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Quantification of methane emission rate from oil
and gas wells in Romania using ground-based
measurement techniques

Piotr Korbeń1,*, Paweł Jagoda2, Hossein Maazallahi3, Johannes Kammerer1,
Jarosław M. Nęcki2, Julia B. Wietzel1, Jakub Bartyzel2, Andrei Radovici4,
Daniel Zavala-Araiza3,5, Thomas Röckmann3, and Martina Schmidt1,*

The ROMEO campaign (ROmanian Methane Emissions from Oil and gas) focused on measurements of methane
(CH4) emission rates from oil and natural gas (O&G) production in Romania. The campaign took place in
October 2019 and covered the southern part of Romania around the cities Bucharest, Ploiesti, Pitesti, and
Craiova. This study presents emission rates calculated from mobile in situ measurement of CH4 and wind
measurements using the Other Test Method 33a from U.S. Environmental Protection Agency and the
Gaussian Plume Method. These methods were used to determine emission rates from 112 O&G well sites
and other production-related facilities. Estimated mean CH4 emission rate with a 95% confidence interval
equals 0.49 [0.35, 0.71] kg CH4 h�1 per site; 10% of all quantified sites account for 56% of the estimated
emission rates. In addition, more than 1,000 O&G sites were visited for a qualitative “screening”
(CH4 detection without quantification). Analysis of the screening data shows that 65% of the sites
emitted methane at detectable rates. The CH4 emission rates obtained during the ROMEO campaign are
comparable to the methane emission rates in study carried out in other Romanian regions.
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Introduction
Methane is, after carbon dioxide, the most important
greenhouse gas, with natural and anthropogenic emission
sources (U.S. Environmental Protection Agency [EPA],
2016). The short atmospheric lifetime of methane of
about 10 years and the approximately 80 times stronger
global warming potential than CO2 on a 20 years’ time
scale makes it an essential candidate for climate change
mitigation in parallel to CO2 (Intergovernmental Panel on
Climate Change, 2021; Ocko et al., 2021).

According to recent studies, methane emissions from
the oil and gas sector range from 80 to 140 Tg CH4/year

(Schwietzke et al., 2016; Saunois et al., 2019; Hmiel et al.,
2020). Reductions of CH4 emissions associated with oil
and natural gas (O&G) production, processing, and trans-
port are considered as relatively easy-to-implement solu-
tions that can often be achieved at low cost today
compared with other anthropogenic CH4 sources like the
agriculture or waste sectors (International Energy Agency,
2017; Ocko et al., 2021).

Over the last decade, many studies on the quantifica-
tion of methane emission rates from oil and gas supply
chain have been carried out in the United States (Mitchell
et al., 2015; Yacovitch et al., 2015; Zavala-Araiza et al.,
2015; Allen, 2016; Omara et al., 2018; Robertson et al.,
2020) and a few additional countries like Canada
(Zavala-Araiza et al., 2018; Ravikumar et al., 2020; Tyner
and Johnson, 2021), Mexico (Shen et al., 2021), in Middle
East and Mediterranean areas (Paris et al., 2021), or glob-
ally (Lauvaux et al., 2022). However, in other regions, even
in Europe, there are only limited studies that quantified
emission rates from oil and gas producing sectors (Cain et
al., 2017; Yacovitch et al., 2018; Delre et al., 2022).

The emission rates reported for the year 2018 to the
United Nations Framework Convention on Climate
Change (UNFCCC) show that Romania, Germany, and Italy
are the countries in the European Union with the highest
CH4 annual emissions from the oil and gas sector (UNFCC,
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https://di.unfccc.int/detailed_data_by_party). Romania
alone contributes 13% to the European CH4 emissions
from the oil and gas-production sector. However, this
information is highly uncertain (Solazzo et al., 2021) as
the reported emission rates are calculated using standard
emission factors (i.e., not specific to the O&G technologies
and practices used in Romania as a whole or production
subregions in particular), and independent measurements
of methane emission rates from oil and gas production in
Romania are lacking. In order to address this gap of knowl-
edge, the ROmanian Methane Emissions from Oil and gas
project (ROMEO) set out to quantify emission rates using
atmospheric measurements. From September 30 until
October 20, 2019, a 3-week measurement campaign with
up to 70 participants from 14 research institutes was
carried out in Southern Romania.

From the measurements carried out during the ROMEO
campaign, two studies have already been published and
more are in preparation. Delre et al. (2022) investigated
CH4 emission rates from the oil and gas sector North of
Bucharest using a tracer dispersion method. The CH4

emission rates are reported with a 95% confidence inter-
val (CI) equal to 0.53 [0,32, 0.79] kg CH4 h

�1 and site. The
study of Menoud et al. (2022) focused on the CH4 isotope
composition of the sites visited during the ROMEO cam-
paign. In addition, there will be an overview ROMEO paper
relating to the upscaling of the obtained values for the
entire ROMEO campaign.

In this study, we present the results of mobile in situ
measurements performed with 5 cars equipped with
methane analyzers from Heidelberg University, AGH Kra-
kow, and Utrecht University in cooperation with National

Institute for Aerospace Research “Elie Carafoli” (INCAS;
Bucharest, Romania) and UBB (Cluj-Napoca; Romania).
Two of the cars were dedicated to “screening,” that is, to
locate possible methane emitters and to identify appro-
priate locations for further quantifications according to
the requirements for the Other Test Method 33a (OTM-
33a) and Gaussian Plume Method (GPM) performed by the
crew of the remaining 3 cars. The measured data sets were
processed centrally at University Heidelberg to apply
a Gaussian Plume Model or the OTM-33a method algo-
rithm (U.S. EPA; Thoma and Squier, 2014) to calculate
methane emission rates for individual oil and gas facilities.
The screening data were used to estimate the number of
CH4 emission rates below the detection limit and to inte-
grate the information obtained in this study.

Materials and methods
Mobile atmospheric in situ measurements during the
ROMEO campaign were mainly focused on the southern
region of Romania, close to the cities of Bucharest,
Ploiesti, Pitesti, and Craiova. Figure 1 shows a map sec-
tion of Romania, with regions and clusters, corresponding
to areas with a high density of oil and gas wells. The
clusters cover areas between 2 and 120 km2 and contain
between 10 and 530 oil and gas wells and other produc-
tion related facilities like oil parks (an installation where
oil from numerous individual wells in the surroundings is
collected) or compressor stations. Mobile CH4 measure-
ments were carried out by three research groups: Institute
of Environmental Physics of Heidelberg University (UHEI,
Germany), Faculty of Physics and Applied Computer
Science of AGH University of Science and Technology in

Figure 1. Map of the target regions of the ROMEO campaign (Google ©). Sites were grouped in big regions (violet
color—2, 4, and 5A; red color—6, 7, and 8), and small clusters in each region, which were areas with a high density of
oil and gas wells (yellow polygons). More detailed figures are available in Figure S1. The white enclosures were studied
in the paper of Delre et al. (2022). ROMEO ¼ ROmanian Methane Emissions from Oil and gas.
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Kraków (AGH, Poland), and Institute for Marine and Atmo-
spheric research Utrecht of Utrecht University (UU, the
Netherlands). These teams were equipped with cars, dri-
vers, and support staff from INCAS and UBB (Babes-Bolyai
University), who also supported integration of the
instruments.

Instrumentation and measurement vehicles

The UHEI research group in cooperation with UBB and
INCAS equipped 2 cars with in situ methane analyzers.
The equipment of the cars is described in detail below for
vehicle UHEI_1, while the equipment of the other vehicles
is summarized in Table 1 and Table S1. UHEI_1 was
equipped with a high-precision Optical Feedback—
Cavity-Enhanced Absorption Spectroscopy analyzer (Licor
Li-7810, LI-COR, Inc., https://www.licor.com/env/
products/trace_gas/LI-7810#specs) to measure CH4 and
CO2 mole fraction in ambient air. This device recorded
data with 1-Hz measurement rate, precision (1s) better
than 1-ppb CH4 at ambient mole fraction, and a drift
lower than 1 ppb per 24-h period. It was mainly used for
quantification using the OTM-33a or Gaussian plume mod-
eling approach. The air inlet line was mounted at the roof
rack 2.5 m above ground with a funnel to protect the line
against rain water. Air was flushed through the inlet line,
a particle filter, and the analyzer at a flow rate of 250mL/min,
resulting in a delay time from the inlet to the cell of the
analyzer of typically 8 s. This delay time was measured
each day, before the start of the measurements and used
for proper data time stamp correction during evaluation
process to synchronize the data of methane analyzer, GPS
(precision of 3 m) and weather station. Meteorological
data were collected with 2 anemometers: a 2D weather
station (Gill MaxiMet GMX500, Gill, Lymington, UK) and
a 3D sonic anemometer (USA-1, Metek, Germany). The 2D

weather station was mounted on the roof rack and
recorded temperature, humidity, pressure, wind speed
and wind direction, and GPS coordinates during driving.
The software, provided by the manufacturer, allowed
retrieving the wind speed and direction while driving. The
3D sonic anemometer was installed on a portable tripod
and set to a height of 2.5m, which corresponds to the inlet
height of the car.When performing transects for Gaussian
plume modeling or stationary measurements downwind
of the plume, the 3D sonic anemometer was installed
close by. Geographic coordinates of the car were recorded
by a 2D weather station in addition to the GPS logger
application (BasicAirData GPS Logger, precision of 3 m)
installed on a smart phone. It was used to determine the
exact position of the analyzer during stationary measure-
ments. In some cases, the downwind methane plume was
not accessible by car; then, the lightweight CH4 analyzer
(Li-7810) was installed outside the car next to the 3D sonic
anemometer.

The second car (UHEI_2) was equipped with a cavity ring
down spectrometer (CRDS, Model G1301, Picarro Inc.). As
we had no additional weather station and the data acqui-
sition frequency of the analyzer was only 0.2 Hz, this device
was deployed for the screening of potential emitters.

The other 3 cars were equipped by UU and AGH using
the same measurement methods and setups as UHEI_1
but with different instrumentation. Table 1 summarizes
the methane and meteorological sensors of the five mea-
surement vehicles used during the campaign. A detailed
description of each mobile setup is included in Table S1.

CH4 calibration scale

All the methane analyzers were calibrated at the begin-
ning of the ROMEO campaign with gas mixtures from 10
different high-pressure cylinders spanning a methane

Table 1. Specification of in situ analyzers used for quantification and screening including methane (Licor
Manual, LGR Manual, Picarro G4301) and meteorology measurements

Species UHEI_1 AGH_1 UU UHEI_2a AGH_2a

Instrument LI-7810 LGR M-GGA-918 1. Picarro G4301;

2. Picarro G2401

Picarro
G1301

Picarro G2201-i

Measured species CH4, CO2, H2O CH4, CO2, H2O 1. CH4, C2H6, H2O;

2. CH4, C2H6, H20, CO

CH4, CO2 CH4, CO2, H20

Measurement
interval [s]

1 1 1. 12. <5

<5 <4

Precision
(1 s, CH4)

<1 ppb 4 ppb 1. 30 ppb

2. <1 ppb

5 ppb (30 s average)

3D Windsensor METEK Ultrasonic
anemometer

USA-1

Three-axis ultrasonic
anemometer “Young,

Model 81000V”

Campbell
Scientific CSAT3 3D
Sonic Anemometer

— TriSonica™ Mini
Wind and

Weather Sensor

2D Windsensor Gill MaxiMet
GMX500

— Gill MaxiMet GMX200 — —

aScreening-only cars.
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mole fraction range between 2 and 130 ppm (Table S2).
The high CH4 mole fraction of most of these cylinders is
outside of international calibration scales (Dlugokencky et
al., 2005). Therefore, the scale of the calibration gases was
checked at Groningen University by dilution experiments
and a common scale was established for the ROMEO cam-
paign. Based on the reported data for the calibration
tanks, the data from all instruments were harmonized to
this scale, using instrument-specific calibration functions
provided by Groningen University. During the campaign,
the analyzers were calibrated at least once per day using
one of the high-pressure cylinders to detect and apply
possible correction.

Site selection

When planning the campaign, the measurement area was
divided into regions and clusters based on information
about the coordinates of the sites provided by the oil and
gas operator of the production facilities in the studied
regions. It was planned that the measurement teams spent
3–4 days in one of the 6 regions shown in Figure 1 before
moving to the next one. The selection of the measurement
sites, or clusters, was random and optimized to visit as
many sites as possible, but to avoid double measurements
by two different groups. Based on the weather forecast,
clusters of potential sites were preselected each morning.
The “screening cars” UHEI_2 and AGH_2 drove from site to
site, circling the oil/gas well if possible, and measured the
mole fraction downwind of the wells, taking notes on acces-
sibility, CH4 mole fraction above background, obstacles and
determining whether nearby wells could affect subsequent
emission quantifications. UU used one additional instru-
ment for occasional screening and emission quantification
measurements as well as to collect air samples for isotope
analysis (Menoud et al., 2022). The site selection for an
OTM-33a or Gaussian plume measurement was based on
the following criteria: a methane enhancement of at least
200 ppb above ambient background level during screening
(see Section: Gaussian Plume Model and OTM-33a), appro-
priate wind direction (to allow downwind sampling from
a public road), no obstacles that could influence the disper-
sion of the plume, suitable access of the terrain for mea-
surements. All measurements were carried out during
daytime (between 9 AM and 5 PM) with a typical duration
between 20 and 70 min at each site.

A total of 1,043 sites (wells and facilities) were screened
on the 20 measurement days with 5 cars; 85% of these
sites were oil, while 10% were gas production sites. The
rest was other facility, not marked in the table by local oil
and gas operator. Of these, 112 sites were visited at least
once for more detailed quantification and evaluated using
the OTM-33a or GPM.

GPM

We used the GPM to estimate CH4 emission rates from
downwind mobile transects through a plume originating
from an emission site. This method has been used in recent
studies (e.g., Yacovitch et al., 2015; Ars et al., 2017; Caulton
et al., 2018; Kammerer, 2019; Kumar et al., 2021). When
a site was identified as suitable for GPM (path

perpendicular to wind direction, detected clear methane
signal), then 5–22 measurement transects were performed
downwind the source. Hereby, we recorded individual rea-
lizations of the emission plume and compared them to the
results of the GPM, which provides a theoretical approxi-
mation of the average CH4 dispersion on a local scale under
the assumption of constant meteorological conditions in
time and space over a flat terrain (Ars et al., 2017; Omara
et al., 2018; Kumar et al., 2021). The formula for Gaussian
plume dispersion given in Equation 1 (Turner, 1970) pro-
vides a relation between the emission rate Q and the max-
imum observed mole fraction C, requiring information on
the distance and height of the emitter relative to the sensor
and the local meteorological parameters

Cðx; y; zÞ ¼ Q
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where y is the distance from the plume center point, x is
the downwind distance between emission location and
measurement transect, and z and H are the measurement
and release heights, respectively (Figure S2). U is the aver-
age wind speed and sy and sz are the horizontal and ver-
tical dispersion coefficients (calculated based on the Briggs
parametrization during plume capture and downwind dis-
tance, x, from the site [Table S3; Hanna et al., 1982; Griffiths,
1994]). The incoming solar radiation and wind speed allow
for the determination of atmospheric stability class (A–D,
Table S4). The background CH4 mole fractions were calcu-
lated as a mean of the 5% lowest CH4 values measured
during the transects driven at the selected sites (5–22 trans-
ects). The transect length was chosen to cover sufficient
background values before and after the peak. The back-
ground calculation, driving speed, wind averaging, and
other parameters were examined during several release
experiments (Korbeń, 2021). This background was sub-
tracted from the measured methane mole fraction to derive
the enhancement above background. The average wind
speed, U, was calculated separately for each plume crossing,
which usually lasted between 30 and 60 s. The wind direc-
tion was calculated based on geographic coordinates for the
highest methane mole fraction in relation to the coordi-
nates of the emitter, following Kumar et al. (2021). Since
the output of GPM is linear with respect to Q, we set the
initial emission rate Q to 1 g/s to model the corresponding
methane mole fraction C. Similar to the study of Kumar et
al. (2021), we used the integral of the mole fraction above
the background within a transect as well as the integral of
the modeled peak. The ratio between model and actual
mole fraction corresponds to the estimated emission rate
in g/s (Mønster et al., 2014; Kammerer, 2019).

As a criterion for a good comparison between mea-
sured and modeled plume for each transect, the calculated
coefficient of determination R2 greater than 0.5 was used
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to accept transects. In addition, each individual peak was
inspected to exclude cases with unfavorable trajectories,
like when the car was turning too early, and the part of
peak was cut. Only transects that pass the quality check
were included in the average emission rate for a given
emitter. Estimated emission rates were calculated with
an R script, using Equation 1 and all steps described above
(Kammerer, 2019). The GPM model code and the quality
criteria were validated with controlled release experiment
to check the accuracy of the method (Korbeń, 2021). The
results of four release test performed during 3 years show
that the combined mobile measurements with GPM work
within an accuracy of ±30%. This finding is in agreement
of other studies (Caulton et al., 2018; Kumar et al., 2021).

OTM-33a

OTM-33a is a method developed by the U.S. EPA (www.epa.
gov). It is described in detail and applied in Brantley et al.
(2014), Thoma et al. (2015), Robertson et al. (2017), Omara
et al. (2018), Edie et al. (2020), and Robertson et al. (2020).
The concept is based on stationary measurements of mole
fraction of a trace gas as a function of the wind direction.
This is similar to a Gaussian Plume Model, but instead of
moving a detector through a plume, changes in wind
direction move the plume across a stationary detector, and
thus, the Gaussian plume is formed after taking into
account the gas transport. The methane analyzer and 3D
weather station were set up at a distance of 20–200 m
from the source in the main wind direction and measured
for at least 15–20 min. For 1-Hz data, this results in at
least 900–1,200 data points for the data processing. For
analysis, wind speed and direction, as well as the atmo-
spheric stability class (point Gaussian indicator [PGI]),
were determined from the meteorological measurements.
The PGI values were calculated using the standard devia-
tion of the wind direction and the standard deviation in
vertical wind speed (turbulent intensity) following the EPA
guideline (Table S5). Based on measured source distance
and the averaged PGI, the horizontal and vertical disper-
sion coefficients, sy and sz, respectively, were determined
(OTM-33a, EPA; Thoma and Squier, 2014). The average
methane background mole fraction was calculated using
the lowest 5% of measured CH4 values and subtracted
from all methane mole fraction data to derive enhance-
ments above background. Then, the CH4 enhancements
were averaged as a function of the wind direction in 10�

bins. Bins containing less than 2% of the total number of
points were set to 0-ppm CH4 enhancement. The peak
methane mole fraction was determined with a Gaussian
fit of the mean methane mole fraction versus binned wind
direction. This maximum CH4 mole fraction was used in
Equation 2 to calculate the methane emission rate Q

Q ¼ 2p � sy � sz � U � C; ð2Þ

where sy and sz are the horizontal and vertical dispersion
coefficients, U is the mean wind speed, and C is the max-
imum mole fraction from the Gaussian fit. Data quality
indicators (DQIs) for this method include 3 points: (1) the
location of the fitted peak methane mole fraction should
agree within ±30� with the source direction to identify

possible interferences, (2) the average in-plume mole frac-
tion enhancement should be greater than 200 ppb to
ensure there was no background fluctuation, and (3) the
Gaussian fit curve should correlate with the integrated
measurements with an R2 value greater than 0.80 to help
identify potential interferences and obstructed wind flow
conditions and to avoid collecting multiple sources in one
plume (Brantley et al., 2014; Omara, 2018). Estimated
emission rates were calculated using an R script, following
the EPA recommendations. Figure 2 shows an example of
processed OTM-33a data as a function of the wind direc-
tion. This method was applied when the topographic con-
ditions were appropriate (i.e., no surrounding trees or
other obstacles) and when the wind conditions and mea-
sured methane mole fraction were suitable for application
of OTM-33a. The uncertainty was calculated using uncer-
tainty propagation for Equation 2 taking into account the
uncertainties of the horizontal and vertical dispersion
coefficients, calculated wind velocity and modeled meth-
ane mole fraction. Low precision of the geographic coor-
dinates (3 m) determined by the GPS logger for the
analyzer position represented an additional contribution
to the calculation of the emission rate uncertainty, which
was validated by the controlled release experiments
(Korbeń, 2021).

Results and discussion
Surveyed sites

During the ROMEO campaign in October 2019, 112 differ-
ent locations were visited to quantify methane emission

Figure 2. Example of Other Test Method 33a
measurement for site ROM2563 (UHEI). CH4

enhancement above background versus binned wind
direction, where 0� corresponds to the main wind
direction. The original 1-Hz CH4 mole fractions are
plotted as gray dots, the mean CH4 mole fractions
averaged over a wind direction bin of 10� as blue dots
and the corresponding Gaussian fit in red.
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rates. On those sites, OTM-33a and GPMs were applied 140
times in total (118 times OTM-33a and 22 times GPM). In
order to measure as many different sites as possible, we
normally visited each site only once during the campaign;
7 sites were measured several times either with different
instruments/cars on different days or at different times
during 1 day. They were randomly picked by usually 2 cars
and estimated emission rates are considered as indepen-
dent estimates.

Due to missing meteorological data, two measure-
ments had to be rejected from further analysis. Figure 3
shows the distribution of the surveyed sites in each
region. In Region 5A, we determined the methane
emission rates of 39 oil and 3 gas wells, representing
35% of quantified wells in our study. This dispropor-
tionate preference for Region 5A can be explained by
the flat topography, easy access, and favorable wind
conditions with stable wind speed and wind direction,
compared to measurement days in other regions (see
Figure S3). Wind conditions were the largest limiting
factor to meet requirements for the application of the
GPM or OTM-33a method. Based on meteorological
forecasts, the daily average wind speed for each day
between 7:00 AM and 7:00 PM at a height of 2 m did
not exceed 2 m/s for half of the duration of the
ROMEO campaign. In both OTM-33a and GPM applica-
tions, insufficient wind speed combined with unstable
atmospheric conditions does not allow to measure
methane mole fraction above the background value. These
difficult conditions were encountered during mobile mea-
surements of the ROMEO campaign. If we distinguish
between different types of production infrastructure,
Figure 3 (left panel) shows that 75% of the measure-
ments were carried out at oil wells and facilities and only
15% at gas wells, reflecting the dominance of oil produc-
tion infrastructure in the target region (an actual number
is listed in Table S8). Most of the studied wells were active
and still pumping or collecting oil and gas (Figure 3,
right panel).

Methane emission rate estimates with the

GPM method

The GPM was applied when the OTM-33a could not be
applied or when topography allowed to drive transects
instead of installing the instruments on the field. In most
cases, GPM was not applied for bigger facilities with sev-
eral possible emitting points. On October 1, we performed
a comparison measurement with the cars UHEI_1, AGH_1,
and UU performing transect measurements for GPM at an
oil facility. The three cars drove one after the other 10–12
transects along the road crossing the CH4 emission plume.
Figure 4 shows two transects measured by UU and mod-
eled using stability class B/C. All analyzed plumes show
methane enhancement between 0.4 and 4.9 ppm. The
emission rates estimated for this oil gathering facility from
simultaneous measurements made by UHEI_1, AGH_1,
and UU are 0.58 ± 0.11 kg CH4 h�1, 0.65 ± 0.07 kg
CH4 h

�1, and 0.68 ± 0.07 kg CH4 h
�1, respectively (num-

bers represent the averages of individual transects ± stan-
dard error of the mean). The good agreement at this
facility indicates that CH4 emission rates derived from
measurement of the different cars during the ROMEO
campaign compare well.

A total of 22 GPM applications were carried out at 20
sites in all regions. Measurements from two sites were
rejected during data processing, as they did not fulfill the
quality criteria. The number of transects driven ranged
between 5 and 22 per site. The plume crossings were
performed at a distance between 11 and 160 m, and the
maximal observed methane enhancement after subtract-
ing the background was between 2 and 1,074 ppm. Figure
5 shows the calculated methane emission rates for the 20
sites for oil wells (green), gas wells (orange), and unknown
facilities (blue). The shaded area marks the results for the
comparison measurements at the oil park, described
above (ROM4080). The determined CH4 emission rates
vary between 0.29 ± 0.14 kg CH4 h�1 and 92.9 ± 30.6
kg CH4 h

�1 for the individual sites, given as mean of indi-
vidual transects ± standard error of the mean.

Figure 3. Distribution of quantified sites. Based on information provided by local oil and gas operator: differentiated
between gas or oil (left) and type of facility, for example, oil well or other facilities (right).
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Methane emission rate estimates with the

OTM-33a method

OTM-33a was applied for 97 sites; 77 quantifications
(65%) of the 118 OTM-33a measurements fulfill the DQIs,
which is comparable to the studies of Brantley et al. (2014)
and Robertson et al. (2017), where around 70% of the
field measurements were accepted. Similar to the GPM
evaluation, most OTM-33a measurements were applied
to oil wells or facilities (Figure 6). Measurements for
OTM-33a were performed at distances between 15 and
190 m from emitters, with an average distance of 35 m.
Measured CH4 mole fraction reached up to 1,600 ppm

above ambient background, but for most sites, we mea-
sured the enhancements between 2- and 200-ppm CH4.
The calculated range of CH4 emission rates derived with
OTM-33a is comparable to the range derived from GPM
results with values between 0.11 ± 0.04 kg CH4 h�1 and
72.0 ± 36.4 kg CH4 h

�1. Here, the uncertainty is given by
the error propagation in the OTM method described above
in this study.

Simultaneous OTM-33a measurements of

several vehicles

During the campaign, 4 sites were measured by several
cars and are marked by shaded area on Figure 6 and Table
S6. The first field comparison of OTM-33a was performed
at well number ROM2090 by the cars UHEI_1 and AGH_1.
Both methane analyzers were installed in the field at a dis-
tance of 46 and 43 m from the gas well, respectively. The
measured CH4 enhancements were similar, resulting in
a very good agreement of the CH4 emission rates with
0.61 ± 0.25 kg CH4 h�1 for each instrument. A second
comparison was carried out at well number ROM2563 (gas
well) on November 3, UHEI_1 and AGH_1 measured
simultaneously using the OTM-33a method, and esti-
mated CH4 emission rates in good agreement of 15.4 ±
6.0 kg CH4 h

�1 and 14.7 ± 5.7 kg CH4 h
�1, respectively.

Multiple measurements at selected sites

Three selected sites have been visited on several days
during the measurement campaign to gain statistical
data on the variability of CH4 emission rates. All mea-
sured CH4 emission rates are summarized in Table S7. Six
measurements were taken at site ROM1474 on 3 days
between October 14 and 18. The CH4 emission rates var-
ied between 0.4 and 3.6 kg CH4 h

�1 around a mean value
of 1.9 ± 1.12 kg CH4/h. A similar variability between mea-
surement days was found at ROM4625 and ROM5688, with
CH4 emission range between 0.8 and 1.7 kg CH4/h

�1 and
0.9 and 1.9 kg CH4 h

�1.

Figure 4. Example of comparison between model and data. Results for transect 2 (on the left) and 4 (on the right)
for an oil park close to Prahova (measured by UU on October 1, 2019). Green dots represent measurement data, and
blue dots the model output with R2 equals 0.85 and 0.91, respectively. Note the x-axis is in seconds.

Figure 5. Calculated CH4 emission rates for 20 sites
using a Gaussian Plume Model. Green dots show
emission rates for oil wells, orange for gas wells, and blue
are for unknown type of the source.The shaded areamarks
a comparison measurement with simultaneous
measurements by 3 teams (ROM4080).
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A different behavior shows ROM2563, with a very high
emission rate of around 15 kg CH4 h�1 measured on
November 3. The second measurement at ROM2563 on
November 9 showed already during measurements much
smaller CH4 enhancements. The use of the GPMmethod at
the end of the measurement campaign estimated the
emission rates of 1.5 ± 0.3 kg CH4 h

�1, which is a factor
10 lower than the first approach. This decrease in CH4

emission rate can be explained by the intervention of
a service team from the operator, which repaired a leak
after we reported the large CH4 emission rates. It should
be mentioned that the determined emission rates are only
a snapshot during our measurement campaign. However,
multiple measurements at selected sites can give an indi-
cation of the temporal variability during the campaign.

Emission rates below the detection limit

The screening data were used for estimating emission
rates that are below the detection limit of the OTM-33a
method. Some sites where the screening cars were clearly
downwind were detected with no methane enhancements
or the CH4 enhancement was below 200 ppb and there-
fore below the limit for OTM-33a. Those sites were marked
in a table as BG (background) or with the measured mole
fraction up to 2.2-ppm CH4, respectively. All screening
measurements were performed within 8�30 m of the
source. Brantley et al. (2014) determined the lower detec-
tion limit of the OTM-33a method as 0.036 kg CH4 h�1,
which corresponded to a downwind average in-plume
CH4 excess greater than 100 ppb. In this study, the lowest
emission rate determined was 0.11 ± 0.04 kg CH4 h

�1.
Similar to the study of Robertson et al. (2020), we also

calculated the number of oil and gas wells that are below
the detection limit in order to include them in the repre-
sentative estimates for the regions. However, we used the

much larger database of screening data instead of the
quantified sites only. We have chosen the screening data
measured by vehicles UHEI_1 and UHEI_2, as the docu-
mentation on files was the most complete. In total, 532
screening of wells were performed by the two cars
equipped with instrumentation of Heidelberg University;
42 of these measurements could only be carried out
upwind the well or had other invalid entries in the com-
ment column and were therefore not used for further
evaluations. In addition, we excluded the 28 sites which
were classified as “disposal_injection” as we have not
quantified any of this site types. Of the 462 remaining
screening data, 98 were flagged as “BG” (background, indi-
cating no discernible CH4 elevation), and 61 had a low
mole fraction excess of 0.050–0.29 ppm. These 159 sites
from screening dataset that are below our detection limit
(BDL) for the OTM-33a method correspond to a proportion
of 35%. This percentage of emission rates below the detec-
tion limit is comparable to the result of Robertson et al.
(2020), who found a share of 38% in a study of CH4

emissions of oil and gas wells in New Mexico. We have
investigated the sensitivity of calculating this fraction by
using different scenarios with subsets of our data, such as
screenings performed by the UHEI_1 or UHEI_2 car, and
the result varies only minimally between 34% and 36%.

However, the number of sites below detection limit
varies significantly between the regions and also between
oil and gas wells. The proportion of measurements below
the detection limit is 35% for oil wells and 22% for gas
wells. The differences between the regions reflect partly
the share of the oil and gas wells in the investigated
regions (Table S8). Since we screened a much lower num-
ber of gas wells (6% of all screenings), it is unclear
whether this distinction is robust; however, the domi-
nance of oil facilities over gas facilities reaches over

Figure 6. Calculated emission rates by Other Test Method 33a (OTM-33a). Green, orange, and blue dots represent
CH4 emission rates for oil, gas, and unknown type of the source site, respectively. The shaded areas mark sites with
several application of OTM-33a.
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85% for most of the investigated regions (Table S8). There-
fore, we applied a mean factor of nondetects of 35% to all
regions and all types of wells and facilities. To estimate
emission rates from these nondetect sites, values between
0 kg CH4/h and our lowest determined value of 0.11 kg
CH4 h�1 were randomly assigned with equal probability
similar to Robertson et al. (2020).

Comparison of estimated methane emission rates

for regions and type of visited sites

In Figures 7 and 8, we show the determined CH4 emis-
sion rates separately for each region as well as for each
status of production. Using a nonparametric bootstrap
method (resampling of the data set of all quantifications
including 35% of BDL, R ¼ 10,000), the mean and the
95% CI for the logarithmic scale were calculated and then
expressed in the kg/h units.

The mean methane emission rates with 95% CIs for
a given region vary between 0.29 and 0.60 kg CH4 h�1

per site for Region 2 and Region 5A, respectively. All data
are summarized in Table 2.

The lowest CH4 emission rates with 0.29 kg CH4 h�1

were found in Region 2. However, the number of sites
measured per region varies significantly between 5 and
29, and thus, the CI values also have a wider range for
Region 8, which has the smallest number of accepted
quantifications (n ¼ 5). Regions 2 and 8 have a larger
share of gas wells with 40% and 56% compared to other
regions with only up to 15% of gas wells (numbers of oil
and gas wells in each region are provided in Table S8). The
lower CH4 emission rates in Region 2 are in line with our
results for gas wells (Figure 8), as methane is the main
product and not an associated gas as for the oil extraction

where usually more equipment per site (and thus poten-
tial emission sources) is present.

Figure 8 presents the distribution of methane emission
rates separated by production status (top panel) and the gas
or oil type (lower panel) of the emitter. The number of
nonproducing wells is very small and statistically not sig-
nificant. However, it has been shown that the 19 highest
emission rates (20%) were measured from wells that were
still producing. When comparing the well type (Figure 8,
bottom panel), higher average emission rates are indicated
by the oil wells, however—as mentioned before—a larger
number of quantifications were completed for them. The
average emission rates per site are estimated to be 0.53
[0.35, 0.82] kg CH4 h�1 and 0.35 [0.15, 0.84] kg CH4 h�1

for oil and gas related facilities, respectively.

Comparison to other studies

The estimated emission rates during the ROMEO cam-
paign, including the calculation for the emission rates
below the detection limit varied between 0.01 kg CH4

h�1 and 93.6 kg CH4 h
�1 for a single site, with mean and

with a 95% CI value equal to 0.49 [0.35, 0.71] kg CH4 h
�1

per site. The mean methane emission rate with 95% CIs
for oil sites was 0.53 [0.35, 0.82] kg CH4 h

�1, while for gas
wells, it was 0.35 [0.15, 0.84] kg CH4 h

�1. Repeated mea-
surements at some sites (see above) show steady emis-
sions. It is worth mentioning here the possibility of time
variability in the emission rates, however, there are also
cases where a significant drop in emission rate has been
found after remedial intervention.

During the ROMEO campaign, a second study with
ground-based measurements using a tracer gas dispersion
method was carried out by Delre et al. (2022). They

Figure 7. Comparison of derived methane emission rates by region. Boxes represent the first and third quartile of
the data, while whiskers extend to the largest value that is within 1.5 times the interquartile range. Means and 95%
confidence intervals are shown in red and were calculated using a nonparametric bootstrap method. Data are
presented on a logarithmic y-axis. The number of accepted quantifications per region is displayed in the top line.
This graph includes 35% of the nondetects as described in the section “Emission rates below the detection limit.”
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focused more on the Regions 6 and 7 around the city of
Ploiesti (see Figure 1), while this study also measured in
Regions 2, 4 and 5A, west of Bucharest. The CH4 emission
rates from the oil and gas sector in Romania are very
similar in both studies with 0.49 [0.35, 0.71] kg CH4 h

�1

per site in this study and 0.53 [0.32, 0.79] kg CH4 h
�1 per

site in Delre et al. (2022). The contribution of the high
emitter was comparable, with 10% of the sites contribut-
ing to 56% of the total CH4 emission rate in this study,
compared to 5% of the sites contributing to 52% of the
total CH4 emission rate in Delre et al. (2022).

Emissions from the oil and gas industry have been the
subject of many studies in recent years (Brantley et al.,
2014; Mitchell et al., 2015; Zavala-Araiza et al., 2015;
Atherton et al., 2017; Robertson et al., 2017; Omara et
al., 2018; Robertson et al., 2020). In a study published by
Robertson et al. (2017), methane emissions from four
major U.S. basins were examined: Upper Green River
(UPR), Denver-Julesburg (DJ), Uintah, and Fayetteville
(FV). Measurements were made using the OTM-33a
method and upscaled emissions for pads were presented.
Estimated methane emission ranges of 95% CIs per site
are in the range of 0.38–3.1 kg CH4 h

�1 for UPR, DJ, and
FV. For Uintah, it is 0.8–9.1 kg CH4 h�1. A study by
Brantley et al. (2014) found these values to be 0.40–
2.66 kg CH4 h�1 for samples from the Barnett, DJ, and
Pinedale basins, respectively. A recent study from the
Permian Basin (United States) published by Robertson
et al. (2020) shows emission rates (95% CI) of 0.70–
7.61 kg CH4 h�1.

The CH4 emission rates from U.S. oil and gas basins are
comparable to the methane emission rates obtained dur-
ing the ROMEO campaign. However, it should be taken
into account that each of the basins in the United States
are very large, up to the size of Romania for a single basin.
Furthermore, the number of visited sites using the screen-
ing cars represents already 17% of the total sites reported
by local O&G operator. The combined evidence from quan-
tification and screening should provide a realistic impres-
sion of methane emissions from the oil and gas industry
in Romania. It should be noted that the ROMEO campaign
was focused on the southern part of the country, while oil
and gas deposits also exist in other parts of Romania

Figure 8. Estimated emission rates distributed by status (on the top) and type (on the bottom) of the
quantified site. Means and 95% confidence intervals are shown in red and were calculated using
a nonparametric bootstrap method. Note the logarithmic x-axis. The number of accepted quantifications per status
or type is indicated on the right side. This graph includes 35% of the nondetects as described in the section “Emission
rates below the detection limit.”

Table 2. Mean methane emission rates with 95% con-
fidence intervals for the different regions including
35% of the nondetects

Region

Mean
Methane

Emission Rate
(kg CH4 h�1)

95%

Confidence
Intervals

(kg CH4 h�1)

Number of
Accepted

Quantifications
Per Region

(Without BDL)

2 0.29 [0.12, 0.70] 11

4 0.54 [0.22, 1.34] 19

5A 0.60 [0.31, 1.18] 29

6 0.45 [0.19, 1.03] 19

7 0.45 [0.16, 1.27] 14

8 0.55 [0.10, 3.01] 5

BDL ¼ below our detection limit.
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including in Transylvania, western Romania, and in the
Black Sea, most of which has not been studied in detail
so far. During the finalization of this article, the ROMEO
team has completed ground-based measurements in
Transylvania, which will be analyzed and published
later. A future analysis will synthesize all empirical
ground-based measurement data to provide a more com-
prehensive picture of O&G-related methane emissions in
Romania including a comparison with national green-
house gas inventory data.
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Isaksson, L, Hugelius, G, Ishizawa, M, Ito, A,
Janssens-Maenhout, G, Jensen, KM, Joos, F,
Kleinen, T, Krummel, PB, Langenfelds, RL,
Laruelle, GG, Liu, L, Machida, T, Maksyutov, S,
McDonald, KC, McNorton, J, Miller, PA, Melton,
JR,Morino, I,Müller, J,Murguia-Flores, F, Naik,V,
Niwa,Y, Noce, S, O’Doherty, S, Parker, RJ, Peng, C,
Peng, S, Peters, GP, Prigent, C, Prinn, R, Ramonet,
M, Regnier, P, Riley, WJ, Rosentreter, JA, Segers,
A, Simpson, IJ, Shi, H, Smith, SJ, Steele, LP,
Thornton, BF, Tian, H, Tohjima, Y, Tubiello, FN,
Tsuruta, A, Viovy, N, Voulgarakis, A, Weber, TS,
van Weele, M, van der Werf, GR, Weiss, RF,
Worthy, D,Wunch, D, Yin, Y,Yoshida, Y, Zhang,W,
Zhang, Z, Zhao, Y, Zheng, B, Zhu, Q, Zhu, Q,
Zhuang, Q. 2019. The global methane budget
2000–2017. Earth System Science Data Discuss 12:
1561–1623.DOI: http://doi.org/10.5194/essd-2019-128.

Schwietzke, S, Sherwood, O, Bruhwiler, L, Miller, JB,
Etiope, G, Dlugokencky, EJ, Englund Michel, S,
Arling, VA, Vaughn, BH, White, JWC, Tans, PP.
2016. Upward revision of global fossil fuel methane
emissions based on isotope database. Nature 538:
88–91. DOI: http://doi.org/10.1038/nature19797.

Shen, L, Zavala-Araiza, D, Gautam, R, Omara, M, Scar-
pelli, T, Sheng, J, Sulprizio, MP, Zhuang, J, Zhang,
Y, Qu, Z, Li, X, Hamburg, SP, Jacob, DJ. 2021.
Unravelling a large methane emission discrepancy
in Mexico using satellite observation. Remote Sens-
ing of Environment 260: 112461. DOI: http://doi.
org/10.1016/j.rse.2021.112461.

Solazzo, E, Crippa, M, Guizzardi, D, Muntean, M,
Choulga, M, Janssens-Maenhout, G. 2021. Uncer-
tainties in the Emissions Database for Global Atmo-
spheric Research (EDGAR) emission inventory of
greenhouse gases. Atmospheric Chemistry and Phys-
ics 21: 5655–5683. DOI: http://doi.org/10.5194/
acp-21-5655-2021.

Thoma, ED, Brantley, H, Squier, B, DeWees, J, Segall, R,
Merrill, R. 2015. Development of mobile measure-
ment method series OTM33, in Proceedings, 108th
Annual Conference of the Air & Waste Management
Association, Raleigh, NC, June 23–26. Pittsburgh,
PA: Air and Waste Management Association: 999.
Available at https://cfpub.epa.gov/si/si_public_
record_report.cfm?Lab¼NRMRL&
dirEntryId¼320210.

Thoma, ED, Squier, B. 2014. OTM 33 geospatial measure-
ment of air pollution, Remote Emissions Quantifica-
tion (GMAP-REQ) and OTM33A Geospatial
Measurement of Air Pollution-Remote Emissions
Quantification-Direct Assessment (GMAP-REQ-DA).
Cincinnati, OH: U.S. Environmental Protection
Agency. Available at http://www3.epa.gov/
ttnemc01/prelim/otm33.pdf.

Turner, DB. 1970. Workbook of atmospheric dispersion
estimates (Office of Air Program Pub. No. AP-26).
Washington, DC: Environmental Protection
Agency.

Tyner, DR, Johnson, MR. 2021. Where the methane is—
Insights from Novel Airborne LiDAR measurements
combined with ground survey data. Environmental
Science & Technology 55(14): 9773–9783. DOI:
http://doi.org/10.1021/acs.est.1c01572.

U.S. Environmental Protection Agency. 2016. Inventory
of U.S. greenhouse gas emissions and sinks:
1990–2014. EPA 430-R-16-002. Available at
https://www.epa.gov/ghgemissions/inventory-us-
greenhouse-gas-emissions-and-sinks-1990-2014.

Yacovitch, TI, Herndon, SC, Pétron, G, Kofler, J, Lyon,
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