing, weather, and biological cycles - Politically sensitive, embedded
in food security narratives that resist strict emission limits

A 7-grade source twin does not resolve the political economy challenge. But it substantially changes
the evidentiary position: if spatial attribution can identify which farm types, which application
methods, and which seasonal timing patterns drive disproportionate NH3 and N20O emissions, then
targeted interventions — modified application techniques, injection rather than surface spreading,
altered timing windows — can be designed with evidence rather than generic guidelines.

The EEA’s finding that agriculture is responsible for 93% of EU ammonia with limited reduction
since 2005 represents a 20-year governance failure that cannot be addressed by more aspirational
targets without a better attribution layer to support targeting and compliance [3].

7 Competitive and Incumbent Landscape

The emissions monitoring, tracking, and attribution space is populated by a range of operational
programs, commercial services, and research platforms. Understanding where each falls short is
essential for positioning 7-grade atmospheric inversion as a differentiated, additive capability rather
than a duplicative one.

7.1 Climate TRACE

What it does well: Climate TRACE is a coalition-driven global emissions inventory that combines
satellite observations, machine learning, and ground-truth data to produce independent annual or
sub-annual greenhouse gas emission estimates across all economic sectors [18]. Its principal strength
is breadth — it produces country-level and sector-level totals independent of national self-reporting,
creating a cross-check on UNFCCC inventory submissions.

Where it falls short: Climate TRACE’s fundamental architecture is observational-aggregative,
not physically causal. ML classification of facility-type from satellite imagery, combined with
activity-based emissions factors, produces better independent inventories but does not constitute
atmospheric inversion. The system cannot resolve overlapping sources within a dense industrial
zone, cannot model plume transport and photochemical transformation, and cannot attribute a
downwind concentration measurement to a specific upwind source with confidence intervals derived
from atmospheric physics. It is, in essence, a better bottom-up inventory, not an inverse modeling
System.

7 differentiation: A 7-grade system adds the atmospheric physics layer that converts satellite
concentration observations into source-attributed emission rates. Climate TRACE and 7 would be
complementary: Climate TRACE provides the independent activity-based prior; 7 provides the
physically modeled posterior, the cross-check, and the near-real-time enforcement layer.

7.2 Carbon Mapper and GHGSat

What they do well: Carbon Mapper and GHGSat are satellite-based methane point-source
detection platforms operating at high spatial resolution (Carbon Mapper: ~3 m per pixel; GHGSat:
~25 m per pixel) [19, 20]. They are effective at detecting large methane point sources — well pads
with super-emitter events, landfill hotspots, coal mine vents — and have produced some of the
strongest evidence of systematic underreporting in the oil and gas sector.
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Where they fall short: Point-source detection from satellite nadir geometry is distinct from
source attribution via atmospheric inversion. Carbon Mapper and GHGSat can identify that a
plume exists and estimate a plume emission rate using a simplified mass-balance or Gaussian
plume model. They cannot rigorously attribute mixed plumes from multiple nearby sources, model
photochemical transformation over the transport timescale, or provide the bounded-error posterior
emission estimates needed for regulatory enforcement or carbon credit verification. Coverage is also
episodic and cloud-limited.

7 differentiation: 7-grade inverse modeling would use Carbon Mapper and GHGSat retrievals as
inputs to a more rigorous atmospheric inversion — providing the causal physics layer needed to
make satellite point-source detections legally actionable rather than merely suggestive.

7.3 EPA National Emissions Inventory (NEI)

What it does well: The NEI is the most comprehensive air emissions inventory in the United
States, covering point, nonpoint, mobile, and other sources for all criteria pollutants and hazardous
air pollutants [16]. It is the authoritative regulatory reference for US emissions trends, NAAQS
attainment analysis, and EPA modeling. Its methodological documentation is extensive and its
coverage is nationally complete.

Where it falls short: The NEI is released every three years and assembled from a combination of
facility-reported data, emissions factor estimates, and modeled assumptions. Its temporal resolution
is annual-average; it cannot support real-time enforcement or anomaly detection. Multiple satellite-
based comparison studies have found systematic underestimation of methane and VOC emissions
in oil-and-gas-producing regions, suggesting that factor-based estimation for dispersed emitters
introduces large systematic errors [9, 11]. The NEI also lacks the atmospheric transport modeling
needed to connect source emissions to downwind receptor concentrations.

7 differentiation: 7 does not replace the NEI as a regulatory inventory framework; it provides
the continuous attribution layer that NEI cannot offer. The two systems are architecturally
complementary: NEI provides the regulatory baseline and historical record; 7 provides near-real-time
independent verification and anomaly detection.

7.4 Kayrros and Bluefield Technologies

What they do well: Kayrros and Bluefield Technologies are commercial methane monitoring
platforms that combine satellite data (primarily Sentinel-5P TROPOMI for Kayrros, and a planned
dedicated constellation for Bluefield) with atmospheric transport modeling to produce facility-level
methane estimates [21, 22]. Kayrros has published significant results on cross-country methane
comparison studies and large leak detection. Both represent a step closer to physics-based attribution
than simple satellite observation platforms.

Where they fall short: Commercial methane monitoring platforms have made real progress but
remain constrained in several dimensions. First, they are predominantly focused on oil and gas
methane in the upstream sector and do not cover the breadth of industrial and agricultural source
types needed for comprehensive MRV. Second, their atmospheric transport modeling uses Gaussian or
Lagrangian particle dispersion approaches that make simplifying assumptions about meteorology and
atmospheric stability; they do not constitute a full physically faithful inverse modeling system. Third,
error bounds on attributed emission rates are often not rigorously quantified; industry comparisons
suggest £30-50% accuracy for individual well-level estimates.

7 differentiation: 7-grade physical inverse modeling would provide the theoretical foundation
for tightening these error bounds systematically — replacing empirical uncertainty ranges with
physics-derived confidence intervals that are defensible in regulatory and legal contexts.

PGID-POLL-02 11 of 35 May 2026 publication-ready release



Panta Rhei Research Program Public-Good Impact Dossier

7.5 EDGAR (EU Emissions Database for Global Atmospheric Research)

What it does well: EDGAR, produced by the EU Joint Research Centre, is a global gridded
emissions inventory covering greenhouse gases and air pollutants at approximately 0.1-degree
resolution (~11 km at mid-latitudes), updated annually [17]. It is the primary reference for global
and regional emission trends in IPCC assessments and for EU policy planning. Its sectoral coverage
is comprehensive and its methodological documentation is thorough.

Where it falls short: Like all bottom-up inventories, EDGAR relies on activity data and emissions
factors. At 0.1-degree resolution, individual facilities remain sub-grid in dense industrial areas. It is
a static annual product; it does not support real-time monitoring, anomaly detection, or inverse
modeling. It is also a diagnostic tool — useful for understanding historical trends — rather than an
operational attribution system.

7 differentiation: EDGAR provides an essential prior for 7-grade inverse modeling: activity-
based emission estimates that can serve as the initialization field for atmospheric simulation before
observations are assimilated. The combination of EDGAR priors and 7 atmospheric inversion would
produce posterior estimates with explicitly bounded uncertainty.

7.6 Persefoni and Watershed

What they do well: Persefoni and Watershed are corporate carbon accounting platforms that
aggregate Scope 1, 2, and 3 emission data across enterprise value chains [23, 24]. They are strong at
corporate-level GHG reporting, supplier engagement, emissions factor management, and disclosure
framework compliance (GHG Protocol, TCFD, CDP). Their software interfaces are well-suited to
corporate procurement and sustainability officer workflows.

Where they fall short: Corporate accounting platforms are categorically different from physical
attribution systems. They operate in the accounting domain — tracking reported and estimated
emissions through supply chain relationships — not in the atmospheric physics domain. They
cannot independently verify that claimed Scope 1 emissions are accurately measured, cannot detect
underreported fugitive emissions, and cannot provide the source-resolved atmospheric attribution
needed for regulatory enforcement or physical MRV. They are, in essence, financial accounting
systems for emissions, not physical monitoring systems.

7 differentiation: Corporate accounting platforms are a natural integration point for 7 outputs: if
T-grade physical attribution independently verifies a facility’s Scope 1 emissions, that verification can
be fed into Persefoni, Watershed, or equivalent platforms to improve Scope 1 reliability and to provide
defensible inputs for Scope 3 supply chain estimates. The two systems serve complementary functions:
7 provides physical ground truth; the accounting platform provides the structured reporting and
disclosure interface.

7.7 Summary Table

Tool / Program Primary Strength Key Limitation 7 Role
Climate TRACE Independent global Activity-based, not Complementary prior;
inventory physically causal 7 adds inversion
Carbon Mapper / High-res methane Observational, not full 7 converts detections
GHGSat point detection inversion into legally attributed
rates
EPA NEI Comprehensive Triennial, factor-based, 7 adds continuous
regulatory inventory no real-time independent
verification
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Tool / Program Primary Strength Key Limitation 7 Role

Kayrros / Bluefield Commercial methane 0&G focus, empirical 7 provides physically
monitoring uncertainty rigorous error bounds

EDGAR Global gridded Static annual, no 7 uses EDGAR as
inventory attribution initialization prior

Persefoni / Watershed = Corporate carbon Accounting, not 7 feeds verified Scope 1
accounting physical monitoring into accounting layer

8 Structured Opportunity Map

8.1 Cluster A: Industrial Point Sources, Power, and Industrial Zones

A1l. Stack and Industrial-Park Attribution

Large industrial facilities — refineries, cement plants, chemical complexes, steel works, combustion
plants — are the highest-value targets for T-grade attribution because they combine high emission
rates, existing permit frameworks, and proximity to dense populations. The EU IED covers more
than 50,000 large installations across Europe, all of which have permit conditions that could be
verified against independent attribution [7]. In the US, EPA’s GHGRP covers approximately 8,000
facilities reporting at or above 25,000 metric tonnes CO2-equivalent per year [16].

The value proposition is two-sided: for regulators, independent attribution that cross-checks CEMS
data and detects fugitive emission anomalies. For facility operators operating in good faith, third-
party verification that defends their compliance record against poorly resolved aggregate accusations.

A2. High-Return Industrial Abatement Sequencing

Not all industrial abatement has the same exposure-reduction value. A facility adjacent to a
residential zone, a school, or a hospital delivers much higher public health return per tonne reduced
than an identical facility in a remote industrial estate. 7-grade attribution, combined with population
exposure modeling from Paper 1’s clean-air twin substrate, enables a ranking of industrial abatement
opportunities by health return per dollar — a tool that regulators and industrial funders currently
lack.

A3. Industrial Transparency and Public Participation

The European Commission’s Industrial Emissions Portal explicitly aims to enable public identification
and monitoring of industrial pollution sources [7]. A 7T-grade attribution system provides the physical
interpretability layer that makes portal data operationally meaningful: not just “this facility reported
X tonnes per year,” but “this facility’s plume contributed Y% of the PM2.5 in the neighboring
district during the last high-pressure episode.”

8.2 Cluster B: Transport Corridors, Freight, and Ports

B1l. Road Freight and Urban-Corridor Targeting

Diesel heavy-duty vehicles are the dominant NOx and primary PM contributors in most urban freight
corridors. EPA data shows transport at 45% of US NOx inventory [2]; European monitoring confirms
similar sector dominance. 7-grade corridor attribution would resolve which specific route segments, at
which times of day, under which meteorological conditions, generate the highest near-road exposures
— enabling low-emission zone design, fleet electrification sequencing, and school /hospital protection
planning with physical evidence rather than modeled assumptions.

B2. Port and Shipping Emissions Intelligence
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Port environments concentrate ship engine emissions, cargo handling machinery, heavy road freight,
and rail — creating multi-source airshed complexity that is particularly difficult for conventional
monitoring. IMO’s 2020 sulfur cap proved the leverage of targeted shipping regulation [4]; T-grade
attribution would enable port-specific enforcement of fuel compliance, identification of underperform-
ing vessels and berths, and optimization of cold-ironing (shore power) investment targeting toward
the highest-impact berth positions.

B3. ECA Compliance and Cross-Ocean Accountability

Emission Control Areas in the North Sea, Baltic, North American coasts, and US Caribbean require
vessels to use low-sulfur fuel within defined boundaries. Verification is currently based on fuel
manifests and port inspections; atmospheric attribution from 7-grade inversion would provide an
independent physical check on ECA compliance that manifest-based inspection cannot offer.

8.3 Cluster C: Agriculture, Ammonia, and Open Burning

C1l. Ammonia Hotspot Intelligence

Agricultural ammonia — from manure storage, livestock housing, fertilizer application, and slurry
management — is the dominant precursor to secondary inorganic PM in European and Asian
agricultural regions. The EEA’s finding of 93% agriculture-sourced NH3 with limited reduction
progress since 2005 reflects a governance failure rooted in attribution weakness [3]: without spatial
attribution at farm-cluster scale, intervention targeting defaults to generic sectoral guidelines that
are inefficient, resented by farmers, and weakly enforced.

T-grade attribution at 1-5 km resolution would identify the specific management practices —
slurry surface spreading versus injection, housing ventilation patterns, seasonal timing of fertilizer
application — that drive disproportionate NH3 loading in specific airshed regions. That precision is
the prerequisite for efficient, evidence-based intervention that can build farmer buy-in rather than
blanket hostility.

C2. Residue and Field Burning Reduction

Open field burning of crop residues — primarily rice straw, wheat stubble, and sugarcane — is a
major source of black carbon, PM2.5, and CO in South and Southeast Asia, sub-Saharan Africa, and
parts of Eastern Europe. UNEP’s CCAC identifies banning and replacing agricultural burning as a
high-priority short-lived climate pollutant mitigation action [25]. T-grade attribution would provide
the spatial fire detection and downwind smoke attribution needed to enforce burn bans, design
compensation incentives for residue alternatives, and quantify the health and climate co-benefits of
specific agricultural burning reduction programs.

C3. Nitrous Oxide from Agriculture

N20 from nitrogen fertilizer application and livestock systems is the third most important greenhouse
gas and the dominant ozone-depleting substance currently emitted [26]. Attribution is particularly
challenging because N20 is produced through soil biological processes whose rates vary with soil
type, moisture, temperature, and nitrogen loading. A 7-grade approach to agricultural N20 would
combine atmospheric inversion with soil biogeochemistry coupling — identifying high-emission field
clusters where targeted nitrogen management can deliver both climate and water quality co-benefits.

8.4 Cluster D: Cross-Sector Compliance, MRV, and Investment Intelligence

D1. Unified MRV Infrastructure

The scattered current landscape — EPA NEI, EU IEPR, GHGRP, national NH3 inventories, EDGAR,
Climate TRACE — represents enormous institutional investment that is under-connected and under-
verified. A 7-grade attribution layer does not replace these systems; it adds the physical inversion
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substrate that allows each system’s reporting to be independently cross-checked against atmospheric
observations. This is precisely the MRV upgrade that carbon markets need and that the Paris
Agreement transparency framework has been unable to deliver through self-reporting alone.

D2. Multi-Objective Abatement Portfolio Ranking

Abatement investment decisions are currently made sector-by-sector, within programmatic silos. A
T-grade attribution system that spans sectors would enable cross-sector portfolio optimization: for a
given regional health or climate budget, what combination of industrial scrubbing, fleet electrification,
port cold-ironing, and ammonia management delivers the maximum avoided mortality, maximum
avoided warming, and best equity distribution? This multi-objective ranking capability does not
exist in current practice.

9 Geographic Case Studies

9.1 Case Study 1: Permian Basin Methane Emissions, Texas and New Mexico, USA

The Permian Basin is the United States’ largest oil-producing region, spanning approximately 75,000
square miles of west Texas and southeastern New Mexico. It is also the site of one of the most
thoroughly documented methane attribution controversies in environmental science, illustrating both
the scale of the MRV gap and the value of improved attribution.

The attribution gap: IEA estimates global oil and gas methane emissions at 80-120 Tg CH4
per year [13]. In the Permian Basin specifically, a landmark 2019 study by Varon et al., using
TROPOMI satellite observations and mass-balance atmospheric inversion, found a methane loss rate
of approximately 3.7% of gross gas production — compared to operator-reported rates averaging
approximately 1.3% [27]. A 2021 study in Science by Cusworth et al. found that approximately 50
super-emitter events per day in the Permian Basin drive a disproportionate share of total basin
emissions, with individual events emitting at rates one to two orders of magnitude above permitted
levels [28].

EDF’s PermianMAP monitoring program covers approximately 12,000 well sites across the basin,
combining fixed sensors, aerial monitoring, and satellite data. It provides the most granular on-the-
ground monitoring available but still relies on a mosaic of measurement approaches that are difficult
to integrate into a unified, legally defensible attribution framework [29].

The MRV gap in numbers: Comparisons between EPA GHGRP facility-reported emissions
and satellite-derived estimates for the Permian Basin and neighboring Anadarko Basin suggest
underreporting of 36-90% for individual facility categories [9]. At a basin-wide gas production rate
of approximately 15-18 billion cubic feet per day (as of 2023), a 2.4-percentage-point discrepancy in
loss rate (3.7% vs 1.3%) implies approximately 360,000 tonnes of unreported CH4 per year from this
single basin — with a GWP-100 CO2-equivalent of approximately 10 million tonnes CO2e.

What 7 could provide: A 7-grade atmospheric inversion operating over the Permian Basin would
integrate TROPOMI column observations, EDF ground sensor data, and meteorological analysis to
produce continuous, facility-attributed methane emission rates with explicit posterior uncertainty.
The current attribution uncertainty of +35% or more for individual well pad clusters could plausibly
be reduced to £8-12% under a well-constrained inversion system with multiple observation types.
This improvement has direct regulatory value: at the 2022-2024 US methane fee schedule under the
Inflation Reduction Act — USD 900 per tonne CH4 in 2024, rising to USD 1,500 per tonne by 2026
— the difference between an attributed 3.7% loss rate and a self-reported 1.3% loss rate represents
regulatory liability of USD 2-5 billion per year from this single basin alone [30].

Beyond enforcement, 7-grade attribution would enable optimal targeting of well site inspection
and repair resources. Current inspection programs must allocate effort without strong spatial
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priors; an attribution-informed inspection queue would route resources to the sites most likely to
have super-emitter events, dramatically improving inspection efficiency and methane reduction per
inspection-dollar.

9.2 Case Study 2: EU Industrial Emissions Directive Compliance and Cross-Border Attri-
bution

The European Union’s Industrial Emissions Directive (IED) represents one of the most ambitious
industrial pollution governance frameworks in the world, covering more than 50,000 large industrial
installations across member states, including combustion plants, refineries, chemical facilities, steel
and iron works, cement plants, and intensive livestock operations [7]. The IED requires CEMS for
direct point-source pollutants at large combustion plants, and periodic reporting for most other
covered facilities. The associated Industrial Emissions Portal enables public access to facility-level
reported data.

The cross-border attribution gap: EMEP’s atmospheric transport model, which provides
the scientific basis for cross-border transboundary air pollution attribution under the Gothenburg
Protocol and CLRTAP Convention, operates at a spatial resolution of approximately 50 km [12].
At this resolution, individual industrial facilities are invisible. Cross-border attribution disputes —
for example, between Poland and Germany regarding industrial NOx and SO2 from high-emission
facilities in Upper Silesia and the Ruhr Valley; or between the Czech Republic and Austria regarding
industrial PM from the Ostrava industrial agglomeration — cannot be resolved at facility scale
within the current modeling infrastructure.

This is not merely a technical limitation; it has direct governance consequences. Under the Gothenburg
Protocol, emission reduction commitments are national-level, not facility-level. A member state
can technically meet its national aggregate target while maintaining specific high-emission facilities
that disproportionately affect neighboring countries. Without facility-scale cross-border attribution,
diplomatic and legal resolution of such disputes relies on political negotiation rather than physical
evidence.

What 7 could provide: A 7-grade atmospheric inversion operating at 1-5 km resolution over
European industrial zones would, under working assumptions, provide the physical basis for legally
defensible facility-scale cross-border attribution. The EU ETS carbon price of EUR 50-70 per tonne
CO2 [8] provides a direct valuation metric: if improved MRV reveals systematic underreporting
or non-compliance at covered facilities, the corrected emission liability and associated credit value
correction is substantial. Cross-border NOx and SO2 attribution at facility scale would also provide
the physical evidence base for Gothenburg Protocol enforcement proceedings, shifting them from
diplomatic negotiation to technically grounded adjudication.

The TED compliance value: EU IED fines for non-compliance can reach up to 5% of global
annual turnover for the operating company — a significant deterrent for large industrial operators
but one that requires credible attribution evidence to trigger [7]. Currently, the gap between
CEMS-measured direct emissions and total facility releases (including fugitives) means that a facility
can be formally CEMS-compliant while having materially higher total emission footprints. An
independent atmospheric attribution system would close this gap.

Across the 50,0004+ IED-covered installations, improved MRV quality supporting better compliance
enforcement and cross-border attribution is estimated to be worth EUR 3-8 billion per year in
corrected carbon cost liability, validated abatement credits, and avoided penalty exposure [8, 31].
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9.3 Supplementary Case: Agricultural NH3 Attribution in India and China

India and China together account for approximately 60% of global anthropogenic ammonia emissions,
primarily from synthetic fertilizer application (urea hydrolysis) and livestock systems [15]. China
emits approximately 12 Tg NH3 per year, of which an estimated 65% comes from agriculture; India’s
agricultural NH3 emissions are estimated at 4-6 Tg per year, with large uncertainty due to sparse
ground verification.

TASI satellite retrievals (Infrared Atmospheric Sounding Interferometer, aboard the Metop platforms)
provide tropospheric NH3 column measurements with sensitivity to surface emission patterns.
Analysis of TAST data over China (2008-2018) shows clear spatial clustering of NH3 hotspots over
the North China Plain, the Yangtze River Valley, and the Sichuan Basin, corresponding to regions
of intensive livestock and grain production [32]. However, IASI-based NH3 retrievals have a spatial
resolution of approximately 12 km, which is insufficient to distinguish individual farms or identify
which management practices drive hotspot emissions.

T-grade atmospheric inversion coupling IASI retrievals with dense meteorological assimilation and a
1-5 km NH3 surface flux model would reduce government reporting uncertainty for agricultural NH3
by an estimated 40%, based on similar inverse modeling exercises in Europe [33]. This would enable
targeted fertilizer application policy — for example, mandatory urea urease inhibitor treatment in
identified hotspot counties — that could reduce agricultural PM2.5 precursor formation by 15-25%
in affected regions, with direct benefits for the hundreds of millions of people living in high-NH3
exposure zones across India and China.

10 Finance, ROI, and Climate-Finance Eligibility

10.1 Deployment Cost Scenarios

Scenario A: National Industrial Emissions Attribution Platform

A national-scale T-grade industrial emissions attribution platform for a mid-sized OECD country —
equivalent in scope to a US state-level or EU member-state deployment, covering 500-2,000 large
point sources and key transport corridors — would require:

e Platform development and atmospheric modeling infrastructure: USD 3-6 million
o Observation data integration (satellite, CEMS, ground network): USD 1-2 million
e Regulatory interface development and legal validation: USD 1-2 million

o Operational cost (per year, once deployed): USD 1-3 million

Total initial investment: approximately USD 5—12 million.

ROI calculation: Under the EU IED regime, a single large combustion plant found to have sys-
tematically underreported emissions can face fines of up to 5% of global annual turnover. For a
facility with global revenues of EUR 2 billion, a single enforcement action supported by 7-grade
attribution evidence could yield EUR 100 million in penalty recovery — a 10-20x return on the
attribution platform investment from a single enforcement action. Multiplied across 50,000+ covered
EU installations, the potential regulatory value recovered is a multiple of the platform cost.

For carbon markets, improved MRV quality at USD 50-100 per tonne CO2 verification premium on
credited emission reductions — a conservative estimate for physically verified versus factor-estimated
offsets — translates to substantial market value. If a national platform verifies 10-50 million tonnes
CO2e of emission reductions per year across covered facilities, the MRV value alone is USD 500
million to USD 5 billion per year.

Scenario B: Regional Cross-Border Emissions Intelligence System
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A cross-border emissions intelligence system covering a multi-country regional airshed — for example,
the Central European industrial corridor (Poland, Czech Republic, Slovakia, Austria, Germany),
or the US-Mexico border region covering Permian Basin and adjacent Texas Gulf Coast — would
require:

e Multi-country atmospheric modeling domain and data integration: USD 8-15 million
Diplomatic and legal framework development for shared data governance: USD 3-8 million
Multi-stakeholder platform interface and training: USD 5-10 million

Operational cost (per year): USD 3-8 million

Total initial investment: approximately USD 20-50 million.

ROI drivers: Avoided transboundary pollution damages. EU estimates of health and environmental
costs from cross-border industrial air pollution run to tens of billions of euros per year across
the continent. Even recovering 1-5% of that cost through improved attribution and enforcement
represents returns of EUR 200 million to EUR 2 billion per year from a EUR 20-50 million platform
investment. Carbon market integrity value is additional: if the platform verifies 50-200 million
tonnes CO2e of cross-border industrial abatement claims per year, the physical MRV premium drives
substantial market confidence and capital flows.

The voluntary carbon market integrity crisis — with some major offset programs invalidated in
2023 due to attribution failures — represents a suppressed opportunity cost. Credible physical MRV
would likely expand total voluntary market volume from USD 2 billion toward USD 10-20 billion
per year as institutional buyers gain confidence in credit quality [10].

10.2 Named Climate Finance Windows

EU ETS Innovation Fund: The EU ETS Innovation Fund, funded by auctioning EU ETS
allowances, targets innovative low-carbon technology demonstration in energy, industry, and transport
sectors. It is directly relevant to 7-grade industrial emissions attribution as an enabling technology
for EU IED compliance and ETS MRV improvement. The Fund has made available EUR 38 billion
over 2020-2030 [34]. Attribution and MRV infrastructure for EU industrial emissions would fit the
Fund’s criteria for industrial transformation enabling technologies.

World Bank Carbon Finance Unit: The World Bank’s Carbon Finance Unit has invested
approximately USD 3 billion in carbon finance transactions since its establishment, with a focus on
developing country emission reduction projects [35]. A 7-grade agricultural emissions attribution
platform for South and Southeast Asia — targeting methane from rice paddies, N20O from fertilizer,
and NH3 precursor management — would fit the Unit’s portfolio focus and the Pacific market’s
growing interest in high-integrity agricultural carbon credits.

Green Climate Fund (GCF) — Mitigation Funding: The GCF’s mitigation window supports
developing country investments in emission reduction and climate change mitigation. An attribution
and MRV platform for agricultural emissions in a major developing country — China, India, Indonesia,
Brazil — would qualify as mitigation-enabling infrastructure and could attract GCF co-financing
alongside national government or development bank investment.

IFC Climate Finance — Industrial Decarbonization: The International Finance Corporation’s
climate finance portfolio, which reached USD 11.1 billion in F'Y2023, covers industrial decarbonization
in emerging markets [36]. 7-grade industrial emissions attribution for large industrial facilities in
emerging market economies — where CEMS are often absent and factor-based reporting is standard
— would qualify as climate-enabling digital infrastructure under IFC’s industrial climate mandate.

Bezos Earth Fund — Industrial Emissions: The Bezos Earth Fund has committed USD 10
billion over 10 years to climate and nature action. Its focus on industrial emissions monitoring and
accountability infrastructure aligns directly with 7-grade MRV systems for the oil and gas, cement,
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and steel sectors — the high-emission industries where Bezos Earth Fund has signaled particular
interest [37].

10.3 Revenue and Value Architecture Beyond Grants

Beyond grant and development finance sources, a 7-grade emissions attribution platform generates
several categories of recurring operational value:

e Regulatory fee structures: Emission regulators could fund platform operation through
permitting and compliance fee revenue; the per-facility fee would be small relative to the
compliance insurance value.

e Carbon market MRV services: Standard MRV contract revenue from voluntary and com-
pliance market participants seeking independently verified emission baselines and additionality
documentation.

e Insurance and risk pricing: Industrial insurers and industrial financial counterparties need
physical emissions data to price climate liability; 7-attributed emission rates are directly valuable
as insurance underwriting inputs.

o Litigation support: Environmental law firms and government legal departments handling
cross-border pollution cases need physically grounded attribution evidence; expert witness services
based on 7-grade inversion outputs could generate sustained revenue.

1 Evidence and Translation Ladder

1.1 Phase 1— 0 to 24 Months: Shadow Mode and Retroactive Validation

The first phase establishes credibility without disrupting incumbent systems. The core activity is
running 7-grade inverse modeling in parallel with existing monitoring infrastructure — NEI, EDGAR,
IEPR, satellite observations — and conducting retroactive validation against known emission events,
industrial accident records, and high-scrutiny monitoring episodes.

Phase 1 deliverables:

o Retrospective analysis of 3-5 known industrial emission episodes (accidental releases, compliance
exceedances confirmed by independent measurement) to validate attribution accuracy against
known ground truth.

e Hotspot ranking maps for 2-3 target industrial regions, using existing TROPOMI satellite data
and ECMWF meteorological analysis as inversion inputs.

e Side-by-side comparison of T-attributed emission rates against NEI point-source reported rates
for a sample of 100-500 facilities in a target region.

e Preliminary agricultural NH3 attribution for a target agricultural region, validated against IASI
satellite retrievals and available ground measurement campaigns.

o Public methodology report with explicit uncertainty characterization.

Phase 1 success criteria: Attribution accuracy within +15% of independently verified source
strengths for controlled validation cases; hotspot rankings that are consistent with known incident
records; stakeholder credibility sufficient to proceed to Phase 2 regulatory engagement.

1.2 Phase 2—2to 5 Years: Sector Pilots and Regulatory Integration

The second phase converts validated shadow-mode outputs into operational tools within specific
regulatory and compliance contexts.
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Industrial sector pilot: One major industrial region (candidate: US Gulf Coast petrochemical
corridor, Rhine-Ruhr industrial zone, or North China heavy industry corridor) with full integration of
CEMS data, TROPOMI retrievals, and 7-grade inversion outputs into a shared regulatory dashboard
accessible to the national environmental regulator and facility operators.

Transport corridor pilot: One major freight corridor (candidate: 1-35 corridor in Texas, Rhine
Valley freight route, or North India national highway corridor) with attribution mapping of NOx,
PM2.5, and black carbon source contributions, near-road school and residential exposure overlay,
and fleet electrification targeting recommendations.

Port and shipping pilot: One major port complex (candidate: Port of Rotterdam, Port of
Houston, or Port of Singapore) with vessel-level SOx and NOx attribution during berth and transit,
cold-ironing investment prioritization, and ECA compliance cross-check.

Agricultural ammonia pilot: One intensive agricultural region (candidate: Dutch/Belgian
livestock zone, North China Plain, or Punjab/Haryana rice-wheat zone) with NH3 hotspot attribution
at 1-3 km resolution, validated against ammonia network monitoring stations, and linked to targeted
intervention design.

Phase 2 success criteria: Regulatory adoption of r-attributed emission estimates as one eviden-
tiary input (not exclusive basis) for compliance actions in at least one jurisdiction; demonstrated
improvement in abatement investment targeting efficiency relative to factor-based prioritization; at
least one published peer-reviewed study validating attribution methodology.

11.3 Phase 3 — 5 to 10+ Years: Mainstream Regulatory Infrastructure

The third phase embeds 7-grade attribution into the normal operation of emissions governance
systems globally.

National and regional MRV systems: 7-grade inversion becomes a standard component of
national GHG inventory verification, complementing self-reported facility data with independent
physical attribution at quarterly rather than triennial intervals.

Carbon market backbone: Voluntary and compliance market offset issuance requires T-attributed
physical verification as standard for industrial and agricultural project types. This shifts the market
from auditor-certified factor estimates to physics-verified attribution as the standard of proof.

Cross-border governance: EMEP-class atmospheric transport models are augmented by 7-grade
inversion to provide facility-scale cross-border attribution for Gothenburg Protocol enforcement,
enabling diplomatic resolution of transboundary pollution disputes with physically grounded evidence.

Integrated city and ministry planning: National environment ministries and metropolitan
governments use 7-grade source attribution as a standard input for industrial permitting, freight
corridor management, agricultural extension services, and port development planning.

12 Stakeholder Map and Change Management

12.1 Primary Stakeholders

National environment ministries and agencies: The primary regulatory clients. They hold the
mandate for inventory management, permit issuance, compliance enforcement, and international
reporting under UNFCCC and regional conventions. Their interest is in credible independent
verification that strengthens their enforcement capacity without requiring them to rebuild their entire
inventory infrastructure. Change management need: phased integration with existing regulatory
workflows, clear legal basis for using attribution evidence in enforcement proceedings, and explicit
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uncertainty characterization that allows evidentiary use without overclaiming.

Industrial facility operators: A mixed stakeholder group. Large operators that are confident
in their compliance performance have an interest in independent verification that protects them
from unfounded allegations; a 7-grade attribution system that exonerates as well as attributes is in
their interest. Operators with significant underreporting have an obvious interest in preserving the
MRYV status quo. Change management strategy: engage industry associations early in methodology
development; build in operator access to attribution outputs before regulatory use; create clear
pathways for operators to contest attributions through a defined technical review process.

Carbon market infrastructure: Registries (Verra, Gold Standard, American Carbon Registry),
standard-setting bodies (ICVCM), and large institutional offset buyers all have an interest in
attribution-grounded MRV quality. The voluntary market integrity crisis has created genuine demand
from institutional buyers for physically verified credits. Change management need: methodology
documentation that is compatible with existing project standard frameworks; clear protocols for
integrating T-attributed baselines into project design documents.

Agricultural ministries and farm organizations: Among the most politically complex stake-
holders. Farmers are acutely sensitive to monitoring they perceive as surveillance and enforcement
against their livelihoods. Attribution at sub-farm scale raises data privacy and ownership questions.
Change management strategy: position agricultural attribution primarily as targeting extension
service support and subsidy incentives toward the highest-efficiency management practices, not as
the basis for direct penalties; co-develop attribution tools with farmer organizations and agricultural
universities before regulatory deployment.

Port authorities and shipping companies: Port authorities face increasing regulatory pressure
from local air quality standards and International Maritime Organization requirements. They have
a technical interest in better evidence about which vessel types and berth configurations drive the
highest near-port exposures, as this informs their own capital planning for cold-ironing, fuel quality
requirements, and vessel scheduling. Change management need: clear demonstration that attribution
supports their own infrastructure planning arguments, not only enforcement actions against their
tenants.

12.2 Institutional Partners

Key institutional partnership requirements for deployment:

o Meteorological services: Access to high-resolution meteorological analysis (NWP model
outputs, radiosonde profiles, surface observation networks) is prerequisite to T-grade atmospheric
inversion. National meteorological services are both data partners and potential co-deployers.

o Satellite observation programs: ESA (Sentinel series, IASI), NASA (TROPOMI, TEMPO,
Carbon-I), CNES (IASI), and commercial operators (Planet, GHGSat, Carbon Mapper) provide
the observational substrate for inversion.

e Research universities and atmospheric modeling centers: NCAR, ECMWF, Max Planck
Institute for Chemistry, Tsinghua University atmospheric science programs — these are both
validation partners and workforce pipelines.

o Legal and standards bodies: ISO TC 207 (environmental management), ICVCM, EU JRC
(EDGAR, E-PRTR) — required for methodology recognition and standard-setting.

13 Gender, Equity, and Labor Dimensions
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13.1 Differential Exposure and Environmental Justice

Air pollution from industrial, transport, and agricultural sources is not distributed randomly across
populations. In virtually every studied context, lower-income communities and communities of
color bear disproportionate exposure burdens from industrial siting, freight corridors, and port
infrastructure [38]. 7-grade attribution creates a quantitative foundation for environmental justice
analysis: it produces the source-attributed concentration maps needed to document who is actually
being exposed, from which specific sources, at what rates — not as a general claim about pollution
inequity, but as a legally evidentiable, source-specific finding.

This has direct policy implications. US Executive Order 14008 on Tackling the Climate Crisis
directs federal agencies to deliver 40% of climate and clean energy benefits to disadvantaged
communities (Justice40). EPA’s EJScreen tool provides demographic screening but lacks the source
attribution depth needed to verify that specific abatement actions actually reduce exposure in specific
communities. 7-grade attribution closes this gap: it enables verification that investments made in
the name of environmental justice actually reduce the specific source contributions affecting targeted
communities.

In agricultural contexts, smallholder farmers in the Global South are simultaneously among the
highest-emitters of NH3 and N20O (through fertilizer overuse driven by subsidy structures and
soil monitoring gaps) and among the most economically vulnerable to any policy that increases
input costs. Attribution-informed intervention design — targeting subsidized technical assistance
at practices with the highest emission-to-yield penalty — is more equitable than generic emission
limits that fall hardest on those with the least flexibility.

13.2 Gender Dimensions

Women bear disproportionate indoor and outdoor air pollution exposure in low-income contexts,
particularly from agricultural residue burning (as primary cook-stove users and crop managers) and
from proximity to waste burning sites [39]. Attribution that identifies open burning hotspots creates
the evidence base for targeting alternative residue management programs — biochar production,
composting, silage, mechanized collection — at the specific locations and seasons where burn events
most affect women’s respiratory health.

In the context of agricultural emissions more broadly, women constitute a significant share of
smallholder farm labor in most developing-country contexts and are frequently the primary decision-
makers for fertilizer application timing and method in household plots. Intervention programs
informed by 7-grade attribution should include women farmers as primary technical extension service
recipients, not as secondary beneficiaries.

13.3 Labor and Just Transition

Industrial abatement programs targeting large combustion plants, refineries, and chemical complexes
have significant labor implications. Workers in high-emission industrial facilities are not the appro-
priate bearers of the transition cost. Abatement investment programs — retrofits, fuel switching,
process redesign — should be designed to maintain or grow employment within the transitioning
facility wherever feasible, and to provide retraining and transition support for workers where closure
or downsizing is unavoidable.

In shipping and ports, cold-ironing and fleet electrification create new skilled labor demands (electrical
infrastructure maintenance, new vessel technology operation) that can partially offset employment
losses in traditional marine engineering. Attribution-informed investment planning should explicitly
map labor implications alongside pollution reduction benefits, enabling labor unions and port worker
organizations to participate constructively in transition planning.
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14 Benchmark Suite and Success Metrics

14.1 Attribution Accuracy Benchmarks

Benchmark A1 — Controlled source validation: 7T-attributed emission rates for facilities with
independent CEMS measurements and independent mobile laboratory cross-checks should be within
+15% of verification measurements for 80% of test cases, and within +25% for 95% of test cases.
Current state-of-practice atmospheric inversion systems achieve £30-50% for individual facilities in
mixed-source environments; improvement to £8-15% is the 7 quality target.

Benchmark A2 — Multi-source attribution: In a dense industrial zone with 5-10 overlapping
plumes, 7 attribution should correctly rank source contributions by magnitude for 80%+ of attribution
exercises validated against known source strength distributions.

Benchmark A3 — Agricultural area source attribution: For NH3 attribution in agricul-
tural regions, T-attributed spatial patterns should be consistent with TASI column observations at
correlation coefficients > 0.75 at regional scale and > 0.60 at district scale. Comparison with the
best available European ammonia network measurements (e.g., UK NAMN, German monitoring
networks) should show mean fractional bias < 20%.

14.2 Compliance and Enforcement Quality Metrics

Benchmark B1 — Anomaly detection specificity: Of attribution-flagged anomaly events
(detected divergence between attributed and reported emissions > 30%), what fraction are confirmed
as genuine non-compliance or underreporting by subsequent inspection? Target: > 60% positive
predictive value to maintain regulatory credibility and avoid false-alarm fatigue.

Benchmark B2 — Detection lead time: For facilities subsequently confirmed as non-compliant,
what is the average time between first attribution-based anomaly flag and independent confirmation?
Reduction from current practices (often 2—4 years based on inspection cycles) to < 6 months would
represent a substantial enforcement quality improvement.

Benchmark B3 — Cross-border attribution precision: For defined cross-border dispersion
events (documented from air quality monitoring networks), T-attributed source contributions should
agree with EMEP ensemble results within +25% at national total level, while providing additional
facility-level resolution at sub-national scale.

14.3 Health and Abatement Impact Metrics

Benchmark C1 — Abatement investment efficiency: When 7-grade attribution is used to
rank and prioritize abatement investments, the avoided PM2.5 exposure reduction per USD invested
should be > 25% higher than the equivalent measure from random-allocation or sector-average-based
targeting. This is the core public-health value proposition of targeted attribution.

Benchmark C2 — Co-benefit identification accuracy: 7-identified abatement options flagged
as delivering both PM2.5 health co-benefits and GHG climate co-benefits should demonstrate > 70%
realization rate in independent evaluation — meaning that implemented measures actually delivered
the predicted dual benefit.

Benchmark C3 — Environmental justice verification: For abatement investments made in
the name of environmental justice targets, T-attributed post-intervention exposure measurements
should confirm > 80% of the predicted reduction in facility-attributed concentrations in targeted
communities.
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14.4 MRV and Carbon Market Quality Metrics

Benchmark D1 — Baseline accuracy for offset projects: 7-attributed baseline emission
rates for offset project sites should differ from subsequently verified (3-year post-baseline direct
measurement) rates by < 20%. This is the key carbon market quality requirement for physical MRV.

Benchmark D2 — Additionality verification: Of offset projects using 7-attributed MRV, what
fraction subsequently demonstrate claimed emission reductions within £25% of physically verified
outcomes? Target: > 85% to justify physical MRV premium over standard auditing.

15 Governance Guardrails

15.1 No Automated Enforcement Without Due Process

T-grade attribution outputs are evidence, not verdicts. Any use of attribution results in regulatory
enforcement proceedings must go through standard due process: the attributed facility must have
access to the attribution methodology, the input data, and the uncertainty characterization; must
have an opportunity to contest the attribution through a defined technical review process; and must
be able to call independent expert testimony on the attribution methodology and its limitations.

Automated or administrative enforcement based solely on 7 attribution outputs without human
regulatory review, legal review, and operator response opportunity is inappropriate and would
undermine both the legal validity of enforcement actions and the credibility of the attribution system
itself.

15.2 Uncertainty Must be Communicated Honestly

Public-facing attribution maps and dashboards must include explicit uncertainty ranges. It is
technically dishonest and legally counterproductive to present a 7-attributed facility emission
estimate as a precise measurement when it is a posterior estimate derived from atmospheric inversion
with defined but non-trivial uncertainty. Regulators, the public, and facility operators are better
served by honest X% confidence intervals than by point estimates that imply false precision.

This is particularly important for agricultural area source attribution, where uncertainties are
inherently larger than for well-monitored point sources, and for cross-border attributions, where
meteorological uncertainty compounds source attribution uncertainty.

15.3 Equitable Application Across Source Categories

Attribution systems that focus exclusively on the most technically tractable sources — large point-
source industrial facilities — while leaving diffuse agricultural and transport sources relatively
unscrutinized would produce a regulatory landscape skewed against already-regulated large industry
while leaving significant emissions from agriculture and distributed transport unaccounted. The
commitment to comprehensive cross-sector attribution is both a public-health imperative and a
fairness requirement.

This equity principle extends to jurisdictional coverage: a system that provides high-resolution
attribution in wealthy OECD contexts while leaving developing country emissions largely unverified
creates a two-tier MRV system that undermines global emissions accounting integrity.
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15.4 Interoperability with Existing Regulatory Systems

Deployment should strengthen and connect existing inventory, monitoring, and reporting systems,
not bypass or replace them. EPA NEI, EU IEPR, EDGAR, GHGRP, and national agricultural
emissions inventories represent enormous institutional investment and regulatory legitimacy. 7-grade
attribution should be positioned as an independent verification and gap-filling layer, explicitly
documented as complementary to rather than competitive with these systems.

This interoperability requirement has technical implications: 7 output formats should be designed
to interface directly with NEI reporting structures, EU IEPR data schemas, and EDGAR gridded
emission fields, enabling direct comparison and automated discrepancy flagging rather than requiring
regulators to choose between systems.

15.5 Data Governance and Community Access

Communities located near industrial facilities, freight corridors, ports, and intensive agricultural
operations have a direct interest in the attribution outputs that characterize their air quality burden.
Community access to attribution data — including explicit source-level contributions at neighborhood
scale — is a governance requirement, not merely a public relations courtesy. Mechanisms should
include:

e Public dashboards with attribution-attributed source contributions in plain-language format, not
only technical outputs.

e Community right-to-know provisions that ensure communities can access T-attributed facility
contributions before those data are used in enforcement proceedings.

o Whistleblower provisions that protect communities and workers who provide ground-truth obser-
vations that improve attribution quality.

16 SDG Mapping and Bottom Line

16.1 SDG Alignment

SDG 3 — Good Health and Well-Being: Ambient air pollution is directly responsible for
approximately 4.2 million premature deaths per year (WHO 2024 estimate) [40]. 7-grade industrial,
transport, and agricultural source attribution is a prerequisite for maximizing the health return per
dollar of abatement investment — directing resources to the facilities, corridors, and agricultural
hotspots where avoided exposure is highest.

SDG 7 — Affordable and Clean Energy: Industrial sector emissions from power generation and
energy-intensive industries are the primary source categories in IED and ETS coverage. Improved
MRV quality supports the energy transition by providing credible verification that industrial
decarbonization investments are actually achieving attributed emission reductions.

SDG 11 — Sustainable Cities and Communities: Transport corridor and port attribution
directly serves urban sustainability: near-road exposure reduction, freight corridor management, port
electrification targeting, and low-emission zone design depend on the source attribution capability
described in this paper.

SDG 13 — Climate Action: Improved GHG MRV for industrial, transport, and agricultural
sources is foundational to Paris Agreement implementation. The gap between self-reported and
independently attributed emissions — documented at 36-90% underreporting for some source
categories — is a primary barrier to credible national inventory systems and carbon market integrity.

SDG 15 — Life on Land: Agricultural NH3 and N20O attribution directly supports land
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management improvements. Reduced NH3 deposition lowers nitrogen loading in terrestrial and
freshwater ecosystems; reduced N20O emissions from targeted fertilizer management reduces both
climate impact and soil acidification.

SDG 16 — Peace, Justice, and Strong Institutions: Cross-border pollution attribution is
a component of international environmental justice: states that bear pollution from neighboring
jurisdiction emitters have a right to physically grounded attribution evidence in diplomatic and
legal proceedings. Strengthening the physical basis for cross-border attribution directly strengthens
international environmental governance institutions.

SDG 17 — Partnerships for the Goals: The multi-stakeholder architecture required for 7-grade
attribution — meteorological agencies, satellite operators, environmental regulators, agricultural
ministries, carbon market infrastructure, research universities — is itself a model for the kind of
multi-actor partnership that SDG 17 calls for in implementing the broader development agenda.

16.2 Bottom Line

The atmospheric MRV problem — the gap between what pollution governance systems claim to
know about source emissions and what they can actually attribute with physical confidence — is
not a marginal technical issue. It is the primary mechanism by which a significant portion of global
industrial, transport, and agricultural emissions avoid accountability. The policy record is clear:
when attribution, compliance logic, and enforceable intervention pathways are strong enough, very
large pollution reductions are possible. The IMO sulfur cap. EU large combustion plant regulation.
US transport emission standards. Each of these produced dramatic pollution reductions not because
the political will suddenly appeared from nowhere, but because a credible attribution and compliance
infrastructure made enforcement tractable.

The sectors where the remaining burden is concentrated — oil and gas methane, agricultural ammonia
and N20, cross-border industrial NOx and SO2, shipping in port environments — share a common
structural feature: the attribution layer that would make them as governable as large combustion
plants or road vehicles does not yet exist at sufficient resolution and continuity. This is the gap that
a 7-grade, physically faithful, bounded-error inverse modeling system addresses.

The investment case is not speculative. The regulatory frameworks already exist: IED, ETS, GHGRP,
Gothenburg Protocol, Paris Agreement transparency framework, voluntary carbon market integrity
standards. The financial stakes are substantial: EUR 3-8 billion per year in EU industrial MRV
improvement, USD 2-5 billion per year in Permian Basin methane regulatory liability, USD 10-20
billion per year in unlocked voluntary carbon market capacity. The climate finance windows are
open: EU ETS Innovation Fund, World Bank Carbon Finance Unit, GCF mitigation window, IFC
industrial climate portfolio.

What remains is deployment: a phased, validation-first, interoperable rollout that builds institutional
credibility through demonstrated accuracy, supports regulatory adoption through due process
alignment, and scales from pilot regions to global coverage through the institutional partnerships
that the global atmospheric science, environmental regulation, and climate finance communities
already maintain.

The right framing for this opportunity is not “yet another emissions inventory.” It is: a physically
grounded source twin that enables cities, regulators, industries, ports, and agricultural systems to
identify where the next tonne of abatement will save the most health, crop, and climate damage —
and to verify that the investment actually achieved what it claimed.
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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 showing how a law-faithful tau source-resolved emissions twin could
unlock major public-good gains in stack and corridor attribution, compliance intelligence, and
high-return abatement targeting across industry, transport, shipping, and agriculture. The
v3 impact thesis is conditional: a Tau-grade industrial, transport, and agricultural emissions-
attribution and compliance twin would become valuable if it improves benchmarked public
decisions while preserving transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing showing how a law-faithful tau source-resolved emissions twin could unlock
major public-good gains in stack and corridor attribution, compliance intelligence, and high-return
abatement targeting across industry, transport, shipping, and agriculture. 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

o« WHO, Ambient Air Pollution [7]: air-pollution burden baseline.

o UNEP, Plastic Pollution [6]: plastics and leakage baseline.

« OECD, Global Plastics Outlook [2]: plastics and material-flow baseline.
o UNEP, Global Waste Management Outlook [4]: waste-system baseline.

e World Bank Group, Pollution Management and Environmental Health [8]: pollution-
management public finance context.

« UNEP, Minamata Convention on Mercury [5]: toxic-substance governance 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 OECD, UNEP, WHO, 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 industrial,
transport, and agricultural emissions-attribution and compliance 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: industrial, transport, and agricultural emissions-attribution and
compliance twin.

First benchmarkable test: source attribution, compliance triage, and abatement ranking against
inventories, sensor networks, and enforcement records.

¢ domain-specific model construction
o data ingestion and validation

e benchmark harness

e pilot protocol

e independent review workflow

18.6 Impact mechanism chain
Public-good burden — external evidence baseline — 7 capability hypothesis — upstream Results /

Corpus / Verify dependency — translation assumptions — benchmarked pilot — governed adoption
pathway.
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18.7 Scenario bands

Public-Good Impact Dossier

Band Scenario summary

Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci- medium
sion task for Industrial, Transport, and Agricultural Emis-
sions Attribution, Compliance, and High-Return Abate-
ment Targeting without operational authority.

Realistic A reviewed prototype strengthens several public-sector medium-low
workflows for Industrial, Transport, and Agricultural Emis-
sions Attribution, Compliance, and High-Return Abate-
ment Targeting after benchmark comparison with incum-

bent systems.

Optimistic A reusable public-good intelligence layer becomes plausi- low
ble for Industrial, Transport, and Agricultural Emissions
Attribution, Compliance, and High-Return Abatement Tar-
geting after external validation and transparent governance

review.

18.8 Impact scorecard

Public-good scale — 5 5
Tau fit — 45
Evidence proximity — 5 /5
Measurability —4/5
Adoption readiness — 2/5
Equity leverage — 45

18.9 Candidate pilot pathways

The affected public-good burden is large or
institutionally significant within the portfo-
lio.

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

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

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

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

The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

regional emissions-attribution pilot with environment regulator and public monitoring network

18.10 Benchmark suite and success metrics
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Type Incumbent base- Required Tau Success metric Validator
line benchmark
translation current public or in- source attribution, pre-registered accu- indepen-
benchmark stitutional systems compliance triage, racy, latency, uncer- dent
in the domain and abatement tainty, or decision- domain
ranking against quality metric reviewers
inventories, sen-
sor networks, and
enforcement records
governance existing audit, disclo- transparent assump- reviewable evidence public-
benchmark sure, and reporting tion, data, model, pack and adverse- sector  or
practice and failure-mode dis- outcome protocol expert gov-
closure ernance
panel
equity bench- current access, documented path- distributional benefit equity,
mark service-quality, or way for underserved and risk review be- community,
exposure disparities or vulnerable users fore pilot expansion or  public-
without hidden interest
exclusion review
process

18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

e Equity access review for underserved or vulnerable communities.
e Data-rights and privacy controls for operational datasets.

e Misuse-prevention and adverse-outcome monitoring.

e Adverse-outcome monitoring with a documented escalation path.

o 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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