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ABSTRACT
We report measurements of methane (CH4) mixing ratios and emission fluxes derived from sampling 
at a monitoring station at an exploratory shale gas extraction facility in Lancashire, England. Elevated 
ambient CH4 mixing ratios were recorded in January 2019 during a period of cold-venting associated 
with a nitrogen lift process at the facility. These processes are used to clear the well to stimulate flow 
of natural gas from the target shale. Estimates of CH4 flux during the emission event were made using 
three independent modeling approaches: Gaussian plume dispersion (following both a simple 
Gaussian plume inversion and the US EPA OTM 33-A method), and a Lagrangian stochastic transport 
model (WindTrax). The three methods yielded an estimated peak CH4 flux during January 2019 of 
approximately 70 g s−1. The total mass of CH4 emitted during the six-day venting period was 
calculated to be 2.9, 4.2 ± 1.4(1σ) and 7.1 ± 2.1(1σ) tonnes CH4 using the simple Gaussian plume 
model, WindTrax, and OTM-33A methods, respectively. Whilst the flux approaches all agreed within 
1σ uncertainty, an estimate of 4.2 (± 1.4) tonnes CH4 represents the most confident assessment due to 
the explicit modeling of advection and meteorological stability permitted using the WindTrax model. 
This mass is consistent with fluxes calculated by the Environment Agency (in the range 2.7 to 6.8 
tonnes CH4), using emission data provided by the shale site operator to the regulator. This study 
provides the first CH4 emission estimate for a nitrogen lift process and the first-reported flux 
monitoring of a UK shale gas site, and contributes to the evaluation of the environmental impacts 
of shale gas operations worldwide. This study also provides forward guidance on future monitoring 
applications and flux calculation in transient emission events.

Implications: This manuscript discusses atmospheric measurements near to the UK’s first hydrau-
lic fracturing facility, which has very high UK public, media, and policy interest. The focus of this 
manuscript is on a single week of data in which a large venting event at the shale gas site saw 
emissions of ~4 tonnes of methane to atmosphere, in breach of environmental permits. These 
results are likely to beresults are likely to be reported by the media and may influence future policy 
decisions concerning the UK hydraulic fracturing industry.
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Introduction

Energy production through the combustion of fossil 
fuels is associated with the emission of greenhouse 
gases. The burning of natural gas, which largely com-
prises methane (CH4), directly produces carbon dioxide 
(CO2). Hydraulic fracturing (colloquially referred to as 
“fracking”) of shale gas formations for the extraction of 
natural gas has gained wide-spread attention in the past 
decade. Energy derived from the hydraulic fracturing 
processes has been proposed as a “cleaner” alternative 

to the carbon-intensive combustion of coal in the UK 
energy sector. However, this assumption depends on the 
proportion of CH4, a prominent greenhouse gas, 
released to the atmosphere through intentional venting, 
accidental leakage (fugitive emissions) or as a non- 
combusted component of flaring.

A recent study proposed that the rapid growth in 
unconventional shale gas production in North America 
may account for a large proportion of the observed 
increases in global CH4 levels since 2007 (Howarth 
2019). However, this finding is contended; the global 
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decrease in CH4 carbon isotope ratio (δ13CCH₄) since 
2007 is not accounted for by the isotopic ratio of the 
majority of shale gas emissions (Milkov et al. 2020). 
Many other studies attribute the rapid rise in CH4 to 
an increase in the extent and productivity of biogenic 
CH4 sources (such as wetlands; Nisbet et al. 2016), 
changes in global CH4 sinks (Rigby et al. 2017; Turner 
et al. 2017) or changes in global biomass burning 
(Hausmann, Sussmann, and Smale 2016; Schaefer et al. 
2016; Worden et al. 2017) with some studies suggesting 
fossil fuel emissions have actually been stable since 2008 
(Schwietzke et al. 2016).

In recent years, various life cycle assessment (LCA) 
studies have attempted to estimate the overall carbon 
footprint of unconventional gas as an energy source. The 
majority of these studies have occurred in the USA due 
to its well-established industry. Studies for other coun-
tries, such as the UK, lack their own domestic opera-
tional data and often rely partly on extrapolated data 
from US analogues. These studies have estimated the 
mean carbon footprint of shale gas at approximately 67 g 
CO2-equivalents (CO2e) MJ−1, but a range of life cycle 
assumptions have yielded estimates in the range 56 
to161 g CO2e MJ−1 (Cooper, Stamford, and Azapagic 
2014; MacKay and Stone 2013; Stamford and Azapagic 
2012; Weber and Clavin 2012). Whilst most studies have 
highlighted the importance of a well’s estimated ultimate 
recovery (EUR) in determining the carbon footprint, 
intentional and unintentional CH4 emissions have 
been singled out as a key source of uncertainty. 
Emissions of CH4 vary from 0% to 7.9% of the EUR, 
with typical estimates of approximately 0.1% to 0.2% for 
the likely range of UK well’s EUR (Cooper, Stamford, 
and Azapagic 2014; MacKay and Stone 2013; Stamford 
and Azapagic 2012; Weber and Clavin 2012). The con-
tribution of episodic events, including flowback and well 
unloading, to the overall carbon footprint of shale gas is 
thought to be significant (Allen et al. 2013). Moreover, 
the assumptions and uncertainties associated with these 
events constitute a primary source of discrepancy 
between bottom-up and top-down emission inventories 
(Vaughn et al. 2018). Short-term events are rarely stu-
died and relatively few measurement examples exist in 
the literature (Allen et al. 2015, 2013; Rich, Grover, and 
Sattler 2014; Williams et al. 2018). However, such events 
must be included in carbon assessments to gain a more 
accurate understanding of total emissions from the oil 
and gas industry.

A nitrogen lift is a standard “artificial lifting” techni-
que employed by both the onshore and offshore oil and 
gas industry to unload unwanted fluid in a well and to 
promote the flow of gas or oil from the hydrocarbon 
reservoir (EPA 2014; Gu 1995). The process involves 

pumping nitrogen gas to the base of the well, which 
lifts accumulated fluids (such as produced water and 
other well fluids) from the borehole as it returns to the 
surface. Nitrogen lifts, or other enhanced recovery well 
operations, are not typically required following high 
volume hydraulic fracturing of shales. A shale gas well 
that has been stimulated in line with its design will 
normally have a very large initial flow of well gas that 
lifts any fracturing fluids and naturally occurring liquids 
to the surface unaided.

The prospective and exploratory phases of nascent 
unconventional gas extraction are poorly quantified in 
existing literature. LCA typically models commercial- 
scale processes under normal operating conditions and 
therefore includes well construction but may exclude 
any prior phases of testing and exploration that do not 
lead directly to commercial operation. This is true of 
conventional, as well as unconventional, fossil fuel life 
cycles. For example, in Ecoinvent – the most widespread 
LCA database, particularly in Europe – the only dataset 
describing onshore natural gas exploration is the same as 
that for commercial well construction and is based on 
data from Nigeria, India, and various multinational 
companies in the late 1990s (Ecoinvent 2018). 
Consequently, the UK is uniquely placed to gather 
important new data by observing these early stages of 
the industry to address this knowledge gap. This has 
been demonstrated in Lowry et al. (2020), Purvis et al. 
(2019) and Shaw et al. (2019), in which local climatolo-
gical baselines of greenhouse gases and air quality com-
ponents were defined at two UK sites proposed for 
hydraulic fracturing shale gas development. Further, 
Shaw et al. (2019) developed a statistically derived algo-
rithm for quick detection of CH4 enhancements (such as 
emission events) based on exceedances of the baseline 
conditions.

In this study, we provide an analysis of the CH4 

enhancements measured from a fixed-site monitoring 
station adjacent to the UK’s only operating onshore 
shale gas facility to use hydraulic fracturing, at the time 
of writing. We provide estimates of CH4 fluxes and the 
CH4 mass vented to the atmosphere during these opera-
tions with the aim of comparing against both operator 
and regulator reported values. We also assess different 
flux quantification methods for their applicability to 
deriving fluxes from fixed-site monitoring of facility 
scale emissions for future monitoring applications. The 
climate relevance of the CH4 emissions is also briefly 
discussed, in the context of the UK Government’s net- 
zero carbon ambitions, through analysis of CO2- 
equivalents and GWP. Whilst this manuscript focuses 
on emissions of greenhouse gases from the shale gas 
facility during well unloading, simultaneous emissions 
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of gases important for air quality were also observed and 
will be reported in future work.

Monitoring site design

The location of the fixed-site monitoring station relative 
to the Cuadrilla Resources Ltd shale gas extraction facility 
in Little Plumpton, Lancashire is shown in Figure 1. The 
measurement station is located on a privately owned farm 
approximately 430 m to the east of the Cuadrilla facility 
and 100 m north of Preston New Road (PNR). The 
measurement site was located downwind (to the east), 
in the dominant prevailing wind direction (westerly), of 
the shale gas infrastructure to optimize the likelihood of 
sampling emissions associated with operational activity. 
A high-precision in situ CO2 and CH4 mixing ratio ana-
lyzer (Ultra-portable Greenhouse Gas Analyzer (UGGA); 
Los Gatos Research Inc., USA) has been recording data at 
the measurement site since January 2016. Equipment for 
the measurement of meteorological conditions was also 
installed, alongside instrumentation for the sampling of 
atmospheric components important for air quality assess-
ment (see Supplementary Information Table S1 and 
Purvis et al. (2019) for more information).

The UGGA instrument was calibrated in the field 
using gas standards traceable through an unbroken 
chain to World Meteorological Organization (WMO) 
international standards (X2007 for CO2 and X2004A for 
CH4). Calibrations were performed during regular site 

maintenance visits (roughly every 3 weeks), using gas 
from three 40 L laboratory standards (filled by Deuste, 
Steininger GmbH, Germany, and certified on the WMO 
scale by EMPA, Switzerland) decanted into 6 L SilcoCan 
canister (Thames Restek, UK) for transport. Further 
detail on the calibration procedures and quality assur-
ance measures used to ensure data quality can be found 
in Shaw et al. (2019). Data from the UGGA instruments 
were corrected for small systematic errors associated 
with water vapor using the procedure outlined by 
O’Shea et al. (2013). The 1-min average CH4 and CO2 

data have 95% confidence intervals of approximately 
5–10 ppb and 0.5–0.8 ppm, respectively. Calibrated 
and quality-assured datasets from the baseline project 
are publicly available on the Center for Environmental 
Data Analysis Archive (CEDA Archive; http://www. 
ceda.ac.uk/; Purvis 2019).

Exploratory shale gas extraction using hydraulic frac-
turing began at PNR in October 2018 with flowback 
commencing in November 2018 following partial frac-
turing of the well. Commercial production of natural gas 
at PNR had not yet started. Prior to operational activity, 
a two-year monitoring program administered by the 
British Geological Survey, and conducted by the 
University of Manchester, Royal Holloway University 
of London and the National Center for Atmospheric 
Science (NCAS; based at the University of York), was 
tasked to define a local baseline climatology of ambient 
mixing ratios of pollutants. These baseline climatologies 

Figure 1. Google Maps © image (dated 26 September 2018) of the Cuadrilla Resources Ltd owned onshore shale gas extraction facility 
(blue square) and the nearby monitoring station (red circle). The measurement site is approximately 430 m to the east of the Cuadrilla 
site boundary and 100 m north of Preston New Road. There is a gradual 12 m increase in elevation from the Cuadrilla site to the 
measurement station. The buildings 100 m to the east of the measurement site are part of a dairy and cattle farm. Cattle make use of 
the surrounding fields throughout the summer period but were not present in the field between the shale gas site and the 
measurement site in January 2019. Other potential sources of pollution include: leaks from natural gas infrastructure on Preston 
New Road, a motorway (M55; 1.3 km to the north), and a landfill site (2.6 km to the south west) (see Lowry et al. 2020 for more details).
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have been reported for atmospheric greenhouse gases 
(Lowry et al. 2020; Shaw et al. 2019) and for air quality 
(Purvis et al. 2019) and contextualize preexisting atmo-
spheric conditions for use as a control against which the 
incremental impacts of new industrial activities can be 
assessed. This work also identified and characterized 
local sources of greenhouse gases, which may influence 
the CH4 measurements at the monitoring site. Such 
sources (within 2 km of the PNR) are described in 
Lowry et al. (2020). The dairy farm and its surrounding 
grazing land (with approximately 250 cattle), on which 
the monitoring station is located, was identified as 
a major source of atmospheric CH4. To this end, a set 
of threshold criteria were developed to quickly interpret 
excursions (such as CH4 emission events) based on the 
statistical set of baseline conditions. These criteria 
(described in detail in Shaw et al. 2019), select for per-
iods in which exceedances of the 99th percentile of CH4 

mixing ratio coincide with westerly winds (270° ± 45°), 
wind speeds greater than 2 m s−1 and low-to-no 
enhancements in CO2 mixing ratios. These thresholds 
were used to automatically flag periods of CH4 enhance-
ment in this study.

Flux estimation methods

The site operator confirmed that nitrogen lift opera-
tions, undertaken to promote flowback after partial 
hydraulic fracturing of the well, resulted in the con-
trolled venting of unflared CH4 between 11 and 
16 January 2019. The mixture of natural gas and nitro-
gen was noncombustible and the flare failed to light, 
leading to direct venting of natural gas to the atmo-
sphere. During this time, the operators reported peak 
natural gas (>95% CH4) flow rates of 200,000 cubic feet 
per day (equivalent to approximately 44 g s−1 CH4 at 
surface pressure and 15°C) and stable flow of 100,000 
cubic feet per day (equivalent to approximately 22 g s−1 

CH4) (see Cuadrilla Resources Ltd 2019). Calculations, 
made by the Environment Agency (using operator 
provided data), estimated that “between 2.7 and 6.8 
tonnes of CH4 was vented [to the atmosphere]” during 
this time (Environment Agency 2019a), where these 
two values reflect the choice of assumed global warm-
ing potential (GWP) time horizon (20 or 100 years) 
(see Section 4.2).

The three different methods described below were used 
to estimate CH4 fluxes during the emission event in 
January 2019 using data from the fixed-site monitoring 
station to compare against the operator and regulator 
reported values. The chosen flux estimation methodologies 
are commonly used by researchers but are also routinely 
employed by industry for air monitoring purposes, and the 

methodologies are consistent with regulatory standards in 
North America (US EPA 2014).

All flux quantification methods employed here 
required the use of a CH4 background value to deter-
mine the CH4 enhancement. The 0.1th percentile of 
CH4 mixing ratios measured during January in the 
baseline period (2017 and 2018) under westerly 
winds, equivalent to 1.91 ppm CH4, was used as the 
CH4 background value (see Shaw et al. 2019, or Table 
S3 in the Supplementary Information). However, the 
dynamic nature of the ambient CH4 measured at PNR 
during the baseline period, which varied considerably 
with wind direction, time-of-day, and season, meant 
that the choice of a single background value is subjec-
tive. For this reason, the three methods were tested for 
their sensitivity toward a range of CH4 background 
values, between 1.86 and 1.95 ppm CH4. These CH4 

background values were in broad agreement with CH4 

mixing ratios, of approximately 1.92 ppm CH4, mea-
sured at the Mace Head Global Atmospheric Watch 
(GAW) station during the enhancement period 
(Prinn et al. 2020).

Simple Gaussian dispersion

Estimates of the CH4 flux during the emissions period 
(11–16 January) were made using a simple Gaussian 
plume dispersion model (Connolly 2019). The simula-
tions were modeled for a monitoring station character-
istic of that at PNR; i.e. 430 m downwind in the 
prevailing wind direction (and therefore in the center 
of the plume) from flare stacks at the site. The flare 
stacks were assumed to be a point source of emission. 
Three Pasquill atmospheric stability classes (classes C, 
D, and E, equivalent to “slightly stable,” “neutral,” and 
“slightly unstable”) were used for the simulations to 
provide an indication of the sensitivity of the analysis 
to atmospheric turbulence, and to provide a rough esti-
mate of flux uncertainty (Pasquill 1961). The dispersion 
parameters used in the Gaussian function were taken 
from the rural mode of the Pasquill-Gilford formulae 
(Turner 1970).

US EPA OTM-33

Flux was also estimated using a point-source Gaussian 
(PSG) flux estimation model adapted from that described 
in OTM-33A (US EPA 2014). OTM-33 provides a set of 
United States Environmental Protection Agency (EPA) 
standardized methods for the geospatial measurement of 
air pollution, remote emissions quantification, and direct 
assessment. The method is usually applied to measure-
ments made using mobile monitoring within 200 m of the 
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source but can be used for stationary measurement 
approaches (e.g. Foster-Wittig, Thoma, and Albertson 
2015). PSG is an emission quantification method suited 
for single-point stationary observations and uses 
a Gaussian approximation and dispersion lookup tables. 
The OTM-33 methods are described further on the EPA 
website (https://www.epa.gov/emc). Previous assessments 
of the OTM method, using controlled releases of CH4, 
concluded a typical 1σ uncertainty in flux estimation in 
the range of ± 30% (Brantley et al. 2014; Robertson et al. 
2017; Saide et al. 2018).

Stochastic Lagrangian inversion

CH4 flux was also estimated using the WindTrax 2.0 Model 
(ThunderBeach Scientific, www.thunderbeachscientific. 
com). WindTrax is a Lagrangian stochastic (LS) particle 
model for the assessment of atmospheric transport of pol-
lutants over small horizontal distances (less than 1 km; 
Flesch et al. 2009; Flesch, Wilson, and Yee 1995). A CH4 

emission strength (from a point source) was estimated 
using measured 15-min average CH4 mixing ratios and 
a wind field calculated from 15-min average 3-dimensional 
wind measurements during the period 11 January to 
16 January 2019. The CH4 source strength was estimated 
by computing the advection of 150,000 particles from the 
flare stacks to the detector in forward LS mode. The simula-
tion used an assumption that the surface layer consisted 
entirely of short grass, with a surface roughness length (Zo) 
of 2.3 cm. The use of WindTrax is also included in OTM-33 
and it has been used previously to estimate CH4 emission 
fluxes from disperse sources such as landfill sites (e.g. 
Riddick et al. 2017).

A second set of WindTrax simulations were also per-
formed in this study for the period 1 February 2018 to 
31 January 2019 to derive a contextually comparative CH4 

flux from a nearby dairy farm (simulated as a diffuse area 
source) to the east of the monitoring station. These simula-
tions used measured 15-min average CH4 mixing ratios and 
a wind field calculated from 15-min average two- 
dimensional meteorological parameters. The CH4 back-
ground mixing ratio was derived monthly to account for 
seasonality in CH4 mixing ratios. Except for the particle 
count, which was reduced to 50,000 for the dairy farm 
assessment, all other parameters were identical to those 
above.

Results and discussion

The “baseline period” refers to measurements made 
between 1 February 2016 and 31 January 2018. The 
“emissions period” refers to measurements made 
between 10 January 2019 and 16 January 2019.

Fixed-station CH4 measurements

Exploratory hydraulic fracturing operations com-
menced at PNR in mid-October 2018 with flowback 
beginning in November 2018 following partial fractur-
ing of the well. Enhancements in CH4 mixing ratios 
potentially related to this activity were first observed 
on 7th December during a short period of westerly 
winds passing over the site toward the monitoring sta-
tion. The wind direction was unfavorable for further 
detection of emissions during December 2018. 
Favorable wind conditions for observational monitoring 
returned in January 2019, along with clear enhance-
ments in CH4 mixing ratios relative to the baseline. It 
is unlikely that the enhanced CH4 posed any explosive or 
health risk to the workforce, or to the local population. 
However, the observed CH4 enhancements were corre-
lated with elevated mixing ratios of other atmospheric 
components, such as NOx and volatile organic com-
pounds. Whilst NOx mixing ratios did not exceed EU 
1-hr average threshold criteria, such emissions have the 
potential to photochemically produce ozone (Cooper, 
Stamford, and Azapagic 2014). These measurements, 
and their potential health and environmental impacts, 
will be discussed in future work.

Figure 2 shows 30 min averaged CH4 and CO2 mixing 
ratios measured at PNR for the period 1 December 2018 
through to 31 January 2019. Greenhouse gas mixing 
ratios are shown alongside wind speed and wind direc-
tion to illustrate meteorological conditions during the 
period. The predominance of westerly winds between 11 
and 16 January meant that major local CH4 sources, 
such as the dairy farm and landfill site, had little influ-
ence on the CH4 measurements made at the monitoring 
station. The areas highlighted in red represent hourly 
periods in which CH4 exceeded the baseline threshold 
criteria of Shaw et al. (2019). A number of clear excur-
sions in CH4 mixing ratio occurred in January, concur-
rent with relatively high westerly wind speeds, but with 
no associated enhancement in CO2 mixing ratio. This is 
consistent with cold-vented (non-flared) emissions of 
natural gas.

No notable enhancements in CH4 were recorded at the 
measurement station on 15 January 2019 but enhance-
ments were observed on adjacent days, reflecting the 
dynamic nature of the emission flux. It was not possible 
to determine whether the absence of measured enhance-
ments on that day was due to a subtle change in wind 
direction, or due to there simply being no emissions. This 
highlights a key limitation of single fixed-site measure-
ments; had the wind direction been different during the 
event (e.g. from the east), the CH4 emission would not 
have been observed. It is therefore difficult to make an 
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assessment of the total amount of time that CH4 was 
emitted from the shale gas site during any periods of 
unfavorable wind direction. Any flux estimates should 
therefore be interpreted with this in mind as they may 
represent an underestimate as a result of missed emis-
sions. A future solution to this dependency on favorable 
wind direction would be to install multiple monitoring 
stations around the site of interest, but this is typically 
cost-prohibitive for high-precision instruments such as 
those used here. Alternatively, a rapid-response mobile 
survey, such as unmanned aerial vehicle (UAV) or vehicle 
monitoring could be deployed to sample downwind of 
the shale gas facility. However, this is logistically challen-
ging and relies on prior warning of emissions, which may 
not always be given. Other solutions could involve 
cheaper sensor networks but with the caveat of inherently 
reduced flux precision if low precision instruments are 
used.

CH4 flux results

Simple Gaussian plume simulations resulted in an esti-
mated peak CH4 flux of 138 (± 60) g s−1 for the emission 
period when using stability class C (Table 1). Integrating 
the calculated flux values over time resulted in three 
estimates for the total CH4 mass emitted; these were 
2.9 (± 1.3), 1.3 (± 0.6) and 0.9 (± 0.4) tonnes CH4 for 
stability classes C, D, and E, respectively. The fluxes and 
mass estimates calculated using this Gaussian plume 
model were likely to be uncertain due to the use of 
generic stability classes (and not measured meteorologi-
cal data). This is discussed further in Section 4.2.1.

Analysis using the OTM-33A PSG method provided 
a CH4 flux estimate for each of three time periods (based 
on consistent wind direction; see Figure 3). Some of the 
parameters calculated during application of this method 
are outlined in Table 2. In the absence of intrinsic uncer-
tainty propagation within this method, a 1σ uncertainty of 
± 30% (as suggested by Saide et al. (2018)) was applied to 
each of the calculated fluxes. The CH4 flux values calcu-
lated using OTM-33 for each of these time periods were in 
good agreement with the peak CH4 flux estimated by the 
Gaussian plume model with stability class D. Emitted CH4 

mass estimates were calculated by multiplying the esti-
mated CH4 flux by the number of hours where baseline 
thresholds were exceeded for each time period. These 
estimates rely on an assumption that the source emission 
rate was constant throughout each time period. The total 
CH4 mass emitted for the six-day period in January 2019, 
as estimated by OTM-33A, was 7.1 (± 2.1) tonnes. 
This is in agreement with the upper value of the 
Environment Agency estimate (6.8 tonnes CH4).

Figure 4 shows the WindTrax-simulated 15-min 
average CH4 flux as a function of time for the emissions 
period. A maximum flux, equal to 81 (± 68) g s−1 was 
simulated at 21:00 on 16 January. The mean flux 

Figure 2. Thirty-minute averaged CH4 and CO2 mixing ratios, wind speeds, and wind direction at the PNR monitoring station for the 
period 1 December 2018 to 31 January 2019. The red highlighted areas represent hourly periods which exceeded the threshold criteria 
for the identification of excursions from the baseline conditions (Shaw et al. 2019).

Table 1. Peak CH4 fluxes and total CH4 mass emitted during the 
emissions period (11–16 January) simulated using Gaussian 
plume modeling (Connolly 2019).

Stability class
C (slightly 
unstable) D (neutral)

E (slightly 
stable)

Peak CH4 flux/g s−1 138 ± 60 63 ± 27 44 ± 19
CH4 mass emitted/ 

tonnes
2.9 ± 1.3 1.3 ± 0.6 0.9 ± 0.4
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throughout the period was 16.3 g s−1. Multiplying the 
instantaneous flux in each model time step period 
(15 min) and summing over the whole period provides 

an estimate of the total CH4 vented to the atmosphere of 
4.2 (± 1.4) tonnes CH4. This is in agreement with the 
Environment Agency estimate (2.7 and 6.8 tonnes CH4) 

Figure 3. One-minute average CH4 mixing ratio and wind direction at PNR in January 2019. The plot shows the three sections chosen 
for analysis by OTM-33A. Each section corresponds roughly to CH4 enhancements observed during a period of consistent wind 
direction. The plot on the right shows the Gaussian approximations for each of the three sections, with CH4 enhancement over 
background averaged into 5 degree wind direction bins. The Gaussian approximations are shown by the continuous lines, with the 
maximum value for each Gaussian curve (a1) shown by the dashed lines.

Table 2. OTM-33A parameters for three different time periods (see Figure 3) during the January event.
Section 1 Section 2 Section 3

Start time (UTC) 11/01/19 12:00 12/01/19 03:00 13/01/19 16:00
End time (UTC) 11/01/19 23:00 13/01/19 16:00 14/01/19 19:00
Estimated peak CH4/ppb 892 ± 29 699 ± 21 1065 ± 52
σy/m 90.88 63.17 76.42
σz/m 51.99 36.17 42.75
Wind speed/m s−1 3.3 ± 1.3 8.3 ± 2.1 4.2 ± 1.5
Calculated CH4 flux/g s−1 58 ± 17 56 ± 17 64 ± 19
CH4 mass emitted/tonnes 1.2 ± 0.4 3.6 ± 1.1 2.3 ± 0.7

Figure 4. Fifteen-minute average measured CH4 mixing ratio and WindTrax-simulated CH4 flux for the enhancement period. The 
transparent colored areas show the standard deviation (1σ) in CH4 mixing ratio and flux.
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and overlaps well (within 1σ uncertainty) with the esti-
mate made using the OTM-33A method.

It is important to note that the two estimates of total 
vented CH4 reported by the Environment Agency (see 
Environmental Agency, 2019a) were calculated from an 
operator-provided estimated emission of 230 tonnes CO2 

-equivalent. This was converted to two CH4 masses using 
global warming potential (GWP) values with different 
GWP time horizons (Environment Agency 2019b; see 
Myhre et al. (2013) for GWP values and further informa-
tion on the conversion to CO2-equivalent mass). The 
Environment Agency Compliance Assessment 
(Environment Agency 2019a) reported the total CH4 

emitted as a range between 2.7 and 6.8 tonnes. However, 
we note that it may have been incorrect to describe this as 
a range, as in principle it should be one mass or the other, 
depending on the explicit GWP time horizon used to 
initially convert the vented CH4 to CO2-equivalent 
mass. To avoid such misunderstanding in future, we 
recommend that a consistent GWP time horizon is used 
to convert between CH4 mass and CO2-equivalent mass, 
and that a single flux value (and GWP time horizon) is 
publicly reported to avoid unnecessary confusion.

WindTrax simulations for the period 1 February 2018 
to 31 January 2019 were also used to estimate CH4 fluxes 
from the dairy farm to the east of the monitoring station 
for a contextual comparison. CH4 fluxes were calculated 
throughout the year, with a mean flux of 1.5 (± 3.9) g s−1 

interspersed with short periods in which fluxes 
approached 100 g s−1. The total CH4 mass emitted from 
the dairy farm over the 12-month period was estimated to 
be 76 (± 175) tonnes CH4, when proportionally extrapo-
lated for periods in which winds were not favorable for 
sampling of dairy farm emissions. We provide this esti-
mate here to offer some context and comparison with the 
shale gas site, whilst noting that the corresponding uncer-
tainties are larger than the derived emissions themselves, 
and that there may have been some influence from the gas 
supply leaks identified by Lowry et al. (2020) (see 
Supplementary Information Section 2 and Fig. S2).

A summary of the results from the three flux estimate 
methods is presented in Table 3, alongside the operator/ 
regulator reported values and flux estimates from mobile 
UAV surveys. The peak flux reported for the simple 
Gaussian plume simulation was time averaged to 15 min 
to match the WindTrax time-step interval. The peak flux 
values for each of the three methods were all in agreement 
with each other and with the operator reported peak gas 
flow, within 1σ uncertainty. These values were also in 
excellent agreement with fluxes calculated from four 
UAV surveys, which reported instantaneous emission 
fluxes within a range of 9 to 156 g s−1 on 14 January 
(Shah et al. 2020a). The total CH4 mass estimates were 

also in good agreement with each other, within their 
respective uncertainties (at 1σ). The range in which the 
three methods overlapped (2.9– 7.1 tonnes CH4) repre-
sents the most likely confidence range of total CH4 mass 
emitted. Unfortunately, there is no simple metric for 
determining which flux quantification method is the 
most accurate. The use of three different methods pro-
vides a useful comparison for their applicability to quan-
tifying a CH4 flux using long-term, continuous data from 
a fixed measurement site. In the authors’ opinions, the 
WindTrax estimated value of 4.2 (± 1.4) tonnes CH4 

represents the optimal assessment of cumulative emission 
from the nitrogen lift event, due to the model’s more 
explicit treatment of meteorology. We reiterate that 
there may have been a period of emission sampling dead- 
time (in which emissions were missed due to unfavorable 
wind direction), which none of these methods can account 
for, and that these values may therefore be an underesti-
mate. However, the agreement with the CH4 mass 
reported by the Environment Agency, which is based on 
emission data provided by the shale gas site operator, and 
the absence of enhancements observed during mobile 
vehicle surveys (see Supplementary Information Sections 
3 and 4, and Figs. S4 and S5), suggests that the sampling 
dead-time may indeed have been a period of emission 
quiescence within the six-day event.

Evaluation of flux methods and forward guidance
A critical evaluation of the flux approaches is made to 
guide those interested in attempting emissions calcula-
tions for transient events from large point sources. Such 
evaluation is highly important in greenhouse gas emis-
sions science and policy, yet remains a practical and 
technical challenge.

Table 3. Summary of peak and mean CH4 fluxes, and total CH4 

mass emitted, as calculated by three different flux estimation 
methods. UAV measured fluxes derived from mobile surveys are 
also provided (see Shah et al. 2020a for more information) 
alongside the operator/regulator reported flux and total CH4 

mass estimates.
Flux estimation 
method

Peak CH4 

flux/g s−1
Mean CH4 

flux/g s−1
Total CH4 mass 
emitted/tonnes

Simple Gaussian 
simulationa

72 ± 31 5.6 2.9 ± 1.3

OTM-33A 64 ± 19 N/A 7.1 ± 2.1
WindTrax 81 ± 68 16.3 4.2 ± 1.4
UAVb 9–156 N/A
Operator/regulator 

reported
44c 22c 2.7 or 6.8d

Notes. aUsing stability class C and time-averaged to 15 min (to match the 
WindTrax iteration step). 

bShah et al. (2020a); reported as an instantaneous flux uncertainty range i.e. 
not time-averaged 

cCuadrilla Resources Ltd (2019) 
dEnvironment Agency (2019a)
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The Gaussian plume simulation provided a flux 
under a range of possible meteorological stability sce-
narios. Figure S3 shows a time series comparison of 
WindTrax-simulated CH4 flux and the simple 
Gaussian plume model simulated flux using stability 
class C (time averaged to match the WindTrax interval 
step of 15 min). The structure and features of the two 
time series were in good agreement throughout the 
emission period, despite there being a factor two differ-
ence in the estimate of total CH4 mass emitted. This 
model showed only a small sensitivity to differences in 
the background CH4 mixing ratio, up to at least 1.95 
ppm. The use of a single stability class throughout the 
entire emissions period was unlikely to capture the true 
variation in atmospheric stability and thus represents 
a substantial limitation in the treatment of meteorology 
for this method. However, we recommend this method 
for quick and simple flux quantification, but note that 
the results must be interpreted without explicit meteor-
ological context due to the use of generic and constant 
stability classes.

The OTM-33A method (applied to a stationary site) 
estimated flux using the Gaussian distribution of CH4 

enhancements as a function of wind direction. In prin-
ciple, this method can work well for a fixed emitter with 
a constant flux rate but is less applicable to a source with 
varying strength, where variability in the actual source 
flux may be masked by any variability in wind direction. 
The OTM-33A method involves the estimation of a peak 
CH4 mixing ratio using a Gaussian distribution function 
of CH4 mixing ratios averaged within wind direction 
bins (Figure 3). The use of time-averaging and choice 
of bin width may also bias this calculation. Binning the 
CH4 mixing ratios by wind direction results in averages 
which are affected by both the variability in flux strength 
and the variability in wind direction. These values were 
therefore unlikely to be truly representative of a mean 
(or a peak) mixing ratio in each 5° wind direction bin. 
Conceptually, this could be avoided by applying the 
method over shorter time periods in which the flux 
was likely to be more constant, and then integrating to 
obtain a total flux. However, when attempted here, this 
did not yield a large enough sample of data, especially of 
wind directions, to generate a meaningful Gaussian fit. 
The Draft EPA Method OTM-33A usually relies on 
mobile vehicle monitoring to sample CH4 as a function 
of wind direction to either side of a plume. We conclude 
that the OTM-33A method is best suited to sources with 
a constant emission rate and may be subject to systema-
tic error for dynamic sources. Additionally, the method 
relies on the subtraction of a background CH4 mixing 
ratio to yield CH4 enhancement. The resulting Gaussian 
distribution function was found to be sensitive to the 

choice of background CH4 mixing ratio. The OTM-33A 
method includes a process for calculating the back-
ground mixing ratio but this may not be appropriate 
given the dataset, which requires manual inspection to 
ensure validity. Using different values for CH4 back-
ground (from 1.91 to 1.95 ppm CH4) resulted in dis-
crepancies in calculated flux (from 55 to 76 g s−1) and 
total CH4 mass estimates (from 7.1 to 7.6 tonnes CH4). 
Finally, the calculation of a total CH4 mass during the 
emissions period was not trivial; simply multiplying the 
estimated flux by the number of enhanced hours of CH4 

relied on an assumption that the source strength was 
constant throughout that period. This is unlikely to be 
true for many industrial emission sources.

In our opinion, WindTrax provided the most com-
prehensive and meaningful flux analysis as it took 
account of measured meteorology (3D wind, tempera-
ture and pressure measurements) and used short model 
timesteps (15 min), which implicitly accounted for 
a dynamic CH4 flux. However, like all other methods, 
WindTrax was sensitive to the mixing ratio used for CH4 

background with a factor of 1.6 difference in the esti-
mated total mass of CH4 emitted during the period 
when using different background values (from 1.91 to 
1.95 ppm CH4). Also, the WindTrax model could not 
explicitly account for surface topography from the emis-
sion point source to the measurement location 
(although it should be noted that this limitation also 
applied to the other two flux quantification methods as 
well). Two simulations were performed to investigate 
the sensitivity to this limitation: one in which the heights 
of the source and sensor were relative to the ground, and 
another in which the source and sensor heights were 
relative to each other. Table S2 outlines these results 
from WindTrax simulations. WindTrax was unable to 
resolve as many flux data points (i.e. model time steps) 
during the simulation with heights set relative to the 
ground. The model was also sensitive to the number of 
particles used during simulations; the smaller the parti-
cle count, the fewer flux values were resolved. We 
recommend that a model time step of 15 min, using 
150,000 particles, and source and sensor positions rela-
tive to each other, are configured for any future flux 
assessment using WindTrax.

Climate change relevance

This study provides an estimated 4.2 (± 1.4) tonnes CH4 

emitted in only 6 days at the PNR shale gas site. Based on 
a typical lifespan of a shale gas operation of 10–30 years, 
one would expect the same mass of CH4 to result from 
fugitive emissions from the steady state production of 
approximately 1.9 Mm3 shale gas, or 4–11 months’ 
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worth of commercial extraction (Hultman et al. 2011; 
Jiang et al. 2011; Weber and Clavin 2012). This estimate 
aligns with field reports from the Montney shale gas 
development in north-western Canada (Atherton et al. 
2017; Robinson et al. 2019) where annual wellsite-level 
emissions (fugitive and vents) during steady state pro-
duction of shale gas amounts to 7.3 to 8.2 tonnes CH4 

per year per site on average.
Using the IPCC characterization factors (Myhre et al. 

2013), 4.2 tonnes CH4 equates to 143 tonnes CO2- 
equivalents under the default 100-year time horizon 
(GWP100), or 361 tonnes CO2-equivalents using a 20- 
year horizon (GWP20). The GWP100 value is equivalent 
to the carbon footprint of 516 MWh of electricity con-
sumed from the UK National Grid (BEIS 2019): the 
annual electricity demand of 166 households (Ofgem 
2019). Alternatively, equivalence can be drawn with 
142 London–New York flights (BEIS 2019).

The relevance of these CH4 flux estimates to LCA and 
carbon footprinting research is three-fold: firstly, data 
on emissions from the exploratory phases of gas extrac-
tion are only sparsely available and are not typically 
accounted for in LCA; secondly, to the best of the 
authors’ knowledge, existing literature does not account 
explicitly for nitrogen lift operations in gas extraction 
processes, making this the first available estimate; and 
thirdly, these data are some of the first emissions esti-
mates for UK-specific shale gas operations, helping to 
lay the foundations for future life cycle assessment in 
this area.

Assuming the emission flux estimated in this work is 
representative of a typical flux from a nitrogen lift, the 
emitted CH4 mass could conceivably be linearly extrapo-
lated for a scaled-up hydraulic fracturing industry in the 
UK. This would allow for a simple assessment as to the 
importance of these transient events in the context of the 
UK greenhouse gas emissions inventory, which may be 
especially important given the UK government’s commit-
ment to achieving net zero carbon emissions by 2050. 
However, such a linear extrapolation is difficult to achieve 
in practice for a number of reasons. Firstly, it is currently 
unknown whether this single emission event is truly 
representative of typical emissions from nitrogen lift, or 
other well-unloading, processes. Recently fractured wells 
rarely require artificial lifting techniques to stimulate flow 
and this likely only occurred due to partial completion of 
hydraulic fracturing. The emitted CH4 mass reported 
here resulted from the cold-venting of CH4, owing to 
a failure of the flare – successful flaring would have 
resulted in a decrease in the total mass of CH4 vented to 
the atmosphere. Hence, reliably extrapolating this single 
measurement may introduce systematic bias. Secondly, it 
is not easy to reliably predict the potential extent of a UK- 

based onshore shale gas and hydraulic fracturing indus-
try. Clancy et al. (2018) and the UK Onshore Oil and Gas 
organization predicted that there would be between 3,000 
and 4,000 wells in a commercial UK onshore industry 
(UKOOG, 2019). However, this is currently far from 
certain given the moratorium on the use of hydraulic 
fracturing announced by the UK Government in 
November 2019. Finally, the frequency at which unload-
ing processes are used to stimulate a well is highly vari-
able; Allen et al. (2013) reported that some wells are 
unloaded monthly, and some only once per lifetime. 
Skone (2011) reported that, for 35,400 unconventional 
wells in the USA, there were 4,180 well-unloadings in 
2007, suggesting wells are unloaded approximately once 
per decade. Robust measures for the reporting of such 
processes would need to be in place in order to make 
a comprehensive assessment of their impact in a future 
UK industry. Hence, extrapolating the measured CH4 

emission from this work to a scaled up industry should 
be considered as only a very rudimentary assessment, 
with potentially large uncertainties and systematic biases.

The nitrogen lift yielded a sustained CH4 emission as 
part of flowback operations following partial hydraulic 
fracturing of the PNR well. It is possible to capture 
flowback emissions using specialized infrastructure in 
a process called Reduced Emission Completion (REC). 
RECs are being considered by the UK Government as 
part of a regulatory structure for shale gas. Whether 
nitrogen lifts, and other well-unloading techniques, 
would be considered to fall under exploratory or flow-
back regulation is not yet known, nor is it clear which 
technologies would be suitable for, or favored by, the UK 
industry. Flowback gas conservation is more expensive 
than other forms of CH4 abatement in oil and gas 
production, such as flaring reduction programs, or 
stronger leak detection and repair initiatives (Element 
Energy 2019). Regulators in oil and gas producing jur-
isdictions use these as primary levers to protect air 
quality and to minimize climate impact.

Evidence of flared natural gas emissions

Figure 5 shows boxplots for monthly CH4 mixing ratios 
recorded under westerly winds (i.e. wind directions 
between 225° and 315°) between February 2016 and 
November 2019. A key at the bottom of the plot provides 
a rough guide of activities undertaken on the shale gas 
site during each month, referencing publicly available 
information from the operator (Cuadrilla Resources Ltd. 
2020). Several conclusions can be drawn from these 
boxplots. Firstly, the boxplots clearly show the seasonal 
cycle of CH4, with higher mixing ratios measured in the 
winter months than in the summer months for all years 
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of data. Secondly, there was a regular increase in CH4 

year-on-year, though this was consistent with the global 
increase in background CH4 (of approximately 7–8 
ppb year−1; Dlugokency (2020)). There were several 
exceptions to this year-on-year increase; June and July 
of 2018 both exhibited higher medians and larger varia-
bility in CH4 than the same months in 2019. Whilst shale 
gas wells were being drilled during these months in 
2018, the lack of enhanced statistics during other 
months in which drilling occurred lead to the specula-
tion that drilling had little impact on monthly CH4 

mixing ratios, and the high CH4 mixing ratios observed 
in June and July 2018 were simply outliers. Indeed, 
drilling would not be implicitly expected to result in 
emissions of CH4, or CO2, and hence months in which 
drilling occurred were included as part of the baseline 
survey (Ward et al. 2018, 2017).

The contribution of the nitrogen gas lift in 
January 2019 is clearly visible, primarily in the large 
range in CH4 mixing ratios up to the 90th percentile, 
and, to a smaller extent, up to the 75th percentile. 
However, it should be noted that the median CH4 

mixing ratio was consistent with the monthly median 
mixing ratios to either side and with the year-on-year 
increase. Similar enhancements in CH4 were poten-
tially measured in November 2019, with a large 
deviation in the 75th and 90th percentile values rela-
tive to previous years, and to adjacent months. Site 
activity data for November 2019 reported that flow-
back was taking place, with successful flaring of 

natural gas emissions. This is potentially corrobo-
rated by Figure 6, in which a similar excursion in 
CO2 statistics was observed in November 2019, 
potentially due to generation of CO2 from burning of 
CH4. Interestingly, no data was flagged by the change 
detection algorithm as breaking the threshold criteria 
in this month – this was likely due to the threshold 
criteria specifically relating to the detection of cold 
vented CH4 and the lack of westerly wind directions 
(Figure S6). Other than during January and 
November 2019, no other months in which natural 
gas flow was reported showed obvious excursions in 
CH4, or CO2, statistics. However, enhanced monthly 
statistics in both CH4 and CO2 were potentially mea-
sured in February 2019 although no flowback opera-
tions were reported to have taken place. As for 
November 2019, no data from February 2019 broke 
the threshold criteria outlined in Shaw et al. (2019) 
for the detection of CH4 excursions.

Conclusion

Enhancements in CH4 mixing ratios were measured in 
January 2019 at a fixed-site monitoring station after 
artificial nitrogen lifting of a well (following partial 
hydraulic fracturing) at an onshore shale gas extraction 
facility in the UK. The enhancements were identified 
using statistically evidenced threshold criteria to detect 
elevations in CH4 mixing ratios over a previously 

Figure 5. Boxplots for monthly CH4 mixing ratios under westerly wind (270° ± 45°). Black boxplots show baseline period date, red 
boxplots show operational data measured in 2018 and blue boxplots show operational data recorded in 2019. The thick line represents 
the monthly median CH4 mixing ratio, the outer edges of the boxplot shows the interquartile range, and the whiskers extend to the 
10th and 90th percentile values. The rectangles toward the lower portion of the plot provides an indication of reported activities taking 
place at the shale gas facility during that month. Months which are highlighted showed enhancements in monthly CH4 statistics 
relative to previous years and to adjacent months, potentially as a result of flowback operations. These enhancements are particularly 
clear in the upper extent of the whiskers (90th percentile values).
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derived baseline climatology, based on both seasonality 
and wind direction.

Three independent methods were used to estimate 
CH4 fluxes associated with the nitrogen lift emission 
event. Peak CH4 fluxes were estimated to be approxi-
mately 70 g s−1. However, a highly variable source 
strength meant that mean CH4 fluxes were likely to be 
much lower, at approximately 16 g s−1. The central 
estimate of total CH4 mass emitted during the period 
was 4.2 (±1.4) tonnes CH4, with a larger range estimated 
by other independent flux estimation methods (from 2.9 
to 7.1 tonnes CH4). However, these estimates do not 
account for potential sampling dead-time in which 
emissions may have been missed due to unfavorable 
wind directions. We note that there may be some mis-
understanding in the way CH4 emissions and CO2- 
equivalent mass emission are being publicly reported. 
To avoid such misunderstanding in future, we recom-
mend that the same GWP time horizon is used to con-
vert between CH4 mass and CO2-equivalent, and that 
a singular consistent CH4 emission value (and GWP 
time horizon) is publicly reported to avoid unnecessary 
confusion and the possibility of future greenhouse gas 
accounting error. Continuous monitoring and indepen-
dent assessment should be sustained to ensure good 
practice. This study provides guidance for flux quantifi-
cation from fixed-site monitoring of CH4 sources, with 
implications for emissions inventory validation and 
public interest.

Estimates of CH4 emissions in the exploratory phases 
of hydraulic fracturing, and especially during nitrogen 
lift operations, have not previously been made available 
for incorporation into environmental assessment 
research such as life cycle assessment (Stamford and 
Azapagic 2014). Based on existing LCA literature, the 
total CH4 mass estimated here, for a one-week period, 
would be expected to result from the extraction of 1.9 
Mm3 of natural gas and has an associated carbon foot-
print of 143 tonnes CO2-equivalent over a 100-year time 
horizon (Myhre et al. 2013). It is clear from this study, 
and others, that emission rates associated with well 
development, well-unloading, and well-stimulation 
activities are under-represented, and may constitute 
a large fraction of a shale well’s lifecycle emissions. 
With this in mind, the UK Government should consider 
using Reduced Emission Completion procedures to cap-
ture flowback emissions from well-unloading and flow-
back operations, should onshore shale gas extraction via 
hydraulic fracturing continue in the future.
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