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Abstract

Natural gas is typically considered to be the cleaner-burning fossil fuel that could play an important
role within a restricted carbon budget. Whilst natural gas emits less CO, when burned than other
fossil fuels, its main constituent is methane, which has a much stronger climate forcing impact than
CO; in the short-term. Estimates of methane emissions in the natural gas supply chain have been the
subject of much controversy, due to uncertainties associated with estimation methods, data quality
and assumptions used. This paper presents a comprehensive compilation of estimated CO, and
methane emissions across the global natural gas supply chain, with the aim of providing a balanced
insight for academia, industry and policy makers by summarising the reported data, locating the
areas of major uncertainty and identifying where further work is needed to reduce or remove this
uncertainty. Overall, the range of documented estimates of methane emissions across the supply
chain is vast amongst an aggregation of different geological formations, technologies, plant age, gas
composition and regional regulation, not to mention differences in estimation methods. Estimates of
combined methane and CO, emissions ranged from 2 — 42 g CO, eq./ MJ HHV, whilst methane-only
emissions ranged from 0.2% — 10% of produced methane. The methane emissions at the extraction
stage are the most contentious issue, with limited data available but potentially large impacts
associated with well completions for unconventional gas, liquids unloading and also from the
transmission stage. From the range of literature estimates, a constrained range of emissions was
estimated that reflects the most recent and reliable estimates: total supply chain GHG emissions
were estimated to be between 3.6 and 42.4 g CO; eq./ MJ HHV, with a central estimate of 10.5. The
presence of ‘super emitters’, a small number of facilities or equipment that cause extremely high
emissions, is found across all supply chain stages creating a highly skewed emissions distribution.
However, various new technologies, mitigation and maintenance approaches, and legislation are
driving significant reductions in methane leakage across the natural gas supply chain.

Introduction

Natural gas is typically considered to be the lowest carbon fossil fuel and consequently is expected
to be relied upon to support the transition to decarbonised global energy systems. In particular,
natural gas may have a role in replacing coal for electricity generation and providing flexible supply
to support intermittent renewable generators. However, whilst combustion emissions from natural
gas are indeed lower than those associated with coal or liquid hydrocarbons per unit of energy
delivered [1], this is only part of the story. Firstly, greenhouse gas emissions do not only arise from
combustion, but also from the supply chain of natural gas, from finding a reservoir, extracting and
processing the gas, through to delivering the gas to the end user.
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Secondly, methane emissions also contribute significantly to natural gas greenhouse gas emissions.
Methane is the main component of natural gas and itself is an extremely potent greenhouse gas
over short timescales, much more so than carbon dioxide. The relative potency of methane over CO;
reduces over decadal timescales, but if these additional emissions were large enough, the relative
climate benefit of gas over coal could be negated. Alvarez et al. [2] suggest that natural gas
electricity generation represents a climate improvement over coal for all timescales if methane
emissions are lower than 3.2% (i.e. when methane has its strongest effect directly after emission).
Supply chain emissions and methane emissions in particular, have been under scrutiny over the past
five years. The dramatic increase in North American shale and tight gas production over this period
has led to a large number of studies estimating greenhouse gas emissions and reaching a variety of
conclusions [e.g. 2, 3, 4, 5]. Some studies even suggest that natural gas may have a larger impact
than coal for power generation. Different studies have utilised various different estimation methods,
data and system boundaries, creating an opaqueness regarding the magnitude of natural gas
emissions.

This review compiles and reviews the available data on supply chain emissions: what we know and
what we need to know in order to understand the role that natural gas should have in a low carbon
energy system.

Aims and scope

The aim of the study is to review the current state of knowledge of methane and CO; emissions from
the natural gas supply chain. Specifically, the study focussed on the following questions:

1. What is the range of estimated methane and CO; emissions across the natural gas supply
chain?
2. What governs the range of estimates within the literature?
a. Different estimation methods
b. Different data and assumptions
c. Natural variation across regions, supply chain routes, processes, equipment and
operations.
3. Given the range of emissions and key influencers, what range represents an effective supply
chain operation

The scope of the review includes the full supply chain, from exploration to the point of delivery to
the end user, as shown in Figure 1. The scope includes all supply chain routes, including liquefied
natural gas (LNG) routes, conventional and unconventional extraction, as well as offshore extraction.
However, the review excluded associated gas wells, oils wells that co-produce gas (containing less
than 350 m3 gas/ barrel of oil [6]) due to co-product allocation issues, which is briefly discussed in
the Methodological differences section. The study also excludes end-use combustion stage
emissions and emissions from abandoned wells, which may be a significant source of emission [7-
10].
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Figure 1. The natural gas supply chain with examples of key emission sources.

A systematic and comprehensive search for related literature was undertaken in December 2014,
the details of which can be found in Balcombe et al. [11]. Subsequently to this, a number of
important measurement campaigns have been published and we have incorporated these as they
have become available. Due to the diversity of the literature reviewed, much of the data had to be
converted to comparable units. To quantify supply chain GHG emissions, this study employs the
units of g CO, eq./ MJ energy content of delivered natural gas, based on higher heating value (HHV).
This unit was selected as most appropriate, as it represents a functional unit without inferring the
downstream service (e.g. electricity generation). It was also the most commonly used unit from the
literature studied and thus required the least amount of data manipulation. For methane-only
emissions, the review defines as the percentage of methane extracted unless otherwise stated.

Where metric conversion was required, a set of standard assumptions were applied. The key
assumptions used were: methane Global Warming Potential of 34 (GWP100); the well Estimated
Ultimate Recovery of 57m m3; the extracted gas methane fraction of 80% vol/vol; and a gas higher
heating value of 38.1 MJ/ m3.

The following section summarises the literature emissions estimates and the key causes of variation,
stage by stage. The presence of ‘super emitters’ is then described and the availability of data is
discussed. A constrained range of emissions from the most recent and reliable data is then described
before detailing the key methodological differences in emissions estimation and conclusions and
recommendations.

Supply chain emissions

Overall, 454 papers were collected, of which 250 were selected for a full review based on relevance,
robustness and reliability. At least some level of traceability for emissions was required to be
included within the review, e.g. a referenceable source or measurement, although the degree of
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transparency was highly variable. The papers were collected from a broad range of institutions and
were highly variable with respect to data granularity and method, but the vast majority of the
emissions data was from the US.

Estimates of total combined CO; and methane supply chain emissions were between 2 and 42 g CO,
eq./ MJ HHV, whilst a small number of estimates of individual supply chain stages were even higher,
for example from well completions and liquids unloading processes as shown in Figure 2. Note that
the estimated total emissions are published estimates of total supply chain emissions, rather than a
summation of the individual categories. Many of the individual stage estimates did not give total
supply chain emissions and, likewise many of the papers giving total estimates do not present such
granularity in the individual estimates. Estimates of methane-only emissions are similarly variable,
from 0% to over 10% of total produced methane.

Whilst the range of emissions estimates is large, the vast majority of estimates are at the lowest end
of the range for each stage, resulting in a highly skewed distribution of estimates. Again, this is
indicated in Figure 2, showing the 25™, 50" and 75 percentile estimates at the lowest end of the
scale. The emissions for each stage are described in the proceeding section in terms of the range,
distribution and the quality of the data.
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Figure 2a and 2b. Literature estimates of combined methane and CO; emissions from different stages of the natural gas
supply chain [11]. Note that the ‘estimated total’ category is of published estimates of total supply chain emissions, rather
than a summation of individual stages. Figure 2a shows the range of emissions up to 100 g CO2 eq./ MJ HHV. Note that
there are 6 estimates above 100 g CO2 eq./ MJ under the extraction ‘fugitive/ vent’ category: 232, 285, 304, 618, 1910 and
5250 g CO2 eq./ MJ. Figure 2b shows the range between zero and 6 g CO2 eq./ MJ, where the majority of estimates lie.
Individual estimates are represented by a circle, the median estimate is shown as an orange bar and the 25t"/75t percentile
range is shown as hollow bars. Adapted from [11].

Pre-production

Pre-production stages include reservoir exploration, site preparation, drilling and well completion.
Prior to the completion of a drilled well, both methane and CO; emissions from pre-production
stages are typically assumed to make only a small contribution, but there is very little data available
to underpin this assumption, especially for the exploration phase.

Exploration

Most studies either exclude exploration from the scope [e.g. 12, 13-15] or assume emissions are
negligible [e.g. 16]. As exploration includes both geophysical prospecting (e.g. seismic assessment)
and exploratory drilling, some emissions of both methane (drilling) and CO, (fuel use) are likely.
Additionally, the emissions associated with unsuccessful exploration should also be accounted for
within gas production life cycle assessments, but are typically not so.

Site preparation and drilling

Site preparation and drilling phase emissions are mostly CO, emissions from fuel requirements. Site
preparation emissions estimates are 0.01 — 0.6 g CO, eq./ MJ HHV [12, 17-20] and drilling emissions
estimates are 0.01 — 0.6 g CO; eq./ MJ HHV [12, 17-23]. Higher emissions are associated with deeper
wells and horizontally drilled wells. However, these stages represent a relatively minor part of total
supply chain emissions.
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Well completion

Whilst there have been relatively few estimates of the above operations, much more consideration
has been given to well completions. Well completion is a group of operations that encompass
cementing and casing the drilled well, hydraulically fracturing the well where required and flowback
of the fracturing fluid prior to the commencement of gas extraction.

Hydraulic fracturing is an energy intense process resulting in CO; emissions from fuel usage,
estimated between 300 and 1,000 t CO, eq./ well, equivalent to 0.1 — 0.5 g CO, eq./ MJ HHV.
However, the estimates of flowback emissions are much more variable. Flowback is the return of the
hydraulic fracturing fluid to the surface of the well, where large volumes of the natural gas may also
be brought to the surface, with estimates from zero to 6.8m m3 CH4 per completion [4, 5, 12, 15, 16,
18, 19, 22-37], equivalent to 0 — 87 g CO, eq./ MJ HHV. However, this is not necessarily a realistic
representation of global completions emissions. Table 1 gives a breakdown of the completion
emissions data. The key differentiating factors between the different estimates are the equipment
used, whether they are primary or secondary data and whether the estimates are for conventional
or unconventional gas wells. Primary data are defined here as data where methane emissions have
been measured, whereas secondary data are based on other studies, assumed or modelled.

Table 1. Summary of methane emission estimates from well completions, split by conventional/ unconventional, primary/
secondary, and RECs/ NonRECs [4, 5, 12, 15, 16, 18, 19, 22-37]. Note that many volume estimates are at (American)
standard conditions of 15.6°C and 1 atm, but some studies do not specify the conditions. REC: Reduced emission
completions.

Well type Equipment | Data Sample Emissions (1000 m® CH4/ completion)
size
Mean Median Min Max
Primary 10 4.9 5.7 0.0 7.4
Conventional
Secondary 8 0.9 1.0 0.0 2.0
Primary 76 3.0 1.1 0.0 24.9
RECs
Secondary 14 39.3 15.0 0.0 210.1
Unconventional
Primary 88 11.9 5.8 0.3 100.1
NonRECs
Secondary 73 606.0 245.8 1.3 6800.0

Firstly, it must be noted that the primary measurements are significantly lower than the secondary
estimates (e.g. those based on engineering calculations). Most of the larger secondary estimates [4,
5, 12, 24, 25, 35] were published prior to the more recent primary measurements, resulting in
conservative assumptions due to a lack of knowledge of expected emissions.

Secondly, whilst unconventional gas emissions estimates are extremely large, estimates for
conventional wells are generally low, as these wells tend not to utilise hydraulic fracturing and so
there is no flowback stage. Estimates of completion emissions for conventional wells are zero —
7,400 m3CH, per completion [4, 15, 24, 27, 28, 30, 32, 34], equivalent to less than 0.1 g CO, eq./ MJ
HHV. It is important to note however that no emissions data for offshore completion activities were
found during this review.

Lastly, flowback emissions are governed by whether Reduced Emissions Completions (RECs) are
used. RECs are equipment that allow the capture of gas during flowback, either to be sent to the
product line, or if this is not feasible, to be flared. The data suggests that the use of this equipment
reduces completion emissions by approximately 75 —99% [32, 38-40]. For the most established
unconventional gas industry, the US, the use of RECs is compulsory. However once RECs are
employed and methane is flared to some degree, resultant CO, emissions from flaring may become
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significant. For example, the completion measurements by Allen et al. [5] included 13 sites (of 27)
which flared methane, where CO, emissions from flaring accounted for 61% of GHG emissions
(assuming a flaring efficiency of 98% and a GWP100 of 34 for methane). Whilst primary estimates of
RECs emissions (0 - 25,000 m3 per completion [5, 12, 16, 20, 28, 30]) are an order of magnitude
greater than emissions from conventional wells (0 - 7,400 m* CH4 recorded across the literature), the
total contribution to supply chain emissions is low at less than 0.3 g CO, eq./ MJ HHV. Consequently,
when RECs are utilised, unconventional well emissions are comparable to those of conventional
wells, because other downstream processes are similar [16].

Extraction

Once the well is completed, gas production begins. Typical production emissions are from
equipment leaks and vents, workover emissions and liquids unloading. Not including workovers and
liquids unloading, methane leaks and vents arise from pneumatic device vents, compressors,
condensate storage tank vents and fugitive emissions and are mostly estimated to be below 1% of
produced methane [19, 20, 28, 30, 41], equivalentto 1 - 11 g CO, eq./ MJ HHV. However, recent
campaigns have identified a small percentage of wells that exhibit much higher emissions [41, 42],
particularly for older wells and lower production rates.

Workovers

Workovers represent a multitude of operations, including repairing leaks, re-perforating or cleaning
the well bore and for unconventional wells, re-fracturing to stimulate the reservoir. Emissions
estimates tend to be the same as for well completions, but the number of workovers required per
well varies across the literature, from zero to 5 workovers per well lifetime [29, 30, 32, 38]. The API
suggest that there is variation in workover rates across different well types, with a survey of US wells
suggesting 0.3% of conventional and shale wells conduct workovers per year, whereas 3% of tight
sands wells conduct workovers. There may be other underlying differences contributing to this
difference, such as the maturity of the well stock. The vast majority of wells appear to require very
few workovers and, at such low rates, the emissions contribution is likely to be very low.

Liquids Unloading

Liquids unloading is also a key emissions source, which involves removing the liquids that
accumulate at the bottom of the well in order to improve gas flow. This can be via various
mechanisms, such as blowdowns, plunger lifts, artificial lifts, velocity tubing, well swabbing or using
foaming agents [43]. The only documented emissions profiles are from blowdown operations and
plunger lifts, where emissions vary significantly, with estimates from zero to 500,000 m3 CH,/ year
[4,5, 14, 15, 24, 27-30, 37, 44]. The quantity of emissions depends upon a number of factors:

¢ Well characteristics (i.e. gas flow, presence of liquids within the reservoir). Some wells will
not require unloading at all whilst others, particularly low pressure/ low production onshore
wells, may require frequent unloading.

e Well age. Wells only require unloading after a period of time when gas production has
lowered and liquids have accumulated at the bottom of the well. The point at which
unloading is required varies by well.

e Different equipment used to perform unloading have highly varied emissions characteristics.

e Operating procedure. A large variation in emissions from automated plunger lifts suggests
that some of these operations could be significantly improved in terms of emissions
reduction.
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Figure 3 illustrates the average liquids unloading emissions data across different sources, split by
primary/ secondary data and by process (blowdown, manual plunger and automatic plunger lift) [4,
5, 14, 15, 24, 27-30, 37, 44]. Somewhat surprisingly, facilities with an automatic plunger lift emitted
the most within the comprehensive study by Allen et al. [44], due to the higher frequency of
unloading events. It is incorrect to assume that automated plunger lifts cause higher emissions, but
this may be due to this equipment being installed on higher producing wells, or wells that require
more frequent unloading events (e.g. greater water content). It is likely that the equipment used
affects the level of emissions greatly, but this is not quantifiable with current data.

Emissions/

Data Reference Plunger event ~ Events/ Mean Emissions per Year (m3 CH,)
(m3CH,) Y&
Allen 2015 Yes- Auto 34 2,445
Allen 2015 No 716 33
5 Allen 2013 No 1,616 6
E Allen 2015 Yes- Man 273 13
GHG RP 2015 Yes 27 120
GHG RP 2015 No 18 132
ICF 2014 Yes -
Shires 2012 Yes 2 344
Shires 2012 No 58 33
> ICF 2014 No -
g Burnham 2011 Mix -
§ Venkatesh 2011 Mix -
n Shahriar 2014 Mix 489 31
Skone 2011 Mix 489 31
Howarth 2011 [3] Mix -
O'Donoughue 2014 Mix -

Figure 3. Average methane emissions associated with liquids unloading from various primary and secondary literature
sources [4, 5, 14, 15, 24, 27-30, 37, 44]. Adapted from [11].

To convert annual unloading emissions into levelised estimates, it was assumed that these emissions
occur for half of the lifespan of the well, as no other data was available. Varying this assumption may
have a significant impact on the life cycle GHG emissions, but there is little data on when liquids
unloading is required. This should be the subject of further research in order to gain a more accurate
determination of unloading GHG emissions.

CO, emissions may also occur via flaring, but the only measured data found was for the GHG
Reporting Program [24], suggesting that CO; emissions contribute less than 1% of total GHG
emissions. However, there is little transparency in this dataset and the estimation method is largely
unknown.

Whilst there appear to be some extremely large emitters, most wells do not require liquids
unloading in the early years of production and according to API/ ANGA, 87% of wells surveyed do not
vent at all whilst unloading. However, this figure represents a cross-section of US onshore wells in
2012 and consequently the impact of well age on vent rates during unloading is unknown. Given the
shear variability and the potential contribution to total emissions, further research is required to
create a sound understanding of the factors affecting unloading emissions across the life span of a
well and across different regions and well types.

Gathering stations
The accounting for gas gathering facility emissions, which occurs downstream of the extraction point
but prior to processing, is inconsistent within the literature. There are very few primary estimates of
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gathering facility emissions, but the most recent and comprehensive study suggests high variability
in methane emissions [45]. Out of 104 gathering facilities, median emissions were 0.45% of
throughput, but with an extremely large heavy tail. Emissions were strongly correlated with the
throughput of the station, with far lower proportional emissions associated with the larger facilities.
Emissions were typically from liquid tank vents, leaking valves and pipes, dehydrator venting and
compressor seal vents and exhaust. CO, emissions are also likely to occur from fuel usage for
compressors and dehydrators [45], but no estimates were found within the literature.

Processing

Total GHG emissions across the processing stage have been estimated as 1 —13 g CO; eq./ MJ HHV
[4, 13, 17-19, 23, 28, 30, 36, 46-49]. The main source of the magnitude of emissions is the fugitive
and vented methane, and CO, emissions from fuel for equipment such as compressors and reboilers
as shown in Figure 4. Large ranges of energy demands are cited, from 0.5% to 9% of produced gas
used as fuel [13, 19, 30]. Assuming an efficient combustion, this is equivalent to approximately 0.4 —
5.1 g CO; eq./ MJ HHV. The energy requirement is dependent on the composition of the extracted
natural gas (i.e. how much treatment is needed to produce the sales-worthy gas) and on the well
pressure (i.e. how much compression is required to pressurise the gas), but there is little information
on quantifying this variation.

Methane emissions tend to be estimated at less than 0.5% of methane production, with an average
across studies of 0.21% [4, 13, 28, 30, 45-47, 49], equivalent to 1.2 g CO, eq./ MJ HHV. Leakages are
lower than at extraction facilities as processing facilities tend to be permanently manned, as
opposed to extraction sites [45]. Of these methane emissions, the main sources are from liquid
storage tank vents (flashing liquids), pneumatic valve venting and compressor and pipework flange
leaks.

Another large source of GHG emissions is from venting CO; during the CO, removal phase. The
magnitude of emissions is dependent on the CO; content of the extracted gas and could contribute
up to 50% of the processing GHG emissions [28]. A small amount of gas must be flared as well,
typically less than 0.5% of produced gas [13, 30].
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Figure 4. Greenhouse gas emission estimates associated with natural gas processing, by emission source category [4, 13,
17-19, 23, 28, 30, 36, 46-49]. Individual estimates are represented by a circle, the median estimates are shown as an orange
bar and the 25t/75t percentile range is shown as hollow bars.

Transmission and Storage

Estimates of total emissions from the transmission phase are 0.2 — 15.5 g CO; eq./ MJ HHV [4, 19, 28,
30, 36, 37, 50-59], which arise from CO, combustion emissions from gas-fuelled compressors and
methane leaks and vents from pipework, compressors and gas-driven pneumatic devices. Estimates
for total methane leaks and vents across the transmission stage are between 0.05% and 4% of total
produced methane [19, 30, 31, 36, 50-55, 57, 60], equivalent to 0.1 — 15.2 g CO, eq./ MJ HHV.
However, estimates above 1.6% have used estimates based on ‘lost and unaccounted for gas’, which
is generally considered to be a flawed approach that leads to overestimation [4, 31, 60, 61].

Estimates of fuel usage for compressors are between 0.5% and 8.6% of total gas production [19, 30,
36, 51, 52, 54], which is equivalent to approximately 0.2 — 6 g CO; eq./ MJ HHV. The quantity of
emissions is governed by the transport distance required, as well as various technological
characteristics. Transmission pipelines require compressor stations every 80 to 160 kilometres [50]
and average transport distances are often cited as approximately 1,000 km [30, 62], although this is
highly variable across different networks and may be much more [55, 62].

As part of transmission networks, storage facilities provide flexibility between gas supply and
demand, comprising the underground storage site, compressors and dehydrator facilities [63]. The
main sources of storage methane emissions are from compressors and pneumatics, similar to
transmission compressor stations [64, 65]. There is very little information on storage sites and within
LCA studies they are typically considered as part of the transmission network.

Distribution
There are very few estimates of emissions from distribution networks, which would be largely
methane emissions from pipework leaks and vents and leaks from metering and regulating stations
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[31, 66-70]. Estimates are in the range of 0.1 — 1.9% of methane produced [66-70], equivalent to 0.3
—7.2 g CO, eq./ MJ HHV. Three studies have attempted to measure the emissions in city distribution
networks [71-73] and found significant variation across different cities. Greater emissions were from
areas with more cast iron pipework [72], where unprotected metallic pipelines have high corrosion
rates, which does not occur for plastic analogues.

Liquefied natural gas

The LNG supply chain route is used for long distance transport where piped transmission is not
feasible or economically viable. The LNG stages consist of liquefaction, transportation by LNG tanker
and regasification by heating the gas back to atmospheric temperature. Total emissions from LNG
stages are estimated to be 11.2 —31.1 g CO, eq./ MJ HHV [74-84], with the largest contribution
coming from the liquefaction process as shown in Figure 5. Several papers estimate emissions from
LNG but there is less depth and transparency in the study of methane emissions and most of the
source data used is not publically available.
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Figure 5. Greenhouse gas emission estimates for each LNG stage, compared with total non-LNG supply chain emissions
estimates [74-80, 82-84]. Adapted from [11].

CO; emissions from fuel combustion is the largest contributor to LNG GHG emissions overall. The
liguefaction energy demand is normally assumed to be 8 — 12% of the natural gas throughput, or
from 4.1to 7.7 g CO; eq./ MJ [74-77, 79, 84, 85]. Natural gas is mostly used as the fuel for the
liguefaction process, with diesel or electricity contributing a very small quantity (e.g. Choi and Song
[77] assume 2% of energy is from electricity). Methane emission estimates from leaks and venting
vary from 0.01 to 4.22 g CO, eq./MJ HHV [75, 77-81]. However, there is limited transparency of the
sources of these emissions and there is very little detail in particular on fugitive emissions.

The transportation emissions estimates for LNG are dominated by the CO, combustion emissions
associated with propulsion of the LNG tankers, estimated as between 0.9 and 7.3 g CO2 eq./ MI [74,
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76, 78-80, 82-84, 86, 87]. These emissions vary considerably depending upon the size, distance,
efficiency and specific operating conditions of the tankers [88]. Emission factors have been
estimated to vary between 9.4 and 14.4 g of CO,/tonne-km [88-90].

Methane emissions associated with venting and leaks during transportation are generally poorly
accounted for but may represent a significant proportion of the transportation GHG emissions: Choi
and Song [77] suggest methane could contribute between one and two thirds of transportation GHG
emissions. The main source of methane emission is boil-of gas (BOG), which results from heat
ingression to the cryogenic storage. Boil-off rates during storage and shipping have been reported to
be as high as 0.1% — 0.25% per day [76, 91], but the recovery rate is estimated to be around 80% as
it is re-liquefied or used as fuel for the tankers [77, 83]. Manufacturers of LNG tankers typically
advertise boil-off rates of 0.25% per day, but can actually go up to 75 days without having to vent
any boil-off gas [83].

Once LNG reaches its destination, it is stored, regasified and distributed. Overall, estimations for the
regasification process represent a smaller contribution to the supply chain, 0.26 - 2.53 g CO; eq./MJ
[74, 76-80, 84, 87], mostly as a result of CO, combustion emissions for energy usage. It is typically
assumed that 1.5% of natural gas throughput is required for fuel for pumps, compressors and
reboilers [84, 87]. Cryogenic energy efficiency gains has potential to reduce emissions significantly,
as waste heat can be utilised for industrial processes such as air separation [78].

Super emitters

An extremely large range of emissions has been estimated across the literature, with a skewed
distribution for many stages. One reason for this is the presence of ‘super emitters’. These super
emitters are a small number of facilities or equipment within the supply chain that emit
disproportionately large quantities [3, 92] and have been identified frequently within the literature,
particularly within the last 4 years. They are responsible for increasing the greenhouse gas emissions
of the whole sector and potentially skewing the average emission factors associated with each
supply chain stage. Table 2 provides a range of example studies where evidence of super emitters
was identified.

Table 2. Evidence of super emitters across the supply chain, sorted by supply chain stage.

Reference Stage Region Description

ERG 2011 [93] Extraction us 10% of gas wells emitted 70% of fugitive methane
emissions.

Allen 2015 [44] Liquids unloading us 20% of wells with plunger lifts that vent account for 70% of

plunger venting emissions.

Shires 2012 [29] Liquids unloading us 10% of total well population account for over 50% of
liquids unloading emissions.

Shires 2012 [29] Liquids unloading us 3% of wells without plunger lifts account for over 90% of
no-plunger unloading emissions.

GHG RP 2015 [94] Liquids unloading us 10% of well population in 2013 account for 65% of total
unloading emissions.

Mitchell 2015 [45] Gathering us 30% of gathering sites accounted for 80% of fugitive
methane emissions.
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Reference Stage Region Description

Mitchell 2015 [45] Gathering us Fugitive emissions were over 5% of production for 6 out of
108 gathering sites, but less than 1% for 85 and less than
0.1% for 19.

NGML 2006 [47] Extraction/ us Top 10 leaks from each facility studied (12 well sites, 7

Gathering/ gathering compressor stations, 5 processing facilities)
Processing contribute 58% of total leak emissions.

Clearstone 2002 [46] Processing us The top 10 equipment leaks from each facility studied (4
processing plants) contributed 54% of leak emissions.

Lechtenboehmer Transmission Russia 0.5% of compressor and valve components account for

2007 [53] 90% of leaks in the transmission network.

Harrison 2011 [95] Compressor stations  US 1 leak out of 2,800 sampled valves and flanges contributed
29% of the leaked emissions measured.

Subramanian 2015 Compressor stations  US 10% of compressor stations account for 50% of compressor

[65] venting emissions.

Venugopal 2013 [96] Compressor stations Canada  Compressor venting emissions were 4 times higher than
those estimated in Lechtenbohmer et al. [53] due to the
inclusion of older plant equipment.

Allen 2015 [97] Pneumatics us 20% of pneumatic devices account for 96% of pneumatic
venting emissions

Lamb et al. 2015 [66]  Distribution us 3 individual pipeline leaks (of 230) account for 50% of total

emissions.

The causes of such high emissions are likely to be due to the utilisation of inefficient equipment that
is either not the best-available technique for the duty, too old, or has failed due to insufficient
operation, maintenance and monitoring procedures [45, 92]. It is the authors’ opinion that if
appropriate operational control and maintenance procedures were carried out, these high emissions
could be largely eliminated. One study [92] suggests that if a policy-intervention successfully
reduced emissions from these facilities to ‘normal’ levels, total supply chain emissions would be
reduced by 65 — 87%. In reality this would be difficult to achieve as the super-emitters within a group
of facilities may change over time as the emitting equipment is identified/ fixed and others become
larger emitters. However there is clearly great potential in targeting super-emitters for cost-effective
supply-chain emissions reduction. It is worth noting that the elimination of high emissions would
most likely economically benefit these facilities, as a high emission of gas equates to a large loss of
product. Even so, super emitters still occur and thus it should be the responsibility of gas regulators
to ensure these emissions are detected and eliminated.

Data availability

Historically there has been a lack of data on supply chain emissions. Most studies using secondary
data rely on the US Environmental Protection Agency (EPA) data from 1996, which remains the most
comprehensive dataset available for conventional well data. The original study [69] measured
methane and CO; emission rates from devices across 6 gas plants and 24 oil and gas production
facilities. Each year, the EPA assesses whether the data is representative and publishes an estimate
of the annual GHG emissions associated with various industries, including natural gas production.
Significant revisions have been made to the EPA emission factors in the past 5 years, particularly in
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response to increased unconventional drilling activity. The current set of EPA emission factors are an
aggregation of multiple data sets with an unknown representativeness [98].

Additionally, in 2011 the US EPA began publishing data from the GHG reporting program (GHGRP)
[24], a database of reported emissions from high emitting facilities (greater than 25,000 t CO; eq.
emissions per year). The data collected represents approximately 85% of the US GHG inventory [99]
and is used to inform improvements to the emission factors used within the US GHG inventory [31].
However, whilst this is a potentially useful data source, the representativeness of the sample is
lacking due to a lack of transparency, excluded emissions sources [100] and the boundary on the size
of the facility capacity.

Since 2011, a large amount of new data has been collected. New data has improved our
understanding of the impacts of both conventional and unconventional gas, in particular with
respect to:

¢ well completion emissions for unconventional gas [3, 5, 32, 34, 101];

e liquids unloading for all gas wells [29, 44]; and

e specificequipment and pipeline emissions, such as compressors and pneumatically controlled
devices [5, 29, 45, 65, 66, 95, 97, 102, 103].

However, there remains a lack of representative point-source data and an understanding of
emissions variation across regions and over time, in particular with regards to extraction from coal
bed methane, liquids unloading and pipework leaks from transmission, storage and distribution.
Perhaps the largest gap in available data is for offshore extraction emissions: only one study on
offshore gas extraction emissions has been found [30]. Additionally, the transparency of LNG
emissions estimates is limited, especially with respect to methane emissions.

In terms of regional distribution of data, all of the upstream data used in this analysis either utilised
US emission estimates or conducted measurements within North America. More data is available
from Russia for the transmission stage, but data from these sources [52, 53, 60], is opaque and thus
are limited in terms of reliability and applicability to other regions. As regional regulation is likely to
impact emissions levels, the emissions data from the US may well not be representative of other
natural gas producing regions.

Constrained emissions estimate

It is clear that the very large aggregated range of literature estimates represents a broad mix of data
sources, regions, supply chain routes, equipment, assumptions and estimation methods. In order to
represent the variation in emissions rather than estimation methods, we present a constrained
range of emissions for each stage with the most recent or reliable data, described below. This
constrained range (named CON in this paper) represents the likely range of emissions seen across
the natural gas supply chain. For this range, the minimum, median and maximum values for each
stage are given. Due to the skewed distribution and presence of super emitters across the supply
chain, the maximum values are extremely high, often one or two orders of magnitude higher than
the median values. In order to illustrate the relatively constrained range within which the vast
majority of estimates lie, the 95 percentile estimates are also detailed, which are often significantly
lower than the maximum values. Note, this paper does not present the total summation of the
maximum supply chain stage estimates, as we believe this to be misleading: it is unlikely that these
maximum emissions, which are exhibited by a small number of equipment or facilities, would occur
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for each stage across a single supply chain. For each of the supply chain stages, the derivation is
described below and summarised in Table 3 and Table 4.

Overall, the constrained range demonstrates both the extreme variability in emissions and the
likelihood that the majority of supply chains exhibit relatively low emissions: the median value is
reduced from 13 to 10.6 g CO; eq./ MJ HHV, whereas the 95™ percentile estimate is 42.4 g CO, eq./
MJ HHV. To contextualise the scale of these emissions, natural gas power plants typically emit
approximately 50 g CO,/ MJ HHV, which means that supply chain emissions would represent
between 5% and 43% of total emissions, with a median estimate of 16%.

The constrained range is similar to the estimated total range found within the literature (0—-42 g
CO; eq./ MJ HHV). This is rather surprising considering the lack of detail often given to supply chain
emissions. It could be explained as the lack of accounting for some emission sources (e.g. gathering
stations) is counterbalanced against the overestimates of others (e.g. well completion emissions).

The contribution of methane and CO; to the total supply chain emissions is shown in Figure 6 for the
central emissions estimate. This shows that, using a GWP100 of 34, methane is the dominant
contributor to supply chain emissions at 53%. However, for the 95 Percentile estimate, methane
contributes a much larger proportion of total supply chain emissions, 69%.

For pre-production the CON range is the same as the raw literature with the exception of well
completions. As described previously, the primary measurement data has shown the secondary
estimates to be over-conservative. Consequently, the CON figures represent the minimum, median
and maximum values from only the primary data.

For extraction ‘normal operation’ emissions, the Omara et al. [41] dataset of 35 production sites was
used for the constrained scenario. The data from Omara et al. was normalised by well production
rate, such that the percentile estimates more accurately reflect the distribution by gas volume rather
than by well site. This reduced the median estimate significantly: from 3.9 to 0.3 g CO2 eq./ MJ HHV,
which is equivalent to a methane loss of 0.05% of production.

For the liquids unloading range, the results are the same as the literature estimates, which are
dominated and bound by the most recent primary measurements.

As the emissions associated with workovers are related to those from well completions, the
workover estimates reduced similarly. The frequency of workovers has been reduced from the
literature average estimate of 1.8 times per well life (of 30 years) to once per well life for the central
estimate, which is comparable to more recent estimates of workover rates [29]. The high estimate of
5 workovers per well life represents the broad range exhibited across different regions [29].

As with the extraction ‘normal operation’, the gathering emissions data from Mitchell et al. [45]
were normalised by throughput resulting in a reduction in median emissions from 2.6 to 0.4 g CO2
eq./ MJ HHV, equivalent to 0.07% methane emissions.

The processing emissions are the same as the minimum, median and maximum raw literature
figures.

Transmission, storage and distribution emissions consist largely of methane leaks and vents, and
combustion emissions from compressor fuel. Whilst the estimates of compressor fuel emissions
were kept the same for the revised estimate, methane leaks and vents were reduced significantly. A
number of studies utilised the ‘lost and unaccounted for’ method of estimating fugitive methane,
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which has been shown to overestimate losses. These estimates were excluded to give a reduced
emissions range of 0.1% - 1.1% of gas produced.

With regards to emissions associated with LNG supply chains, the revised estimates were kept the
same as the literature values in the absence of more information. Note, in order to account for LNG
supply chain emissions per MJ of delivered natural gas, the emissions from the rest of the supply
chain stages increase slightly due to the greater gas ‘loss’ over the LNG stages, as shown in Table 4.

It is highly likely that these supply chain emissions could be reduced further with the use of effective
equipment and operation. Targeting emissions reductions is a multi-faceted issue and should could
be the subject of further research, as such an estimate could contribute to further determining the
potential role of gas in decarbonising global energy systems.
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Figure 6. Median (50t percentile) and 95t percentile CON estimate of greenhouse gas emissions for each section of the
supply chain, with proportional contributions from methane (blue) and carbon dioxide (orange).
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Table 3. Summary of literature emissions estimates and revised CON estimates for each supply chain stage. For the revised median estimate, the proportional contribution of methane is also
given. The median revised estimate is also given in three other functional units: per kWh of electricity generated, per m3 of gas produced from a well (at 0°C and 1 atm) and the methane
emitted as a percentage of methane extracted.

Raw Literature Constrained estimate (CON) Median CON estimate in other functional
(g CO2 eq./ MJ HHV) (g CO2 eq./ MJ HHV) units:
Supply chain stage CO2 eq. % CH4
i i Minimum | Median | Maximum | Minimum Median 95th Pe‘rcentile j kth / ’ Cg;:q-/ emissions/
(maximum) electricity produced gas CH4
generated extracted
% CHa % CHa
Exploration 0 0 0 0 0.00 0.0% 0.00 (0.00) 0.0% 0 0 0.00%
Pre-production
Site preparation 0.0078 0.15 0.59 0.0078 0.15 0.0% 0.42 (0.59) 0.0% 1.1 5.1 0.00%
Drilling 0.0078 0.19 0.57 0.0078 0.19 0.0% 0.43 (0.57) 0.0% 1.4 6.4 0.00%
Hydraulic fracturing 0.1197 0.19 0.52 0.12 0.19 0.0% 0.51(0.52) 0.0% 1.4 6.4 0.00%
Well completion 0.00 0.081 86.6 0 0.06 97.4% 0.44 (6.8) 99.3% 0.42 1.96 0.01%
Extraction
Normal operation 0.1 3.9 5258.8 15 0.3 99.3% | 4.8(5259.3) 99.3% 2.1 9.8 0.05%
Liquids unloading 0 0.2 70.3 0 0.2 99.3% 6.5(70.3) 99.3% 13 6.0 0.03%
Workovers 0.0 0.1 86.6 0 0.1 97.4% 2.2(34.2) 99.3% 0.42 1.96 0.01%
Gathering 0.058 2.6 101.8 0 0.4 99.3% 6.3 (101.8) 99.3% 2.93 13.71 0.07%
Processing 0.86 41 136 0.86 41 18.6% 10.5 (13.6) 37.6% 29.2 136.7 0.13%
T,5&D 0.60 6.3 29.2 0.60 5.0 77.8% 10.2 (12.0) 51.0% 36.0 168.7 0.67%
Estimated total 0 13.0 42.0 3.2 10.6 53.2% 424 69.1% 76.2 356.6 0.97%
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Table 4. Summary of literature emissions estimates and revised CON estimates for each supply chain stage, including LNG processes. For the revised median estimate, the proportional
contribution of methane is also given. The median revised estimate is also given in three other functional units: per kWh of electricity generated, per m3 of gas produced from a well (at 0°C and

1 atm) and the methane emitted as a percentage of methane extracted.

Raw Literature Constrained estimate (CON) Median CON estimate in other functional
(g COz eq./ MJ HHV) (g CO2 eq./ MJ HHV) units:
Supply chain stage Median 95th Percentile g CEVZV :OI-/ g C?; ;qJ er;/;»sfit‘:ls/
Minimum | Median | Maximum | Minimum (maximum) electricity produced cha
generated gas extracted
% CHa % CHa

Exploration 0 0 0 0 0 0.0% 0(0) 0.0% 0 0 0.00%
Pre-production

Site preparation 0.0078 0.15 0.59 0.0090 0.17 0.0% 0.48 (0.67) 0.0% 1.2 5.1 0.00%

Drilling 0.0078 | 0.19 0.57 0.0090 | 022 | 00% | 0.50(0.66) 0.0% 16 6.4 0.00%

Hydraulic fracturing 01197 | 0.9 0.52 0.14 022 | 00% | 059(06) 0.0% 16 6.4 0.00%

Well completion 0.00 0.081 86.6 0 0.07 | 97.4% | 0.50(7.9) 99.3% 0.48 1.96 0.01%
Extraction

Normal operation 0.1 3.9 5258.8 1.8 0.3 99.3% | 5.5(6045.2) 99.3% 2.4 9.8 0.05%

Liquids unloading 0 0.2 70.3 0 021 | 993% | 7.5(80.8) 99.3% 15 6.0 0.03%

Workovers 0.0 0.1 86.6 0 0.1 97.4% 2.5(39.3) 99.3% 0.48 1.96 0.01%

Gathering 0.058 2.6 101.8 0 0.5 99.3% 7.3(117) 99.3% 3.36 13.71 0.07%
Processing 0.86 4.1 13.6 0.99 4.7 18.6% 12.1(15.6) 37.6% 33.6 136.7 0.13%
T.S&D 0.60 6.3 29.2 0.69 5.7 77.8% | 11.8(13.8) 51.0% 414 168.7 0.67%
Estimated total (without LNG) 0 13.0 42.0 3.7 122 | 53.2% 48.7 69.1% 87.5 356.6 0.97%
LNG

Liquefaction 2.8 6.4 10.5 28 6.4 15.5% 9.0 (10.5) 40.6% 46.2 188.1 0.15%

Transport 0.86 2.0 73 1 1.98 11.0% 4.8(7.3) 0.0% 14.3 58.2 0.03%

Regasification 0.3 05 25 0.3 05 18.3% 2.1(2.5) 81.6% 3.9 15.8 0.01%

LNG Total 3.9 8.9 203 4 8.93 14.6% | 15.9(20.3) 33.8% 64.3 262.0 0.20%
Estimated total (with LNG) 11.2 18.3 31.1 7.6 211 | 44.3% 64.6 60.4% 151.9 618.7 1.40%
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Methodological differences

Much of the variation in emissions estimates arises from the use of a multitude of different
estimation methods. In particular this study finds large differences due to the assumed warming
impact of methane, differences between top-down and bottom-up estimates, cross-sectional versus
longitudinal studies, the assumed Estimated Ultimate Recovery (EUR) of the gas well, the allocation
of emissions to co-products and the assumed natural gas composition. These issues are described
below and their impacts on emission estimates are discussed.

The climate forcing impact of methane

As previously stated, methane emissions have a large short-term climate forcing impact compared to
carbon dioxide. The instantaneous forcing impact of methane is around 120 times that of carbon
dioxide on a mass basis [98]. However, methane is short-lived in the atmosphere with an average
lifespan of 12 years, after which it oxidises into carbon dioxide [104]. A carbon dioxide emission will
last far longer, with 25% of an emission remaining after 1,000 years [105]. Consequently, the climate
forcing impact of methane emissions changes significantly over time, but the impact of carbon
dioxide is much more constant.

Typically, studies use Global Warming Potentials (GWP) [106] to compare emissions of different
greenhouse gases such as methane with CO, [107]. The GWP is defined as the average time-
integrated climate forcing impact of a pulse emission of a gas over a specific time horizon, relative to
carbon dioxide. For example, the GWP of methane for a time horizon of 100 years (GWP100) is 34,
meaning that a pulse emission of methane is 34 times stronger than CO; over the 100 years on
average. Note that the GWP100 does not give any information on the climate forcing of methane at
the end of the 100 years, only the average impact across the 100 years. Additionally, the use of a
single value to compare GHGs ignores the changing impacts over time.

The time-dependence of methane emissions on climate forcing means that the GWP values can be
confusing for non-CO; related decision making, because it does not specify the future point in time
that the climate change impacts are relevant for. Whether a non-CO; emission pulse is important
depends on the intended climate stabilisation level (W/ m?), the timing of that stabilisation, and the
background emissions prior to and after the pulse.

Indeed, the way that GWP is used in most abatement studies does not take into account the timing
of emissions at all. Typically, one metric (e.g. GWP100) is used to estimate methane emissions of a
well over the lifetime of the well. However, as a well may be active and emitting for 30 years or
more, this means that the time horizon is not fixed at one point in the future. For example, if a well
emits within the first year of operation, say 2015, the GWP100 would consider the impact up to
2115. If the well still operates and emits at 2045, the GWP100 estimation would consider the impact
up to 2145. This appears to be inconsistent, as the time horizon considered would ideally be a fixed
point in the future. A fixed point time horizon may result in significantly different global warming
impact results. Using the example as above, the methane emissions during the first year would have
a significantly lower impact on global warming than equivalent methane emissions during the 30%"
year.

As the time of required climate stabilisation grows closer, the importance of methane mitigation
grows stronger. Conversely, in 2100, an emission of methane in 2015 will be seen as relatively
unimportant. There is no single correct time horizon to use, as it depends on the reasons for which
the estimation is being carried out. The IPCC typically uses a 100 year time horizon (GWP100), being
commensurate with the scenario timescales used in its modelling work. However, 20 year time
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horizons are also quoted, and using this time horizon in calculations can significantly alter results,
often leading to significant disagreement in the literature [2, 4]. The choice is a policy decision: are
we concerned about a short-term or long-term rise in climate temperature? Many countries have
committed to reducing GHG emissions by 2030 or 2050, but these are interim targets with the aim of
long term decarbonisation. Alvarez et al. [2] suggest that for technological environmental analyses, it
is most appropriate and transparent to plot estimated GHG emissions over different time horizons.
Consideration should be given to the use of other climate metrics which provide greater
transparency and accuracy [e.g. 108, 109-111].

To assess the impact of the methane warming potential on results, a sensitivity analysis was
conducted. Total supply chain GHG emissions were estimated for minimum, median and 95"
percentile CON estimates for different values of methane GWP and shown in Figure 7. The effect of
GWP on GHG emissions is linear and large in magnitude. The central estimate GHG emissions using a
GWP100 value of 34 is 10.5 g CO, eq./ MJ HHV, whereas a GWP20 of 86 increases this estimate to
19.5 g CO, eq./ MJ HHV.
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Figure 7. The impact of GWP of methane on total supply chain GHG emissions. Revised CON values of minimum, median
and 95t percentile emissions are used to demonstrate the range of expected emissions. Adapted from [11].

Top-down versus bottom-up emission estimates

Differences between top-down and bottom-up estimates appear to cause significant variation in
results. Top-down methods measure atmospheric concentrations of methane from fixed ground
monitors [112], mobile ground monitors [113-115], aircraft [116-118] or satellite monitoring
platforms [119], and allocate the contribution made by different activities [98]. Conversely, bottom-
up methods measure methane emissions directly at the emission point, aggregating and
extrapolating these measurements for a whole region or process [98].

Most of the top-down studies compare results to the EPA bottom-up estimates. Approximately half
of the studies estimate emissions to be 1.5 — 2.5 times higher than the EPA estimates [117, 118, 120-
126], whilst the other half estimate emissions to be comparable [114, 119, 122, 127-129]. However,
large uncertainties associated with both estimation methods render a comparison between top-
down and bottom-up estimates inconclusive [128, 129]. Generally, bottom-up estimates may tend to
underestimate emissions via either unaccounted emission sources or the presence of super emitters
within the population that are not represented within the sample [3, 29, 69, 98, 130]. Conversely,
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top-down estimates may well overestimate emissions, due to the difficulty in allocating the
atmospheric methane concentrations to specific sources [54, 98, 125, 126]. Generally, as the
distance between source and measurement increases, accuracy and the ability to allocate emissions
is reduced. There is a tendency to allocate measured emissions entirely to the natural gas industry as
opposed to the oil industry or even livestock emissions, landfill sites or geological seepage, which
could be present in the area [131, 132].

Whilst top down approaches often highlight high emissions that may be from the gas sector and are
not accounted for in bottom up approaches [3, 98, 133], the analysis often lacks granularity. The
hybridising of top-down and bottom-up approaches and the incorporation of the lower number of
high emitting facilities will further improve understanding of methane emissions and their sources
[98, 130].

Cross-sectional estimates

A large number of emissions estimates such as the top-down studies described here, are based on
cross-sectional data, which are quantified over a variety of processes or a region for a fixed time
period. Cross-sectional results are constrained to the point in time of analysis, where the
aggregation of emissions from different wells and processes at different life cycle stages makes it
difficult to transform these estimates into an estimate for the life cycle of a single well or supply
route.

Conversely, longitudinal life cycle assessments of the supply chain determine all the emissions
associated with a well or play or unit of production across the total life span of the supply chain. This
type of analysis is imperative in order to understand the long terms impacts of energy system
changes, such as a switch in technologies.

Estimated ultimate recovery of wells

One of the biggest causes of the large variation in supply chain emissions estimates is due to the
assumed estimated ultimate recovery (EUR) of gas wells [16, 23, 54, 134, 135]. The EUR is the
measure of economically feasible gas extraction and is dependent on the size of the well, the ease of
extraction (i.e. well pressure and permeability of the formation) and the energy market, which
governs the economic feasibility of production [54]. Different estimates of gas well EUR range 3
orders of magnitude, from 2 million m3 to 2,500 million m3[14, 16, 17, 19, 23, 28, 36, 48, 134, 136].

This is a vital assumption within the estimation of life cycle, longitudinal emissions, as emissions are
often expressed in relation to a volume of gas produced (e.g. per m3) or a related functional unit
(e.g. per MJ of gas content delivered). In order to determine the impact of EUR on levelised GHG
estimates within this paper, the expected supply chain GHG emissions were estimated under
different EUR scenarios, as shown in Figure 8.
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Figure 8. The impact of assume EUR on the total supply chain GHG emissions. Revised CON values of minimum, median and
95th percentile emissions are used to demonstrate the range of expected emissions. Adapted from [11].

Whilst the minimum and median GHG estimates are not significantly affected by EUR, the high GHG
estimate varies by a factor of 2, similar to the findings of other studies [e.g. 16, 134, 137]. This effect
is due to the larger contribution from ‘intermittent’ emissions under the high emission scenario,
such as liquids unloading. Some GHG emissions are proportional to gas production (EUR), whereas
others such as well completion emissions are largely independent. This means that when these
independent emissions are levelised, they become inversely proportional to the EUR. The high
supply chain GHG estimates have proportionally more contribution from well completions and
liquids unloading, therefore they are more influenced by the assumed EUR value.

Co-product allocation

Another factor that affects the magnitude of emissions associated with the gas supply chain is the
allocation of emissions to co-products. There may be a number of co-products from the natural gas
supply chain, the most common being natural gas liquids (NGLs), which are heavier hydrocarbons
separated at the processing stage. Total emissions are typically allocated to each product, but this
creates an additional layer of uncertainty and methodological difference between studies. Life cycle
assessment studies are methodologically guided by the 1ISO 14040/14044 guidance [138, 139], which
sets out different methods of accounting for co-products. The preference is to avoid allocation by
expanding the system boundary being considered, or by ‘displacement’ of co-products?. If this
cannot be feasibly achieved, the emissions should be divided between the co-products, by economic
value, mass or energy content.

The allocation method and the assumed quantity of co-product generated varies results significantly.
Zavala-Araiza et al. [112] provide a good example of this: if a gas well produced 170 m3 of gas for
every barrel of oil, the allocation according to energy content would be a 50:50 split (therefore one
would divide the total emissions for gas by half). If the allocation was based on mass the split would
be 60:40 (gas: liquid), whereas on an economic basis the split would be 19:81.

! Displacement of co-products is used when there is another ‘typical’ method of generating the co-product as a
primary product (e.g. heavy hydrocarbons from an oil well). The method of displacement involves subtracting
the avoided burden, the emissions associated with this typical process that would otherwise have been used to
create the product. This is essentially crediting the natural gas life cycle chain with avoided emissions.
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Most studies investigated in this paper have allocated emissions based on energy content of co-
products [e.g. 23, 30, 36, 54, 112], or by mass [33]. Skone [30] and Stephenson et al. [36] allocate
88% of the extraction emissions to the natural gas product, the remainder being allocated to the
heavier hydrocarbon liquids. However, the quantity of NGLs varies significantly for different wells [as
seen in 44]. Furthermore, many studies do not account for co-products at all [e.g. 140]. Therefore
this is a significant source of uncertainty in all estimates of gas emissions.

Natural gas composition

The composition of extracted gas may have a large impact on the supply chain emissions. This is a
multifaceted issue, but impacts upon the following emissions:

e Fugitive methane emissions. A lower concentration of methane in extracted gas will reduce
the quantity of fugitive methane emissions from the extraction stage

e Processing energy requirements. A higher concentration of impurities increases the energy
requirements of the processing stage, thereby increasing associated emissions.

e Processing non-combusted CO, emissions. A higher concentration of CO, in extracted gas
causes an increase in CO; vented emissions during the processing stage where it is separated.

Therefore, a low methane concentration in the extracted gas will cause lower fugitive methane
emissions, but higher processing energy requirements and more CO; venting emissions (with a
higher CO; content). Additionally, a low methane concentration reduces the total quantity of
produced gas, which would increase levelised emissions. Only one study was found that compared
total supply chain emissions for varying natural gas compositions [54], suggesting a potentially
significant effect but gives little granular detail. As methane has such a high GWP characterisation
factor (34 for a 100 year time horizon), small changes in composition may have a large effect on GHG
emissions if fugitive emissions are high.

Conclusions and recommendations

This study has aggregated the available data on methane and CO, emissions from the natural gas
supply chain and assessed in terms of the range of emissions, data availability and the different
estimation methods used. The following are the key conclusions alongside a summary of further
research needs, in order to improve our understanding of the role that gas could play in a lower
carbon energy system.

The range of estimates of combined methane and CO; supply chain emissions is extremely large,
from 2 to 42 g CO; eq./ MJ HHV. Estimates of methane-only emissions was from 0.2% to 10% of
produced gas, which is equivalent to between 1 and 58 g CO, eq./ MJ HHV. These large ranges are in
part due to different natural gas extraction, processing and transport routes using different
processes across different regions with varying levels of regulation.

This paper provides a constrained range of supply chain emissions that reflect the most recent
measurements, resulting in a range of 3.6 - 42.7 (minimum an 95" percentile) g CO, eq./ MJ HHV
with a median of 10.5 g CO; eq./ MJ HHV. The majority of emissions estimates lie at the lowest end
of the scale, with a significant skew across the distribution.

There is a large body of evidence suggesting that a small number of gas extraction, processing and
transmission facilities include ‘super emitter’ equipment. These are likely to occur via the use of
ineffective process equipment and poor operational and maintenance strategies. Targeting such
facilities would yield the greatest environmental improvements, but the rapid detection and
elimination of these emissions potentially represents additional cost and regulation.
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The key emission sources identified within the literature are from well completions, liquids
unloading, with equipment such as pneumatic devices and compressors also causing a large impact.
The largest emission estimates from the literature are those with high well completion estimates for
unconventional gas wells. However, the use of Reduced Emission Completions (RECs) equipment can
reduce these emissions by 75 — 99%. Estimates of liquids unloading emissions are also highly
variable, but most wells do not vent at all during unloading. The distribution of unloading emissions
across different regions is poorly understood and further research is required to determine this
distribution and the contributing factors.

Opportunities for further reduction in supply chain emissions are in particular for fugitive emissions
during extraction, transmission and distribution stages. Transmission stage methane emissions have
a potentially large contribution but are highly variable across supply chains with different
transmission distances. As a subject of further research, determining feasible limits for methane
emission across the supply chain would contribute to understanding the emissions potential for
natural gas.

A variety of methodological variations have also caused a range in emissions estimate. Many top-
down methane measurement studies have been conducted in the past 3 years and are useful in
validating (or otherwise) bottom-up estimates, but significant uncertainties remain. A combination
of bottom-up point source measurement with local leak detection operations could help to prevent
missing unknown emission sources at an appropriate level of granularity.

Assumptions regarding the warming potential of methane compared to CO; create a large variation
in emissions estimates across the literature and this study shows that increasing the GWP from 34
(100 year time horizon) to 86 (20 year) increased the revised supply chain emissions estimates by 20
—84%. Furthermore, the use of a static GWP to compare GHGs or technologies is over simplistic and
does not reflect the important change in impact over time. Consideration should be given to the use
of other climate metrics which provide greater transparency and accuracy [e.g. 108, 109-111].

Other methodological assumptions within emissions studies also vary significantly across the
literature and can have a major effect on the estimated emissions such as the following.

e The range of estimated ultimate recovery (EUR) estimates spans 2 orders of magnitude and
cause levelised GHG emissions to vary by a factor of 2.

e The allocation of emissions to co-products such as heavier hydrocarbons has a large impact
on results and many studies do not allocate at all, resulting in an overestimate of natural gas
emissions.

e The composition of extracted natural gas varies significantly across the global well population
and the impacts on GHG emissions are multifaceted. More research is required to determine
the scale of the impact across known gas compositions.

Whilst there has been a significant drive to collect new data, there remains an unrepresentative data
set for a number of key emission points over the natural gas supply chain. Methane emissions in
particular are increasingly frequently being reported, not least aided by the US Greenhouse Gas
Reporting Program. Specifically, more transparent data is required for regions outside of the US and
specifically for offshore extraction, coal bed methane extraction, liquids unloading, well completions
with RECs, transmission and distribution pipelines and all LNG stages.

A greater causal analysis of the factors affecting different supply chain emissions is required in order
to understand the mitigation potential at each stage. For such a diverse range of supply chain routes,
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processes, regions and operations, it is important to understand the distribution of emissions and
the causes of variation, which will require an integrated analysis from engineering, economics and
political perspectives.
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The natural gas supply chain: the importance of methane and carbon dioxide emissions
Paul Balcombe, Kris Anderson, Jamie Speirs, Nigel Brandon, Adam Hawkes

A comprehensive compilation of estimated greenhouse gas emissions across each stage of global
natural gas supply chains
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