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Abstract  
Methane emitted from gas supply chains are a major source of greenhouse gas emissions, 
but there is uncertainty on the magnitude of emissions, how they vary, and which key factors 
influence emissions. This study estimates the variation in emissions across the major natural 
gas supply chains, alongside an estimate of uncertainty which helps identify the areas at the 
greatest emissions ‘risk’. Based on the data, we estimate that 26.4 Mt CH4 (14.5-48.2 Mt CH4) 
was emitted by these supply chains in 2017. The risk assessment identified a significant 
proportion of countries to be at high risk of high emissions. However, there is a large 
dependency on Tier 1 emission factors, inferring a high degree of uncertainty and a risk of 
inaccurate emission accounting. When emissions are recalculated omitting Tier 1 data, 
emissions reduce by 47% to 3.8-fold, downstream and upstream respectively, across regions. 
More efforts in collecting robust and transparent primary data should be made, particularly in 
Non-Annex 1 countries, to improve our understanding of methane emissions.  
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1. Introduction  

The accurate quantification of methane emissions is an increasingly important topic as climate 
targets become more stringent. Methane is the second most critical greenhouse gas (GHG), 
and is estimated to have caused 25% of anthropogenic global warming seen today (EDF, 
2019). It is a potent GHG, having a global warming potential (GWP) 28-34 times that of CO2 
over a 100-year timeframe, and 84-87 times that over 20 years (Balcombe et al., 2018b, Myhre 
et al., 2013). The atmospheric concentration has been rising and over the past decade 
approximately 13 Mt/yr has been added to the atmosphere (Saunois et al., 2020). Whilst the 
overall balance of sources and sinks (emissions and oxidation into CO2, respectively (Saunois 
et al., 2020)) is well understood, the contribution from the various emission sources carries 
very high uncertainties. Emissions from natural gas are highly variable across regions, supply 
chain stages and users (Balcombe et al., 2018a). This combined with the size and nature of 
methane emissions from natural gas production, transport and use, makes them more difficult 
to accurately estimate. 

Recently, countries have pledged to be net-zero by 2050/60 and a number of these have 
implemented methane strategies in order to curb their emissions of this potent GHG 
(Hausfather, 2020, European Commission, 2020). In the oil and gas sector, there have been 
many efforts put into quantifying methane (EDF, 2020, GMI, 2020, Lammey, 2020, Nowlan, 
2017, OGCI, 2018b, Xu et al., 2020). However, many regions in the world lack in the 
knowledge and capabilities to quantify their methane emissions through direct measurement 
methods (IEA, 2021) and consequentially, many rely on de facto emission factors to estimate 
their emissions.   

 



Page 2 of 20 
 

In the oil and gas methane emissions literature, at the time of writing, there have been many 
studies conducted to measure emissions from emission sources e.g. abandoned wells, 
facilities, basins (Allen et al., 2013, Alvarez et al., 2018, Caulton et al., 2014, Conley et al., 
2016, Cui et al., 2017, Cui et al., 2015, Fox et al., 2019, Kang et al., 2014, Kort et al., 2014, 
Marchese et al., 2015, Oonk and Vosbeek, 1995, Ravikumar et al., 2018, Ravikumar et al., 
2019, Schneising et al., 2014, Zhang et al., 2020). However, there has been limited efforts put 
into quantifying emission across whole supply chains and determining how emissions vary by 
supply chain e.g., what is the emissions difference between pipeline or LNG imports from the 
same country and does country of gas origin impact emissions? As far as the authors are 
aware, only the IEA and thinkstep have conducted studies to estimate methane emissions 
across supply chains (IEA, 2020, thinkstep, 2017), but these have either considered emissions 
within country boundaries, or estimated emissions for a small number of supply chains. Also, 
as far as the authors are aware, no studies have attempted to assess the reliability or accuracy 
of the emission data used in national GHG inventories. Therefore, there is currently a gap in 
the knowledge on how emissions vary across whole supply chains, as well as how uncertain 
the current emissions data is. The latter is of particular importance as studies which have 
compared emissions estimated via independent measurement campaigns to emissions 
reported in national GHG inventories have found that national inventories may be 
underreporting emissions by as much as 60% across the whole gas value chain (Alvarez et 
al., 2018).  

This study aims to estimate the methane emissions and emissions intensity for the world’s 
largest gas supply chains, as well as assess the reliability of the underlying emissions data. 
The work presented in this paper aims to answer: 

• How much methane is emitted by the largest gas supply chains and how do they vary? 
• What is the emissions intensity across these supply chains and how do they vary?  
• What is the reliability of the underlying emissions data and hence how accurate are 

the emissions reported in national GHG emission inventories? 

The outputs of this study may be used to identify key emission reduction requirements for 
industry and policymakers, as well as highlighting key areas where better emissions data is 
urgently required and aiding in the development of emissions inventories, such as the 
European Union Methane Strategy’s Methane Supply Index (which aims to put pressure on 
gas producers to reduce their emissions) (European Commission, 2020). 

2. Methodology  

In this work, we estimate the methane emissions (kt CH4 and emissions intensity) for the 
largest gas supply chains, as well as conduct an uncertainty analysis and a risk assessment 
of the underlying emissions data. The methane emissions calculated are based on emission 
factors and gas throughputs reported in the literature. Emissions in kt CH4 are estimated by 
multiplying the emission factor by the gas throughput, while the emissions intensity is 
calculated by dividing the emissions by the total gas throughput of the supply chain. The 
uncertainty in emissions is estimated through bootstrapping resampling (Section 2.4.1). A risk 
matrix has been developed to identify regions at risk of high emission (Section 2.4.2). Emission 
factor data, gas throughput, the uncertainty analysis and risk assessment are described in 
more detail further on in this section. For further details on how methane emissions are 
calculated, please refer to IPCC (2006).  

The 17 countries which make up the world’s largest gas producers and consumers are the 
focus, and countries which import/export gas to these countries are also considered. These 
17 countries were selected based on their total gas production and consumption, while also 
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accounting for the majority of global gas production, consumption and trade. The countries 
selected represent the largest gas producers, consumers, gas (pipeline and LNG) importers 
and exporters in 2017. Including the countries which import/export gas to and from these 
countries, a total of 80 countries and 252 supply chains are considered, accounting for: 65% 
of consumption and LNG trade, 72% production and 77% pipeline trade.  

2.1. Estimating emissions and risk  

The approach to estimate emissions and risks are illustrated in Figure 1. The emissions data 
are primarily collected from data reported in national GHG inventories submitted to the United 
Nations Framework Convention on Climate change (UNFCCC) under the Kyoto Protocol 
(UNFCCC, 2020b). These were used in combination with gas production, consumption and 
trade data, to estimate emissions from the world’s largest gas producers and consumers. All 
supply chains are considered: domestic production, exports (pipeline and liquefied natural gas 
(LNG)), imports (pipeline and LNG) and domestic consumption, as shown in Figure 2. Data 
from 2017 is used as at the time of writing, it is the most recent inventory submitted to the 
UNFCCC (UNFCCC, 2019b, UNFCCC, 2019a).  

Emission factor data and their associated uncertainties, gas throughput and gas loss were 
collected. As emission factor data for 2017 is used in this study, gas production, consumption 
and import/export volumes in 2017 were used to estimate total emissions and emission 
intensities. The supply chain stages are combined by incorporating estimates of natural gas 
losses across the supply chain, to derive a total estimate of emission intensities per unit of 
gas produced or delivered. The associated uncertainties are then used to estimate the higher 
and lower bounds of this estimate. An uncertainty analysis of the emissions data was then 
conducted through bootstrapping resampling, and a risk assessment carried out to estimate 
the risk of high emissions. Each of these data types and their sources are described in more 
detail below. 

 

 

 
Figure 1: Steps followed to develop emissions model. Emissions model allows total methane 
and emission rate to be compared for various supply chains. Kilotonne: kt.  
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Figure 2: Supply chains considered. Upstream considers gas production and processing while 
midstream considers gas trade and downstream considers transmission and storage (T&S) 
and distribution. 

2.2. Supply chain throughputs: production, consumption and trade data 

The gas throughput is the volume of gas passing through a supply chain or supply chain stage 
and is also referred to as the activity data. Data on gas production, consumption and trade 
were collected from open-source literature. The BP World Energy Outlook (BP, 2019) and 
International Gas Union (IGU) annual report (IGU, 2018) were the primary sources and 
government energy statistics reports were used to fill in any gaps. The throughput is not 
constant throughout a supply chain. Gas losses (Section 2.2.1) occur when gas is used as a 
fuel within a stage e.g., compressor stations, gas processing, ship fuel. A summary of 
throughputs is given in Table 1.  

Table 1: Supply chain throughputs- gas production, consumption and trade in billion cubic 
meters (bcm) (UNFCCC, 2020a, UNFCCC, 2020b, UNFCCC, 2019b, IGU, 2018, Gazprom, 
2018, BP, 2019).a,b 

Country Production  Consumption  Imports  Exports  
USA 745.8 739.4 80.7 (P,1) 66.1 (P,2) 

Well head production
and production

Well head production
and production

Well head production
and production

Well head production
and production

Processing

Processing

Processing

Processing

T&S

T&S

T&S

T&S

Distribution

Distribution

Distribution

Distribution

Intercountry pipeline

Liquefaction Shipping Regasification

Subsea pipeline

Domestic production

Subsea pipeline exports

Pipeline exports

Domestic consumption

LNG  exports
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2.1 (L,2) 17.4 (L,25) 
Russia 635.6 454.5 18.9 (P,2) 215.4 (P,33) 

31.0 (L,6) 
Iran 223.9 214.4 1.7 (P,1) 12.5 (P,4) 

China 149.2 240.4 39.4 (P,4) 
52.6 (L,18) 

- 

Canada 177.6 109.7 24.0 (P,1) 
0.4 (L,3) 

80.7 (P,1) 

Qatar 175.7 47.4 - 18.4 (P,2) 
103.4 (L,25) 

Australia 112.8 41.2 5.8 (P,1)  75.9 (L,9) 

Norway 123.2 4.6 - 109.2 (P,9) 
4.8 (L,17) 

Malaysia  78.4 42.8 0.7 (P,1) 
2.0 (L,2) 

1.5 (P,1) 
36.1 (L,10) 

UK 41.9 78.8 39.4 (P,2) 
7.1 (L,9) 

10.8 (P,3) 

Japan 3.0 117.0 113.9 (L,18) - 

Egypt 49.0 56.0 9.5 (L,9) 1.2 (L,8) 

Germany 6.4 90.2 94.8 (P,4) - 

Argentina  37.1 48.5 6.6 (P,2) 
4.8 (L,8) 

- 

Italy 5.3 72.1 53.8 (P,5) 
8.4 (L,7) 

- 

Netherlands 38.6 36.1 40.9 (P,4) 
2.7 (L,6) 

43.3 (P,5) 

Bolivia 17.1 2.2 - 14.9 (P,2) 
a(X,Y); X is import/export type and Y is number of supply chains of type X  
bP-pipeline import/export; L-LNG import/export 

2.2.1. Gas losses 

Natural gas is typically used as a fuel for processes along the supply chain and this use is 
known as the gas loss. This is an important consideration so that the methane intensities along 
the whole supply chain can be aggregated, to estimate an emission per unit of produced or 
delivered gas. The following literature was used to source this data (refer to Section 1 in the 
Supporting Information (SI) for gas losses used in this work):  

• thinkstep gas losses for production, processing, T&S and distribution (thinkstep, 2017); 
• Exergia for gas losses in production, processing, T&S and distribution (Exergia, 2015); 

and 
• thinkstep gas losses for LNG liquefaction, shipping and regasification (thinkstep, 

2017). 

 

2.3. Emission factors- data sources, disparity within the data and using the data to 
estimate emissions 
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Emission factors are emission rates of a given process or activity. Emission factor data 
reported in submissions to the UNFCCC were primarily used to estimate emissions. The data 
collected and used in this work can be found in the SI. While some of the countries considered 
have independently derived emission factors, the majority do not. Consequently, the UNFCCC 
data is the only source of data for many countries. Where this data was not available e.g. gas 
transport in pipeline and LNG carriers, the following data sources were used: 

• thinkstep emission factors for production and processing (thinkstep, 2017); 
• Marcogaz emission factors for pipeline trade (MARCOGAZ, 2017, MARCOGAZ, 

2018); 
• thinkstep gas losses and emission factors for LNG (thinkstep, 2017); and 
• Tokyo Gas for regasification gas loss and emission factor (Tokyo Gas, 2018). 

Emission factors fall into one of three tiers, as classified by the Intergovernmental Panel on 
Climate Change (IPCC) based on the methodology used to quantify emissions (IPCC, 2006):  

• Tier 1- generic emission factors for developed and developing/transitioning 
economies;  

• Tier 2- region specific or country specific depending on data availability; and  
• Tier 3- country specific determined by experts from primary data.  

The accuracy of estimates varies across the tiers. However, even within these broad tiers 
there exist large variations in measurement methods and consequently uncertainties. Tier 2 
and 3 emission factors are derived from sample measurements, but the quality and 
representativeness of the sample is not stipulated within the guidance. Additionally, emission 
factors should be updated regularly, but this is not considered within the tier allocations. Thus, 
the reporting and transparency of emission factors varies across regions and consequently 
the following assumptions were made: 

• countries which developed Tier 2 or Tier 3 emission factors but were not disclosed, 
Tier 1 emission factors were assumed. Specifically: Qatar, the United Arab Emirates 
and China; 

• countries which have not submitted to the UNFCCC, Tier 1 emission factors were 
assumed. Specifically: Libya; 

• countries which have not submitted to the UNFCCC recently, but alternative data are 
available. Specifically: Algeria;  

• countries which have submitted to the UNFCCC, but more recent data is available. 
Specifically: Trinidad and Tobago; 

• LNG liquefaction and regasification emission factors were taken from thinkstep 
(thinkstep, 2017) and considered as separate stages. Most submissions did not 
describe in detail whether emissions from liquefaction or regasification are included in 
1b2b- ‘emissions from venting, flaring and fugitive sources from natural gas production, 
transmission and distribution.’ As emissions from these stages are reported in the 
literature to be much lower than in the upstream and downstream stages (thinkstep, 
2017), see Section 3.1 for more details, the impact of double counting was not 
considered to have a significant impact on the overall results; 

• the shortest LNG shipping distance (SEA-DISTANCES.ORG, 2019) was assumed, 
due to natural gas being a high demand commodity and boil-off increasing with journey 
time; 

• intercountry pipeline distances were estimated based on the European Network of 
Transmission System Operators for Gas (ENTSOG) map for European gas trade and 
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Google Earth (based on ‘as the crow flies’ distance between country borders) for non-
European countries; 

• T&S emission factor of export country is used for pipeline exports between countries 
which share a border; 

• gas exports/imports listed as ‘Other’ or ‘Re-exports’ were assumed to go to or originate 
from the largest market in the region; and  

• for stages which do not have an IPCC emission factor category (subsea and 
intercountry pipeline, liquefaction, LNG shipping and regasification), uncertainty of 
±100% is applied, based on the review of the uncertainty methodologies in UNFCCC 
submissions (IPCC, 2006, UNFCCC, 2020a, UNFCCC, 2020b, UNFCCC, 2020c). 

A detailed breakdown of the data collected is given in the SI. Emission factor data was 
collected for each supply chain stage (Figure 2). This was done by reviewing the GHG 
emission inventories submitted to the UNFCCC for all 80 countries. The emissions were 
calculated in cubic meters (m3) of CH4 by multiplying the emission rate by the throughput of 
each stage. The emission intensity calculated by dividing the m3 emissions by either the 
volume of gas produced or consumed; throughput in wellhead production or distribution, 
respectively. The emissions from each stage can then be summed to calculate the emissions 
across the whole supply chain. It should be noted that emission data are scarce in the 
literature. At the time of writing, the reports by thinkstep, Marcogaz and Exergia and the 
information provided by Tokyo Gas are the only alternative open access sources available.  

 
2.4. Consequential uncertainty in emission estimates and risk of high emissions  

2.4.1. Uncertainty assessment of the emissions data via bootstrapping resampling  

The emissions data collected have variable uncertainty associated with it, which we consider. 
Tier 1 emission factors are conservative as they are generic to multiple countries and these 
are typically larger than Tier 2/3 emission factors. As a mixture of emission factors are used, 
the impact of the Tier 1 data is assessed through bootstrapping resampling. This is a random 
resampling method which generates a new dataset by resampling the original dataset with 
replacement. This method was used over other resampling methods as the original dataset 
(IPCC emission factor data collected for the production, processing, T&S and distribution 
stages for all 252 supply chains) is substantial. 

In MATLAB, bootstrapping resampling was run with the original dataset as is and omitting Tier 
1 emission factors. In total, 400 new datasets were generated. The emissions for each supply 
chain were then recalculated using these new datasets and compared with the original 
estimate. The mean and variation in emission factors were also compared between the original 
and resampled datasets. Significant differences between the original and resampled datasets, 
as well as between the original and recalculated emissions, would indicate a high level of 
uncertainty in the emission factor data.  

2.4.2. Risk assessment to estimate the ‘risk’ of high emissions 

A risk-based approach to estimate the ‘risk of high emissions’ for each region, was carried out 
for the supply chain stages: production, processing, T&S and distribution. Risk is the product 
of a consequence and the likelihood of occurrence. In this case, consequence is the emissions 
intensity, as estimated following the methods outlined in Sections 2.1 to 2.3. This can range 
from minor to extreme depending on how it compares to a benchmark emission intensity. As 
many oil and gas companies have set methane intensity targets, we have chosen to use the 
Oil and Gas Climate Initiative (OGCI) target of 0.2% as the benchmark. This is a collective 
target applicable to 32% of global oil and gas production (OGCI, 2018a). The likelihood refers 
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to the accuracy in estimated emissions, which is estimated based on the IPCC tier. Tier 1 is 
assigned very high likelihood of inaccurate emissions and Tier 3 low likelihood. The 
consequence multiplied by the likelihood will give an estimate of the risk of high emissions. 
See Section 3 in the SI for more details, including the risk matrix developed.  

3. Results and discussion  

An assessment of emission factors is presented first, followed by the estimated emissions and 
emission intensities of the supply chains. The emissions estimated in this work is compared 
with literature values (IEA Methane Tracker). The consequential emission factor uncertainty, 
assessed through bootstrapping resampling is then presented, along with the results of the 
risk assessment. The emissions results of each supply chain will not be discussed in detail 
due to the large number. The individual country and supply chain emission results can be 
found in the SI.  

3.1. Emissions factors- IPCC tier and emission factors per supply chain stage 

The majority (72%) of the IPCC emission factor data collected for this work are Tier 1 (Figure 
S1 in the SI). These are typically used by Non-Annex-1 countries (developing countries, under 
the Kyoto Protocol) in the absence of primary data. Please note that this is the categorisation 
used by the UNFCCC to distinguish between Party types to the Convention and hence has 
been used in this work. Annex-1 countries (industrialised countries and a selection of 
economies in transition) also use Tier 1 emission factors as placeholder data, where primary 
data is unavailable. Tier 3 and 2 emission factors are applied mostly by Annex-1 countries. 
This could be because of the high cost (financial, time and human resources) associated with 
measuring and reporting emissions. However, when comparing tiers, Tier 1 emission factors 
can be up to 6.6-times higher than Tier 2 and 3. In addition, the uncertainty bounds associated 
are much higher; ±20% to ±500% uncertainty for Tier 1 while Tier 2 and 3 have uncertainty 
bounds of ±5.2% to ±276% (IPCC, 2003, IPCC, 2006, UNFCCC, 2019b). The uncertainty 
bounds associated with the Tier 1 data is much higher as the data is generic. For the Tier 2 
and 3 data, statistical methods are used to estimate errors, either propagation of errors or 
Monte Carlo Simulation. The errors estimated vary depending on both the method used to 
estimate uncertainty, as well as the data used to estimate emissions, which resulted in a large 
(but smaller than Tier 1 data) variation in uncertainty bounds.  

There is a large variation in emission factors for the different supply chain stages. The 
production stage has the highest emission factor by far, followed by distribution and T&S 
(Figure 3). One reason for why production has a much higher emission factor could be 
because a mixture of Tier 1 and 3 emission factors are used to estimate emissions (see the 
SI for more details). A large number of gas producing countries are Non-Annex-1 while Annex-
1 countries make up a large proportion of gas consuming countries. Consequentially, the 
higher usage of Tier 1 emission factors could have resulted in production having higher 
emissions. Gas trade has the lowest emission factors, but it should be noted here that the 
methane emission data on the transport of gas is not robust, in particular relating to LNG 
transport (Speirs et al., 2019). Gas transported through pipelines has a similar emission factor 
to LNG shipping. However, as liquefaction and regasification are necessary for LNG trade, its 
overall emission factor is higher than in pipeline trade.  
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Figure 3: Emission factor for the stages in the gas supply chain. The bar represents the 
average emission factor across all the supply chains, and the error bars indicate the minimum 
and maximum. Please note that leaks from subsea pipelines are assumed to dissolve in 
seawater and do not reach the atmosphere. However, a recent study has found evidence that 
methane emissions from subsea oil and gas activities could reach the surface (Böttner et al., 
2020). 

3.2. Methane emissions (kt CH4) and emissions intensities (%) across the 252 supply 
chains 

Based on the data for 2017, a total of 26.4 megatonnes of methane (Mt CH4), 14.5-48.2 Mt 
CH4 when uncertainty bounds are considered, was emitted by the supply chains considered 
in this work: 15.5 Mt CH4 (8.2-23.3 Mt CH4) from production and processing, 7.8 Mt CH4 (5.2-
14.9 MT CH4) from T&S and distribution and 3.1 Mt CH4 (1.1-10.0 Mt CH4) from trade (Figure 
4). These are large quantities of methane, comparable to the 2017 GHG emissions of 
Germany, Indonesia, Spain and Qatar (when converted into Mt CO2eq using a GWP of 34), 
respectively (Ritchie and Roser, 2019). There is a wide variation in emissions across supply 
chains and countries (Figures S2 and S3 in the SI). Overall, USA domestic production is the 
supply chain with the highest emissions, followed by Russian domestic consumption (Figure 
4; see SI for emission estimates), but when comparing emissions intensity with kt CH4 emitted 
by each supply chain (Figure 6), there is no correlation. When examining these two supply 
chains, they are large supply chains in terms of natural gas throughput, which resulted in the 
high amount of methane emitted despite having median emission intensity.   

On average, 134 kt CH4 was emitted by each supply chain (28 kt CH4 normalised average), 
but a large proportion have emissions below average as shown in Figure 4 and Figure S2 in 
the SI. In general, emissions from domestic production and consumption are higher than 
emissions from trade. However, this is largely because most of the gas produced is consumed 
domestically; 31% of gas produced is traded.  When traded gas is considered, countries which 
are heavy exporters or importers are also large emitters. The country of origin for imported 
gas will have a significant impact on emissions. For example, from Figure 4 it can be seen that 
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Italy has higher emissions from pipeline imports than Germany. This is in spite of Germany 
being the largest importer of pipeline gas in the world. Germany imports all its gas from 
Europe, while Italy imports a large percentage of its gas from North Africa.  

When the emissions intensity (m3 CH4 emitter divided by total gas throughput) is considered, 
supply chains where there is a heavy dependence on Tier 1 emission factors have the highest 
emission intensity. The average intensity across the supply chains is 1.7% with an upper 
bound of 28.8% (0.7% normalised average), but most supply chains have lower intensity, as 
shown in Figure 5. A handful of supply chains have significantly higher emission intensities 
(e.g. Iranian pipeline imports, Malaysian LNG imports) which skews the average.  

 

 

 
Figure 4: Methane emitted by the different types of supply chains. Domestic production 
considered the stages production and processing; domestic consumption considers the 
stages T&S and distribution; pipeline exports considers pipeline and downstream emissions, 
pipeline imports considers pipeline and upstream emissions; LNG exports considers 
liquefaction, shipping, regasification and downstream emissions; LNG imports considers 
liquefaction, shipping, regasification and upstream emissions. Please note that upstream and 
downstream emissions are only included in pipeline/LNG imports and exports for countries 
outside the 17 largest producers and consumers e.g., Algeria, Brunei, France. This is to avoid 
double counting. The bar indicates the average (across all supply chains, not the normalised 
average) and the minimum and maximum are shown by the error bars. Countries are ordered 
in sequential order by production emissions. For log scale version of the graph, see Figure S2 
in the SI.  
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Figure 5: Emissions intensity, m3 CH4 divided by total gas throughput, for the different supply 
chains. The bar indicates the average (across supply chains and not the normalised average) 
and the minimum and maximum shown by the error bars. It should be noted that the 
exceptionally high emission intensity for Iranian pipeline imports is from imported Turkish gas. 
The value taken from the Turkish UNFCCC submission could be a typo- Turkey uses Tier 1 
emission factors (0.05-3.32% for gas production and processing). The emissions estimated 
for each individual supply chain can be found in the SI 
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Figure 6: Comparison of emissions (kt CH4) to emissions intensity (m3 CH4 divided by total 
gas throughput) of each supply chain considered. The poor correlation (R2 value of 0.0006) 
between the two indicates that they are not dependant or related to one another. 

3.2.1. Comparison of methane emission estimates with other literature 

The results of this work have been compared to the data from the IEA Methane Tracker for 
the 17 countries considered. There are other databases and inventories which have estimated 
emissions from gas production and use e.g. European Commission’s Emissions Database for 
Global Atmospheric Research (EDGAR) and Oil Climate Index (OCI) (EDGAR, 2020, OCI, 
2019). However, these either consider a different year or give emission per gas basin/field and 
are therefore not considered for comparison with the results of this work. 

A comparison has been made based on upstream and downstream emissions by country and 
in comparison, the results of this work are comparable (Figure 7). There is good agreement 
for most countries (IEA values within one standard deviation) but there are a few where there 
is a considerable difference. Norway’s emissions are estimated to be 3.4-9.3 times smaller in 
this work than in the Methane Tracker. Upstream gas in Russia is also estimated to be lower 
(48-fold) than in the Methane Tracker, while downstream is 53% larger. The differences are 
largely due to different emission factors used. This work uses emission factors reported in 
submissions to the UNFCCC while the Methane Tracker uses process/equipment specific 
emission factors from the USA (IEA, 2020). While the USA emission factors are Tier 3, other 
countries have also developed their own Tier 3 emission factors, which are lower than the 
USA’s e.g., Norway and Russia. Other countries use Tier 1 default emission factors which are 
higher than the USA emission factors e.g. Malaysia and Iran. These differences in data can 
account for the majority of variation between the results of this work and the Methane Tracker.  
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Figure 7: Comparison of this work’s results with data from the IEA Methane Tracker (IEA MT) 
(IEA, 2020). The error bars indicate the minimum and maximum emissions calculated in this 
work. 

3.3. Uncertainty in the emissions estimated 
3.3.1. Consequential uncertainty via bootstrapping resampling  

The impact of the high dependency on Tier 1 emission factors has been assessed through 
bootstrapping resampling. When resampled as is, the range in emission factors decreases 
while the average remained the same but when resampled omitting Tier 1, both the range and 
average decreased. The average emission factor for production decreases from 0.9% to 0.2% 
when resampled omitting Tier 1. Processing, T&S and distribution also experience decreases, 
but less drastic. See Sections 4 to 6 in the SI for more information.  

When emissions from production, processing, T&S and distribution are recalculated using the 
resampled (omitting Tier 1) emission factors, emissions are 4.1 Mt CH4 from both production 
and processing and T&S and distribution. This is a 3.8-fold decrease in upstream emissions 
and 47% reduction in downstream emissions, relative to the original estimates. While a 
significant decrease, this is still a large quantity emitted- comparable to the 2017 GHG 
emissions of Madagascar (Ritchie and Roser, 2019). The results suggest that the emissions 
estimated in the previous section could be an overestimate because of the high reliance on 
Tier 1 emission factors, particularly in the upstream stages. It also suggests that countries 
which rely solely on Tier 1 emission factors are likely to be inaccurately reporting their 
emissions.  

3.3.2. ‘Risk’ of (unaccounted) high emissions  

When risk of high emissions is considered, countries which reply on Tier 1 emission factors 
are at risk of high emissions, particularly high emissions being unaccounted for. The risk 
presented here is the product of the consequence of high emissions (relative to a 0.2% 
emissions intensity benchmark) and the likelihood of inaccurate emissions reporting. Given 
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the high proportion of Tier 1 data used, this increased the risk for many countries as Tier 1 
emission factors are much higher than the benchmark and they have higher likelihood of 
reporting inaccuracy because they are generic.  

In total, 58% of countries are at high risk of high emissions in production and 40% at high risk 
of emissions in distribution (Figure 8). No countries are at high risk of high emissions in 
processing and distribution, but 56% and 43% of countries, respectively, are at moderate risk. 
This infers that many of the countries studied in this work could be inaccurately reporting their 
emissions. As most of the high risk countries use Tier 1 emission factors they are more likely 
to be overestimating their emissions rather than underestimate emissions as Tier 1 emission 
factors are conservative. However, these results are dependent on the assumption that Tier 
2/3 emission factor data are accurate and countries are accurately reporting their emissions. 
The verification of emission factors by independent third-party organisations is not available 
for the majority of countries. Therefore, it is uncertain how accurate and transparent the 
emissions reporting is. Drawing from the comparisons with the IEA Methane Tracker in the 
previous section, while the overall comparisons is in agreement, there are countries where 
there is a significant difference e.g. Russia, Qatar and Norway. This discrepancy could infer 
that for these countries an additional degree of risk is present, which could infer a high risk of 
high emissions.  

3.4. Emissions estimates- overall accuracy of our emission estimates  

As countries are implementing methane strategies to curb their emissions, the accurate 
quantification and verification of emissions data are essential so that methane (and overall 
carbon) budgets are met in order for net-zero ambitions to be met. Overall, it appears there is 
a rather high degree of uncertainty in emission estimates. While the results of the 
bootstrapping resampling suggest that the Tier 1 emission factors could be resulting in an 
overestimate of emissions, the results of the risk assessment suggest a high percentage of 
countries could be at risk of high emissions. Therefore, it cannot be concluded whether the 
results estimated in the previous section are an over or underestimate. However, it is clear 
there is a high level of uncertainty in emission estimates, because of the large number of data 
gaps in emissions reporting. To reduce this uncertainty, more primary data is needed to reduce 
the reliance on Tier 1 emission factors.  
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Figure 8: Risk assessment heat maps identifying regions at risk of high emissions: production, 
processing, T&S and distribution. 1-2 is no risk; 2-4 is low risk; 4-8 is moderate risk and 8-16 
is high risk. It is important to note that the level of risk assessed here assumes that each 
country is accurately reporting their methane emissions in their national inventories.  

4. Limitations of this work and areas for future work 

The results of this work consider variations in emission factors only. The gas throughput (also 
known as the activity factor) would also affect emissions and is important as different datasets 
report different (but similar) values for gas volume. Also, some datasets aggregate gas 
volumes or do not specify the country which resulted in assumptions being made (Section 2). 
The composition of gas was not taken into consideration. While this will not have a significant 
impact on the overall results, the composition of gas is an important factor in developing 
emission factors. 

The emissions estimated are for the largest gas producers and consumers and do not give an 
estimate of global gas production, consumption and trade. The results of this work could be 
extrapolated to supply chains not considered in this work, but this should be done and 
interpreted with caution. Future work should estimate emissions for the supply chains not 
considered in this work (the remaining 23 to 35% of global gas production, consumption and 
trade), as this would allow a global picture to be developed. The evolution of emissions over 
time is another area for further research. However, as only a handful of countries have 
emissions measurement data from pre-1998, this would limit the accuracy of such work.  

5. Conclusions  

DistributionT&S

Risk of high emissions

ProcessingProduction
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This work has analysed emission factor data and estimated methane emissions for the world’s 
largest natural gas producers and consumers. The uncertainty in emission estimates was 
assessing using bootstrapping resampling, with a focus on determining the impact of Tier 1 
emission factors. Areas at risk of high emissions were identified through a risk assessment.  

We estimate 26.4 Mt CH4 to have been emitted in 2017 by all 252 supply chains considered. 
15.5 Mt CH4 was emitted from upstream production and processing, 7.8 Mt CH4 from 
downstream T&S and distribution and 3.1 Mt CH4 from trade (pipeline transport and LNG 
liquefaction, shipping and regasification). The average emissions emitted by a supply chain is 
134 kt CH4 (28 kt CH4 normalised average) but there is a large variation, ranging from >1,000 
kt CH4 to <0.1 kt CH4. The emissions intensity also varies, ranging from 0.01% to 8.1%, 
averaging at 1.7% (0.7% normalised average) but the majority of supply chains have lower 
emissions. Both a high emissions intensity and large gas throughput resulted in large 
emissions and we found no correlation between emissions and emissions intensity, which 
suggests that poor emissions management cannot be attributed to either independently.  

Our results showed that there is high uncertainty in emission estimates and that a large 
proportion of the countries we assessed are at high risk of (unaccounted) high emissions. 
When assessing the emissions data, we found that there is a high reliance (72% of emission 
factor data collected) on Tier 1 emission factors. When the emissions data was resampled, 
omitting the Tier 1 data, we found that supply chain emissions decreased by 3.8-fold upstream 
and 47% downstream. This suggests that emissions estimated using Tier 1 data could be an 
overestimate and any country which solely relies on this data is at risk of inaccurate emission 
estimates. However, the risk assessment indicated a significant proportion of countries to be 
at high risk of high emissions. We were unable to deduce whether our emissions estimates 
are an over or underestimate, as we were unable to determine how representative or accurate 
Tier 1 data is to the countries which use it.  

Overall, the findings of this work suggest the largest gas supply chains are significant sources 
of methane. The methane emitted, when converted into Mt CO2eq, are comparable to major 
countries (e.g. Germany and Spain). However, there is a high degree of uncertainty in the 
estimates, primarily related to the high dependence on Tier 1 emission factor data. More 
efforts should be put into collecting emissions data and improve the transparency in reporting 
to increase the certainty in emission estimates. These would aid in better emission accounting 
and allow for effective emission abatement strategies to be developed. 
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