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Summary for Policymakers

e Accurate methane inventories are essential for setting targets, directing
mitigation efforts, and evaluating policy results.

e Canada provides one of the clearest and most useful examples of a national
government formally using top-down methane measurements to improve
official inventory estimates for selected sources in a given sector (in this
case, oil and gas).

e Canada's approach is relevant to China’s coal sector, where emissions are
concentrated in identifiable mines and equipment, making targeted
measurement and inventory improvement more feasible.

e China already has many of the technical building blocks for integrating top-
down data into methane inventories, but they remain fragmented across
agencies and databases. Progress depends not only on advances in
monitoring and modeling, but also on institutional reforms that support data
sharing, transparency, coordination, and the routine use of top-down
evidence in inventory development.

Methane emissions are a major near-term climate challenge, and methane reduction can
deliver climate benefits quickly. For China, addressing methane is especially important:
China is one of the world's largest methane emitters, and improving methane control is
important for achieving its ambitious climate goals. But stronger action depends on
stronger data. If inventories do not accurately reflect emissions locations and quantities, it
is harder for policymakers to set credible goals, prioritize the right sectors, and assess
whether current measures are working.

Canada'’s experience is relevant to China because despite their differences, the two
countries face a similar governance problem: traditional bottom-up inventories do not
always capture the full picture of methane emissions. Specifically, Canada’s experience
shows how top-down measurement data can be used to improve official inventories in a
practical, policy-relevant way. This lesson is particularly relevant to China’s coal sector,
where emissions are concentrated in known facilities, and where better integration of
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inventory data and top-down measurement could materially improve national climate
progress.

This report examines how Canada developed a hybrid methane inventory framework that
combines a bottom-up inventory foundation with targeted top-down measurements. It
explains the basic differences between bottom-up and top-down methods and reviews
Canada'’s experience in the oil and gas sector. It also identifies the five core components
underlying Canada’s hybrid framework, namely:

1. Areliable facility and geospatial data foundation that makes it possible to
identify sites and link emissions to specific equipment.

2. A strong bottom-up inventory engine that provides full coverage, especially for
small, intermittent, or historically unmeasured sources.

3. Sustained and repeatable top-down measurement capacity that can generate
source-resolved data over time.

4. A credible uncertainty and scaling methodology that translates partial
observations into defensible inventory updates.

5. Governmental support for continuous inventory improvement through data
sharing, methodological review, and periodic recalculation.

Together, these components provide a practical checklist for other countries seeking to
integrate top-down methane data into official inventories.

We conclude that China need not build such a system from scratch; in fact, China is well-
positioned to move toward a hybrid methane inventory, especially for its coal sector. The
country already has a bottom-up inventory foundation, along with a growing capacity for
methane measurement and policy support for better accounting and verification. And
while China has not yet assembled these pieces into a single, replicable system—one that
routinely feeds top-down measurement results back into official inventories—it quite
feasibly could. Non-technical barriers remain, and political and institutional arrangements
must be made to enable cross-agency data sharing and greater data transparency. In this
sense, China's task is not simply to assemble the five technical components, but rather to
institutionalize them in a way that supports continuous inventory improvement.
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Introduction

Methane (CH,) is a potent greenhouse gas (GHG) with a global warming potential about
81 times that of carbon dioxide (CO,) over a 20-year period (1), making it an urgent
priority for near-term climate mitigation. Human activities—such as agriculture, coal
mining, oil and gas production, and waste management, which account for roughly 60%
of global methane emissions (2,3)—have driven up atmospheric methane by about 100
parts per billion (ppb) over the past decade, largely due to higher emissions rates rather
than slower atmospheric removals (4). Because methane is also a short-lived climate
pollutant with an atmospheric lifetime of about 9 to 12 years (5), reducing emissions can
deliver rapid climate benefits; observational records show that prompt mitigation quickly
suppresses atmospheric methane, compared with trajectories without such reductions

(2).

Methane's high warming potential and short atmospheric lifetime make it an increasingly
important part of China's climate agenda. As a major global methane emitter, China must
reduce these emissions quickly to achieve its 2035 target of reducing economy-wide
GHG emissions by 7% to 10% below peak levels (6), especially as recent data show
China's methane emissions are still increasing (7-9). However, the country faces a critical
challenge regarding its methane inventory accuracy (10-12), which is vital to a range of
methane mitigation efforts including target setting, regulatory enforcement, and financial
investment (13-15).

Canada, a pioneer in using top-down methane monitoring data to refine and improve its
methane inventories, can provide important lessons to China and other countries. We
highlight Canada's approach not because it is the only country using top-down methane
observations, but because it offers one of the clearest and most policy-relevant examples
of a government formally incorporating atmospheric measurements into official methane
inventory development. Other countries, including the United States and the United
Kingdom, have important top-down methane measurement efforts, but Canada appears
to be unique in explicitly incorporating top-down data in its official inventory.

This report focuses on Canada’s development of a hybrid inventory framework that
integrates both bottom-up and top-down methane data. In it, we summarize insights from
the Canadian example for policymakers and inventory developers in China and
elsewhere. We also introduce basic concepts related to methane accounting and
monitoring methods, examine Canada’s hybrid methane inventory framework for the oil
and gas sector, and discuss the feasibility and implications of this framework for China.
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Methane Measurement Basics

Methane emissions have traditionally been estimated using bottom-up approaches,
whereby activity data (e.g., oil production or landfill waste volume) are multiplied by
emission factors—emission rates per unit, typically derived from scientific literature or
technical reports by consultants and industry stakeholders—to generate source-level
emissions estimates. Bottom-up methods remain central to inventory development,
especially for smaller, more consistent emission sources. However, their ability to fully
capture emissions is limited due to the following:

1. Gaps in activity data and limitations in data accuracy. This problem is
particularly prevalent in the waste and agricultural sectors, where reporting
requirements are often less stringent than in the oil and gas sector.

2. Flawed or outdated emission factors, which may fail to capture the variability and
full scope of emissions. This may also lead to underestimation, as various
Canadian studies have shown (16).

3. Missing large “super-emitter” events, or emission episodes of 100 kg/hr or more
for any duration.

By contrast, top-down methane monitoring approaches—which primarily employ
remote-sensing technologies—enable direct observation of emission sources at specific
points in time. Instruments known as spectrometers use infrared light to measure
methane concentrations from and around a range of sources; mounted on drones,
aircraft, and satellites, these spectrometers can detect and quantify methane emissions
with ever-improving precision. The resulting data are then used to estimate emission
volumes and rates more accurately. Table 1 below summarizes the differences among
top-down detection technologies.
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Table 1. Comparison of Top-Down Methane Detection Technologies

Technology Advantages Disadvantages Typical Use Case
High accuracy for close-
range, real-time Rigid spatial coverage | Continuous ground-based
Tower measurements Sensitive to weather measurements of a given
Can host multiple conditions (e.g., wind) | small area
sensors
Provides concentrated
Lowest cost . .
coverage only during a | Detecting leaks or sources
Easy to deploy . . . .
Drone . campaign period within a facility or small
Lower detection .\ .
Sensitive to weather region
threshold . .
conditions (e.g., wind)
Relatively easy to deplo Long-term campaigns . .
. y y . ploy g . palg Detecting emission
. 1 Provides a detailed, are expensive - .
Aircraft . . . . sources within a given
multi-sector picture of a Regional spatial redion
region coverage g
Expensive
Global coverage .p .
. . High detection
Super-emitter detection
. threshold . -
. capability . . Detecting emission
Satellite A full picture requires a
Collects data . sources at global scale
. constellation of
continuously and not for .
. . satellites
a single campaign

However, top-down methane detection and quantification also bring a set of challenges:

1. Factors such as weather and topographical conditions (e.g., wind, snow,
cloudiness, and solar angle) and data-processing challenges (e.g., uncertainties in
estimating emissions from changes in atmospheric concentrations) can lead to
gaps in data collection.

2. A method'’s detection limit, spatial coverage, and sampling frequency all influence
how much methane it can detect, or its “completeness.” In addition, plume images
from these methods are single snapshots in time. Emission sources, however, may

"There is heterogeneity in types of aircraft surveys. For instance, surveys by Bridger Photonics,
which Canada relies on significantly, are low-altitude and typically helicopter-based. Other aircraft
measurements are larger in scale and used more for regional measurements.
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exhibit diurnal, seasonal, and annual variability from a range of environmental and
operational factors, making it challenging to use plume images to extrapolate
annual emissions (17).

3. Top-down approaches remain a rapidly evolving area of research and
development, with methods and more precise technologies still under
development.

By combining satellite, airborne, and ground-based observations with bottom-up
estimates, it is now possible to create detailed pictures of methane emissions from a wide
range of sources over large regions. Doing so, however, may require specialized
knowledge. For instance, if an official were trying to determine a facility’s annual net
emissions, they would need to know how to integrate data from multiple sources and
combine top-down and bottom-up information to derive a complete picture. Increasingly,
though, the expertise needed to synthesize such data is available through several
international bodies and NGOs, such as the International Energy Agency, International
Methane Emissions Observatory, Climate TRACE, and others. In parallel, data platforms
such as Carbon Mapper are also becoming more user-friendly. However, some national
and subnational governments are building capacity to collect their own data, often due to
sensitivity or skepticism towards non-domestic data.

For some sources where top-down data collection is difficult, ground-based
measurements remain important. For instance, methane measurements from abandoned
oil and gas wells, rice fields, or open pasture cows rely on ground-based techniques,
estimations, or a combination of both. This is because these sources individually emit
significantly below the satellite or airborne detection threshold.

Even so, top-down data can be complementary, and its benefits for methane monitoring
are substantial. By providing accurate, widespread, and timely information, satellites and
airborne sensors can enable policymakers and industry leaders to take more immediate
action and capture major economic, health, and climate benefits—especially when
monitoring is linked to a facility notification and follow-up system that identifies leaks,
notifies operators, and verifies repairs. A clear example has been the Methane Alert
Response System (MARS), conducted by UNEP’s International Methane Emissions
Observatory (IMEO). This program has issued over 3,500 satellite-based alerts across 33
countries, leading to significant mitigation action and emission source transparency. A
similar program at the subnational level is California’s Satellite Methane Program
(CalSMP), which issues satellite-detected methane plume alerts to respective emitting
facilities in the state. CalSMP has helped to resolve 10 large methane leaks, equivalent to
removing about 18,000 cars from California roads for a year. Beyond identifying specific
mitigation opportunities, these examples show that integrating regularly collected, vetted,
and well-founded top-down data into methane and broader GHG inventories can also
improve data quality by replacing or complementing estimates with direct observations.
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Canada’s Hybrid Monitoring Framework for the
Oil and Gas Sector

According to Canada'’s latest national inventory, methane emissions totaled 109
megatonnes (Mt) of carbon dioxide equivalent (CO,e) in 2023, equal to 16% of national
GHG emissions. At the same time, fugitive emissions from oil and natural gas systems
totaled 50 Mt CO,e, making oil and gas the country's largest methane source (18).
Upstream? emissions, the dominant methane source from Canada'’s oil and gas sector,
are concentrated in the main producing regions, with Alberta and Saskatchewan together
accounting for most of the sector’s methane emissions (19). This concentration, along
with rising policy ambition, increased demand for more advanced methane monitoring, as
federal regulations were designed to reduce oil and gas methane emissions by 40-45%
below 2012 levels by 2025 (20). Canada later set a target of reducing oil and gas methane
emissions by 75% below 2012 levels by 2030 (21).

In parallel with rising policy ambition in Canada and elsewhere, research progressed
significantly beyond diagnosing discrepancies in inventory measurements. Notably, low-
altitude aerial survey methods were developed to create facility-level methane estimates
linked to specific equipment types, and statistical scaling frameworks emerged to
translate atmospheric observations into estimates that could be applied to updating
inventories (22,23). Building on this research, Canada built one of the world’s best
documented hybrid methane accounting frameworks—one that uses top-down data to
complement the traditional bottom-up approach to improve methane inventories for its
upstream oil and gas sector. The next section describes the structure of this hybrid
framework.

Canada’s hybrid methane inventory framework combines a bottom-up inventory
foundation with measurement-based updates from aircraft (Figure 1). The bottom-up
system remains essential because it provides full coverage across all facilities, including
many small or intermittent sources that are difficult to detect consistently; it also supports
long-term time-series reporting that can be recalculated when bottom-up methods
improve. Top-down, measurement-based data strengthen this bottom-up foundation in
two ways: (I) by updating key parameters for selected sources where atmospheric
measurements can better characterize emissions than previous bottom-up models, and

2 |n Canada's national GHG inventories, "upstream” includes conventional onshore and offshore oil
production, oil sands production, natural gas production and processing, and oil and gas
transmission pipelines, while “"downstream” refers to petroleum refining and natural gas
distribution.
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() by providing independent evidence that can reveal estimation errors in specific
categories. Canada's experience illustrates how such a hybrid approach can be
operationalized to improve inventories, and the core components of its framework offer a
transferable checklist for jurisdictions aiming to build similar systems.
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Figure 1. Canada’'s Hybrid Inventory Framework for Methane Emissions from the
Oil and Gas Sector

Aerial Surveys for Source-Resolved Information

To accurately capture methane emissions at the facility level, the Energy and Emissions
Research Laboratory (EERL) at Carleton University in Canada uses low-altitude aerial
methane surveys to obtain source-resolved emission data that can be linked to specific
equipment at individual sites. Compared with remote-sensing data from satellites,
source-resolved data offer higher resolution and accuracy, and they can be used to
quantify emissions without needing to subtract background emissions from agriculture,
landfills, or non-anthropogenic sources such as wetlands (22,24). Additionally,
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Environment and Climate Change Canada (ECCC)? integrated top-down data into the
inventory for specific methane sources* such as tanks, compressor buildings, and unlit
flares when atmospheric measurements characterized emissions better than prior
inventory approaches (24). The following table summarizes Canada's step-by-step
process for translating aerial measurements into actual inventory improvements
(19,22,23,25-29).

Table 2. Step by Step: Translating Aerial Measurements into Inventory
Improvements

Step What does this step do?

Prioritize source
categories for
measurement-based

Use prior inventory results, earlier measurement studies, and knowledge of where
emissions are concentrated to identify source categories and regions where
atmospheric measurements are likely to improve on existing bottom-up estimates.

updating

Define Use facility registries and reporting systems to map the population of sites and
representative define survey regions whose distribution of facility types is broadly representative
samples of the province as a whole.

Fly low-altitude Conduct multi-pass aerial surveys using methane-sensing instruments capable of
surveys locating and quantifying individual plumes at high spatial resolution.

Detect and quantify | Convert observed methane plumes into emission rate estimates for detected
plumes sources.

Use high-resolution aerial imagery and site information to manually assign
detected methane emissions to specific equipment types such as tanks, unlit
flares, and compressor buildings.

Attribute emissions
to equipment

3 Environment and Climate Change Canada is the department of the Government of Canada
responsible for coordinating environmental policies and programs, as well as preserving and
enhancing the natural environment and renewable resources.

4 Top-down measurements were used to improve methane inventories for compressor buildings,
tanks, and unlit flares in British Columbia, Alberta, and Saskatchewan; for engine sheds in Alberta
and Saskatchewan; and for wellheads in Saskatchewan only.
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Estimate the probability that emissions were not detected, and explicitly include
Address uncertainty | unmeasured sources through bottom-up additions to complement measurement-
based inventories.

Convert measured results from surveyed sites into province-wide estimates by
scaling across the full facility population using statistical measures such as
mirror-match bootstrapping, which works well for skewed distributions and
incorporates finite population effects when the sample is a substantial fraction of
the population.

Scale from sample
to province

Calculate emission factors for the aerial measurement campaign year and back-
cast the results to non-measured years using both facility count and activity level
data, so the inventory remains complete and consistent across the full historical
time series.

Build a time series

One vital component of this process is addressing measurement uncertainty in a way that
informs inventory development and GHG policy design (30). This is important because
aerial measurements are only partial snapshots of highly variable emissions, and without
a transparent way of accounting for measurement error and missed detections, data
cannot be used reliably to revise inventories or support policy decisions. In Canada'’s
aerial campaign, researchers adopted the following steps to quantify the range of
uncertainty (22):

1. Quantify uncertainty for sources detected at least once via a joint Monte Carlo
and Bayesian approach. Each flight pass yields an estimated emission rate, but
researchers treated it as uncertain rather than exact. For detected plumes, they
used a technology-specific error model to draw a plausible “true” rate; for non-
detections caused by intermittency or limited sensor sensitivity, they used a
Bayesian method to draw a plausible “true” rate. They did this source by source
and pass by pass, and then averaged the randomized rates across passes and
days to reduce the influence of short-term variability. Finally, they repeated the
whole process many times in Monte Carlo simulations to capture overall
uncertainty.

2. Quantify uncertainty for sources not detected during any flight pass. Sources
that were never detected in any flight pass cannot be quantified from aircraft data
alone, but as they may still contribute meaningfully to total emissions they must be
included. To estimate these emissions, researchers used a high-sensitivity ground
survey as a reference dataset and then used mathematical methods to derive an
average site-level emission factor for unmeasured emissions from each equipment
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type. This step is essentially bottom-up because it relies on ground-based data,
but it also draws on top-down evidence by using probability-of-detection
functions derived from controlled-release tests.®

In summary, aerial surveys are powerful because they (I) identify which equipment drives
emissions and (Il) provide measurement-based emission values that can replace or
update older data. Fully leveraging aerial surveys requires both a standardized process
and a robust quantification of uncertainty so that measurements can be translated into
inventory revisions, target setting, and implementation tracking. But because some
emissions are too small, too intermittent, or too elusive to be reliably captured by aerial
detection, inventories must also incorporate other data sources. Therefore, even in
Canada'’s hybrid system, bottom-up inventory methods remain the foundation for
completeness and continuity, while aerial surveys provide the targeted, source-resolved
evidence needed to correct the most important gaps.

Bottom-Up Inventory Foundation

Even with its use of aerial surveys, Canada’s national oil and gas methane inventory still
depends primarily on bottom-up estimation methods. This is because the sector is
extremely large and diverse, and because robust measurement data are available for only
some sources and only for recent years (19). ECCC notes that Canada’s oil and gas
industry includes tens of thousands of facilities and millions of potentially emitting
components, while source-resolved measurement data are available only from 2020;
consequently, historical emissions and many smaller sources still rely on traditional
bottom-up quantification approaches (25).

In practice, Canada’s bottom-up work combines multiple streams of activity data with
engineering or statistical parameters to estimate emissions for individual source types,
and then aggregates them into provincial and national totals. In its technical description,
ECCC explains that it used component-level emission factors and the number of facilities,
process simulations, and metered or calculated volumes of vented or flared gas to derive
bottom-up estimates for its inventory (25). An article by Chan et al. similarly describes
Canada’s approach as using annual facility counts, average numbers of components per
facility, component-level emission factors, and gas composition data, alongside a
separate pathway that uses volumetric data and detailed gas composition data reported
by facilities to the Petrinex reporting system (19). This bottom-up approach provides full
coverage for sources that are too small, too intermittent, or too numerous to be
comprehensively captured by top-down measurement campaigns.

5> Controlled-release tests use "test leaks"” where researchers release methane at known rates
while the aircraft flies as it would during real surveys. Based on the detection results, researchers
can develop a function describing the relationship between detection probability and independent
variables, such as emission rates, wind speed, and aircraft altitude (28).
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Canada continuously revises its inventory methodology, both to support growing demand
for more accurate inventories and align with its climate target setting efforts. Its inventory
development process involves retroactive updates, both to maintain time-series
consistency and to incorporate new evidence as it becomes available. For example,
ECCC back-casts inventory updates to earlier years using facility counts and production
data to meet reporting consistency requirements under United Nations Framework
Convention on Climate Change guidelines. It also works with the British Columbia Ministry
of Environment and Climate Change Strategy to identify where historical estimates can be
improved (25).

Core Components of Canada’s Hybrid Framework

The success of Canada's two-pillar hybrid inventory framework did not emerge
overnight. Rather, the framework builds on prior research to meaningfully strengthen
Canada’s methane mitigation efforts. This subsection identifies several core components
of Canada's approach that can inform the development of similar hybrid frameworks in
China and elsewhere.

1. A foundation in facility and geospatial data. A hybrid system needs a reliable,
regularly updated picture of facilities, their operating status, and activity data. In
Canada’s case, the national inventory leans on facility-reported data systems (e.g.,
Petrinex® for upstream oil and gas volumetric reporting) and emphasizes ongoing
work to integrate and improve facility data streams. For the aerial survey
specifically, researchers also relied on high-resolution geolocated imagery and
facility plot plans to attribute detected plumes to specific equipment types, as well
as high-sensitivity ground measurement data for sources near or below technical
measurement limits.

2. A bottom-up inventory engine, especially for smaller and intermittent sources.
Even with advanced aerial surveys, many sources are too small or intermittent or
otherwise escape detection during flight windows. Thus, Canada's inventory still
depends on bottom-up modeling with facility and component counts, source-
specific emission factors, and gas composition data where aerial surveys don't
work.

3. Sustained, repeatable top-down measurement capacity with source
attribution. Measurement-based inventories depend on the ability to run wide-
area aerial campaigns with repeat passes and revisits. For example, British
Columbia's campaign, supported by public funding, involved repeated flights and

8 While Petrinex is a major data system for Western Canadian oil and gas activity, covering Alberta,
British Columbia, Saskatchewan, Manitoba, and Indian Qil and Gas Canada, it does not cover all
Canadian producing jurisdictions. It is also a more useful tool for tracking emissions from active
facilities than for estimating methane from abandoned or inactive wells, which often requires
additional well inventories, abandonment records, and measurement-based data.
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multiple overlapping passes per flight to adequately cover facilities. While
satellites can complement this data by identifying very large leaks or hotspots for
follow-up, they are generally viewed as “wide-area scans” with only variable
revisit frequency and snapshot-style coverage.

4. Uncertainty and scaling methodology. A hybrid framework needs a transparent
method, tailored to local circumstances, for translating sampled, source-resolved
measurements into population totals with a defensible amount of uncertainty. For
example, Canada's measurement-based inventory protocol explicitly accounts for
(I) measurement uncertainty, (ll) potential missed detections, and (lll) the fact that
the sample size is a significant portion of the population and a small number of
facilities account for most emissions.

5. Governmental support for continuous inventory improvement. A hybrid system
is not a one-time “method switch.” Rather, it requires formal institutional
arrangements for cross-agency coordination, data sharing, methodological review,
and periodic recalculation when methods or data improve.

Discussion and Implications for China

China’s First Biennial Transparency Report shows that methane emissions in 2021 totaled
60.645 Mt, with energy sector emissions at 28.165 Mt and agriculture emissions at
24.279 Mt (31). Within energy, the report identifies underground coal mining methane as
a key GHG category, implying that methodological improvements in coal mining can
materially affect both the inventory level and the trend (31). Because coal mine methane
is concentrated at identifiable facilities and associated equipment systems, Canada’s
hybrid inventory framework—Ilinking a bottom-up inventory foundation to targeted
measurement-based updates for its oil and gas sector—can be adapted to China’s coal
mine methane context.

To identify the steps needed to develop a hybrid inventory framework for China’s coal
mines, we assess the feasibility of such a framework against the five core components
identified above:

1. Facility and geospatial data foundation

a. Status: Emerging but fragmented across agencies.

b. What exists: A patchwork exists of official lists and administrative datasets
containing coal mine data including mine names, capacity, and safety-
license identifiers. However, these resources are distributed across
different agencies, provinces, and publication formats rather than being
maintained as a single standardized national platform, and are not always
publicly available or up-to-date (31-34).

c. Whatis improving: China’'s Methane Emissions Control Action Plan calls for
building an integrated methane monitoring and data system, including
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routine reporting by large emitters such as coal mines, along with stronger
data checks and information management (35).

d. Main gaps: Compared with Canada, China does not have a single, unified,
publicly queryable, and frequently updated coal mine registry like Petrinex.
As a result, researchers still must compile “registry-like” datasets from
multiple sources such as the Global Energy Monitor (32,33), but data
access and transparency issues can make this difficult.

2. Bottom-up inventory engine

a. Status: Strong.

b. What exists: As shown in China’s First Biennial Transparency Report on
Climate Change, China’s official GHG inventory is still fundamentally
bottom-up, with underground coal mine methane being treated as a key
GHG category and calculated using country-specific emission factors (31).

c. Whatis improving: Academic studies are strengthening bottom-up inputs
by building mine-level or mine-type emission-factor databases,
harmonizing multi-source information, and addressing missing data in a
more transparent way (32,33,36).

d. Main gaps: Bottom-up accuracy is still limited by inconsistent or incomplete
disclosure of relevant parameters across mines and provinces. In addition,
high-sensitivity ground measurement, of the kind Canada has conducted, is
urgently needed to further quantify emissions and refine parameters
(33,36,37).

3. Sustained, repeatable top-down measurement capacity with source attribution

a. Status: Emerging; still in research/pilot stage.

b. What exists: China-focused satellite and atmospheric studies are very
active, and many studies have estimated regional emissions, identified
coal-related hotspots, and compared top-down results against bottom-up
inventories (12,38-47). China is also developing higher-resolution point-
source detection capabilities using domestic satellites such as Gaofen-5B
(48).

c. Whatis improving: China’'s Methane Emissions Control Action Plan
explicitly promotes a “ground-drone-satellite” comprehensive monitoring
system and encourages pilot projects and expanded monitoring.

d. Main gaps: Advances in satellite-based measurement do not eliminate the
need for low-altitude and surface measurements that offer higher accuracy,
because satellite monitoring remains episodic and condition-dependent for
routine quantification (49,50). Further, the quality of satellite data can be
affected by many factors, such as weather and solar angle. However, there
is not yet a widely documented, standardized operational program for coal
mines that mirrors Canada’s repeatable low-altitude aerial campaigns with
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repeat passes, revisits, and direct integration into annual inventory updates.
In China, few studies have conducted low-altitude or surface emission
measurements for coal mines (51,52).

4. Uncertainty and scaling methodology

a. Status: Limited-to-emerging for hybrid integration.

b. What exists: China’'s official GHG inventory reports uncertainty for key
inventory categories, providing a starting point for transparent error
characterization (31).

c. Whatis improving: Academic studies are increasingly explicit about major
uncertainty drivers for coal mine methane estimation, including wind-field
uncertainty for plume quantification and uncertainty from missing bottom-
up inputs (32,48).

d. Main gaps: A Canada-style hybrid framework requires a standardized,
nationally accepted method for translating partial observations into
population totals while accounting for measurement error, missed
detections, skewed emission distribution (where a small number of facilities
account for most emissions), and finite-population sampling issue (where
sample size is close to population size) (22,53). This remains largely at the
research stage in China.

5. Government support for continuous inventory improvement

a. Status: Strong and explicitly prioritized.

b. What exists: China's Methane Emissions Control Action Plan sets an
explicit requirement to strengthen accounting, reporting, verification, and
data sharing, as well as to use atmospheric inversion to check accounting
data, implying strong governmental support for inventory improvement
(35).

c. Whatis improving: China's First Biennial Transparency Report on Climate
Change outlines China’s future plans for coal mine methane inventory
development, including uncertainty analysis of bottom-up data and coal
mine methane emission reporting, and it emphasizes “continuous inventory
development” (31).

d. Main gaps: None.

To summarize, China already has many of the building blocks needed for a Canada-style
hybrid methane inventory for coal mines but has not assembled them into a single,
repeatable “research-to-inventory” process. The facility and geospatial data foundation is
an obvious structural gap: China does not appear to have a unified, publicly queryable
national coal-mine registry analogous to Petrinex. Instead, key registry elements exist in
distributed official lists and administrative datasets, but they are not maintained as a
single standardized national platform with stable IDs and routine updates (32,34). China's
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bottom-up inventory engine, however, is already strong and remains the foundation of
official accounting; studies continue to improve its mine-level parameters (32). China’s
top-down satellite-based measurement capacity is expanding quickly in the literature.
However, the operational capacity to translate partial observations into national totals
using standardized uncertainty and scaling methods, along with the capacity to sustain
low-altitude and surface measurement campaigns, is still emerging.

For China and other countries who may pursue a Canada-style hybrid methane inventory,
a practical pathway is to pilot, scale, and then institutionalize. First, pilot a hybrid
workflow in a priority coal region by pairing a standardized, integrated mine registry
prototype built from official mine lists and consistent mine identifiers with frequent, high-
accuracy, low-altitude or surface measurements that can robustly constrain emissions
over time. Recent work led by the China University of Mining and Technology shows how
surface and near-surface observations can be used to constrain coal mine methane and
reduce measurement uncertainty, providing a strong starting point for pilots (51,52). Such
pilots matter because satellite observations are inherently snapshot-based and detection-
limited for routine quantification (54), which makes sustained ground and low-altitude
monitoring valuable for inventory development and policy design. Pilots could also help
develop a facility-notification protocol under which large plumes detected by satellite,
aerial, or surface measurements are rapidly transmitted to operators and local regulators
for quick investigation and leakage repair.

Second, scale measurement and data integration beyond the first pilot to other major coal
provinces, prioritizing Inner Mongolia, Shaanxi, and Xinjiang. These provinces are central
to China’s coal system (55). Finally, institutionalize the approach by adopting a nationally
accepted hybrid integration protocol that formalizes how partial measurements update
bottom-up parameters, how uncertainty is managed through sampling, and how missed
detections and skewed distributions are addressed.

These steps should not be misunderstood as being purely technical. The success of
hybrid inventory development, in China and elsewhere, will depend not only on better
technologies and statistical methods, but also on political and institutional arrangements
that enable cross-agency data sharing, greater data transparency, and regular
incorporation of top-down data into inventory development. In other words, better
information does not automatically lead to better decision-making. It must be embedded
in institutions that are willing and able to use it.
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