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Abstract: A variety of liquid unloading techniques are used to clear accumulated liquids from the
wellbore to increase production rates for oil and gas wells. Data from national measurement studies
indicate that a small subset of wells with plunger lift assist, that vent with high frequency and short
event duration, contribute a significant fraction of methane emissions from liquid unloading activities
in the United States. Compared to direct measurement of emissions at 24 wells in a field campaign, the
most commonly used engineering emission estimate for this source category, which is based on the
volume of gas in the wellbore, does not accurately predict emissions at the individual well (R2 = 0.06).
An alternative emission estimate is proposed that relies on the duration of the venting activity and
the gas production rate of the well, which has promising statistical performance characteristics when
compared to direct measurement data. This work recommends well parameters that should be
collected from future field measurement campaigns that are focused on this emission source.

Keywords: methane; liquid unloading; automated plunger lifts; oil and gas

1. Introduction

Due to technological advances in horizontal drilling and hydraulic fracturing, natural gas and
crude oil production in the United States (US) has increased substantially over the last decade [1].
As the production of these resources has grown, many researchers [2–4] have made measurements or
estimates of emissions of methane, which is the principal component of natural gas and a greenhouse
gas (GHG), across oil and gas supply chains.

Methane estimation studies of oil and gas infrastructure have typically used either bottom-up or
top-down methods to develop local, regional, or national emission estimates [5]. Top-down estimates
utilize atmospheric methane concentration observations, such as from aerial [6–8] or satellite [9,10]
platforms, and atmospheric transport models to estimate total methane emissions within an area
of interest. Bottom-up emission methods [2,11,12] rely on emission factors developed from direct
measurement studies or engineering estimates and assumptions on the frequency or count of activity
data related to the activity within a region of interest. Most national emission inventories, such as
the US GHG Inventory (GHGI) [13], rely on bottom-up emission estimation methods for methane
emissions from oil and gas supply chains. Several meta-synthesis studies of methane emissions in the
US [4,14] have noted that top-down emission inventories tend to exceed bottom-up emission inventory
estimates for a variety of reasons, such as temporal emission variability and the skewed nature of
emission rate distributions [15].

Liquid unloading technologies become necessary when the gas pressure from the producing
reservoir is insufficient to lift co-produced water and liquid hydrocarbons to the surface, which
causes accumulation of fluid in the wellbore and decreased gas production rates [16]. A variety of
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liquid unloading technology options exist that may be appropriate for different well and reservoir
conditions. In the US, the primary liquid unloading techniques that can lead to atmospheric emissions
of methane are manual liquid unloading, where a well is manually blown-down to atmosphere by an
operator to remove the liquid slug from the wellbore, and plunger-lift systems, which utilize downhole
gas pressure build-up to drive a mechanical plunger up the wellbore to carry the liquid slug to the
surface [17].

In the 2017 US GHGI (released in 2019) [13], liquid unloading was estimated to account for 3% of
total methane emissions from natural gas production in 2017, but historic emissions in the US GHGI
have been estimated to be as high as 14% of total methane emissions from natural gas production.
Liquid unloading has received additional attention in recent studies since the temporal variability
of manual liquid unloadings in the Fayetteville Shale was found to be a key factor for reconciling
top-down and bottom-up estimates in a field measurement campaign [7] and as a potential explanation
for regional variations in methane emissions that have been observed in different oil and gas production
regions in the US [17,18]. National extrapolations of liquid unloading emissions indicate that reported
emissions from this source category may be under-reported by a factor of 4.8 [17], particularly for
plunger lift wells that vent with high frequency, i.e., more than 100 times per year, and that typically
have automated operation [11,17].

A recent national emission estimate for automated plunger lift wells [17] estimated that the
practice occurred at 0.43% of natural gas wells in the US but accounted for 28% of methane emissions
from liquid unloading activities in 2016. This work discusses the limitations of the current emission
estimation approach, US Environmental Protection Agency (EPA) Method 3, [19] used in the US
Greenhouse Gas Reporting Program (GHGRP) for automated plunger lift wells and proposes an
alternative emission estimation technique that more closely matches direct emission measurements
from a field campaign [11] and that relies on commonly reported well parameters.

2. Materials and Methods

2.1. Emission Measurement Data Source

The primary dataset used in this study consists of unloading emission measurements and well
parameters for 24 automated plunger lift wells from a direct measurement field campaign [11]. The field
campaign data set [20] has 25 automated plunger lift wells with measurements, but one well, (identified
as well UBB-42-0901 in the published data set), is excluded from the calculations in this work and in
the prior paper [11], since flow rates briefly exceeded the instrument range during the measurement.

Briefly, the Allen et al. [11] field measurement campaign involved direct measurement of flow
rates during liquid unloading events, with site access provided by participating oil and gas companies
throughout the US. Depending on available points of access, flow measurements were made either
through stack measurements at the point of atmospheric release of emissions, generally tank vent
stacks, or by the insertion of in-line flow meters between the well and the point of atmospheric release.
Methane compositions were based on site-specific measurements provided by the operator.

2.2. Current US EPA Emission Estimation Methods

In the onshore US, oil and natural gas producers with annual basin-level GHG emissions exceeding
25,000 metric tons of carbon dioxide equivalents (CO2e) are required to report GHG emissions to
the EPA through the GHGRP [19]. Producers that vent natural gas to the atmosphere due to liquid
unloading with plunger-lift have two emission estimation options: EPA Method 1, which involves
direct measurement of a representative subset of venting events in a basin, and EPA Method 3, which
is estimated based on well parameters. Based on 2018 reported data in EPA Envirofacts [21], Method 1
is an infrequent choice for reporting emissions associated with plunger lifts as it was utilized for
128 events with estimated emission of 0.02 metric tons of methane. Nearly 2.4 million venting events
and 53,000 metric tons of methane were reported using Method 3 in 2018.
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EPA Method 3 is an engineering estimation technique to determine whole gas and methane
emissions from liquid unloading operations with plunger lift assist that vent to the atmosphere.
If a venting event occurs for less than 30 min, Method 3 assumes that the entire volume of gas in
the well bore is vented to the atmosphere, regardless of the actual duration of the venting events.
The emission rate for liquid unloading events with plunger lifts that exceed 30 minutes are assumed to
occur at the gas production rate of the well for any period greater than 30 minutes. For the automated
plunger lift wells that are the focus of this work, the venting duration in a past field campaign [11]
ranged from approximately 0.5 to 20 min, which is consistent with industry survey data [22] for the
venting duration of plunger lift wells.

Emissions associated with liquid unloadings at the 24 wells with field observations are compared
to emissions estimated using EPA Method 3 for plunger lift wells with a venting event duration of less
than 30 min:

sc f
event

=
(
0.37× 10−3

)
× TD2

p ×WDp × SPp (1)

where TDp is the tubing diameter for the well in inches, WDp is the tubing depth in the well to the
plunger bumper in feet, and SPp is the flow line pressure in pounds per square inch atmosphere (psia)
for the well. The method specifies that the entire volume of gas in the wellbore is vented during
each plunger lift venting cycle. The complete derivation of Equation (1) from the full EPA Method 3
equation is available in the Supplementary Materials.

2.3. Revised Emission Estimation Methodology

The revised emission method that is proposed in this work is based on the production rate of
gas in the well, the amount of time that the well vents to atmosphere during an automated plunger
lift unloading cycle, and a correction factor to account for the difference in pressure drop for the well
under unloading conditions compared to production conditions:

sc f
event

=

√
(Pshut − Patm)√(

Pline − Psep
) × SFRp ×HRp (2)

where Pshut is the shut-in pressure to which the well builds while the plunger is being dropped (psia),
Patm is the local atmospheric pressure and is assumed to be 14.7 psia in this work, Pline is the normal
line pressure for the well during normal production operations (psia), Psep is the separator operating
pressure (psia), SFRp is the average gas production rate of the well in standard cubic feet per hour
(scfh), and HRp is the venting time for the well during the unloading event (h).

The method proposed in Equation (2) is similar to the estimation method described in the previous
section for emissions associated with a plunger lift venting event that exceeds 30 min; however, venting
durations for wells with automated plunger lifts are typically less than 20 min in duration [11,22].
The correction factor in Equation (2) is based on fluid flow through an orifice [23], which indicates that
for a homogeneous fluid, the flow through an orifice depends on the square root of the pressure drop
across the orifice. The ratio in Equation (2) provides a first approximation of the ratio of the flow during
venting conditions associated with plunger lift operations to the flow during routine production of the
well and is derived in the Supplementary Materials. The need for a scaled production rate estimation
method was made due to observations in Allen et al. [11] that the maximum measured emission rates
during field sampling exceeded the average routine production rate for the well for 21 of the 24 wells
with automated plunger lifts, with instantaneous emission rates as large as two orders of magnitude
higher than the average gas production rate for the well under normal operations.

Two of the parameters in the correction factor, Pshut and Psep, were not available for all wells
in the field study data set [20]. Thus, these parameters were estimated for all wells in the study
based on other data sources. The separator pressure, Psep, was estimated as the line pressure, Pline,
multiplied by 0.7728, which was based on the linear relationship (R2 = 0.85) between the line pressure
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and separator pressure for 13 wells in an earlier study of shale gas wells [2] with a line pressure less
than 215 psig. A threshold of 215 psig was chosen for this comparison since this bounded the high
frequency automated plunger lift well line pressures in Allen et al. [11]. The shut-in pressure, Pshut, was
estimated as 1.5 times the line pressure based on the minimum design value for plunger lift wells [16].
For reference, the 10 wells (of 24 total) with reported shut-in pressures in the database [20] used in this
work had ratios of Pshut to Pline that ranged from 1.2 to 4.9 with a median of 1.3.

3. Results and Discussion

3.1. Emission Rate Model Performance

Figure 1 and Table 1 show comparisons between measured emissions [11] for 24 automated
plunger lift wells, the emissions per well that would be estimated using EPA Method 3, and the
estimated emission using the revised method proposed in this work. Comparisons are also made
with a subset of 22 wells that exclude 2 outlier measurements with average whole gas emission rates
exceeding 8000 scf gas emitted per liquid unloading event. For the 24 wells in the study, a weak
correlation (R2 = 0.06) was found between the prediction made by the Method 3 estimation and the
field measurements, indicating a poor predictive power for the Method 3 model on an individual well
emission basis. This lack of predictive performance for the Method 3 model, which is based only on
the volume of gas in the wellbore, was expected based on measurements in the field campaign [11] in
which the volume of gas measured in the well unloading events was greater than 150% or less than
50% of the tubing volume in the well for 16 of the 24 automated plunger lifts in the study dataset.
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Figure 1. Linear best fit comparisons between measured emissions per event from the Allen et al. [11]
field study and two engineering estimation methods: the current EPA Method 3 and the revised method
proposed in this study. Comparisons are made for 24 wells in the Allen et al. [11] data set (a) and for 22
non-outlier wells (b).

Table 1. Statistical measurements of model performance for average whole gas emissions in standard
cubic feet (scf) per event compared to field measurements from Allen et al. [11]. For comparison, the
average measured emission rates per event for the 24 well sample was 1563 scf per event. Analysis
with 22 wells eliminated two outlier points with averaged measured emission rates above 8000 scf per
event, and this subset of wells had average whole gas emission rates of 810 scf per event.

Estimation Method
Number

of Wells in
Sample

Estimated
Average

Whole Gas
Emissions
(scf/event)

R2 Value of
Best Fit
Linear

Prediction

p-Value
(<0.1 for

Significance)

Mean Bias
(MB)

scf/event

Mean
Normalized
Bias (MNB)

EPA Method 3 24 1258 0.06 0.29 −305 3.6
Revised Method 24 1020 0.66 0.08 −543 1.9
EPA Method 3 22 1195 0.004 0.08 385 4.0

Revised Method 22 733 0.06 0.34 −77 2.1

By comparison, the revised estimation method has an R2 = 0.66, indicating that the production
rate multiplied by the venting duration explains approximately two-thirds of the variation in emissions
per event from the wells in the field sample. The relationship between measured emission rates and
the estimated emissions from the revised method in this work is statistically significant (p < 0.10).
For the 24 wells in the dataset, the revised emission method has a reduced mean normalized bias
(MNB), which is defined in the Supplementary Materials, compared to Method 3 (Table 1). However,
the average emissions per event and the mean bias (MB) are not as accurate for the revised method as
with Method 3. Both Method 3 and the revised method tend to underpredict absolute emissions per
event at the wells with the highest emissions per event (Figure 1).

The two wells with automated plunger lifts in the dataset with the longest duration (~20 min) per
venting event, which were UBB-42-0201 and UBB-42-0601, also had the highest whole gas emission
rates per event (>8000 scf whole gas per event) and are poorly predicted with the EPA Method 3 model
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(~1400–2500 scf whole gas per event as shown in Table S1 in Supplemental Materials). The revised
method based on venting duration and gas production rate predicts that these events would be
elevated compared to other measurements in the dataset, but the revised emission method continues to
under-predict the emissions per event from these two wells. The ability of a predictive model to account
for outlier wells within a sample is particularly important for estimating emissions from natural gas
systems due to numerous findings of skewed distributions for component-level emission rates [24–26]
and specifically for liquid unloadings [2,11,17]. The statistical performance of the revised method,
excluding the two outlier wells, is better than Method 3 in terms of MB and MNB (Table 1), and the
revised method (733 scf/event) more accurately predicts the mean emissions per event in the measured
dataset (810 scf/event) compared to predictions made with Method 3 (1195 scf/event). The poor linear
correlation (R2 = 0.06) for the revised method compared to measured data, however, indicates that the
revised method does not explain the underlying variability among the shorter duration venting events
for wells with automated plunger lifts.

The performance of the revised modeling framework in Equation (2) may be improved by
obtaining actual values for separator pressure, shut-in pressure, and local atmospheric pressure,
which were estimated in this work. As discussed in the Materials and Methods section, the field
measurements [20] used in the analysis in this work did not collect all of this information as associated
metadata, and estimations based on other data sources were made. It is recommended that future
field measurement studies on liquid unloading emissions collect the additional pressure information
suggested in Equation (2) to test model robustness against actual field emission observations.

3.2. Implications for National Emission Estimates

The national emission estimates for high frequency liquid unloading emissions that are typically
automated that was made in Allen et al. [11] were based on direct measurement of the 24 wells in
the dataset, site-specific methane emission composition data provided by the company providing
site access, and the frequency at which sponsoring company wells had unloading events that led to
atmospheric emissions. For the Allen et al. study [11], the average methane emissions per event for
automated plunger lift wells was 1260 scf methane per venting event for the 6.6 million venting events
from this source category in 2012. Based on these assumptions, emissions from automated plunger
lift wells in the US in 2012 were estimated at 159 kt methane. By comparison, Method 3 would have
predicted an average emission factor per event of 1035 scf methane, which would imply a national
emission estimate in 2012 of 131 kt methane from automated plunger lift wells. Furthermore, Method
3 would not have identified the outlier emissions per event for UBB-42-0201 and UBB-42-0601 with the
longest venting duration.

The US national emission estimate for methane emissions from oil and gas sources, including from
venting during liquid unloading for wells with plunger lift is made annually by US EPA. The top-line
estimate presented in the US GHG inventory does not disaggregate between emissions from automated
and non-automated plunger lift. Total emissions from venting from wells with plunger lifts in 2012
was estimated to be 165 kt methane in the most recent US GHGI [13]. As shown in Table 2, the EPA
GHG Inventory estimate is close to the estimate that would be inferred from the use of Method 3 for
automated plunger lift wells and the Allen et al. [11] central estimated for manual plunger lift wells
(169 kt methane). The national emission estimate that utilizes measured emission data from automated
plunger lifts [11] leads to a national emission estimate for methane emissions associated with venting
from plunger lifts that is ~20% greater for 2012.

The Allen et al. [11] study required significant meta-data input from participating companies to
develop national activity data that is not possible to develop with public sources, like the US GHGRP,
for more recent years. For reference, work by Zamies et al. [17] estimated that liquid unloadings with
automated plunger lifts accounted for 179 kt methane in 2016, which is within 20% of the estimate
provided in this work (Table 2) for 2012.
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Table 2. Comparison of estimated methane emissions (kt methane) in 2012 for liquid unloading events
with plunger-lift assist.

Scenario

Automated
Plunger

Lift
Emission

Factor
(scf/event)

Estimated
Events per

Year for
Automated

Plunger Lifts
(Million)

Estimated
National

Emissions from
Automated

Plunger Lifts(kt
Methane)

Estimated
Emissions from
Non-Automated
Plunger Lifts (kt

Methane) [11]

Total
Emissions

from Liquid
Unloadings

with Plunger
Lift

Measured
Data [20] 1260 6.563 159 38 197

Method 3
Estimates 1035 6.563 130 38 169

EPA GHG
Inventory [13] 165

4. Conclusions

The current estimate [13] of total methane emissions from liquid unloading is that the source
category is approximately 3% of the methane emissions associated with natural gas production in
the US. Several studies [11,17] have identified a subset of wells with liquid unloading activities with
high frequency venting using automated plunger lifts as being an important driver of emissions in the
source category. When compared to field measurements [20], the current EPA Method 3 engineering
estimation approach was shown to have poor predictive power of venting emissions per plunger lift
cycle on a well-by-well basis. This work suggests a revised emission estimation approach that relies on
commonly tracked well parameters that shows promising statistical performance. It is recommended
that future field measurement campaigns that focus on emissions from wells with automated plunger
lifts collect additional metadata information on line separator, atmospheric, and shut-in pressures to
fully test the revised model proposed in this work versus field data. Additional field data from such a
campaign could help to understand the robustness of the revised method described in this work and
understand the appropriateness of changes to EPA Method 3.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/7/4/25/s1,
Table S1: Well parameters, measured emissions data, and predictions for automated plunger lift wells used in
analysis presented in this work.
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