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Abstract: 

Addressing methane emissions across the liquefied natural gas (LNG) supply chain is key to 

reducing climate impacts of LNG. Actions to address methane emissions have emphasized the 

importance of the use of measurement-informed emissions inventories, given the systematic 

underestimation in official GHG emission inventories. Despite significant progress in field 

measurements of GHG emissions across the natural gas supply chain, no detailed measurements 

at US liquefaction terminals are publicly available. In this work, we conduct multiscale, periodic 

measurements of methane and carbon dioxide emissions at two US LNG terminals over a 16-

month campaign. We find that methane emissions intensity varied from 0.007% to 0.045%, 

normalized to methane in LNG production. Carbon dioxide emissions accounted for over 95% of 

total GHG emissions using 100-year global warming potential (GWP) for methane. Thus, contrary 

to observations across other natural gas supply chain segments, we find that reported GHG 

emissions intensity closely matches measurement informed GHG emissions intensity of 0.24 – 

0.27 kg CO2e/kg CH4. In the context of developing LNG supply chain emissions intensity, we 

conclude that the use of Greenhouse Gas Reporting Program emissions intensity provides 

reasonably accurate estimates of total GHG emissions at LNG terminals.  

Synopsis: 

This study presents results from the first multi-scale measurements of GHG emissions at two US 

liquefaction terminals. We find measured GHG emissions intensity to be consistent with reported 

intensities.   

Keywords: Methane emissions, Measurement-informed inventory, LNG, Supply chain, Climate 

impacts  

https://doi.org/10.26434/chemrxiv-2024-h4flq ORCID: https://orcid.org/0000-0001-8385-6573 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h4flq
https://orcid.org/0000-0001-8385-6573
https://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

1 Introduction 

Global demand for liquefied natural gas (LNG) is expected to grow in the future, with US LNG 

exports to grow by 18% by 2025. 1,2 This has raised significant concerns about its climate 

impact, and further underscored by increased demand for non-Russian sources of natural gas in 

Europe. 3–6 The US Department of Energy (DoE) has temporarily paused review of new LNG 

export applications in part to update prior analysis of the climate impacts of US LNG. 7 With a 

global warming potential 84 times that of carbon dioxide over a 20-year period, methane 

emissions along the LNG supply chain are a key component of climate impacts of LNG. 8 Recent 

research has demonstrated that methane leakage over 4% threatens to erode the climate benefits 

of natural gas over coal. 9,10 Thus, addressing methane emissions across the natural gas supply 

chain is a key component of near-term action to reduce climate impacts of LNG. 11  

Measurements of methane emissions across the oil and gas supply chain have identified 

systematic underestimation in official GHG emissions inventories.12–15  Thus, global efforts to 

address methane emissions from the LNG supply chain have emphasized the importance of the 

use of measurement-informed emissions inventories. 16–19 Furthermore, without a measurement-

based and verifiable emissions estimates, it would be impossible to track progress towards 

national, global, or corporate mitigation targets. 18 The European Commission finalized methane 

regulations that set measurement and reporting requirements for natural gas and LNG imported 

into the EU market. 20 Several voluntary initiatives, including the US DoE’s Measurement, 

Monitoring, Reporting, and Verification (MMRV) framework and the Oil & Gas Methane 

Partnership (OGMP) 2.0, propose to establish accurate and transparent emission reporting 

frameworks for oil and gas suppliers. 21,22  
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In the US, recent measurement campaigns have seen broad deployment of new technologies and 

highlighted the importance of accurately estimating the frequency and duration of intermittent 

emission events.23–25 Multi-scale measurements of methane emissions at upstream facilities have 

enabled emissions characterization across a wide range of spatial and temporal scales.23,25–28 

While a disproportionate number of field campaigns have estimated emissions from the upstream 

production segment, recent measurements have also focused on midstream facilities. These 

midstream campaigns have been used to update state and national emissions inventories, identify 

challenges in measuring emissions from complex facilities. 29–34 

Despite significant expansion in direct measurements of methane emissions across the LNG 

supply chain, no direct measurements at US liquefaction terminals are publicly available. This 

represents a key gap in developing measurement-informed LNG supply chain emissions 

inventories. Measurements at liquefaction terminals are unique compared to other segments of 

the supply chains. Liquefaction terminals are significantly larger in size with multi-level 

structures that have emissions sources spread across multiple levels resulting in complex plume 

dynamics. This makes ground-based measurements challenging because multiple emissions 

sources are likely to be inaccessible. 35 Furthermore, the physical size and critical security 

interests of the facility pose additional safety and logistical challenges in conducting 

measurements compared to upstream or midstream facilities. Outside the US, there was one 

recent ground-based measurement campaign at liquefaction terminals. 36 This study deployed a 

differential absorption LIDAR instrument from a mobile platform, limiting its ability to quantify 

emissions from inaccessible locations.  

In this study, we present results from the first, multi-scale periodic surveys of GHG emissions at 

Sabine Pass (Louisiana) and Corpus Christi (Texas) liquefaction terminals over 16 months. By 
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tracking methane emissions from each source, we demonstrate the role of high-resolution aerial 

surveys in informing follow-up maintenance activities to reduce methane emissions. By 

presenting measurement informed GHG emissions intensities at US LNG terminals, this work 

enables the development of a measurement informed GHG emissions intensity of US LNG 

supply chains.    

2 Methods 

2.1 Field Measurements 

Multi-scale methane emission measurements were conducted at the Sabine Pass and Corpus 

Christi liquefaction terminals in Louisiana and Texas, respectively, which together accounted for 

51% of US LNG exports in 2023. 

The liquefaction terminal measurements followed recent protocols established at production and 

midstream facilities and was divided into three phases: baseline phase to develop an initial 

snapshot estimate of whole-site CH4 and CO2 emissions, an enhanced monitoring (EM) phase 

that involved a series of periodic measurements over 6-10 months at each liquefaction facility, 

and an end-of-project (EOP) verification phase. 23,24,29,30 

Three technologies were used to detect and quantify methane and carbon dioxide emissions at 

the liquefaction terminals, including an aerial LIDAR plume identification system by Bridger 

Photonics (Bridger), an aerial mass-balance measurement using cavity ring-down spectroscopy 

by ChampionX (ChampionX), and a ground-based Optical Gas Imaging (OGI) camera survey 

(SI section S1).  
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Bridger scanned each liquefaction facility with multiple passes per scan and completed several 

scans during a survey within 1-2 days. A pass refers to a one time North-South or South-North 

swath, and each scan is a collection of individual Bridger passes over the site. The average 

emission rate across all Bridger passes in one survey of each emission source was calculated and 

then aggregated across all sources to obtain as-measured site-level emission rate. Missing 

quantification estimates for individual passes were assigned rates following standard procedures 

(SI sections S4). In total, Bridger conducted 49 scans in 13 surveys at the two facilities as part of 

the campaign.    

ChampionX used a mass balance approach to estimate whole-site methane and carbon dioxide 

emissions.  We conducted one successful measurement flight at both site 1 and site 2 in the 

baseline phase. In the EOP, there were four successful measurement flights for site 1 and two for 

site 2 (SI section S2). 

Ground-based OGI surveys detected emissions using a FLIR GF-320 infrared camera and 

quantified using a Bacharach Hi-Flow Sampler. Due to thermal interference on OGI camera 

detection capability and safety requirements on surveyors, OGI cameras may not access 

equipment such as flare stacks, tanks, and loading arms in the liquefaction terminals. In our 

study, we used OGI survey as a follow-up at Bridger-identified emission sources. 

Across the three phases of measurements, 13 independent aerial surveys were conducted across 

both sites (SI section S2). Records of maintenance activities between consecutive surveys were 

provided to the study team for analysis.  

In addition, satellite imagery assessments were conducted by Kayrros at both liquefaction 

terminals using the Sentinel-2 satellite – no emissions were detected over the 16-month period. 
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2.2 Emissions Inventory Estimates 

Two types of bottom-up emissions inventories were estimated for each facility. First, the operator 

calculated the emissions inventory for each site for the duration of each measurement (called the 

‘operator-estimated inventory' or OEI) – these included both CH4 and CO2 emissions, data from 

stack tests, ground-based LDAR records, flow rates, and other information necessary to calculate 

a whole-site emissions inventory (SI section S1). Second, the operator also provided the prior 

year emissions inventory as submitted to the US EPA through the greenhouse gas reporting 

program (GHGRP). 37 

The measurement informed inventory (MII) is calculated based on whole-site emissions 

estimates incorporating aerial survey data. Time-averaged MII for CH4 represents the average of 

MII at each survey through baseline, enhanced monitoring, and EOP phases. Time averaged MII 

for CO2 represents the average of MII at baseline and EOP phases, as the EM phase did not 

include CO2 measurements. In this work, the MII for methane is based on Bridger’s 

measurements while the MII for CO2 was based on ChampionX measurements. Results are 

reported as methane emissions intensity (EI), CO2 EI, and GHG EI using both 20- and 100-year 

global warming potential values (SI section S3).  

2.3 Quantification Uncertainty  

In our study, we propose a new method to estimate the uncertainty in MII that accounts for the 

skewed estimation error distribution of Bridger’s quantification using a quantile regression 

analysis (SI section S5). The quantile regression analysis provides a conditional distribution of 

estimation error as a function of the Bridger-estimated emission rate. Nested Monte Carlo (MC) 

simulations over each pass and source provide uncertainty around whole site MII.  
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2.4. Treatment of Intermittency 

The intermittency observed in aerial surveys may be an artifact of the complex three-dimensional 

structure of the facility that could prevent full plume development. Thus, a persistent source may 

appear intermittent to an aerial survey. In this study, we made the conservative assumption that 

all detected emissions are persistent, irrespective of whether Bridger detected them in all passes.  

  

3 Results 

In our study, each survey is considered an independent snapshot estimate of emissions and the 

emission variation across different surveys is investigated for each facility. We first describe the 

site-level GHG EI based on the 16-month, multi-scale measurement campaign. We then analyze 

methane emission variation observed at LNG terminals informed by Bridger measurements, 

including source-level attribution. We conclude with a discussion of the implication of these data 

on the development of a global, measurement-informed LNG supply chain EI.  

3.1 Site-level GHG emission intensity 

Figure 1 shows the CO2, CH4, and total GHG (CO2e) EI across the two liquefaction terminals for 

the baseline, EM, and the EOP phases. We make three key observations.  

First, the CO2 EI (Figure 1(a,b)) is consistent across surveys at both site 1 and site 2 with average 

intensities of 0.232 kg CO2/kg CH4 and 0.210 kg CO2/kg CH4, respectively. Furthermore, the 

CO2 EI between the two sites is comparable. The CO2 emissions from OEI (blue bars) are also 

consistent with ChampionX mass-balance CO2 measurements (blue diamonds) because CO2 

emissions are largely from combustion processes and can be accurately estimated using fuel 

consumption volumes and combustion emissions factors. The higher measured CO2 EI versus 
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OEI estimates in site 2 EOP is likely influenced by unfavorable weather conditions during 

measurements. Specifically, a low cloud base prevented the airplane from flying over the top of 

the plume, requiring the use of extrapolation to infer the vertical profile.  

Second, methane EI varies over 6-fold across surveys ranging from 0.007% to 0.045%. The 

methane EIs at EM-1 and EM-5 in site 1 are higher than in other surveys and we observe a 

decreasing trend in methane emission intensity at site 2. The ChampionX mass-balance CH4 

measurements (Figure 1(c,d)) are higher than Bridger as-measured methane emissions and is 

likely an overestimation. The high density of oil and gas infrastructure around the liquefaction 

terminals prevented ChampionX from obtaining a clean methane emissions signal associated 

only with the liquefaction terminals. For example, limitations in the flight path led to the 

inclusion of sources such as compressor stations, tankers, and wetlands, and other non-LNG 

terminal sources of methane emissions, resulting in a higher estimate compared to Bridger 

measurements. 

Third, the whole-site GHG emissions intensity (Figure 1(e,f)) remains consistent across 

measurements as total GHG emission is dominated by CO2 emissions at liquefaction terminals. 

CO2 emission accounts for over 95% of total GHG emission (GWP-100 basis) in each 

measurement for both sites – thus, variation in methane emissions do not significantly affect the 

whole-site GHG EI.  

Because of the skewed error distribution associated with Bridger’s quantification as identified in 

recent controlled release tests 38, the uncertainty range in the methane EI (Figure 1(c,d)) does not 

follow a normal distribution. This results in an asymmetric confidence interval around the 

median methane EI, suggesting a small non-zero bias in quantification estimates (SI Section S5).  
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Figure 1. Carbon dioxide and methane emission intensities normalized to natural gas production 

across two liquefaction terminals. (a,b) CO2 EI at site 1 and site 2 across baseline, EM, and EOP 

phases. The CO2 EI are obtained from OEI (blue bars) and ChampionX measurements (blue 

diamonds). The ChampionX estimated CO2 emissions at site 1 baseline is removed because it did 

not pass quality checks during analysis. (c,d) Bridger as-measured CH4 EI (orange bars) across 

all baseline, EM, and EOP phases. The median and 95% bootstrapped confidence interval of 

Bridger measured methane emission intensity after incorporating Bridger’s quantification error 

(orange triangle) are shown across all measurements. The CH4 EI with uncertainty range 

obtained from ChampionX measurements are represented by a brown diamond. (e,f) The GHG 

emission intensity (GWP-100) at site 1 and site 2  calculated based on CO2 emissions from OEI 

and Bridger as-measured CH4 emission (see SI Section S8 for GWP-20 estimates and SI Section 

S9 for LNG production normalized EI).  

https://doi.org/10.26434/chemrxiv-2024-h4flq ORCID: https://orcid.org/0000-0001-8385-6573 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h4flq
https://orcid.org/0000-0001-8385-6573
https://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

3.2 Role of Maintenance Activities in Reducing Methane Emissions 

Figure 2 shows the site-level methane EI across all surveys for the two terminals disaggregated 

by major source categories. The data for each survey are spaced along the x-axis based on the 

time of measurement. The vertical lines represent various maintenance activities undertaken over 

the same time period. We observe significant methane emission reduction from each source after 

corresponding maintenance activities at both sites. The liquefaction train emissions exhibit a 

decreasing trend after maintenance, with the lowest liquefaction train emissions in EM-3 being 

69% lower than that in EM-1. We conclude that high-resolution aerial surveys can enable timely 

maintenance for emissions mitigation, especially when aerially detected sources are typically not 

surveyed by OGI due to inaccessibility.  

We also observe significant methane EI variations at both site-level and source-level across 

surveys at both facilities. At site 1, the methane EI ranges from over 0.04% to below 0.01%. At 

site 2, the site-level EI shows a decreasing trend over the 16-month campaign, attributable to 

decreasing liquefaction train emissions after maintenance activities.  

The large site-level emission variation in site 1 is caused by the significant variation in flare-

related emissions. However, we recommend caution in interpreting flare-related, aerial 

measurements at liquefaction terminals as the effectiveness of aerial quantification of flare 

emissions at liquefaction terminals is an open research question (see SI section S7).  
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Figure 2. Site-level methane EI across all measurements for two liquefaction terminals (‘mon’ 

refers to month), disaggregated by seven major facility groups: tank, liquefaction trains, wet/dry 

gas flare, marine flare, loading arms, power generation, and BOG compressors. The vertical 

lines represent different kinds of maintenance operations conducted across these two sites. The 

specific type of emission reduction is observed after each maintenance.   

3.3 Value of OGI Follow-up Survey 

Figure 3 shows a reconciliation between the ground based OGI follow-up survey and the aerial 

Bridger survey. There are four possible scenarios: (1) OGI identified: the location of the Bridger-

identified emission source is confirmed by the OGI crew; (2) OGI not found: the OGI crew did 

not find any emissions associated with a Bridger-identified emission source; (3) OGI 

inaccessible: the OGI team cannot access a Bridger detected emission source because of safety 

or logistical considerations; (4) No OGI follow up: no OGI follow-up was initiated due to either 

known limitations of OGI or OGI follow-up would not provide new information for that source. 

All EI contribution shown in Figure 3 is based on Bridger measurements since the OGI crews did 

not quantify emissions for all detected sources.  
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First, OGI cannot be used to estimate whole-site emissions at liquefaction terminals because OGI 

cameras cannot reach all potential emissions sources at these facilities. At site 1, more than 58% 

of the Bridger-identified emissions across the whole site were not accessible by the OGI crew. At 

site 2, the percentage of OGI inaccessible emissions is around 9%-15%, lower than that in site 1. 

Second, OGI is unable to detect all emission sources at a facility compared to aerial survey and 

has also been demonstrated across other supply chain segments. 39 In this study, when 

considering only those sources that OGI attempted to find, up to 50% or more of emissions 

identified by Bridger were not found by OGI at both sites.  

 
Figure 3. Emission reconciliation between ground based OGI follow-up survey and aerial 

Bridger survey. Confirming Bridger detections using OGI follow-up presents three options: (1) 

OGI identified possible sources (orange), (2) OGI did not find emissions found by Bridger 

(purple), (3) OGI could not access the source (green). Emissions found by Bridger that were not 
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followed up by OGI are shown in yellow. The y-axis represents the methane emission intensity 

contribution of each scenario of OGI/Bridger detection.  

Table 1 shows the comparison of CH4, CO2 and total GHG emission intensity between GHGRP 

reporting and MII estimates at both sites. First, the 2022 GHGRP reported methane emission 

intensity is 74%-88% lower than time-averaged MII methane estimates for both sites. This 

observation demonstrates the underestimation of methane emissions in activity-based 

inventories, which is consistent with recent measurement studies across upstream and midstream 

segments of LNG supply chains. We also find that time-averaged MII relying solely on Bridger 

measurement are similar to time-averaged MII relying both on Bridger and ChampionX 

measurements, which indicates the consistence of methane emission estimates between Bridger 

and ChampionX measurements.  In addition, we find that the GHGRP reported CO2 emissions is 

consistent with time averaged MII CO2 emission estimates for both sites. More importantly, 

since CO2 emissions contribute to more than 95% of total GHG emissions (GWP-100 basis) for 

both sites, the GHGRP 2022 reported total GHG reasonably match time-averaged MII estimated 

GHG emissions to within measurement uncertainty. CO2 EI at Site 1 is based on the OEI as 

measurements by ChampionX did not pass quality checks during analysis. Measured CO2 EI at 

Site 2 is also consistent with satellite derived EIs at liquefaction terminals. 40 

The range of methane EIs measured in this study are comparable to estimates from a recent 

empirical measurement campaign. 36 Comparisons with other non-empirical estimates of 

methane EI at liquefaction terminals are discussed in SI (SI section S10).  
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Table 1. Comparison of CH4, CO2 and total GHG emission intensity (GWP-100 basis) between 

GHGRP 2022 reporting and MII estimates at both sites. The values in the parentheses represent 

95% confidence interval.  

Site GHG type GHGRP 
2022 

Time-averaged MII 
(Bridger + 

Champion X)  

Time-averaged MII 
(only Bridger based) 

Site 1 
 

CH4 (%) 0.005 0.019 
(0.018-0.023) 

0.019 
(0.018-0.022) 

CO2 (kg CO2/kg 
CH4 production) 

0.217 0.232* / 

CO2e (kg CO2e/kg 
CH4 production) 

0.218 0.238 / 

Site 2 
 

CH4 (%) 0.003 0.024 
(0.022-0.028) 

0.023 
(0.022-0.028) 

CO2 (kg CO2/kg 
CH4 production) 

0.227 0.258 
 (0.218-0.299) 

/ 

CO2e (kg CO2e/kg 
CH4 production) 

0.228 0.265 
(0.225-0.307) 

/ 

 *OEI used for CO2 emissions estimates at Site 1 as direct measurements during baseline 
was rejected during QA/QC 

Variability in methane EI at liquefaction terminals is a key feature of our measurement 

campaign. Furthermore, the complex three-dimensional nature of a liquefaction terminal where 

each liquefaction train could have over five levels makes ground based LDAR surveys time-

consuming and ineffective. Safety and logistical considerations prevent ground crew from 

accessing several parts of the facility. Thus, aerial surveys that have been demonstrated to 

effectively estimate all emission sources above their detection threshold followed by ground 

based OGI to identify emitting component and initiate follow-up action can be an effective 

LDAR program. Even with aerial surveys, the complex nature of a liquefaction terminal will 

affect plume development. For example, a persistent fugitive emission source on the lower levels 

of a liquefaction train could appear intermittent on an aerial survey if the plume rise is blocked 

by higher levels of the train. Thus, interpreting aerial survey data requires an understanding of 

the underlying processes and operational information that can indicate the temporal nature of a 
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source. In this work, we took the conservative option to assume all sources are persistent – future 

work should focus on evaluating intermittency at these facilities. 

This work provides the first measurement informed GHG EI estimates at US liquefaction 

terminals by employing multiscale measurement technologies. In addition, we demonstrate the 

role for aerial directed measurements in potentially informing operational maintenance for 

methane emission mitigation. Finally, we conclusively demonstrate that reported GHG EI of 

liquefaction terminals reasonably match measurement-informed GHG EI. This conclusion differs 

from every other segment of the natural gas supply chain, where MIIs are higher than reported 

inventory estimates. This is because carbon dioxide emissions, which can be accurately 

estimated using fuel emissions factors, comprise over 95% of all GHG emissions. Thus, in the 

context of developing LNG supply chain emissions intensity, the use of GHGRP-reported EI 

provides reasonably accurate estimates of total GHG emissions at liquefaction terminals.  
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