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Methane and ethane emission quantifications from
onshore oil and gas sites in Romania, using a tracer
gas dispersion method

Antonio Delre1, Arjan Hensen2, Ilona Velzeboer2, Pim van den Bulk2,
Maklawe Essonanawe Edjabou1, and Charlotte Scheutz1,*

Site-specific methane (CH4) and ethane (C2H6) emission rates from the onshore oil and gas (O&G) sector in
Romania were quantified, using the mobile tracer gas dispersion method. As part of the coordinated Romanian
Methane Emission from Oil & Gas measurement campaign, this study supported the investigation of CH4

emissions from the O&G sector around Bucharest. CH4 emission rates measured at 200 O&G sites were
highly skewed with a heavy tail and described by a CH4 emission factor (EF) with a 95% confidence
interval (CI) equal to 0.53 [0.32; 0.79] kg h–1 site–1. Of the investigated sites, 53% showed CH4 emission
rates below 1 kg h–1, whereas only 6% had emission rates higher than 80 kg h–1, with the highest being equal to
297 kg h–1. CH4 emission rates from oil wells were not correlated to CH4 production rates but were negatively
correlated to the amount of wastewater produced. C2H6 emissions were investigated from 95 O&G sites, the
emission rates of which were highly skewed with a heavy tail and described by a C2H6 EF with a 95% CI equal to
0.07 [0.04; 0.13] kg h–1 site–1. Almost 80% of the investigated sites showed C2H6 emission rates below
1 kg h–1, and 7% of them had emission rates higher than 9 kg h–1, with the highest being equal to 78 kg h–1.
CH4 emission rates and EFs representing specific types of sites and geographical regions are provided in the
manuscript. In terms of magnitude and distribution, these results are in line with published results from
measurements at O&G sites in North America, and a natural gas field in the Netherlands. The CH4 EF
calculated in this study is close to the lower range of the majority of values in the literature, whereas
C2H6 EF is the lowest among the literature values. The study also provided site-specific C2H6-to-CH4 molar
ratios in different regions around Bucharest.

Keywords: Site-specific, Romania, EU-27, Gaussian plume model, EU methane strategy, European Green Deal,
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Introduction
Methane (CH4) emissions into the atmosphere lead to
global and local negative impacts on the environment and
on human health (Stocker et al., 2013). CH4 is a potent
greenhouse gas with a global warming potential of about
30 times that of carbon dioxide over a 100-year time
horizon (Stocker et al., 2013). CH4 emissions contribute
to tropospheric ozone formation, which worsens local air
quality and badly affects ecosystem productivity, agricul-
tural yields, and human health (Shindell et al., 2012;
Stocker et al., 2013). Due to the relatively short lifetime
of CH4 in the atmosphere (9.1 years, Prather et al., 2012),
reducing its emissions would lead to substantial climate

benefits in the short term (Shindell et al., 2012). The fossil
fuel–based energy sector contributes to about one third of
global anthropogenic CH4 emissions (Kirschke et al.,
2013). To tackle global CH4 emissions, the Oil and Gas
Methane Partnership under the United Nations Environ-
ment Program Climate and Clean Air Coalition (CCAC) has
set a goal of 45% reduction in methane emissions from
the oil and gas (O&G) sector over estimated 2015 levels by
2025 and 60%–75% reductions by 2030 (CCAC, 2021). In
addition to being part of the CCAC, the European Union
(EU) set specific actions in the European Green Deal to
decrease CH4 emissions (European Commission [EC],
2019). In the near future, EU legislation will be revised
to adopt accurate CH4 emission quantifications through
direct measurements as EU target standards for reporting
purposes via the energy sector (EC, 2020).

Direct atmospheric measurements have shown that
national inventories of CH4 emissions from the O&G sec-
tor in North America underestimate the problem (Brandt
et al., 2014; Johnson et al., 2017; Zavala-Araiza et al.,
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2018). CH4 emissions from a defined geographic region
can be quantified by using the bottom-up or the top-down
approach (Brandt et al., 2014; Harriss et al., 2015). The
bottom-up approach includes methods that measure
emissions directly from installations/devices or at site
level and scales up these measurements using statistical
methods. When using this approach, the collected sample
should be representative of the entire investigated popu-
lation, in order to include the so-called super-emitters that
are responsible for the largest share of emissions in the
investigated region (Brandt et al., 2014; Rella et al., 2015;
Omara et al., 2016). The distributions of CH4 emission
rates measured from O&G regions in North America were
highly skewed with a “heavy-tail” of super-emitters,
thereby offering a great opportunity to rapidly decrease
total CH4 emissions when these super-emitters are iden-
tified (Brandt et al., 2014; Brandt et al., 2016). The most
commonly applied measurement methods to quantify
CH4 emissions at site level include ground-based
remote-sensing methods relying on measurements of
downwind atmospheric gas concentrations and descrip-
tions of the atmospheric dispersion of the target gas (U.S.
EPA, 2018). Information about atmospheric gas disper-
sion can be obtained either by adopting atmospheric
models, that is, the Gaussian plume model (GPM; Hensen
and Scharff, 2001; Hensen et al., 2006; Fredenslund et
al., 2019) and Other Test Method (OTM) 33A (U.S. EPA,
2014), or by releasing a tracer gas (Brantley et al., 2014;
Mitchell et al., 2015; Yacovitch et al., 2015; Yacovitch et
al., 2017; Robertson et al., 2017; Zavala-Araiza et al.,
2018; O’Connell et al., 2019). The top-down approach
includes studies that use aircraft, tall towers, ground
sampling, and remote-sensing (satellites) to infer CH4

emissions from a geographic region (Brandt et al.,
2014; Schwietzke et al., 2014a; Smith et al., 2015;
Johnson et al., 2017).

The extraction, processing, and distribution of fossil
fuels are the main anthropogenic sources of ethane
(C2H6) seeping into the atmosphere (Simpson et al.,
2012). Quantifying C2H6 emissions from the O&G sector
is technically and environmentally important, as the C2H6-
to-CH4 molar ratios of a region allow for apportioning
sources when CH4 emissions are investigated via a top-
down approach (Schwietzke et al., 2014a; Schwietzke et
al., 2014b; Goetz et al., 2015; Smith et al., 2015; Allen,
2016; Mielke-Maday et al., 2019). C2H6 not only worsens
air quality in several ways by increasing tropospheric
ozone formation, but it also enhances the atmospheric
lifetime of CH4 by consuming hydroxide. As a result, it
plays a direct and an indirect role as a greenhouse gas
through ozone and CH4, with moderate global impacts
(Aikin et al., 1982; Highwood et al., 1999; Collins et al.,
2002). Although C2H6 emissions from the O&G sector are
environmentally important, the literature reports only few
studies documenting site-specific C2H6 emission rates
(Goetz et al., 2015; Yacovitch et al., 2015; Yacovitch et
al., 2017) or quantify C2H6 emissions at regional
scale (Schwietzke et al., 2014a; Smith et al., 2015; Peischl
et al., 2018).

In the EU-27, CH4 emissions from O&G production
have been estimated to constitute up to 33% of the total
reported European CH4 emissions caused by the energy
sector, making the production of O&G the second most
important CH4 emitter after solid fuel (coal) production
(United Nations Framework Convention on Climate
Change, 2020). The International Energy Agency estimates
that among the EU-27 countries, the Romanian onshore
O&G production sector emits 45% of the total recorded
for onshore natural gas production and 25% of the total
for onshore oil production (IEA, 2020). However, Europe
critically lacks CH4 emission measurement data from
onshore O&G sites to help prioritize company actions and
government policies for addressing this important emis-
sions source (CCAC, 2021).

The aim of this study was to quantify site-specific CH4

and C2H6 emission rates from the onshore O&G sector in
Romania, using a tracer gas dispersion method. The col-
lected dataset was compared with datasets available in the
literature. Emission factors (EFs) were computed using the
geometric mean with bootstrap simulation. The study was
carried out in order to support the regional bottom-up
and top-down investigation of CH4 emissions from the
onshore Romanian O&G sector located around Bucharest
in the Wallachian plain. The activity was part of the coor-
dinated Romanian Methane Emission from Oil & Gas
(ROMEO) measurement campaign, which aimed to inves-
tigate CH4 emissions from O&G production in Romania by
using several measurement platforms and deploying
numerous emission quantification methods (Röckmann
and the ROMEO Team, 2020). The ROMEO measurement
campaign included several studies, which will be reported
in other scientific papers. In addition to the study hereby
described, further quantifications of site-specific CH4

emissions will be reported in publications investigating
the Wallachian plain and other Romanian areas, using
quantification methods other than the tracer gas disper-
sion method. Other publications will assess the bottom-up
and top-down approaches gathering the information col-
lected by all teams deploying ground-based methods and
aircraft. A publication will investigate the origin of the
emissions at the component scale in many O&G sites, by
using optical gas imaging devices. A specific paper inves-
tigates the CH4 isotopic signatures of emissions from all
investigated areas in Romania (Menoud et al., 2022). The
results of the “ROMEO Tracer Team” are described herein.

To the best knowledge of the authors, this is the first
time that CH4 and C2H6 emissions have been quantified
from the Romanian onshore O&G sector. Only one Euro-
pean study has quantified CH4 emissions from a natural
gas field in the Netherlands (Yacovitch et al., 2018). Addi-
tionally, this is the first study that directly reports a large
dataset of site-specific C2H6 emission rates. The literature
offers only 2 studies from which such information can be
withdrawn (Yacovitch et al., 2015; Yacovitch et al., 2017),
and 1 study reporting emissions from only 3 gas well pads
(Goetz et al., 2015). Finally, this study reports gas emission
quantifications performed at individual production gas
and oil wellheads instead of commonly measured groups
of wellheads.
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Material and methods
Description of the investigated area

The sampled O&G sites were located in 5 Romanian coun-
ties around Bucharest (Prahova, Buzau, Ialomita, Dambo-
vita, and Teleorman). Figure 1 shows the location and
type of site grouped in regions as defined by the ROMEO
campaign coordinators. Each region was divided into 4–9
clusters, each containing between 10 and 583 sites (O&G
production wells and facilities). Criteria used to group the
sites within regions and clusters are described along with
the sampling strategy. Individual O&G production well-
heads were considered point sources, while facilities like
oil parks, production batteries, gas compressors, and so
on, were considered area sources, as they can have multi-
ple gas leakages and outlets.

From the geological perspective, all investigated
regions are located in the Carpathian-Balkanian Basin
Province as defined by Pawlewicz (2007). Regions C0,
C6, and C7 (Figure 1) lie in the assessment unit of the
Romanian Ploiesti Zone, which is part of the Dysodile
Schist–Tertiary total petroleum system. In particular, C0,
C6, and C7 lie in the subunit called Diapir Folds zone,
which follows the Carpathian bend and it is featured by
the Sub-Carpathian nappe (Pawlewicz, 2007). The Diapir
Folds zone is characterized by source rocks as Oligocene
dysodile schist and possibly middle Miocene and Pliocene
black shale (Dinu et al., 1996). Hydrocarbons in the Sub-
Carpathian nappe are accumulated in Oligocene and in
lower and upper Miocene sandstones. In particular, the

reservoirs of the Diapir Folds zone are mainly sandstones
with high porosity and permeability (Dinu et al., 1996).
Regions C5A and C8 (Figure 1) lie in the assessment unit
of the Moesian Platform, which is part of the Moesian
Platform Composite total petroleum system. The Moesian
platform is limited to the north by the foredeep of the
Carpathian Mountains, it extends under the Danubian
lowlands of Romania and occupies the northern part of
Bulgaria (Pawlewicz, 2007). Source rocks of this platform
include both clastic and carbonate rocks. Although the
main reservoirs of the Moesian platform are upper Mio-
cene clastic rocks, lower Cretaceous carbonate reservoirs
are also present. The Rumanian part of the Moesian plat-
form has reservoirs distributed throughout the strati-
graphic column and it has many different lithologies
(Pawlewicz, 2007). O&G are mainly in Mesozoic rocks, and
they are equally distributed between the Permian-Triassic,
Middle Jurassic (Dogger), and Cretaceous (Tari et al., 1997).

Measurement method

CH4 and C2H6 emission quantifications from the O&G
sites were obtained by deploying the mobile tracer gas
dispersion method (MTDM)—a ground-based remote-
sensing technique previously used to quantify air emis-
sions from the O&G sector (Lamb et al., 1995; Shorter et
al., 1997; Allen et al., 2013; Goetz et al., 2015; Mitchell et
al., 2015; Omara et al., 2016; Yacovitch et al., 2017; Ros-
cioli et al., 2018; Zavala-Araiza et al., 2018). MTDM com-
bines the controlled, constant release of a tracer gas from

Figure 1. Location of the sampled sites grouped by region, as defined in the Romanian Methane Emission
from Oil & Gas coordinated campaign. Sites in the area were grouped into 5 regions as shown on the map (Google
©). NA ¼ not available. DOI: https://doi.org/10.1525/elementa.2021.000111.f1
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the emitting site with the detection of downwind atmo-
spheric concentrations of the tracer and the target gas.
Furthermore, it is based on the principle that long-lived
atmospheric gases disperse in the same way in the atmo-
sphere, and therefore, even when the plume dilutes, the
concentration ratio remains constant over space and time.
As a consequence, the emission rate of the target gas is
calculated by using downwind concentration enhance-
ments of the target gas and the tracer gas, as reported
in Equation 1:

Etg ¼ Qtr �

ðplume end

plume start
ðCtg � Ctg baselineÞdx

ðplume end

plume start
ðCtr � Ctr baselineÞdx

�
MWtg

MWtr
; ð1Þ

where Etg is the target gas emission rate in units of mass
per time, Qtr is the known tracer release rate in units of
mass per time, Ctg and Ctr are the detected plume mole
fractions within the plume traverse in parts per billion
(ppb), Ctg baseline and Ctr baseline are baseline mole fractions
of the target and the tracer gas (ppb) and MWtg and MWtr

are the molecular weights of the target gas and tracer gas,
respectively (Scheutz et al., 2011). Equation 1 is valid only
if the combination between the release of the tracer gas
and the distance of the plume traverse allow an adequate
simulation of the target gas emissions by means of the
tracer gas release (Delre et al., 2018). Acetylene (C2H2) and
nitrous oxide (N2O) were used as tracer gases due to their
long atmospheric lifetime, constant atmospheric back-
ground, possibility to be detected with analytical instru-
ments having enough precision and detection frequency,
relatively low costs, and the fact that they are not emitted
from O&G sites (Delre, 2018). The release of C2H2 has the
advantage of producing low environmental impacts. Con-
versely, N2O is a potent greenhouse gas (Stocker et al.,
2013), but its use is considered a fair compromise due
to the importance of the obtained information. Both
C2H2 and N2O are largely used as tracers in O&G investi-
gation (Allen et al., 2013; Goetz et al., 2015; Omara et al.,
2016; Yacovitch et al., 2017; Roscioli et al., 2018; Zavala-
Araiza et al., 2018).

Measurements were carried out with 2 vehicles
equipped with laser gas analyzers. Atmospheric air was
sampled from the roof of the vehicles and conveyed to
the gas analyzers, which detected mole fractions of the
target and tracer gases. One vehicle sampled air from
approximately 2 m above the ground. A first small exter-
nal pump (GAST 8R1110-201-1049), with a flow equal to
3.4 L min–1, pulled the air until a split to the atmosphere
located just before the analyzers, which were equipped
with a serial pump working with a flow equal to about
0.4 L min–1. The polypropylene sample lines were about
1.9 m long with internal and external diameters of 4 and
5 mm, respectively. Swagelok fittings avoided any contam-
ination of the samples. This vehicle was equipped with 2
gas analyzers based on cavity ring-down spectroscopy, one
of which detected CH4 once per second (G2401, Picarro,
Inc., Santa Clara, CA), with a precision of 1.7 ppb and
a response time of 2s, while the other detected N2O and

C2H2 every 3s (S/N JADS2001, Picarro, Inc., Santa Clara,
CA), with a precision of 21.1 and 1.6 ppb, respectively, and
a response time of about 7s. Gas analyzer precision is
reported here as 3 times the standard deviation of 6 min
constant concentration reading. Each gas analyses used 2
internal filters for particulate matter, which are specific for
Picarro analyzers. The gas analyzers G2401, detecting CH4,
and S/N JADS2001, detecting C2H2 and N2O, were cali-
brated with 3 calibration gases certified by the World
Meteorological Organization (WMO). Three mole fractions
within the detection interval of the instrument were used
to produce a calibration line, which was used to adjust the
mole fractions recorded in the field. Calibration gases had
the following concentrations for specific gases: 5, 25, and
51 ppm for CH4; 5, 15, and 40 ppb for C2H2; 0.4, 69.6, and
149.8 ppm for N2O.

The other vehicle sampled air from approximately 3 m
above the ground. A pump (Agilent IDP-15 Dry Scroll
Pump), with a flow equal to 5 L min–1, pulled the air
through the polypropylene sample line 1 m long with
internal and external diameters of 5 and 6 mm, respec-
tively. Swagelok fittings avoided any contamination of the
samples. This vehicle was equipped with a dual laser trace
gas monitor based on Tunable Infrared Laser Direct
Absorption Spectroscopy, using a quantum cascade laser
and an interband cascade laser to measure CH4, C2H6,
N2O, CO2, and CO simultaneously (Aerodyne Research Inc.,
Billerica, MA) at 1 Hz with a precision of 2.4, 0.1, 0.1,
386.3, and 2.5 ppb, respectively. This gas analyzer had
a response time equal to about 2s and was calibrated
using calibration gases certified by the WMO, as used in
the Integrated Carbon Observation System at the Cabauw
tall tower in the Netherlands. The calibration operations
were performed multiple times during a measurement
day to assure accurate detection of target gases. Calibra-
tion gases had the following mole fractions for specific
gases: 1,975 and 4,695 ppb for CH4; 332.6 and 331.9 ppb
for N2O; 412.5 and 427.4 ppm for CO2; 185.1 and
165.8 ppb for CO.

Tracer gases were released from gas cylinders at con-
stant flow rates, using calibrated flow meters, pressure
reducers and critical orifices, and the total amount of
released tracer gas was quantified by weighing the cylin-
der before and after release.

When investigating a specific site, measurements con-
sisted of a screening phase and a quantification phase.
During the screening phase, the gas analyzer was driven
around the target site to record atmospheric concentra-
tions of the target gas. A site was defined as an emitter
when concentrations of the downwind target gas showed
an enhancement compared to concentrations detected
upwind from the site. When beginning measurements at
each site, atmospheric concentrations were measured
upwind and downwind of the site, to check for potentially
disturbing off-site sources, which were mostly other O&G
sites and farms. The plume of the target gas, generated by
the disturbing off-site sources, would have overlapped
with the plume of the target site, resulting in a distortion
of the real emission rate. An investigated site was consid-
ered to be affected by a disturbing off-site source, if the
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upwind screening showed a plume of the target gas with
a concentration peak higher than 3 times the size of the
background noise recorded in absence of emitting
sources. The same threshold was already adopted to dis-
tinguish the presence of a signal in sequential records
(Shrivastava and Gupta, 2011). If a disturbing off-site emit-
ter was found close to the target site, measurements were
carried out under different wind conditions, when the
plume from the target site could be distinguished from
the plume coming from the off-site source.

In the quantification phase, a constant flow from the
tracer gas cylinder was released via flexible tubing placed
as closely as possible to the emission location. At O&G
wells, which were always protected by a fence, the flexible
tube was pushed to the location of the well borehole by
using a rod. At large area sources (e.g., sites containing oil
tanks and high-pressure injection systems), the tracer
could not be released from inside the site, due to a lack
of access. In this case, the tracer was released near the
fence of the target area, so that the distance of the target
and the tracer gas release to the street where measure-
ments were subsequently conducted was similar. This
assured that both gases underwent (as much as possible)
similar conditions regarding mixing and transport, which
also included similarly sized vegetation or objects between
the source and the measurement transect.

During the quantification phase, several plume tra-
verses (on average 9 traverses) were performed downwind
at a suitable distance away from the target site. In each
plume traverse, the plume was completely crossed, and
the background concentrations of target and tracer gas
were identified on both sides of the plume, to establish
a baseline that would be subtracted from the enhanced
concentrations (Equation 1), thereby obtaining only the
target source’s contribution to atmospheric concentra-
tions. Depending on the physical size and layout of the
site, site accessibility, in terms of roads, drivable fields and
measurement distance, varied from 20 to 620 m. The
driving speed was about 15–25 km h–1. Quantification
time at a single site varied between about 30 and 60 min.

The emission rate of a site’s target gas was given as the
average value of emission rates calculated based on mul-
tiple plume traverses. The variability in the quantification
of an individual site was given at a 95% confidence inter-
val (CI) of emission rates calculated based on multiple
plume traverses, which were assumed normally distrib-
uted. The 95% CI was calculated by multiplying for each
site the standard error of the mean by 1.96, which is the
97.5 percentile point value of the standard normal distri-
bution. The variability in the quantification of an individ-
ual site was reported as a percentage of the average value,
while total uncertainty was calculated as the square root
of the sum of the squares of the method’s uncertainty and
the variability in the quantification. More information
about the uncertainty budget is provided in Section S1.

During the screening phase, some sites showed the
same atmospheric concentrations of the target gas
upwind and downwind, and target gas emission rates were
defined as being below detection limit (BDL). This means
that the concentrations recorded downwind of the

investigated site did not show any plume peak higher than
3 times the size of the background noise recorded upwind
(Shrivastava and Gupta, 2011). The MTDM detection limit
was calculated according to Delre et al. (2017), using the
GPM described in Equation 2:

Cðx; y; zÞ ¼ Q
2pusyðxÞszðxÞ

�
�

e�0:5ð z�H
szðxÞÞ

2

þ e�0:5ð zþH
szðxÞÞ

2
�

e
�0:5ð y

syðxÞÞ
2

ð2aÞ

BDL ¼ Qmin ¼
Cminðx; 0; zÞ2pusyðxÞszðxÞ

e�0:5ð z�H
szðxÞÞ

2

þ e�0:5ð zþH
szðxÞÞ

2
� �

e
�0:5ð y

syðxÞÞ
2� ;

ð2bÞ

where in Equation 2a, C is the concentration (kg m–3) in
any given downwind plume point (x, y, z) measured from
the source, Q is the emission rate (kg s–1), u is wind speed
(m s–1), sy (x) and sz (x) are the dispersion coefficients (m),
and is emission height above ground level (m).

Equation 2b was obtained directly from Equation 2a to
calculate the MTDM detection limit (BDL), that is, the
lowest measurable emission rate Qmin. Three features
influence Qmin: the precision of the analytical instrument,
the measurement distance, and weather conditions. The
smallest measurable downwind peak plume concentration
Cmin(x, 0, z) was set at 3 times the size of the background
noise of the target gas determined for the specific
measurement period (Shrivastava and Gupta, 2011).
Cmin(x, 0, z) is the concentration at x m away from the
source, in the middle of the plume traverse (y ¼ 0) and at
the roof of the measurement platform (z m from the
ground), where atmospheric concentrations were sam-
pled. Horizontal and vertical dispersion coefficients,
namely sy (x) and sz (x), were applied by following Briggs
(1974), and atmospheric stability classes were obtained
according to Pasquill (1974), using a weather station
recording temperature, wind speed, wind direction, atmo-
spheric pressure (Kestrel 5500 Weather Meter) placed
close to the emitting site. By definition, the MTDM detec-
tion limit is site- and time-specific when using the same
analytical platform (Delre et al., 2017).

At some sites, the MTDM could not be applied due to
technical maintenance required for the gas analyzer
detecting the tracer gas. In these cases, the GPM was
applied. The procedure for the site investigation was as
described for the MTDM, with the exception of the tracer
release process and calculation of the emission rate of the
target gas. In this case, the emission rate of the target gas
Q was obtained from Equation 2a. The downwind target
gas concentration C(x, y, z) was the fitted peak concentra-
tion of a single plume traverse, and concentrations
recorded crossing the plume were fitted with a Gaussian
function in OriginPro 2019 1 (OriginLab, 2019). Choos-
ing the fitted peak value to the actual peak recorded dur-
ing the plume traverse allowed for weighting the entire
plume traverse rather than considering only one detection
point. Additionally, using the fitted peak value allowed for
more accurate measurements than using the detected
peak value (Section S2). Similar to the assessment of the
MTDM detection limit, dispersion coefficients were
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chosen following Briggs (1974), whereas atmospheric sta-
bility classes were obtained according to Pasquill (1974),
using a weather station placed close to the emitting site.
Quantification variability was reported in the same way as
for the MTDM (Section S1).

At 3 sites, plume traverses could not be performed
downwind of the emitting source. Therefore, a static tracer
gas dispersion method (STDM) was applied. When apply-
ing the STDM, stationary tracer and target gas measure-
ments are performed downwind of the target site. In this
case, the emission rate was still calculated by using Equa-
tion 1, but the target and tracer gas concentration ratio
recorded over several minutes was used instead of the
ratio of the integrated plume traverse concentrations
(Samuelsson et al., 2018).

During the ROMEO campaign, some emitting sites’
emissions could not be properly quantified by using any
of the methods reported above, due to wind conditions
and the unsuited layout of the sites and their surround-
ings. In these cases, the emission rate was calculated by
applying the GPM, using the peak concentration of the
target gas recorded a few meters downwind of the site.
This method considered only one concentration record
and therefore was simply named “Estimate.”

Three types of evaluations were thus used for investi-
gating the O&G sites: quantification (via MTDM, GPM, and
STDM), estimation, and the assessment whether the emis-
sion rate was BDL. The adopted quantification and esti-
mate methods had different uncertainties that were
assessed by following Fredenslund et al. (2019; see Section
S1). Method uncertainty and quantification variability, or
estimation, are 2 factors that define the total uncertainty
of quantified, or estimated, emission rates, expressed as
percentages of the emission rate and calculated with
a 95% CI (see Section S1).

At 41 sites, all methods were applied. A statistical
model provided the mathematical relationships
between MTDM and GPM, and between MTDM and the
estimate. These relationships were used to correct
results obtained using GPM and the estimate, which
usually underestimated emissions quantified using
MTDM. More details about the correction procedure are
provided in Section S3.

Determination of the C2H6-to-CH4 molar ratio

The C2H6-to-CH4 molar ratio for each site was determined
by taking the ratio between the integrated plume concen-
trations of ethane and methane as reported in Equation 3:

C2H6 � to� CH4molar ratio

¼ 100 �

ðplume end

plume start
ðCC2H6 � CC2H6 baselineÞdx

ðplume end

plume start
ðCCH4 � CCH4 baselineÞdx

; ð3Þ

where CC2H6 and CCH4 are the detected plume mole frac-
tions of ethane and methane within the plume traverse in
ppb and CC2H6 baseline and CCH4 baseline are baseline mole
fractions of ethane and methane (ppb).

Determination of EFs

EFs and corresponding 95% CIs were calculated by using
a non-parametric bootstrap simulation implemented in
the R package tidyboot (Mika and Daniel, 2021). The cal-
culation of the EF did not include the uncertainty of each
observation in the datasets due to model limitations. Nev-
ertheless, this was overcome by the high numbers of non-
parametric bootstrap samples (10,000), which also helped
compute the CI without assuming a specific distribution
of the data (Chernick and LaBudde, 2011). CH4 and C2H6

EFs were determined for the complete dataset as well as
for selected sub-datasets such as different types of sites
(e.g., gas wells, oil wells, and facilities) and different
regions in the investigated area. The nonparametric
approach was applied because neither the complete data-
set nor studied sub-datasets passed the statistical test for
lognormal distribution and exponential distribution
(Table S3). The datasets were tested for these 2 types of
distributions, as emission data previously reported in the
literature had shown to be lognormal or exponentially
distributed. Brantley et al. (2014), Rella et al. (2015), Yacov-
itch et al. (2017), and Zavala-Araiza et al. (2018) reported
that CH4 emission rates followed a lognormal distribution,
whereas Yacovitch et al. (2015) reported CH4 emission
rates to follow an exponential distribution. In this study,
the geometric mean was chosen as central value of the
emission distribution and thus corresponded to the final
EF because it is considered to better describe very skewed
datasets (Reimann et al., 2008; Millard, 2013). Currently,
there is no consensus in the literature on which central
value should be used as EF when using nonparametric
bootstrapping and both geometric mean, arithmetic mean
and median have been used (Brantley et al., 2014; Rella et
al., 2015; Brandt et al., 2016; Robertson et al., 2017; Rid-
dick et al., 2019). An overview of methods and central
values used to compute EFs reported in the literature is
provided in Table S9.

The collected CH4 and C2H6 emission datasets were
compared with datasets available in the literature. No
distinction was made between different types of sites
because most of the studies reported in the literature do
not specify the type of the emitting source (gas well vs. oil
well, single wellheads vs. groups of wellheads, etc.) of each
reported emission rate (cf. Table S6). For a consistent com-
parison, EFs for literature datasets were calculated follow-
ing the statistical inferring method adopted in this study
(nonparametric bootstrapping with geometric mean as
central value). This assured that the results of the compar-
ison were not affected by the approach chosen for the
calculation of the EFs in the different studies. It is hereby
emphasized that this was done solely to ensure an optimal
basis for comparison and not because the authors do not
recognize other methods of calculating EFs or original EFs
provided in referenced studies. For completeness and
potentially future comparisons, full statistic descriptions
of this study’s datasets as well at the analyzed datasets
from literature are provided in the paper including arith-
metic mean, median, minimum, maximum, variance,
skew, and kurtosis.
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Sampling strategy

In the ROMEO campaign, the coordinators divided the
territory to be investigated into regions and site clusters.
Regions included parts of the territory where sites had
similar features regarding location density (high and low
density) and magnitude of O&G production (high and low
production). Within regions, clusters of sites were defined
in order to facilitate administrative applications for flight
permissions. The campaign coordinators assigned to the
“ROMEO Tracer Team” the specific regions and clusters to
be investigated. Measurements reported in this study were
performed from November 1 to 18, 2019.

The sampling strategy for the measurement platforms
described in this study consisted of 2 main phases: a desk-
top analysis and an in-field action. During the desktop
analysis, the investigated clusters were split among mea-
surement teams working in the same region, so that a sin-
gle measurement platform was in charge of investigating
sites located in specific clusters. Subsequently, the loca-
tions of individual sites were analyzed and potential quan-
tifiable sites were identified according to the wind
direction and road access. During in-field actions, the
potential quantifiable sites were targeted first by perform-
ing screening and quantification as previously described.
Thereafter, the remaining sites in the clusters assigned
to the measuring platform were screened, independently
of the suitability of the wind direction of that day. If
elevated methane concentrations were recorded during
the screening but quantification could not be done on the
specific day, this was noted and the site was revisited when
the wind blew in a wind direction favorable for quantifi-
cation. Some sites were not accessible for screening and
quantification due to rough terrain, time constraints,
interfering sources, or other local restrictions, and thus
in some clusters it was not possible to investigate every
site, which may cause spatial bias to the sampled sites. The
collected sample was not biased by the emission magni-
tude of the site, as sites that were screened and did not
exhibit any target gas concentration enhancement were
defined as “BDL,” while the others were either quantified

or estimated. In total, 200 sites were sampled, including
O&G wells, gas manifolds, and various area sources such as
facilities containing oil parks, production batteries, com-
pressors, and so on.

Results and discussion
Dataset description

Table 1 provides an overview of the investigated sites in
terms of type of site (facility, oil well, gas well, or gas
manifold) and type of evaluation (quantification, estimate,
or BDL). In total, CH4 emissions were investigated at 200
O&G sites, which were mainly oil wells (61%), facilities
(21%), and gas wells (17%). Oil wells had an average age
of 27 years and produced on average 68 Mg of oil year–1

per well. Gas wells had an average age of 39 years and
produced on average about 215,400 SCM of natural gas
year–1 per well. CH4 emission rates were quantified at
most of the investigated sites (38%) and estimated at
34% of the sites, and 28% showed emission rates BDL
(Table 1). Of the CH4 emission quantifications, 70% were
performed using the tracer information. Among the 200
investigated sites, there were 20 nonproducing sites
according to the operator (16 oil wells and 4 gas wells).
A nonproducing site is defined as an oil or gas well where,
at the time of measurement, there was no production due
to low reservoir pressure, technical issues, and so on. At
some sites, oil or gas flow was temporarily stopped by
shutting down valves, capping the well or blocking the
flow. C2H6 emissions were assessed at 95 of the 200 sites,
because only one of the 2 measuring platforms was able
to measure this gas. It was mainly investigated at oil wells
(66%) and facilities (32%). C2H6 emission rates were
quantified at 11% of the investigated sites and estimated
at 49% of the sites, and 17% showed emission rates BDL
(Table 1). C2H6-to-CH4 molar ratios were measured at 76
sites: 28 facilities (37% of the sites), 1 gas well (1% of the
sites), and 47 oil wells (62% of the sites). Locations of the
investigated sites are reported in Table 1 are shown in
Figure S2.

Table 1. Overview of the investigated sites. DOI: https://doi.org/10.1525/elementa.2021.000111.t1

Investigated Gas Total Sites Site Description (## Sites; % of Total Investigated Sites)

Type of Evaluation (## Sites; %

of Total Investigated Sites)

Q E BDL

CH4 200 Facilities (42; 21%) 24; 12% 13; 6% 5; 3%

Gas manifolds (3; 2%) 3; 2% 0; 0% 0; 0%

Gas wells (33; 17%) 6; 3% 11; 5% 16; 8%

Oil wells (122; 61%) 42; 21% 46; 23% 34; 17%

C2H6 95 Facilities (30; 32%) 19; 20% 9; 9% 2; 2%

Gas wells (2; 2%) 0; 0% 1; 1% 1; 1%

Oil wells (63; 66%) 10; 11% 37; 39% 16; 17%

Detection limit is calculated according to Delre et al. (2017). # sites ¼ number of investigated sites; Q ¼ quantification; E ¼ estimate
(screened sites showing target gas concentrations above background levels); BDL ¼ below detection limit (screened sites showing
target gas concentrations at background levels).
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CH4 emission rates and factors

CH4 emission rates ranged from 3.0�10–4 to 297 kg h–1,
and they were positively skewed with a heavy tail
(Table 2). More than half of the sites, namely 105 out
of 200, had a CH4 emission rate below 1 kg h–1, whereas
only 11 sites had emission rates higher than 80 kg h–1. A
small portion of investigated sites (5%) contributed to
about 52% of the total measured CH4 emission rate (com-
plete dataset in Figure 2A1) and had an emission rate
higher than 84 kg h–1 (complete dataset in Figure 2A2).
Similar results were obtained when the dataset was
grouped into the type of site (facilities, gas wells and oil
wells) and investigated regions (Table 2 and Figure 2A1
and A2). Figure 2B illustrates the CH4 emission rates
from all 200 sites, grouped by the type of evaluation. At
all sites where CH4 emission rates were quantified or esti-
mated, the detection limit was always smaller (in most
cases 1–2 orders of magnitude smaller) than the mea-
sured emission values (Figure S3).

The CH4 EF with 95% CI for the complete dataset
(including sites with emissions below detection) was equal
to 0.53 [0.32; 0.79] kg h–1 site–1 (Figure 2C). Among the
investigated types of sites, facilities were the largest emit-
ters with a CH4 EF equal to 2.3 [0.66; 5.3] kg h–1 site–1. The
CH4 EF of facilities had the largest 95% CI, due to the
largest range of CH4 emission rates. Oil wells and gas wells
had similar CH4 EFs equal to about 0.35 kg h–1 site–1.
Among the investigated regions, C8 reported the lowest

CH4 EF with 95% CI, equal to 0.14 [0.04; 0.39] kg h–1 site–1,
whereas the other regions had a CH4 EF equal to about
0.81 kg h–1 site–1. CH4 EF values are reported in Table S4
and shown in Figure 2C.

CH4 emission rates were found to be negatively corre-
lated to the produced wastewater at oil wells (rs ¼ –0.52).
No other correlations were found with other production
factors or site age. More information regarding the corre-
lation test is available in Section S5.2.

Comparison with CH4 emissions reported

in the literature

The collected CH4 emission rate dataset was compared
with studies investigating onshore O&G activities. Table
S6 provides an overview of these studies, which were
grouped according to those including sites with emissions
below the detection limit of the adopted measurement
method, and those that disregarded them. To facilitate the
comparison, the current study was represented by the
complete dataset and the dataset without sites with emis-
sions below detection. The complete dataset for the cur-
rent study is the second largest dataset available in the
literature after Caulton et al. (2018), which counts 667
investigated sites. The literature reports mostly studies
carried out in Canada and the United States, with only
one exception (Yacovitch et al., 2018) reporting CH4

emissions from 16 sites in a Dutch natural gas field. The
majority of the datasets were very positively skewed with

Table 2. Descriptive statistics of CH4 emission rates grouped by type of site (facility, gas wells, and oil wells) and region.
DOI: https://doi.org/10.1525/elementa.2021.000111.t2

Grouping
Number of

Observations

Geometric
Mean

(kg h–1)

Arithmetic
Mean

(kg h–1)
Median
(kg h–1)

Min.
(kg h–1)

Max.
(kg h–1) Variance Skew Kurtosis

Complete dataset 200 0.51 13 0.79 3�10–4 297 1,127 4.8 30

Facilities in all regions 42 2.0 21 6.2 3�10–4 297 2,679 4.0 17

Gas wells in all regions 33 0.24 19 0.10 8�10–4 198 1,985 2.5 6.0

Oil wells in all regions 122 0.36 7.9 0.53 7�10–4 99 361 3.2 10

All sites in region C5A 20 0.62 9.1 0.82 7�10–4 99 495 3.3 11

All sites in region C6 68 0.91 15 1.6 9�10–4 198 1,252 3.2 11

All sites in region C7 72 0.58 13 0.71 8�10-4 297 1,494 5.8 38

All sites in region C8 39 0.12 9.3 0.08 3�10–4 107 624 2.8 7.0

Gas wells in all regions
without nonproducing

29 0.28 22 0.15 1�10–3 198 2,210 2.3 4.7

Oil wells in all regions
without nonproducing

106 0.52 9.1 0.81 1�10–3 99 405 3.0 8.3

One observation in region C0 and 3 observations at gas manifolds were not included in the type of site and region subsets.

The geometric mean is the exponential transformation applied to the mean of the log-transformed data and expressed as follows:
ŷ ¼

ffiffiffiffiffiffiffiffiQ
yn

p
.

Arithmetic mean is the sum of the observations divided by the number of observations, and expressed as follow: �x ¼ 1
n

Pn
i¼1 xi.

Kurtosis is a measure indicating whether the data distribution is flat or peaked (Reimann et al., 2008; kurtosis equal to 0 indicates
a normal distribution, whereas kurtosis [in absolute value] higher than ±2 is considered extreme).
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a heavy tail, and there were very few exceptions (Table S7
and Figure S5). For a more direct comparison, skew and
CH4 emission rate contributions in the datasets are visu-
alized in Figure S6.

Figure 3 compares EFs calculated based on CH4 emis-
sion datasets from onshore O&G activities reported in the
literature (Table S8 for more details). Literature CH4 EFs
range between 0.18 and 14 kg h–1 site–1 in studies includ-
ing sites with emissions below detection, and between 0.6
and 1,360 kg h–1 site–1 in studies excluding sites with emis-
sions below detection (Figure 3). The complete dataset for
the current study had a CH4 EF with a 95% CI equal to 0.53
[0.32; 0.79] kg h–1 site–1, whereas the dataset excluding
sites with emissions below detection of the current study
had a CH4 EF with a 95% CI equal to 2.3 [1.5; 3.5] kg h–1

site–1. These 2 CH4 EFs are close to the lower and upper
ranges (0.5 and 3.0 kg h–1 site–1), respectively, of the major-
ity of CH4 EFs calculated based on literature datasets

(Figure 3 and Table S8). The inclusion in the current data-
set of 55 observations with emissions BDL is a key factor in
obtaining a representative EF that can be used for upscaling
emissions to a larger area (the bottom-up approach). The
analysis of CH4 EFs from the literature showed that studies
reporting CH4 emission rates from the same basins provide
different CH4 EFs (e.g., Robertson et al., 2017, and Yacovitch
et al., 2017, reporting from the Denver-Julesburg [DJ] basin,
and Fayetteville [FV] gas play; Figure 3).

The scientific literature also reports studies where the
datasets were not made available, and EFs for direct com-
parison could thus not be calculated using the method
adopted in this study. The first investigations into CH4

emission rates from onshore O&G sites were performed
in the United States in the 1990s (Lamb et al., 1995;
Shorter et al., 1997), reporting emission rates from pro-
duction sites (0.43–1.7 kg h–1) that were within the inter-
vals found in the current study. However, emissions from

Figure 2. Overview of CH4 emissions. (A1) Skew in the CH4 emission rates grouped by region, type of site, and
complete dataset. CH4 emission rates are ranked in descending order. (A2) Measured CH4 emission rates ranked in
descending order versus cumulative percentage of sites. CH4 emission rates are grouped by region, type of site, and
complete dataset. (B) CH4 emission rates grouped by type of site and type of evaluation: below detection limit
(BDL), quantification and estimate (Q&E). (C) CH4 emission factors (EF) with a 95% confidence interval for several
subsets in the current study. CH4 EFs values are reported in Table S4. DOI: https://doi.org/10.1525/
elementa.2021.000111.f2
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facilities (0.43–878 kg h–1) were generally higher than
those reported by the current study (Figure 2C). Never-
theless, Lamb et al. (1995) and Shorter et al. (1997)
provide emission rates smaller than Lan et al. (2015),
with CH4 emission rates up to 2,119 kg h–1 (Table S7).
Goetz et al. (2015) investigated 12 Pennsylvanian sites,
using the MTDM, while Brantley et al. (2014) investi-
gated 224 sites in Texas, Colorado, and Wyoming, by
using the OTM 33A and including investigated sites
defined as BDL. Combined, these 2 studies report CH4

emission rates from O&G sites in the United States,
providing emission rates within the range provided
by the current study (0.83–14 kg h–1 for well pads,
17–205 kg h–1 for compression stations; Brantley
et al., 2014; Goetz et al., 2015).

CH4 emission variability

A comparison between the CH4 emission rate variability
of individual quantifications and the uncertainty of the
MTDM method showed that CH4 emissions varied signif-
icantly during the time intervals (30–60 min) when the
plume traverses were performed. Figure 4 compiles the
variability of quantifications reported by the current
study and 3 other studies reported in the literature
applying the MTDM at O&G sites. Additionally, Figure 4
illustrates a conservative estimate of the emission
quantification uncertainty, using MTDM reported by Fre-
denslund et al. (2019) and based on large-scale con-
trolled release tests (i.e., the constant methane

emission rate). Each point in Figure 4 represents the
variability in the quantification at each individual target
site. The total uncertainty of a quantification using
MTDM is about 20%, and it includes method uncertainty
and quantification variability of a source with a constant
emission (Fredenslund et al., 2019). Emissions from the
source are not constant over time when variability is
higher than the total estimated uncertainty. Conversely,
when variability is within the total uncertainty of a quan-
tification, the former cannot be distinguished from the
latter. The relatively high variability of the measured
emissions in this study, as well as in other studies, clearly
indicates that emissions from O&G infrastructure are not
constant over time (e.g., Yacovitch et al., 2017; Zavala-
Araiza et al., 2018; Tullos et al., 2021). At sources with
constant emissions, variability has been observed to
decrease in line with the number of plume traverses
(Mønster et al., 2014). However, the investigated datasets
did not show any correlation between variability on the
quantification and the number of plume traverses:
increasing the number of plume traverses did not
decrease the variability of the quantified emission rates.
At many of the investigated sites (especially at oil wells),
it was clear that methane was emitted from the pump
heads in pulses. This was evident from methane concen-
tration measurements performed close to the wellheads.

Among the many ground-based remote-sensing meth-
ods applied to investigate O&G sites, only the MTDM is
capable of revealing such important findings, because

Figure 3. CH4 emission factors based on available literature datasets. (A) Studies including measurements below
detection limit (BDL). (B) Studies not including measurements BDL. Data for CH4 EF are available in Table S8.
DOI: https://doi.org/10.1525/elementa.2021.000111.f3
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other methods have higher levels of uncertainty (e.g., GPM
in Table S1) and/or lower temporal resolution (e.g., OTM
33A, U.S. EPA, 2014).

C2H6 emission rates and EFs

C2H6 emission rates ranged from 1.0�10–4 to 78 kg h–1,
and they were positively skewed with a heavy tail (Table
S10). Almost 80% of the sites, that is, 75 out of 95,
exhibited a C2H6 emission rate below 1 kg h–1, whereas
only 3 sites had emission rates higher than 20 kg h–1. A
very small portion of the investigated sites (about 7%)
contributed to about 77% of the total measured C2H6

emission rate (complete dataset in Figure S8A1) and had
an emission rate higher than 9 kg h–1 (complete dataset
in Figure S8A1). Very similar results can be obtained if
the dataset is grouped into type of site (facilities and oil
wells) and investigated region (Table S10 and Figure
S8A). Figure 5A shows C2H6 emission rates from all 95
sites, grouped by the type of evaluation and type of site.
The C2H6 EF with a 95% CI for the complete dataset was
equal to 0.07 [0.04; 0.13] kg h–1 site–1 (Figure 5B2).
Among the investigated types of sites, facilities were the
largest emitters with a C2H6 EF equal to 0.31 [0.08; 0.86]
kg h–1 site–1. Oil wells had a C2H6 EF equal to about
0.04 kg h–1 site–1. Among the investigated regions, C6

reported the lowest C2H6 EF with a 95% CI equal to
0.03 [0.01; 0.07] kg h–1 site–1, whereas regions C5A and
C7 had C2H6 EFs equal to 0.16 and 0.19 kg h–1 site–1,
respectively. C2H6 EF values are reported in Table S12
and shown in Figure 5B2.

Comparison of C2H6 emissions reported in the

literature comparison

Goetz et al. (2015) report C2H6 emission rates from 3 gas
well pads located in the United States (Pennsylvania—
Marcellus Shale), which are equal to 1.0, 5.0, and
17 kg h–1, and therefore are within the emission rate
interval reported by this study. The literature offers only
2 other studies from which to take a relatively large data-
set of site-specific C2H6 emission rates (Yacovitch et al.,
2015; Yacovitch et al., 2017). These studies explicitly report
site-specific CH4 emission rates and C2H6-to-CH4 molar
ratios, but they do not directly discuss C2H6 emission
rates. Yacovitch et al. (2015) investigated 169 sites in Texas
(Barnett Shale basin) by using the GPM, whereas Yacovitch
et al. (2017) investigated 21 sites located in Colorado (DJ
basin) and 49 sites in Arkansas (FV gas play) by using the
MTDM. Both studies investigated a large variety of site
types similar to the current study (including gathering
facilities, production well pads, processing plants, and

Figure 4. Quantification variability when using the mobile tracer gas dispersion method (MTDM)—
a comparison with the literature. Maximum MTDM uncertainty is according to Fredenslund et al. (2019).
Yacovitch et al. (2017) and Zavala-Araiza et al. (2018) report in their studies an asymmetric confidence interval due
to the weighted mean emission rate. In the plot, the values reported by Yacovitch et al. (2017) and Zavala-Araiza et al.
(2018) consider only the largest reported variability. CI stands for “confidence interval.” DOI: https://doi.org/10.1525/
elementa.2021.000111.f4
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transmission pipes; Table S6). The complete dataset for the
current study is the second largest available in the liter-
ature after Yacovitch et al. (2015), which counts 166
investigated sites. The available datasets are positively
skewed with a heavy tail (Table S11 and Figure S8B). The
complete dataset for the current study is the most
skewed in the literature and includes the largest number
of observations in the lowest range of emission rates
(Figure S8B1 and Figure S8B2). EFs were calculated for
all available literature datasets (Figure 5 and Table S12).
The complete dataset for the current study had the low-
est C2H6 EF, whereas Yacovitch et al. (2017) DJ reported
the highest C2H6 EF with a 95% CI equal to 2.27
[1.3; 3.9] kg h–1 site–1.

C2H6-to-CH4 molar ratio

The distribution of the measured C2H6-to-CH4 molar
ratios is shown in Figure 6A, while Figure 6B shows the
results grouped by region and type of site. The location of
the sites is shown in Figure S9. Most of the investigated
sites were oil wells and facilities, while only one record
referred to a gas well. None of the facilities had units with
fuel combustion, and therefore the C2H6-to-CH4 molar
ratios were never affected by combustion—as also sup-
ported by observations when CO and CO2 plume measure-
ments were never detected. At facilities, the presence of
separators and condensate storage tanks or controls on
tanks (e.g., flare or vapor recovery) could have affected the
C2H6-to-CH4 molar ratios. In general, the C2H6-to-CH4

molar ratio was small in region C5A, and large in regions
C6 and C7. In the current study, detected values were
between 0.3% and 91%, and thus in line with the litera-
ture, providing a C2H6-to-CH4 molar ratio as small as 0.1%
(Roscioli et al., 2015; Yacovitch et al., 2017) and as large as
100% (Yacovitch et al., 2015). Details about the isotopic
signature of CH4 emissions from Rumanian O&G sites are
reported by Menoud et al. (2022).

Nonproducing wells

Among the 155 investigated wells, 20 were nonproducing
wells (16 oil wells and 4 gas wells) representing 13% of
the wells in the dataset (Figures 2B, 5A, and 6B). In the
investigated area, defined as visited clusters, 16% of wells
were nonproducing wells (432 out of 2,641). Therefore,
the percentage of investigated nonproducing wells in the
collected dataset was comparable to the true percentage
of nonproducing wells in the investigated area. CH4 emis-
sion rates from nonproducing wells ranged from 0.001 to
0.58 kg h–1, and most of the investigated sites (65%) were
BDL (Figure 2B and Table S13). Only 8 C2H6 emission
rates were calculated at nonproducing wells, ranging from
0.002 to 0.24 kg h–1 (Figure 5A and Table S13). Due to
the relatively high number of nonproducing wells in the
investigated area, EFs were calculated to support the
bottom-up analysis, even though the numbers of observa-
tions were limited. CH4 EF with a 95% CI was equal to
0.04 [0.02; 0.08] kg h–1 site–1, and C2H6 EF with a 95% CI
was equal to 0.01 [0.004; 0.04] kg h–1 site–1 (Table S14).

Figure 5. Overview of C2H6 emissions. (A) C2H6 emission rates grouped by type of site and type of evaluation: below
detection limit (BDL), quantification and estimate (Q&E). (B1) C2H6 emission factors (EFs) of datasets available in the
literature. (B2) C2H6 EF of datasets in the current study. Data for C2H6 EF are available in Table S11. DOI: https://
doi.org/10.1525/elementa.2021.000111.f5
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Conclusions
CH4 emissions were investigated at 200 onshore O&G
sites, which were mainly oil wells (61%), facilities (21%),
and gas wells (17%). The main findings were as follows:

� CH4 emission rates were highly skewed with a so-
called “heavy tail,” and they were represented by
an EF with a 95% CI equal to 0.53 [0.32; 0.79]
kg h–1 site–1.

� Five percent of the sites contributed to about
52% of the total CH4 emission rate. Targeting
mitigation actions on these sites with high emis-
sion rates would be the most efficient.

� Twenty-eight percent of the investigated sites had
CH4 emissions BDL.

� In this study, the CH4 EF fell within the range of
the majority of the EFs (0.5 and 3.0 kg h–1 site–1)
reported in the literature for the O&G sector in
North America.

� Calculating the CH4 EF without observations BDL
resulted in a higher value (2.3 [1.5; 3.5] kg h–1

site–1), which could result in a misleading
bottom-up analysis of CH4 emissions in the
investigated area.

� The only correlation that was found between CH4

emission rates and production factors was in rela-
tion to oil wells, emissions from which were neg-
atively correlated to produce wastewater. The lack
of correlation with production factors excludes the
possibility of using them for estimating CH4

emissions in the O&G sector in the investigated
area. Thus, direct measurements are the most
reliable way to investigate CH4 emissions.

C2H6 emissions were assessed at 95 of the 200 sites
and were mainly investigated at oil wells (66%) and facil-
ities (32%). The main findings as follows:

� As above, C2H6 emission rates were highly skewed
with a so-called heavy tail, and they were repre-
sented by an EF with a 95% CI equal to 0.07
[0.04; 0.13] kg h–1 site–1.

� Seven percent of the sites contributed to about
77% of the total C2H6 emission rate, with emis-
sion rates higher than 9 kg h–1. As for CH4 emis-
sions, decreasing C2H6 emissions from just these
few sites would significantly decrease the emis-
sion from the investigated area.

� C2H6 emissions rates quantified in Romania were
more skewed in comparison to studies in the
United States resulting in a lower C2H6 EF.
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genfelds, RL, Le Quéré, C, Naik, V, O’Doherty, S,
Palmer, PI, Pison, I, Plummer, D, Poulter, B,
Prinn, RG, Rigby, M, Ringeval, B, Santini, M,
Schmidt, M, Shindell, DT, Simpson, IJ, Spahni,
R, Steele, LP, Strode, SA, Sudo, K, Szopa, S, van
der Werf, GR, Voulgarakis, A, van Weele, M,
Weiss, RF,Williams, JE, Zeng, G. 2013. Three dec-
ades of global methane sources and sinks. Nature
Geoscience 6(10): 813–823. DOI: http://dx.doi.org/
10.1038/ngeo1955.

Lamb, BK,Mcmanus, JB, Shorter, JH, Kolb, CE,Mosher,
B, Harriss, RC, Allwine, E, Blaha, D, Howard, T,
Guenther, A, Lott, RA, Siverson, R,Westburg, H,
Zimmerman, P. 1995. Development of atmospheric
tracer methods to measure methane emissions from
natural gas facilities and urban areas. Environmental
Science & Technology 29(6): 1468–1479. DOI:
http://dx.doi.org/10.1021/es00006a007.

Lan, X, Talbot, R, Laine, P, Torres, A. 2015. Characteriz-
ing fugitive methane emissions in the Barnett Shale
area using a mobile laboratory. Environmental
Science & Technology 49(13): 8139–8146. DOI:
http://dx.doi.org/10.1021/es5063055.

Menoud, M, van der Veen, C, Maazallahi, H, Hensen,
A,Velzeboer, I, van den Bulk, P, Delre, A, Korben,
P, Schwietzke, S, Ardelean, M, Calcan, A, Etiope,
G, Baciu, C, Scheutz, C, Schmidt, M, Röckmann, T.
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