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Abstract. The Global Fuel Exploitation Inventory (GFEI) is a global 0.1° x 0.1° resolution gridded inventory of 

methane emissions from oil, gas, and coal exploitation. Here, we present GFEI v3 with updated national emissions to 

2020 using reports submitted to the United Nations Framework Convention on Climate Change (UNFCCC), leading 

to new global emissions of 23, 20, and 31 Tg a-1 for oil, gas, and coal, respectively. We also use new geospatial 15 
information from the Oil and Gas Infrastructure Mapping database (OGIM v1) for spatial distribution of global oil-

gas methane emissions. We use coal mine locations from the Global Energy Monitor’s Global Coal Mine Tracker 

(GCMT), combined with our own estimates for mine-level methane emissions, to distribute national emissions 

between coal mine locations. Our mine-level methane emission estimates use country specific emission factors for top 

producing countries supplemented with modeled emission factors based on coal mine depth and grade. We see the 20 
greatest change in the spatial distribution of emissions in GFEI v3 compared to v2 in China due to the use of GCMT 

for coal mine locations. Large point source plumes (super-emitters) observed by the NASA EMIT instrument are co-

located with infrastructure identified in GFEI v3, but the magnitude of the measured emissions is poorly correlated 

with the gridded emissions in GFEI. This may reflect missing or misrepresented sources in GFEI v3 but also the 

sporadic nature of the super-emitter measurements used here. By aligning GFEI v3 with national UNFCCC reports 25 
and using state-of-the-science geospatial information, the inventory can be confronted with satellite observations of 

atmospheric methane through inverse modeling to evaluate and improve the UNFCCC reports. We plan to continue 

updating GFEI to align with reported national emissions and new geospatial information, including assessment of 

GFEI spatial accuracy through comparison to super-emitter detections. GFEI v3 emission grids by sector and subsector 

are available at https://doi.org/10.7910/DVN/HH4EUM (Scarpelli et al., 2024). 30 

1 Introduction 

It has been widely recognized that there is an urgent need to reduce methane emissions for short-term climate benefits, 

often with focus on fossil fuel exploitation given its large contribution to emissions and mitigation potential. Methane 

emission reductions in the oil and gas sector have the greatest potential for zero net-cost or even revenue increases 

(UNEP and CCAC, 2021). Many top oil- and gas-producing nations have committed to reducing methane emissions, 35 
including recent announcements at COP28 from Turkmenistan, Angola, and Kazakhstan to sign on to the Global 

Methane Pledge (GMP). Similarly, half of the methane emissions from coal operations can be abated using existing 
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technologies (IEA, 2023), and China, the largest emitter of methane from coal, recently released a Methane Emission 

Control Action Plan (2023) that includes strategies for reducing methane emissions from coal production, including 

plans to increase the utilization of coal mine gas.  40 
 

Though the GMP sets a collective target of reducing global anthropogenic methane emissions by 30% below 2020 

levels by 2030, participating countries also commit to domestic action to fulfill the GMP. These include the setting of 

standards for emissions reductions in key sectors, including oil-gas and waste, and moving towards the highest quality 

of reporting methodologies for their national greenhouse gas emission inventories (GMP, 2023). China also 45 
recognized the need to improve reporting and monitoring of methane in its Methane Emission Control Action Plan 

(2023), including improvement of methane emission factors.  

 

National inventories estimate emissions by bottom-up methods for individual sectors, and they can be used to establish 

mitigation goals and track emissions reduction progress. The IPCC has established guidelines for the bottom-up 50 
methodology used to create and review the inventories, specifying different tiers of reporting that range in data quality 

and the level of uncertainty. For example, the highest Tier 3 methods require direct emissions measurements whereas 

the lowest Tier 1 methods may rely on default emission factors with country-specific activity data (Volume 2, Chapter 

4, IPCC, 2006; Volume 2, Chapter 4, IPCC, 2019). Countries submit their national inventories through the United 

Nations Framework Convention on Climate Change (UNFCCC) as Annex I or non-Annex I countries. Annex I 55 
countries must submit detailed subsector emission estimates (subsectors include oil refining, oil production, gas 

production, etc.) for each year up to 2 years prior to submission and often use higher Tier methods for high-emitting 

sectors. Non-Annex I countries may or may not choose to include sectoral and temporal information and often use 

Tier 1 methods. They also may not report annually. The Paris Agreement establishes new reporting requirements that 

supersede the UNFCCC starting in December 2024, including a requirement for all countries to submit national 60 
inventories with sectoral information every two years as part of the biennial transparency report (BTR; Article 13.7a, 

Paris Agreement, 2015). Annex I countries required to report annually under the UNFCCC will continue to do so in 

years when a BTR is not due (FAQ, 2023).  

 

Satellite observations of atmospheric methane have emerged as important tools to evaluate national bottom-up 65 
inventories worldwide, using gridded versions of these inventories as prior estimates in inverse analyses to relate the 

observed atmospheric concentration gradients to emissions (Jacob et al., 2016, 2022). These inverse analyses often 

find large (more than a factor of 5) disagreements with UNFCCC reported emissions for the oil and gas sector (e.g., 

Tibrewal et al., 2024; Shen et al., 2023; Worden et al., 2022; Deng et al., 2022; Scarpelli et al., 2022a). The potential 

for large biases in reported emissions may hinder our ability to track progress towards mitigation goals, so inverse 70 
analyses that can identify and correct these biases have been recognized by the IPCC as a useful tool for verification 

of national greenhouse gas inventories (Volume 1, Chapter 6, IPCC, 2019). But they require bottom-up information 

on the spatial distribution of emissions, and errors in this distribution can propagate to errors in the inversion results 
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or their sectoral attribution (e.g., Yu et al., 2021; Tibrewal et al., 2024), and this sector attribution is key for guiding 

mitigation action. 75 
 

The Global Fuel Exploitation Inventory (GFEI) provides a spatially explicit version of the UNFCCC reported 

emissions. GFEI combines the oil, gas, and coal exploitation emissions reported in national inventories with geospatial 

information on infrastructure, gridded at 0.1° x 0.1° resolution and provided as separate files for each sector and 

subsector (Scarpelli et al., 2020a). GFEI v2 includes emissions from 2010-2019 based on national inventories reported 80 
to the UNFCCC as of 2021 (Scarpelli et al., 2022a). Infrastructure data in GFEI v2 is for 2019 and includes well data 

from Enverus, midstream infrastructure from the Global Oil & Gas Infrastructure (GOGI) database (Sabbatino et al., 

2017), and coal mine locations from EDGAR v6 (2024). GFEI v2 also incorporates national gridded inventories, when 

available by desired subsector, including for the US, Mexico, Canada, and China (coal only). Because GFEI has a 

basis in the UNFCCC reported emissions, inverse analyses that use GFEI as a prior estimate can relate emissions 85 
corrections back to potential improvements in national inventories (e.g., Shen et al., 2023; Scarpelli et al., 2022a). The 

geospatial information in GFEI has also been used to provide context for large point source emission (super-emitter) 

events observed from point source imaging satellites (e.g., Varon et al., 2019; Sadavarte et al., 2021), though GFEI is 

meant to reflect average annual emissions rather than any specific snapshot in time.  

 90 
Here we present GFEI v3 which uses new geospatial information including the Oil and Gas Infrastructure Mapping 

database (OGIM v1; Omara et al., 2022) for midstream oil-gas infrastructure, updated oil-gas well data, and new coal 

mine-scale emissions that we generate using a combination of our own mine-scale emission estimates, country-

specific emission factors, and mine locations from the Global Coal Mine Tracker (GCMT; Global Energy Monitor, 

2023). We update national emissions to 2020 using the UNFCCC reports submitted in 2022. Emission grids are 95 
provided for 2010-2020, using the geospatial information for 2020 while updating national emissions for each year.  

2 Data and Methods 

GFEI is a combination of national methane emission inventories, as reported to the UNFCCC, and geospatial 

information. National emissions are distributed to a 0.1° x 0.1° resolution grid within each country using the locations 

of oil, gas, and coal infrastructure. This process is performed for each subsector with subsector emissions allocated to 100 
the relevant infrastructure when possible (gas production emissions are distributed to gas wells, gas transmission 

emissions are distributed to gas pipelines and compressor stations, etc.). 

2.1 National emissions 

GFEI v3 national emissions are taken from the UNFCCC reports submitted as of September 2022 (UNFCCC, 2022). 

This includes methane emissions by year and subsector for Annex I countries from 2010 to 2020. Most non-Annex I 105 
countries only report total emissions for oil-gas and coal and the average report year for these countries is 2010. Some 

countries do not submit reports to the UNFCCC, including Iraq and Libya. We also consider countries to be non-

reporting if (1) they do not separately report oil-gas versus coal emissions (the only country this impacts is Angola 
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and their last report is outdated, for 2005) or (2) they have outdated reports that significantly disagree from IPCC 

estimates (i.e., if the last reported year is more than a decade old and off by two orders of magnitude; includes the 110 
Dominican Republic, Guatemala, Macedonia, Sudan, and the Philippines). 

 

We generate our own national emissions estimates to supplement the UNFCCC data for non-reporting countries. 

Following Scarpelli et al. (2022a), we estimate emissions for each of these countries using the IPCC Tier 1 methods, 

with default emission factors (IPCC, 2006; IPCC, 2019) applied to EIA activity data for 2020 (EIA, 2023). If EIA 115 
data is not available for 2020, we scale the most recent year to 2020 using trends in activity for the three most recent 

years. We use these methods to estimate emissions by subsector (e.g., gas production) and process (venting, flaring, 

fugitive leakage). The oil subsectors include exploration, production, refining, and transport, and the gas subsectors 

include exploration, production, processing, transmission, storage, and distribution (Scarpelli et al., 2020a). The coal 

subsectors include surface mining, underground mining, and post-mining emissions (Roy, 2023), and in the US also 120 
abandoned mines (Maasakkers et al., 2023). 

 

Because non-Annex I countries may not report annually or by subsector, we also use the IPCC Tier 1 estimates (by 

subsector and year) and EIA data to disaggregate subsectors and update the year for the UNFCCC emissions, as 

needed. For Annex I countries, we use the UNFCCC reported emissions directly in GFEI with the exception that we 125 
use the IPCC Tier 1 estimates to separate gas transmission and storage emissions which are reported together and to 

disaggregate venting and flaring emissions, which are reported as totals for oil and gas, by subsector. Some Annex I 

countries report emissions for the “Other” subsector category for oil or gas, so we distribute these emissions between 

the oil or gas subsectors using the relative magnitude of emissions for each subsector. 

 130 
For a subset of high-emitting countries, we use additional sector and subsector information from national reports 

(National Communications and Biennial Update Reports), including Nigeria, Venezuela, Indonesia, Mexico, Iran, 

Malaysia, Uzbekistan, Saudi Arabia, and South Africa. In a change from GFEI v2, we also use UNFCCC-reported 

emissions for countries that submit reports but do not have data available via the GHG Inventory Data Interface 

(UNFCCC, 2022), including Oman, Ghana, Pakistan, and Equatorial Guinea. 135 
 

2.2 Spatial allocation of oil-gas emissions 

We follow the methods of Scarpelli et al. (2022a) to allocate oil-gas emissions within each country to infrastructure 

information. For GFEI v3, we use updated versions of the same geospatial data used in GFEI v2 for wells (Enverus, 

2023) and population (CIESIN, 2018), while we use new midstream infrastructure data from the Oil and Gas 140 
Infrastructure Mapping database (OGIM v1; Omara et al., 2022). We generally use the infrastructure or population 

density per grid cell to distribute emissions. We use well locations from Enverus (2023) to distribute oil-gas 

exploration and production emissions and use well locations from Rose (2017) to fill gaps as needed. We allocate 

midstream emissions (gas transmission and processing, oil refining, etc.) to the corresponding infrastructure locations 

in OGIM (compressor stations, processing plants, refineries, etc.), and we allocate gas distribution emissions using a 145 
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population map for 2020 (CIESIN, 2018). To avoid a high bias in our emissions allocation because of missing facilities 

in OGIM, we estimate the percentage of missing midstream facilities for each country using the volume-per-facility 

thresholds described by Scarpelli et al. (2020a), and we allocate the same percentage of subsector emissions to oil or 

gas pipelines in OGIM (e.g., if 20% of compressor stations are estimated missing for a given country, we allocate 20% 

of gas transmission emissions to gas pipelines in that country).  150 
 

Similarly to GFEI v2, we use previous national gridded inventories to allocate oil-gas emissions within Canada 

(Scarpelli et al., 2022b) and Mexico (Scarpelli et al., 2020b). In the US, we use the new 2020 emissions as available 

in the Gridded EPA inventory (GEPA v2; Maasakkers et al., 2023). GEPA emissions from abandoned wells and post-

meter gas distribution are included in the gas production and gas distribution subsectors, respectively. As discussed in 155 
Scarpelli et al. (2020a), we do not use other national gridded inventories due to their limited temporal (e.g., for 

Switzerland in Hiller et al., 2014) and sectoral (e.g., for the UK in BEIS, 2024) information. We previously 

demonstrated good agreement of GFEI with BEIS in the UK (Scarpelli et al., 2020a). 

 

2.3 Spatial allocation of coal emissions 160 
For coal in GFEI v3, we use a new dataset for coal mines from the Global Coal Mine Tracker (GCMT; Global Energy 

Monitor, 2023). The GCMT provides point locations, mine characterization data (coal production, depth, etc.), and 

methane emission estimates for major coal mines around the globe. We do not use the GCMT emissions because they 

do not account for the expected relationship between emissions and mine depth which varies by grade of coal. We use 

the mine-level data from the GCMT and our own modeled emission factors, based on coal mine depth and grade (Roy, 165 
2023; see Appendix A for more information), to estimate our own mine-level emissions. For the top 11 producing 

countries, we also use country specific emission factors, when available, based on methane measurements at specific 

mines or within coal basins in each country, as described further in Roy (2023). This includes the use of the EPA 

gridded inventory for coal in the US (Maasakkers et al., 2023). In GFEI v2, we used previous national gridded 

inventories for coal in Canada, Mexico, and China to allocate coal emissions, but we now use our new methodology 170 
because the GCMT has sufficient mine coverage in these countries. We distribute the UNFCCC reported emissions 

for coal mining and post-mining activities using our mine-level emission estimates within each country.  

3 Results and Discussion 

Figure 1 shows global GFEI v3 emissions for 2020 separated by sector. Regions of high emissions are generally 

associated with oil, gas, or coal production. Global emissions are 23 Tg a-1 for oil, 20 Tg a-1 for gas, and 31 Tg a-1 for 175 
coal. Figure 2 shows national emissions by sector for top emitting countries (see Table 1 for emissions from all 

individual countries emitting more than 10 Gg a-1 from fuel exploitation and accounting collectively for 99.7% of 

GFEI emissions). Emissions for most countries are dominated by a single sector, though the US and Russia have large 

contributions from all sectors.  
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 180 
Figure 1: GFEI v3 methane emissions from oil, gas, and coal exploitation in 2020. Oil and gas emissions are shown at the native 
0.1° x 0.1° resolution whereas coal emissions are shown at 0.5° x 0.5° resolution for visualization. Grid cell emissions below 0.1 
Mg km-2 a-1 are not shown. GFEI v3 annual emission totals in 2020 are shown inset for each sector.  
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For most top-emitting countries, there are only minor differences between GFEI v3 (2020) and v2 (2019). For 185 
example, Russia and the US only show a 6-12% change per sector while there is no change (< 1%) for China’s coal 

emissions. GFEI v3 Coal emissions decrease in the US (12%) compared to GFEI v2 while we see larger decreases in 

Mexico and South Africa (80-94%) due to the use of new reports submitted to the UNFCCC (Government of Mexico, 

2022; DFFE, 2021). GFEI v3 oil emissions decrease in most high-emitting countries (7-15% for US, Russia, Iran, 

Nigeria, Iraq, and United Arab Emirates) compared to GFEI v2, though Mexico is an exception with national 190 
emissions more than doubling. There are also larger decreases in oil emissions in Venezuela and Libya (40-65%) 

related to oil production decreases in the EIA data used for GFEI v3 compared to the oil production data used in GFEI 

v2, and a larger decrease in Oman (64%) due to the use of a new UNFCCC report (MECA, 2019) compared to GFEI 

v2. GFEI v3 gas emissions also decrease in most high-emitting countries (8-16% in Uzbekistan, Russia, Malaysia, 

and Algeria) along with a larger decrease in Saudi Arabia (68%) compared to GFEI v2. For all sectors, the combination 195 
of small decreases in high-emitting countries and more drastic decreases in mid-level emitting countries results in 

lower global emissions in GFEI v3 (2020) compared to GFEI v2 (2019) by 2-3 Tg a-1 per sector. 

 

 
Figure 2: National methane emissions in 2020 (Gg a-1) for the highest emitting countries in GFEI v3. Note the break in the y-200 
axis. 
 

Table 1: Country emissions in GFEI v3 for 2020 by sectora 

Country 

Oil Emissions 

(Gg a-1) 

Gas Emissions 

(Gg a-1) 

Coal Emissions 

(Gg a-1) 

Total GFEI Emissions 

(Gg a-1) 

Algeria 38.7 957.7 0.0 996.4 

Angola 851.8 7.2 0.0 859.0 

Argentina 281.7 59.5 0.6 341.7 

Armenia 0.0 45.1 0.0 45.1 
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Australia 10.9 274.5 1007.0 1292.4 

Azerbaijan 408.8 28.9 0.0 437.7 

Bahrain 162.4 45.8 0.0 208.2 

Bangladesh 8.4 50.5 11.7 70.6 

Belarus 59.2 54.3 0.0 113.6 

Belgium 0.1 18.3 0.0 18.5 

Bolivia 47.4 15.9 0.0 63.4 

Bosnia and Herzegovina 0.0 0.3 29.1 29.3 

Botswana 0.0 0.6 25.3 25.9 

Brazil 185.0 4.4 45.2 234.7 

Brunei 94.4 26.4 0.0 120.8 

Bulgaria 0.3 10.4 26.9 37.6 

Canada 706.5 577.7 42.7 1326.9 

Chad 74.8 0.0 0.0 74.8 

Chile 16.6 24.4 0.0 41.0 

China 1011.9 182.5 21165.0 22359.3 

Colombia 233.3 10.0 202.0 445.3 

Cote d'Ivoire 690.8 123.8 0.0 814.6 

Cuba 88.3 5.6 0.0 93.9 

Czechia 1.1 23.2 66.1 90.3 

Democratic Republic of 

the Congo 14.9 0.0 0.0 14.9 

Ecuador 34.8 0.1 0.0 34.8 

Egypt 337.1 82.3 0.2 419.6 

Equatorial Guinea 57.8 2.9 0.0 60.7 

Ethiopia 0.0 0.0 13.3 13.3 

France 2.3 30.9 0.0 33.2 

Georgia 4.2 68.7 1.3 74.2 

Germany 0.1 181.1 5.5 186.7 

Greece 0.6 4.6 12.2 17.5 

Guyana 48.0 0.0 0.0 48.0 

Hungary 3.3 59.2 1.3 63.8 

India 232.4 646.4 898.1 1776.8 

Indonesia 463.4 69.3 117.1 649.8 

Iran 2584.1 568.2 20.0 3172.3 

Iraq 2547.0 29.3 0.0 2576.3 

Israel 0.2 23.6 0.0 23.8 
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Italy 6.4 123.0 0.0 129.4 

Japan 0.8 7.8 18.8 27.4 

Jordan 0.1 17.4 0.0 17.5 

Kazakhstan 160.1 32.5 275.1 467.8 

Kuwait 94.4 0.1 0.0 94.5 

Kyrgyzstan 15.7 10.0 6.2 31.9 

Libya 271.0 20.1 0.0 291.1 

Malaysia 27.8 862.8 1.2 891.8 

Mexico 762.7 285.5 47.2 1095.4 

Moldova 0.0 21.1 0.0 21.1 

Mongolia 11.3 0.0 38.9 50.2 

Morocco 1.4 30.9 0.0 32.3 

Mozambique 0.0 5.5 22.5 28.0 

Myanmar 1.6 5.2 5.5 12.3 

Netherlands 3.8 22.3 0.0 26.1 

New Zealand 1.0 14.5 2.5 17.9 

Nigeria 2024.9 1032.0 0.2 3057.1 

North Korea 0.0 0.0 274.3 274.3 

Norway 5.6 8.5 2.8 16.9 

Oman 226.5 19.7 0.0 246.2 

Papua New Guinea 25.4 9.3 0.0 34.7 

Peru 69.9 14.1 4.6 88.5 

Philippines 6.8 5.8 15.7 28.3 

Poland 50.6 61.4 579.1 691.1 

Qatar 85.1 7.4 0.0 92.5 

Romania 46.0 48.7 218.5 313.2 

Russia 1943.8 1803.7 2558.9 6306.5 

Saudi Arabia 229.2 136.8 0.0 366.0 

Serbia 8.7 3.5 54.4 66.6 

Singapore 0.1 18.3 0.0 18.4 

Slovakia 0.3 9.0 7.1 16.4 

Slovenia 0.0 1.6 8.7 10.2 

South Africa 59.6 7.6 71.0 138.1 

South Korea 47.5 154.3 14.3 216.1 

South Sudan 23.8 0.0 0.0 23.8 

Sudan 41.8 0.0 0.0 41.8 

Suriname 10.0 0.0 0.0 10.0 
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Syria 34.1 5.8 0.0 39.9 

Taiwan  0.3 32.0 0.0 32.3 

Tajikistan 0.5 0.3 10.4 11.2 

Thailand 356.0 100.9 23.3 480.2 

Timor-Leste 8.0 4.8 0.0 12.8 

Trinidad and Tobago 50.6 41.6 0.0 92.2 

Tunisia 23.3 7.5 0.0 30.7 

Turkey 19.9 94.9 222.3 337.1 

Turkmenistan 823.3 570.9 0.0 1394.2 

Ukraine 63.9 1425.9 429.3 1919.1 

United Arab Emirates 1283.2 71.0 0.0 1354.2 

United Kingdom 22.1 144.8 19.0 185.9 

United States 1618.9 6890.0 1878.9 10387.8 

Uzbekistan 64.0 1707.6 5.2 1776.7 

Venezuela 779.5 0.1 0.4 780.0 

Vietnam 395.0 47.1 102.7 544.7 

Yemen 22.8 0.1 0.0 22.9 
aAll countries with national emissions greater than 10.0 Gg a-1 are shown and account for 99.8% of total GFEI emissions. 

 205 
Figure 3 shows the spatial differences between GFEI v3 (2020) and GFEI v2 (2019) emissions for 10 of the top-

emitting countries from Fig. 2 in the Asian region accounting for 58% of global fuel exploitation emissions (see Fig. 

S1 for this difference globally). We show the GFEI difference at 0.5° x 0.5° resolution for visualization purposes. 

Changes can be explained both by the update of national emissions and the use of new geospatial data. Coal emissions 

in China show a large shift from southern to northern China, reflecting transitions in the coal industry over the past 210 
decade that would not be reflected in older mine databases. The largest coal production is now in northern China, with 

mines that are often deep and of high coal rank conducive to methane emissions (see Appendix). The increase of coal 

emissions in northeast India is due to spatial differences between GCMT and the EDGAR v6 coal mine distribution 

that we used in GFEI v2.  

 215 
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Figure 3: Absolute difference in GFEI v3 (2020) and GFEI v2 (2019) gridded emissions (Mg km-2 a-1) for top-emitting countries 
at 0.5° x 0.5° resolution. We show 10 of the top-emitting countries from Figure 2, including Russia (RUS), Ukraine (UKR), 
Uzbekistan (UZB), Turkmenistan (TKM), Iraq (IRQ), Iran (IRN), Saudi Arabia (SAU), the United Arab Emirates (UAE), India 
(IND), and China (CHN). We coarsen GFEI from native resolution (0.1° x 0.1°) to 0.5° x 0.5° for visualization purposes. 220 
 

Countries with high oil-gas emissions show a mix of changes. For example, we see a broad decrease in emissions 

across Iraq and the United Arab Emirates due to decreases in national emissions. For Uzbekistan, Saudi Arabia, and 

Russia, we see a mix of increases and decreases within each country due to the combination of changes in national 

emission reports and update to OGIM. For example, in Uzbekistan, an increase in the east and decrease in the west 225 
are due to national emission changes for gas distribution and upstream gas, respectively, while isolated increases in 

west and south-central Uzbekistan are due to spatial differences between the infrastructure in OGIM and the GOGI 

database used in GFEI v2. Russian emissions decrease overall, but we also see isolated increases in Russia due to new 

infrastructure locations in OGIM, including pipelines and compressor stations. 

 230 
Figures 4 and 5 show GFEI v3 emissions compared to a dataset of methane point sources detected by Carbon Mapper 

(2024) using observations from the NASA EMIT instrument on the international space station (Green et al., 2023; 

Thorpe et al., 2023). The estimated 90% probability of detection for EMIT is 1060 kg h-1 for a 3 m s-1 wind speed 

(Ayasse et al., submitted), and previous studies using EMIT have reported point sources with emission rates as low as 

300 kg h-1 (Thorpe et al., 2023). Figure 4 shows oil-gas GFEI emissions (without gas distribution) and oil-gas point 235 
sources in Turkmenistan, Uzbekistan, and northern Algeria, while Fig. 5 shows the same for oil-gas and coal in 

northeast China. Because Carbon Mapper may use GFEI as a guide for prioritizing which EMIT scenes to process, 
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we intentionally chose regions where Carbon Mapper has processed EMIT observations over a majority of the region 

(Fig. S2). Most detected point sources align with high emissions in GFEI v3. These regions generally have dense 

infrastructure, like along the Turkmenistan-Uzbekistan border, which, in addition to high national emissions, leads to 240 
the high GFEI emissions in these regions. Naus et al. (2023) found a similar overlap of super-emitter detections and 

GFEI v2 hotspots in northern Algeria using the Sentinel-2 satellite. They find that the density of super-emitter 

detections varies by region in Algeria with more detections in oil production regions due to unlit flares, and we see a 

similar pattern in Fig. 4 with more super-emitters in the north-east compared to north-central Algeria.  

 245 

 
Figure 4: Comparison of the spatial distribution of GFEI v3 emissions to observed oil-gas super-emitters (large point sources) in 
Turkmenistan/Uzbekistan (left) and Algeria (right) on the GFEI 0.1° x 0.1° grid. The top row shows locations of oil-gas super-
emitting events detected by Carbon Mapper (red triangles; 2024) overlaid on GFEI v3 oil-gas gridded emissions (blue), not 
including gas distribution. The Carbon Mapper data uses observations from the NASA EMIT instrument on the International 250 
Space Station. The bottom row shows the geospatial information on oil-gas infrastructure used to distribute GFEI v3 oil-gas 
emissions, including well data from Enverus in Algeria, well data from Rose (2017) in Turkmenistan/Uzbekistan, and midstream 
infrastructure in OGIM. 
 

For oil-gas in northern China (Fig. 5), most of the detected super-emitters align with GFEI but at low-emission grid 255 
cells with low infrastructure density. This overlap of super-emitters with low emission grid cells in GFEI may be due 

to an underestimate of emissions in these regions in GFEI. The underestimate may be caused by our conservative 

approach of allocating emissions to pipelines in regions where OGIM is missing data or by outdated well information 

in Rose (2016), as used for oil-gas wells in China. It is also possible that our use of well density to allocate upstream 

emissions, rather than other activity metrics like oil and gas production, is leading to a regional underestimate. We  260 
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Figure 5: Same as Fig. 4 but for coal and oil/gas in Northeast China. Zoomed out map provided inset with red box showing map 
borders. 
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note that flaring detections in OGIM, not used in GFEI v3, do show a high density of flare detections in the same 265 
region as the Carbon Mapper detected super-emitters. 

 

Past inverse modeling studies have suggested that underestimates in UNFCCC-reported emissions compared to 

satellite observations are because the national inventories do not account for super-emitter events (e.g., Deng et al., 

2022; Tibrewal et al., 2024). When we compare the UNFCCC emissions as represented in GFEI v3 to the source 270 
emission rates produced by Carbon Mapper using EMIT we find that GFEI v3 and EMIT sources are generally not 

correlated on the 0.1° x 0.1° grid but also show no obvious bias (Fig. S3), indicating the large point sources may be 

represented in GFEI but not in the correct location. The lack of grid-scale correlation is not surprising given the 

conservative gridding approach taken for GFEI (using pipelines in place of missing infrastructure), mentioned 

previously, which may introduce uncertainty, and because GFEI is meant to describe annual average emissions per 275 
grid cell, whereas many super-emitters are related to short-duration or extreme events that may occur at differing 

facilities throughout the year. As more observations of super-emitters are made over time using instruments with 

higher detection limits, we would expect that average source emission rates, incorporating null detects (i.e., when a 

source is observed but no emission is detected), may better reflect annual average emissions. For example, we see a 

slight improvement when comparing GFEI to Carbon Mapper source emission rates using airborne data, mostly in the 280 
US, which is not surprising given the use of GEPA in the US (with more accurate geospatial data) and the lower 

detection limits of aircraft instruments compared to the EMIT instrument. If we assume that the super-emitters 

dominate emissions within their respective 0.1° x 0.1° grid-cells (compared to sources with emissions too small or 

diffuse to detect), this implies that the high-density infrastructure regions in GFEI may be capturing the population 

statistics for super-emitters (Fig. S3), though not their spatial distribution at the native 0.1° x 0.1° resolution. Use of 285 
point source observations to quantify time-averaged emissions will require statistical characterization of their transient 

nature through repeated overpasses (Cusworth et al., 2021), and GFEI can provide a basis for these sampling strategies. 

4 Data Availability 

GFEI v3 emission grids are available for oil-gas subsectors and for coal at https://doi.org/10.7910/DVN/HH4EUM 

(Scarpelli et al., 2024). Emission grids are available for 2020 and for previous years 2010-2019. Uncertainty estimates 290 
by subsector are as in Scarpelli et al. (2020a). 

5 Conclusions 

We present an updated version of the Global Fuel Exploitation Inventory (GFEI v3) to quantify annual methane 

emissions from oil, gas, and coal with 0.1° x 0.1° subsector resolution for use in inversions of atmospheric methane 

observations. GFEI v3 includes new spatial information from OGIM (Omara et al., 2022) for oil-gas infrastructure, 295 
GCMT (Global Energy Monitor, 2023) and a new bottom-up inventory method (Appendix A) for coal mines, GEPA 

v2 (Maasakkers et al., 2023) for US oil-gas and coal infrastructure, and updated national emissions for 2020 as reported 

to the UNFCCC. For coal, we use a bottom-up model to generate our own mine-specific emissions for each mine in 
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the GCMT, and we use these mine-specific emissions to allocate the national emissions reported to the UNFCCC 

within each country. For oil-gas, we update oil-gas infrastructure locations to OGIM which includes major changes to 300 
the infrastructure in Russia where we now have more compressor station information. 

 

We find significant changes to the spatial allocation of emissions in GFEI v3 compared to v2 in some high-emitting 

countries, including more regionally localized coal emissions in China and localized increases in Russia and 

Uzbekistan where new infrastructure information is available via OGIM. 305 
 

We find that the spatial distribution of emissions in GFEI v3 aligns well with detected super-emitters using the NASA 

EMIT instrument. The regions of highest emission in GFEI v3 align with coal super-emitters in China and oil-gas 

super-emitters in Turkmenistan, Uzbekistan, and Algeria. The detected oil-gas super-emitters in China align with 

GFEI emissions but not with the highest emission regions, possibly due to missing infrastructure in parts of China. 310 
 

As countries desire to improve the accuracy of their emission inventories, in line with the Global Methane Pledge, the 

use of satellite observations to guide and verify improvements in national emission inventories will be a useful tool. 

This includes the use of inverse modeling to guide national emissions, and the detection of high-emitting point sources 

to guide facility- and sector-specific emission factor improvements. As a spatial representation of UNFCCC reports, 315 
GFEI enables inversions of satellite and other observations of atmospheric methane to evaluate and improve these 

reports, and it provides a national context for detected super-emitters from point source imaging instruments. In order 

to assist in linking satellite data to the most recent UNFCCC reporting, GFEI will be updated regularly to include new 

UNFCCC emissions and made available at https://carbonmapper.org, though the spatial distribution will only be 

updated in response to major updates to geospatial datasets. 320 

Appendix A 

We estimate mine-level methane emissions for coal mines in each country to distribute the national UNFCCC 

emissions on the 0.1° x 0.1° GFEI v3 grid. Complete details are in Roy (2023) and mine-level methane emissions are 

provided in Table S1. We estimate emissions for each IPCC subsector including surface mining, underground mining, 

and post-mining emissions. We do not estimate abandoned mine emissions except in the US (described below). To 325 
produce our emission estimates, we combine information in the scientific literature with mine-specific data from the 

Global Energy Monitor’s Global Coal Mine Tracker (GCMT) including mine location, mine type (underground or 

surface), annual production, coal grade (lignite, subbituminous, bituminous, anthracite), and the depth of the mine.  

To estimate mine-level methane emissions, we combine coal mine emission factors, described below, with mine 

production data from the GCMT. We estimate emissions at the mine-level for the 2654 operating coal mines in the 330 
GCMT (removing shelved, proposed, canceled, and closed mines). The methane emission rate for a given mine is 

computed by multiplying annual coal production by the emission factor (in units of m3 methane emitted per ton of 

coal mined) and converting methane volume to mass (0.67 × 10-6 Gg methane per m3 methane). 
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We use emission factors specific to each coal subsector. For active surface mining and post-mining emission factors, 

we use constant values rather than a model, unless we find country-specific emission factors as discussed below. For 335 
the active surface mine emission factor, we investigated the range of depths in the GCMT database and find that most 

surface mines are more than 50 meters deep which corresponds to a 2 m3 ton-1 emission factor by IPCC (2006) 

guidelines, so we simply use this value for all surface mines. For post-mining emission factors, we use the average 

IPCC (2006) emission factor for surface (0.1 m3 ton-1) and underground (2.5 m3 ton-1) post-mining emissions. 

For active underground mining, we develop a model to compute the methane emission factor for each mine based on 340 
coal grade mined and mine depth (Fig. A1). Measurements have shown that the in-situ gas content of coal increases 

logarithmically with mine depth (e.g., Durucan et al., 2022; Kiryaeva, 2012), so we logarithmically interpolate 

emission factors from the IPCC guidelines for different mine depths. We use the IPCC emission factors for various 

coal depth ranges: 27 (shallowest) to 200 meters, 200 to 400 meters, 400 to 1780 meters (deepest). The IPCC emission 

factor is assigned to the median mine depth within the range, and we assign the highest surface mine emission factor 345 
(2 m3 ton-1) to the shallowest underground mine depths (< 28 m). The resulting logarithmic fit describes the bituminous 

coal emission factor (EF) as a function of mine depth (d):  

𝐸𝐹(𝑑) = 7.62	 ×	 ln(𝑑) − 23.42 ,                                                                                                                     (A1)   

We apply scaling factors to Eq. (A1) for other coal grades based on the ratios between emission factors for different 

coal grades reported in Kholod et al. (2020). The scaling factors are 1.84, 0.30, and 0.25 for the anthracite, 350 
subbituminous, and lignite coal, respectively.  

 
Figure A1: Methane emission factors per unit coal production for active underground coal mines as a function of mine depth and 
for different coal grades. IPCC (2006) emission factors applicable to specific mine depth ranges are shown as horizontal dotted 
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lines (the IPCC does not provide coal grade-specific emission factors). Units for emission factors are m3 methane emitted per ton 355 
of coal mined. 

For the top 11 coal-producing countries (China, India, Indonesia, the US, Australia, Russia, South Africa, Germany, 

Poland, Kazakhstan, Turkey, and Ukraine), we use country- or basin-specific emission factors, when available, rather 

than the methods described above. We first look for emission factors based on measurements at specific mines within 

the country, and if those are not available, we use measurements for a specific coal basin within the country. The 360 
emission factors are based on additional information from national reports, feasibility studies, and research papers. 

Methane emission reductions from coal mine methane recovery are included for Poland, Kazakhstan, Russia, and 

China (Roy, 2023), and in the US through the GEPA v2 (Maasakkers et al., 2023).  

When available, we also use existing national gridded inventories (Maasakkers et al., 2023; Sheng et al., 2019) or sub-

national mine studies (Ju et al., 2016) to estimate mine-specific emission factors. We use the gridded inventories to 365 
estimate emission factors and then apply those emission factors to mines in the GCMT rather than using the gridded 

inventories directly in GFEI v3, because the GCMT database is more complete. For example, Sheng et al. (2019) 

created a methane emission inventory for coal in China, as used in GFEI v2, but we only use their province-specific 

emission factors for low and high-methane content mines and apply these to the relevant GCMT mines. We use mine-

specific emission factors from Ju et al. (2016) for 9 mines in China rather than the provincial emission factors from 370 
Sheng et al. (2019). The US is one exception where we do use the national gridded inventory (Maasakkers et al., 2023) 

directly in GFEI v3. 
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