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Abstract

Well plugging, the main strategy for reducing methane emissions from millions

of unplugged abandoned oil and gas (AOG) wells in the U.S. and abroad, is

expensive and many wells remain unplugged. In addition, plugging does not

necessarily reduce methane emissions and some categories of plugged wells are

high methane emitters. We analyze strategies and costs of five options for re-

ducing methane emissions from high-emitting AOG wells, which are unplugged

and plugged/vented gas wells. The five options are: plugging without gas vent-

ing, plugging with gas venting and flaring, plugging with gas venting and usage,

gas flaring only, and gas capture/usage only. Average plugging costs ($37,000

per well) can be offset by the social cost of methane, which considers air quality,

climate, and human/ecosystem impacts. Savings as measured by natural gas

prices and alternative energy credits can offset low plugging costs (<$15,400

per well) but are not large enough to offset average plugging costs. Nonetheless,

reducing methane emissions from AOG wells is a cost-effective strategy that is

comparable to mitigation options currently considered in efforts to tackle climate
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change. Therefore, we recommend including the mitigation of AOG wells in cli-

mate and energy policies in the U.S., Canada, and other oil-and-gas-producing

regions.

Keywords: methane emissions, greenhouse gas emissions, mitigation,

abandoned wells, oil and gas, costs

1. Introduction

Measurements show that unplugged and plugged abandoned oil and gas

(AOG) wells are emitting methane into the atmosphere (Kang et al., 2014;

Townsend-Small et al., 2016) and may have been doing so for decades (Kang

et al., 2016). AOG wells are estimated to be responsible for approximately 5

to 8% of annual state-wide anthropogenic methane emissions in Pennsylvania

(Kang et al., 2016). Across the U.S., there are more than three million AOG

wells (Brandt et al., 2014; King and Valencia, 2014), with millions more in other

countries around the world. AOG wells have recently been included in the U.S.

GHG emissions inventories (U.S. Environmental Protection Agency, 2018) but

are not yet considered in methane emission reduction scenarios. Therefore, we

seek to answer the question: can mitigating methane emissions from AOG wells

be a cost-effective methane emissions reduction strategy?

Methane is a powerful greenhouse gas (GHG) with a global warming poten-

tial (GWP) 34 times greater than carbon dioxide over a 100-year time period

and 86 times greater than carbon dioxide over a 20-year time period (IPCC,

2013). These high GWP values mean that methane mitigation provides an op-

portunity to reduce climate warming in the near term (UNEP, 2011; Shindell

et al., 2012; Saunois et al., 2016). The social cost of methane emissions (SCM),

which includes costs of climate impacts such as floods, is substantially higher

than costs estimated using the social cost of carbon dioxide and GWP (Marten

and Newbold, 2012). The SCM currently used by the U.S. government is $1143

per tonne of methane emissions (for 2015 at a 3% discount rate in 2015 USD,

used throughout this paper) (Interagency Working Group on Social Cost of
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Greenhouse Gases, United States Government, 2016; Environment and Climate

Change Canada, 2016). However, these SCMs do not include air quality-related

costs and impacts of emitting fossil methane, which increase the SCM to $4822

per tonne of methane emissions (Shindell et al., 2017).

Costs of emitting methane from AOG wells depend on the emission rate,

which can vary by many orders of magnitude (Kang et al., 2014, 2016; Townsend-

Small et al., 2016). Methane emissions from AOG wells follow extreme distri-

butions with the largest 16% of leaks (>0.09 tonne yr−1 well−1 or >104 mg h−1

well−1) accounting for 98% of the total leakage volume (Kang et al., 2014, 2016;

Brandt et al., 2016). Therefore, reducing emissions from high methane-emitting

AOG wells can lead to cost-effective environmental benefits. Measurements and

database analysis for AOG wells in Pennsylvania showed that unplugged gas

wells in noncoal areas and plugged and vented gas wells in coal areas are high

emitters with average methane emissions of 0.66 tonne yr−1 well−1 and 0.41

tonne yr−1 well−1 respectively (Kang et al., 2016). To minimize costs associ-

ated with finding high emitters, we focus on these two high methane-emitting

categories of wells.

According to regulations today, the main mitigation strategy for oil and gas

wells at abandonment is plugging (King and Valencia, 2014). There are many

methods to plug a well, but in general, a plug (often cement) is placed in an

AOG well throughout intervals that intersect geologic formations containing oil

and gas, coal layers, and groundwater aquifers. Plugging is designed to limit

both gas migration from these isolated layers to overlying formations, and gas

emissions at the surface. Plugged wells (without vents) have been found to be

low emitters (Kang et al., 2014, 2016; Townsend-Small et al., 2016; Boothroyd

et al., 2016; Riddick et al., 2019). Wells in Pennsylvania that are plugged in coal

areas are required to have gas vents, which are designed to release methane and

other gases to the atmosphere in order to prevent explosions (PA DEP, 1998).

These plugged but vented wells have been found to be very high emitters (Kang

et al., 2016). To reduce methane emissions, strategies other than, or in addition

to, plugging are needed.
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Identifying cost-effective mitigation strategies for AOG wells is important

given that the responsible party for many old AOG wells is a government agency

with limited funds (Davies et al., 2014; Ho et al., 2016). For example, of the tens

to hundreds of thousands of AOG wells in Pennsylvania that the Pennsylvania

Department of Environmental Protection (DEP) is responsible for plugging,

1679 wells were plugged by the DEP in the decade spanning from 2004 to 2013.

Elsewhere, for example, in Canada, there is growing concern regarding wells

abandoned by bankrupt companies due to the few incentives for companies to

clean them up (Muehlenbachs, 2015). Plugging can be expensive at ∼$10,000

to ∼$1,000,000 per well, and alternative or supplementary mitigation strategies

and their costs need to be explored.

Methane emissions reduction strategies that are currently available and have

been implemented for active oil and gas systems and coal mines can be applied

to AOG wells. These strategies can be broadly categorized as (1) plugging,

(2) flaring, and (3) recovery/utilization of emitted gases (Delhotal et al., 2006;

International Energy Agency, 2009; Economic Commission for Europe Methane

to Markets Partnership, 2010; UNEP, 2011; Yusuf et al., 2012; Karakurt et al.,

2012). Flaring technologies involve burning methane, converting it to CO2 and

water. Utilization options include direct use as a fuel, connection to natural gas

pipelines for off-site use, and re-injection for enhanced oil recovery (Yusuf et al.,

2012; Karakurt et al., 2012). Flaring and utilization may be performed at both

plugged and unplugged AOG wells.

In this paper, we evaluate costs of currently available methane emissions

reduction options for high methane-emitting plugged and unplugged AOG wells.

We first review published measurements of methane emissions from AOG wells

to evaluate emission factors of high methane-emitting well categories. We then

evaluate five mitigation options for high emitters that are combinations of well

plugging, capture/usage of emitted gas, and flaring. We analyze plugging costs,

natural gas prices, SCM, alternative energy credit prices, and flaring/utilization

infrastructure costs to estimate the overall cost of each mitigation option.
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2. High methane-emitting AOG wells in Pennsylvania

Average measurements of methane emissions from AOG wells across the

US and the UK range from 0.03 to 15 tonne yr−1 well−1 for unplugged wells

and 1.8×10−5 to 0.13 tonne yr−1 well−1 for plugged wells (Table 1). All studies

other than Kang et al. (2016) do not specify if a plugged well is vented or present

no measurements of plugged and vented wells. The large orders-of-magnitude

variation in the emission rates implies that plugging status (based solely on

whether or not a well is plugged) is not sufficient for identifying high emitters,

which may be defined as having emissions greater than 0.1 tonne yr−1 well−1

(Kang et al., 2016).

Table 1: Summary of average published methane emission rates

Average Methane

Emissions (tonne yr−1

well−1)

Number of

Measurements

Reference Unplugged Plugged Unplugged Plugged Study Region

Kang et al. (2016) 0.19 0.13 53 35 Pennsylvania, USA

Riddick et al.

(2019)
0.03 8.8×10−4 147 112

West Virginia,

USA

Boothroyd et al.

(2016)
0.36 0.015 1 102 United Kingdom

Townsend-Small

et al. (2016)
0.09 1.8×10−5 19 119

Colorado,

Wyoming, Utah,

Ohio, USA

Etiope et al. (2013) 15
Not

applicable
1 0 Pennsylvania, USA

Methane emission factors (IPCC, 2006), q, have been estimated per well for

different types of AOG wells, categorized based on plugging status, coal area

designation, and well type (Kang et al., 2016). Two well categories are found

to have high methane emission factors: (1) unplugged gas wells in non-coal
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Figure 1: Cumulative percentage of total measured methane emissions in Pennsylvania with

respect to methane flow rates. The two methane emission rates or emission factors used in

this paper are shown: the average methane emission rate for plugged (and vented) gas wells

in coal areas (blue square); and the average methane emission rate for unplugged gas wells in

noncoal areas (green triangle). Data is from Kang et al. (2016).

areas, with q = 0.66 tonne/yr/well (7.5 × 104 mg/h/well) and (2) plugged and

vented gas wells in coal areas, with q = 0.41 tonne/yr/well (4.7×104 mg/h/well)

(Figure 1). These two high-emitter categories represent 2.2% (705 wells) and

12% of the wells in the Pennsylvania DEP database, respectively (PA DEP,

2015). We focus our analysis on these two high-emitter categories to eliminate

the challenge of finding high emitters, thereby reducing costs.

3. Mitigation

3.1. Techniques and options

Three currently available mitigation techniques that can reduce methane

emissions are: (1) well plugging, (2) capture and use of emitted gases, and (3)

gas flaring. We assume that well plugging is performed following Pennsylvania

regulations (Pennsylvania Code Chapter 78), and that plugging without gas

venting will reduce methane emissions such that the well is no longer a high

emitter. This is consistent with measurements that show plugged wells without

vents are not high emitters (Kang et al., 2016). There are many ways to capture

and use emitted gases (Yusuf et al., 2012; Karakurt et al., 2012). One example

is the connection of an AOG well to a natural gas user such as a household,
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which would otherwise obtain natural gas from other sources. The gas can also

be used as fuel for on-site electricity generation or can be routed to natural gas

pipelines for off-site use (Yusuf et al., 2012; Karakurt et al., 2012). Another

option is to flare the gas at the surface using a combustion device.

We identify mitigation options based on combinations of the three currently-

available techniques that are applicable to the two classes of high emitters (aban-

doned unplugged gas wells in non-coal areas, and abandoned plugged/vented gas

wells in coal areas). The mitigation options are:

1. Plugging without gas venting,

2. Plugging with gas venting and flaring,

3. Plugging with gas venting and usage,

4. Gas flaring without plugging, and

5. Gas capture/usage without plugging.

The first option is only applicable to unplugged wells in non-coal areas, where

venting is not required. The remaining four options are applicable to any AOG

well. We allow for the option of replugging plugged wells and for the option

of leaving unplugged wells unplugged. We also assume that implementation of

mitigation options does not impact nearby wells.

We note that, of the options considered here, only the first three options

(involving plugging) can address other potential concerns associated with well

leakage including contamination of groundwater resources. This is because a

properly installed well plug will protect groundwater, as specified by regula-

tions. The last two options do not include plugging and therefore, while they can

reduce methane emissions to the atmosphere and can be economically advan-

tageous, they do not provide any additional protection to subsurface resources

including groundwater.

Plugged wells are not required to be maintained or monitored and all plug-

ging costs are upfront. Flaring and capture/utilization costs are dominated by

upfront costs but include operation and maintenance costs. The upfront costs

are converted to USD per tonne of methane emissions avoided by considering
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the total methane emissions over a specified lifetime. Therefore, we assume that

a tonne of methane emissions in any year over the specified lifetime is equivalent

to a tonne of methane emissions in the year of analysis (2015). However, we

note that this is a conservative assumption as a given amount of methane emis-

sions made in a future with higher GHG concentrations in the atmosphere and

increased global temperatures lead to larger damages and social costs (Marten

and Newbold, 2012; Shindell et al., 2017).

Here, we describe costs associated with the various mitigation options in

the context of Pennsylvania. Unless otherwise noted, we present costs in 2015

U.S. Dollars (USD) per tonne of methane (CH4) emissions avoided (Figure 3),

adjusted for average inflation of 1.69% per year from 2007 to 2015, 1.38% per

year from 2008 to 2015, 1.32% per year from 2011 to 2015, and 1.94% per year

from 2015 to 2018 (U.S. Bureau of Labor Statistics).

3.2. Costs associated with mitigation options

3.2.1. Plugging costs

Plugging costs vary widely based on the source of the estimate, well depth,

well location, well type, well condition, and accessibility of the well (Andersen

and Coupal, 2009; Mitchell and Casman, 2011; Ho et al., 2016, 2018). The Inter-

state Oil & Gas Compact Commission (IOGGC) compiled records of funds ex-

pended to plug wells and the corresponding number of wells plugged in 26 states

across the U.S. Based on four years (1992, 1996, 1999, and 2006) of data, they

report average plugging costs ranging from $360 to $110,000 per well (IOGCC,

2008) (Figure 2(a)). The mean and median of these plugging costs are $18,000

and $11,000 per well respectively. For Pennsylvania, the average plugging cost

is reported to be $10,063 per well. We also acquired and analyzed well plug-

ging contract data (PA DEP, 2018) from 1988 to 2013 for Pennsylvania. These

data reveal higher plugging costs, averaging at $36,535 and $57,774 per well

for all wells and gas wells only, respectively (Figure 2(b)). The median values

($22,603 and $46,617 per well for all wells and gas wells only respectively) are

lower than the average values, indicating that the averages are skewed upward
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by relatively few high costs (Figure 2(b)). The Pennsylvania data show that the

main variables driving cost are rig time, trucking costs, and freshwater usage

(PA DEP, 2018). Other important factors are location differences (i.e., certain

contractors prefer to work in certain geographic areas) and site conditions (i.e.,

distance to the road, distance between wells, and site slope). However, previous

studies have found depth to be one of the strongest predictors of plugging cost

(Andersen and Coupal, 2009); and others have linked very high costs to site

reclamation (Ho et al., 2016). To be consistent with our strategy of mitigat-

ing high emitters, which are gas wells (see Section 2), we use the average and

median costs for gas wells only.
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Figure 2: Plugging cost in 2015 USD per well (a) by state (IOGCC, 2008) and (b) in Penn-

sylvania (PA DEP, 2018).

The plugging costs per well, cp,well, can be converted to the cost of plugging

per tonne of CH4 emitted over time period t, cp,t ($ per tonne CH4), as follows:

cp,t = cp,well/mt, (1)
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where mt = q · t is the mass (tonne) of methane emissions avoided per well over

time period t, t is the number of years of methane emissions avoided, and q is

the mass flow rate of methane emitted per well. Throughout the plug lifetime,

we assume that methane emission rates can be viewed as constant (Kang et al.,

2016). The time periods (t) are chosen to reflect the lifetime of a plug, which is

uncertain but assumed to range from 50 to 100 years. For the two high emitter

categories (0.41 and 0.66 tonne yr−1 well−1), the costs range from $1774 to

$3565 per tonne of methane emissions avoided for a 50-year plug lifetime and

from $877 to $1782 per tonne of methane emissions avoided for a 100-year plug

lifetime (Figure 3).

3.2.2. Cost of identifying and measuring methane emissions

Field evidence shows that high emitters can be identified with cheap hand-

held gas sensors. For example, in one sampling campaign (June 2015) (Kang

et al., 2016), we consistently screened wells with a handheld sensor and found six

wells with gas concentrations in the >0.1% Lower Explosive Limit (LEL) range

(i.e., 2.5% methane = 50% LEL). The methane emissions from these wells were

2.2×103, 4.2×103, 2.3×104, 4.6×104, 5.4×104, and 2.9×105 mg/h/well. There-

fore, resources for detailed and more costly measurement can be focused on wells

identified to be high emitters.

Screening wells for high emitters using handheld gas sensors can be per-

formed at very low cost. These types of gas sensors can cost as little as $156

(e.g., the General Tools sensor from Home Depot) to ∼$420 (e.g., Sensit HXG-

2d). These light and portable sensors can easily be used at many sites and a

few sensors should be sufficient to serve the needs of an entire county. These

sensors do not require special training and can be easily used by local residents

and landowners at many wells. Therefore, with hand-held sensors and commu-

nity involvement, the cost of screening is likely a few cents per well and are not

included in our analysis.

Plugged-and-vented gas wells and unplugged gas wells have been identified

as high emitters (Kang et al., 2016). Focusing on locations with these types
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of wells can substantially reduce well finding costs. Nevertheless, the cost of

finding AOG wells is difficult to estimate and depends on many factors, in-

cluding financial incentives, liability issues, and industrial services. Based on

field evidence (Kang et al., 2014, 2016), local residents can be instrumental in

finding wells but need to be incentivized to search for and more importantly,

report AOG wells. Main barriers to finding AOG wells are potential liability

of landowners, ownership and mineral rights issues, and future costs associated

with plugging and other potential environmental impacts. Although the regu-

lations in Pennsylvania and elsewhere currently require landowners and others

to notify the DEP or equivalent agency of AOG wells, there is little incentive

to do so and minimal enforcement. In Pennsylvania, volunteer environmental

groups such as SaveOurStreamsPA and the Senior Environmental Corps have

successfully identified thousands of wells in state parks and game reserves and

reported them to the DEP. Despite these efforts, hundreds of thousands of wells

likely remain lost. However, financial incentives and new policies on oil and gas

development, climate change, and alternative energy development may motivate

identification of AOG wells.

Currently, methane emissions from AOG wells are primarily identified and

measured for scientific reasons and depend on research funding, often from gov-

ernment sources. Measurements of methane emissions are critical for national

greenhouse gas inventories, which are compiled annually by countries and sub-

mitted to international bodies (i.e., the Intergovernmental Panel on Climate

Change). For these inventories, there is a need for additional measurements of

methane emissions from AOG wells to improve estimates and reduce uncertain-

ties (U.S. Environmental Protection Agency, 2018). In addition, industry can

benefit from AOG well identification and measurement as operators are required

to find and monitor wells around new developments, such as hydraulically-

fractured oil/gas wells (Pennsylvania Code Chapter 78).

For wells identified as high emitters in the screening process, we estimate

detailed methane emission measurement costs to be $50 per well for equipment,

supplies, and analysis. We estimate $5 per well for equipment costs (flux cham-
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ber, which can be used at least 20 times), $20 per well for supplies (i.e., needles,

syringes, vials, stopcocks, and tubing), $15 per well for laboratory analysis

(assuming five samples analyzed at an external laboratory (e.g., University of

California- Davis Stable Isotope Facility)), and $10 per well for overhead (e.g.,

use of laboratory space and administrative support). As an alternative to lab-

oratory analysis, industry or government agencies providing the measurement

service can acquire or may already have a sensor for methane and ethane, which

cost ∼$30,000 (e.g., CEA or Sensit) and can be used for a wide range of leak

quantification applications (e.g., from landfills and other oil and gas infrastruc-

ture). Costs per well decrease as the number of wells measured increases (e.g.,

for laboratory analysis and shipping costs) and with improved methods and

technology (e.g., low-cost sensors). Therefore, at the low end, we assume $20

per well. Assuming fewer measurements per unit equipment (i.e., chambers and

sensors), we assume the high end estimate to be $200 per well.

The costs of measuring methane emissions per well, cm,well, can be converted

to the measurement cost per tonne of CH4 emitted over time period t, cm,t (USD

per tonne CH4), as follows:

cm,t = cm,well/mt, (2)

where mt = q · t is the mass (tonne) of methane emissions avoided per well

over time period t, t is the number of years of methane emissions avoided, and

q is the mass flow rate of methane emitted per well. Using the $50 per well

measured as the best estimate with $20 per well and $200 per well as the low

and high end estimates respectively and the flow rates of the two high-emitter

categories, we get a best estimate of $5 per tonne CH4 (Figure 3) with a low

end of $0.3 per tonne CH4 and a high end of $24 per tonne CH4.

3.2.3. Cost of flaring

For flares at natural gas production sites, the Methane Challenge Program

Partners of the U.S. Environmental Protection Agency’s Natural Gas STAR

Program report capital costs for implementation of $3161 per flare, with a pos-
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sible range of $1054 to $5269 (U.S. Environmental Protection Agency, 2016b).

The EPA notes an implementation cost of ∼$22,000, implying the installation

costs are six times the cost of the flare. However, these costs are for natural

gas production sites and assumed to be not applicable here. The operating and

maintenance (O&M) costs are reported to be $1897 to $4426 per year but are

primarily associated with fuel needed to increase the heat content above 300 Btu

per standard cubic foot (scf) (U.S. Environmental Protection Agency, 2016b).

The gas emitted from AOG wells is comparable to natural gas in composition -

primarily methane with heavier hydrocarbons (Kang et al., 2014, 2016). Heat

content of natural gas in Pennsylvania measured from 2013-2016 hovers around

1040 Btu per scf (U.S. Energy Information Administration, 2017a), which is

slightly higher than that of methane at 1010 Btu per scf. Therefore, the heat

content of the emitted gas is much higher than the flare operating requirements

of 300 Btu per scf. However, we may require an electronic ignition system simi-

lar to those used for gas lanterns, which has a capital cost of ∼$453 (Flambeaux

Lighting, 2018). Here, we assume O&M costs are negligible but consider the

scenario of adding electronic ignition systems.

The cost of flaring methane leaking from AOG wells over time period, t, is

calculated as:

cf,t = cf,well/mt (3)

where cf,well is the cost of flaring per well and mt is the mass of methane

flared over time period, t (as defined above). Assuming flare lifetimes of 20 and

50 years, the capital costs outlined in U.S. Environmental Protection Agency

(2016b), and using the emission factor of the two high-emitter categories de-

scribed above, we estimate the cost of flaring to range from $32 to 640 per

tonne CH4, with a mean of $219 per tonne CH4 (Figure 3). If we add the cost

of electronic ignition systems, the costs increase by $14 to $55 per tonne CH4

emissions avoided. Based on UK data, the cost of flaring (including capital and

O&M) for on-shore oil and gas production activity is estimated to be 73-103 Eu-

ros per tonne CH4 (Höglund-Isaksson and Mechler, 2005) in 2000 prices. This
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cost is equivalent to approximately $110-$150 per tonne CH4. In other words,

the UK costs fall within the range of our estimates.

3.2.4. Cost of capture/utilization of emitted gases

The usage of the emitted gas is assumed to occur primarily within several

hundred meters of the AOG well. In the study of Kang et al. (2016), there are

14 wells with methane flow rates above 0.1 tonne year−1 well−1 (104 mg h−1

well−1). Ten out of the 14 wells (71%) are located within 500 m of a residence

or other building (e.g., school), with a range of 20 m to 400 m and an average

distance of 177 m. The remaining four wells are located 1.3 km to 3 km from a

building that is able to use the gas.

Given the high heat content of the emitted gas with 86% to 98% methane

(Kang et al., 2016), the emitted gas can be consumed directly for heating and

other uses. We estimate costs by considering the cost of adding a natural gas

service line in homes using online estimation tools: FIXR (2017) and Homewyse

(2017). FIXR estimates installation costs range from $47 to $943 USD, with

the low end representing a do-it-yourself project with material cost only and

the upper end representing professional installation with upgraded materials.

Homewyse’s default parameters consider basic labor, supplies, and equipment

allowance and estimate costs of $545 to $718 per line. The Methane Challenge

Program Partners report an average cost of $4531 to connect casing to vapor

recovery units (U.S. Environmental Protection Agency, 2016a), which varies

based on factors such as gas pressure and composition. We expect gas pressures

in natural gas production sites to be much higher than at AOG wells, and note

higher pressures likely correspond to higher costs. The Methane Challenge Pro-

gram Partners report operation and maintenance (O&M) costs of $3583 per year

for increased electricity requirements of the vapor recovery unit, which is not

applicable here. Furthermore, landfill gas recovery pipeline systems, which are

more complex, are estimated to have negligible O&M costs (Landfill Methane

Outreach Program, 2016). Therefore, we assume that O&M costs are negligible

over the considered lifetimes of 20 and 50 years.
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The cost of capture/utilization of emitted gas over time period, t, of methane

emissions reductions is calculated as:

cu,t = cu,well/mt (4)

where cu,well is the cost of capture/utilization per well and mt is the mass of

methane emissions captured/utilized per well over t (as defined above). As-

suming 20- and 50-year infrastructure lifetimes, we calculate gas usage costs to

range from $2 per tonne of CH4 to $550 per tonne of CH4, with an average of

$79 per tonne of CH4 (Figure 3). This cost is small relative to savings from

avoiding the purchase of natural gas (Section 3.3.2).

3.3. Savings associated with mitigation option

3.3.1. Social cost of methane

The social cost of methane (SCM) represents the cost of damages due to cli-

mate change (Interagency Working Group on Social Cost of Greenhouse Gases,

United States Government, 2016) and costs associated with air quality and

health/ecosystem impacts (Shindell et al., 2017). The SCM with and without

air quality and health/ecosystem impacts are $1143 per tonne CH4 (Interagency

Working Group on Social Cost of Greenhouse Gases, United States Government,

2016) and $4625 per tonne CH4 (Shindell et al., 2017) respectively for emissions

made in 2015 and assuming a 3% discount rate (adjusted to 2015 USD based

on the U.S. inflation rate from the Bureau of Labor Statistics, as discussed in

Section 3.1). The SCM including air quality and health/ecosystem impacts is

referred to here as SCM for biogenic methane following Shindell et al. (2017).

For fossil methane, the SCM also includes additional emissions associated with

oil and gas production (Shindell et al., 2017) and is therefore higher at $4822 per

tonne CH4. The SCM for gases emitted from AOG wells likely falls in between

the SCM for biogenic and fossil methane because we do not need to consider

the emissions associated with other components of oil and gas production. To

be conservative, we use the SCM for biogenic methane emissions ($4625 per

tonne CH4) and the 95th Percentile SCM of $3201 per tonne CH4 (Interagency
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Working Group on Social Cost of Greenhouse Gases, United States Government,

2016).

3.3.2. Value of emitted gas

Natural gas users can utilize captured gases, thereby generating savings by

avoiding the purchase of natural gas. We compile annual U.S. natural gas prices

from 2010 to 2015, which average $10.79, $8.56, and $4.61 per thousand cubic

feet for residential, commercial, and industrial users respectively (U.S. Energy

Information Administration, 2017b). We convert the average natural gas prices

(USD per thousand cubic feet) to savings associated with the value of emitted

gas, sv (USD per tonne CH4 emissions avoided) assuming the density of methane

at 1 atm and 25◦C (0.66 kg/m3). The potential savings range from $160 to

$610 per tonne CH4 emissions avoided. The variability depends strongly on

the type of user, with the lowest natural gas prices associated with industrial

users and the highest prices associated with residential users. The savings for

the residential user, who we assume to be the most likely user, average $580

per tonne CH4 emissions avoided (Figure 3). The standard deviation is $22 per

tonne CH4 for residential prices over the 6-year time frame (2010-2015), which

shows that relative to differences in natural gas prices among users, year-to-year

price fluctuations are small. We note that U.S.-wide natural gas prices used here

are lower than prices for Pennsylvania, where residential users can expect higher

average savings of ∼$640 per tonne CH4 emissions avoided.

3.3.3. Alternative energy credits

Gases emitted from AOG wells may be considered to be an alternative energy

resource under Pennsylvania’s Alternative Energy Portfolio Standard (AEPS)

program. The AEPS is a state renewable energy portfolio standard that also

includes several non-renewable sources. Alternative energy sources in the AEPS

are categorized as either Tier I or Tier II. Tier I consists primarily of renewable

sources (e.g. solar, wind, and biomass) but also includes coal mine methane,

which is similar to gases emitted by AOG wells. Tier II includes large-scale hy-
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dropower, demand-side management, and municipal solid waste. The eligibility

of gas emitted from AOG wells as an alternative energy resource depends on the

interpretation of current regulations and may require an explicit modification

of the regulations to include AOG wells.

The AEPS creates demand for alternative energy through alternative energy

requirements for electric distribution companies and electric generation suppliers

in terms of percentages of total energy sold. It creates monetary incentives

through alternative energy credits (AECs), which are earned for every megawatt

hour (MWh) of alternative energy produced. For the 2015 energy year, the

reported weighted average AEC prices for Tier I and II sources, sa,MWh, were

$12.52 and $0.12 respectively (PUC Bureau of Technical Utility Services and PA

DEP, 2015). Weighted average AEC prices account for “self-generated” AECs

for which a price is not available. Self-generated AECs are not sold but used by

the electric distribution company or electric generation supplier that generated

the alternative energy. AEC prices are volatile, with Tier I prices ranging from

$2.40 to $47.00 and Tier II prices ranging from $0.01 to $15.00 in 2015 (PUC

Bureau of Technical Utility Services and PA DEP, 2015).

To convert sa,MWh to savings associated with AEC prices, sa (USD per

tonne CH4 emissions avoided), we determine the equivalent amount of natural

gas necessary to generate 1 MWh of electricity. Therefore,

sa =
sa,MWh h

rdC
, (5)

where h is the fuel heat content (BTU/ft3), r is the heat rate (BTU/kWh), d

is the density (tonne/m3), and C is the conversion factor of 28.31682 m3/Mcf.

Using the heat rate for electricity generated with natural gas 7870 (BTU/kWh)

(U.S. Energy Information Administration, 2018), the average fuel heat content

for marketed and dry natural gas production (1127 BTU/ft3 and 1037 BTU/ft3

respectively) (U.S. Energy Information Administration, 2018), and the density

of methane (6.6×10−4 tonnes/m3), we get h/(rdC) = 7.34 MWh/tonne. The

corresponding savings possible through AECs range from $0.1 to $350 per tonne

CH4 emissions avoided (Figure 3), with average Tier I-based and Tier II-based
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savings of $92 and $0.9 per tonne CH4 emissions avoided respectively (Figure

3). Due to the similarity in gas emitted from coal mines, gases emitted from

AOG wells should be considered Tier I.

!5000 !4000 !3000 !2000 !1000 0 1000 2000 3000 4000 5000

Average.Plugging.Cost.for.50!year.Plug.Lifetime.(q.=.0.41.tonne/year/well)
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Figure 3: Summary of costs and savings associated with mitigation of AOG wells in 2015 USD

per tonne CH4. The plugging costs are based on the 1988-2013 plugging contract data from

DEP.

3.4. Combined costs of mitigation options

We combine the best estimates of costs and savings for the mitigation options

(Figure 4). In comparing mitigation options, we assume 50-year plug lifetimes

and q = 0.41 tonne yr−1 well−1. We use the average natural gas price for

residential users and Tier I AEC pricing. We use the SCM with a 3% discount

rate for 2015 (Interagency Working Group on Social Cost of Greenhouse Gases,

United States Government, 2016) and for biogenic methane including climate,

air quality and other impacts (Shindell et al., 2017).

Savings are possible for all mitigation options and scenarios if we use the

SCM including air quality and other impacts (Figure 4). With a lower SCM,

options with plugging (i, ii, and iii) produce net costs. However, the net costs can

be reduced by up to $811 per tonne CH4 (difference between Options ii and iii)
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through gas usage. In addition, the net costs can be reduced by $688 per tonne

CH4 if we use the median plugging cost (Option i-2) instead of average plugging

cost (Option i-1). Savings are possible via Option iii if plugging costs are less

than 15,400 USD per well, which represents 42% and 15% of plugging costs

respectively associated with all wells and gas wells only in Pennsylvania (PA

DEP, 2018). Without the savings from natural gas and AEPS prices, the SCM

minus the measurement cost can offset plugging costs up to $18,430 per well,

which represents 46% and 19% of all wells and gas wells only in Pennsylvania

(PA DEP, 2018). If we consider natural gas and AEPS prices along with the

SCM, we can offset plugging costs up to $15,400 per well. If we only consider

natural gas prices and the SCM, we can offset plugging costs up to $13,000 per

well. High savings of up to $5211 per tonne CH4 (Option v) are possible for

options without plugging. These high savings without plugging are comparable

to savings associated with mitigation measures for coal mines (Shindell et al.,

2017), which are integrated in many policies aimed at addressing climate change.

There are additional costs and savings not considered here. Additional costs

include:

• Finding AOG wells,

• Accessing AOG wells,

• Resolving ownership, mineral rights, and potential liability issues, and

• Additional infrastructure/equipment costs for potential gas pressure reg-

ulation (e.g., for appliances), fuel mixing, and irregular wellhead cas-

ing/connections.

Additional savings include:

• Improved reporting and database of AOG wells,

• Reduced oil and gas and other natural resource development costs,

• Groundwater protection,
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For$all$options,$we$use$the$Average$Plugging$Cost$for$509year$Plug$Lifetime$(q$=$0.32$tonne/year/well),$
except$for$option$(i92)$that$uses$the$Median$Plugging$Cost$for$509year$Plug$Lifetime$(q$=$0.32$
tonne/year/well).
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Figure 4: Combined costs (2015 USD per tonne CH4) based on best estimates provided

in Figure 3 for currently available mitigation options. For all options, we use the Average

Plugging Cost for 50-year Plug Lifetime (q = 0.32 tonne/year/well), except for option (i-2)

that uses the Median Plugging Cost for 50-year Plug Lifetime (q = 0.32 tonne/year/well). We

use social costs of methane (SCMs) assuming a 3% discount rate with (Shindell et al., 2017)

and without (Interagency Working Group on Social Cost of Greenhouse Gases, United States

Government, 2016) air quality and human/ecosystem impacts. Positive net costs represent

benefits and savings of mitigation options.

• Improved air quality, and

• Reduced agricultural productivity, human health effects, and ecosystem

degradation associated with contaminated water, poor air quality, and

changing climate.

Although these additional costs and savings are difficult to quantify, the savings

are likely to greatly surpass the costs. Therefore, we anticipate that our com-

bined costs are overestimates while our combined savings are underestimates.

4. Conclusions and policy implications

Plugging costs can be offset by the large social cost of emitting fossil methane

(SCM). However, the current SCM used by governments (Interagency Working

Group on Social Cost of Greenhouse Gases, United States Government, 2016;
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Environment and Climate Change Canada, 2016) are sufficient on its own to

justify mitigation when plugging costs are below $18,430 per well. The average

plugging cost in Pennsylvania is $37,000 per well but can range from approx-

imately $1000 to $1,000,000 per well due to a wide range of factors including

depth, site conditions, and geographic location. These costs need to be char-

acterized and constrained with additional data and analysis to better estimate

mitigation costs. The total cost of plugging or re-plugging high-emitting un-

plugged and plugged abandoned oil and gas (AOG) wells can be large, especially

relative to Pennsylvania’s abandoned well plugging fund of $92,000 and orphan

well plugging fund of $400,000 for the 2017-2018 budget year (Commonwealth

of Pennsylvania, Office of the Governor, 2017). An evaluation of bonding re-

quirements across the U.S. show that most are insufficient to cover the average

plugging cost (Ho et al., 2018). Therefore, efforts to develop alternative miti-

gation options, including cheaper plugging and/or other mitigation approaches,

should continue to be explored to reduce costs, promote widespread mitigation

action, and to better protect the environment. Furthermore, additional mea-

surements to improve characterization of emitted gases and better identify high

emitters is needed.

In the case of gas usage, savings through natural gas prices and alternative

energy credits can offset low plugging costs (<$15,400 per well) but are not

large enough to offset the average plugging cost ($57,774 and $36,535 per well

for gas wells only and all wells, respectively). Low plugging costs (<$15,400

per well) represent 42% of all wells and 15% of gas wells in the Pennsylvania’s

plugging contract database. If we only consider savings through natural gas

prices, plugging costs must be lower than $13,000 per well, which represents 38%

of available plugging costs. Without plugging costs, gas usage can offset costs

for installation even without considering the SCM. However, there are many

barriers to gas usage such as safety, potential liability (bonding, mechanical

integrity assessment), ownership and mineral rights issues, and future costs

associated with plugging and other environmental impacts (e.g., groundwater

remediation). Additional research to quantify current gas usage and any impacts
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are needed to design mitigation strategies that employ gas usage.

Government policies on climate and energy provide an opportunity to en-

courage methane emissions reduction from AOG wells. In Pennsylvania, there

are two state-level policy instruments that can be used to promote reductions

in methane emissions from AOG wells: the Climate Action Plan (CAP) and the

Alternative Energy Portfolio Standard (AEPS). Mitigation of AOG wells can

provide an additional low-cost GHG emissions reduction option for Pennsylva-

nia’s CAP. Although the need to better characterize methane emissions from

AOG wells is mentioned in Pennsylvania’s latest CAP (ICF, 2018), the strate-

gies and policy measures to reduce methane emissions from AOG wells are not

presented. In terms of the AEPS, our results show that the savings possible

through AEC pricing are relatively small, even if we assume a Tier 1 catego-

rization. Nevertheless, we argue that gases emitted from AOG wells should be

considered Tier 1 as they are very similar to coal mine methane. Importantly,

the integration of AOG well mitigation in the CAP and/or the AEPS can re-

sult in the creation of a database of gas emissions from AOG wells that can be

used to further evaluate the environmental impacts of AOG wells and improve

mitigation options.

Mitigation of unplugged and plugged abandoned oil and gas (AOG) wells

can be a cost-effective methane emissions reduction strategy. This is especially

true if we consider the full social cost of emitting methane (SCM), including

climate, air quality and human/ecosystem impacts. Plugging costs of up to half

of the high-emitting wells can be justified by the SCM, natural gas prices, and

alternative energy credits. In addition, reducing emissions at the surface with-

out plugging is cost-effective for all high-emitting wells. Therefore, we recom-

mend the inclusion of methane emissions reduction from AOG wells in climate

change and energy policies, and recommend increased government funding at

state/provincial and federal levels to manage the growing number of AOG wells

in the US, Canada, and abroad.
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