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ABSTRACT: This work assesses trade-offs between system-wide and superemitter
policy options for reducing methane emissions from compressor stations in the U.S.
transmission and storage system. Leveraging recently collected national emissions and
activity data sets, we developed a new process-based emissions model implemented in
a Monte Carlo simulation framework to estimate emissions for each component
and facility in the system. We find that approximately 83% of emissions, given the
existing suite of technologies, have the potential to be abated, with only a few emission
categories comprising a majority of emissions. We then formulate optimization
models to determine optimal abatement strategies. Most emissions across the system
(approximately 80%) are efficient to abate, resulting in net benefits ranging from
$160M to $1.2B annually across the system. The private cost burden is minimal under
standard and tax instruments, and if firms market the abated natural gas, private net
benefits may be generated. Superemitter policies, namely, those that target the highest
emitting facilities, may reduce the private cost burden and achieve high emission
reductions, especially if emissions across facilities are highly skewed. However, detection across all facilities is necessary regardless
of the policy option and there are nontrivial net benefits resulting from abatement of relatively low-emitting sources.

■ INTRODUCTION

Recent studies indicate that the climate benefits of natural gas
relative to other fossil fuels are countered, perhaps significantly,
by emissions of methane, the primary constituent of natural gas
and a potent greenhouse gas.1,2 Methane emissions from the
natural gas sector alone account for approximately 24% of
U.S. anthropogenic methane emissions.3 Despite advances in
emission controls, methane emissions from the U.S. natural gas
system are already substantial and may increase with increasing
production and without regulatory intervention.
In an effort to reduce emissions across the natural gas supply

chain, the White House Climate Action Plan, which includes a
strategy for reducing methane emissions, was released in March
2014; this was followed by an announcement that President
Obama will use his executive authority to issue regulations
with the intent of reducing emissions from the oil and natural
gas sector by 40−45% from 2012 levels by 2025.4,5 Targeting
emission reductions from new and modified oil and natural gas
facilities, the Environmental Protection Agency (EPA) finalized
New Source Performance Standards (NSPS) under the Clean
Air Act in June 2016.6−10 The EPA also proposed a new
voluntary emissions reduction program, the Natural Gas STAR
Methane Challenge, in July 2015.11

Emissions inventories and estimates are often based on
relatively small data sets that may not be representative of the

current natural gas system.12 There have been substantial recent
efforts to collect additional methane emissions data and refine
activity counts to better understand the current and changing
fleet of U.S. natural gas facilities. These studies have revealed that,
for many source categories and across the natural gas supply
chain, methane emissions distributions are highly skeweda few
superemitters are responsible for a majority of emissions.12−17

The heavy-tailed distributions of observed component- and
facility-level emissions suggest that abating emissions from the
highest emitting components or facilities has the potential to
be a relatively efficient strategy for reducing emissions. While
potentially efficient from an abatement perspective, lacking a
priori knowledge of the location of high-emitting components
or facilities, detection of emissions may be challenging and
entail nontrivial costs. Previous studies that evaluated abatement
options and costs generally did not account for heterogeneity in
emissions and uncertainty in other key input parameters.9,18,19

This work assesses system-wide and superemitter policy options
for reducing methane emissions from the U.S. natural gas system.
For the purposes of this analysis, system-wide and superemitter
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policies are broadly differentiated by their regulatory scope; the
former includes detection and abatement of methane emissions
at all facilities across the U.S. natural gas system, whereas the
latter entails detection at all facilities and abatement at only a
targeted subset of facilities with the highest absolute emissions
or emissions rate. Further distinctions between these policy
options are developed and discussed in the succeeding sections
and summarized in Table 1.

■ METHODS
We developed a modeling framework to analyze system-wide and
superemitter policy trade-offs across four broad dimensions: (i) private
and social costs and benefits, (ii) detection and abatement technologies,
(iii) emissions reduction potential, and (iv) policy instruments
(e.g., standards versus taxes). Supporting Information (SI) Figure A1
shows the six interacting submodules used in the assessment of policy
options. The formulation, assumptions, and data for these submodules
are introduced in the following sections and elaborated upon in SI
Appendices B−G.
This study focuses on existing compressor stations in the trans-

mission and storage (T&S) sector, as described in SI Appendix A.
We first develop a baseline methane emissions model for each com-
ponent and facility in the T&S sector. Then we simulate potential
abatement measures, incorporating simulated emissions, as well as
uncertainties in natural gas price forecasts, firm structure, abatement
costs, and abatement efficacy. We also evaluate costs and sensitivity of
existing and emerging detection methods and assess marginal benefits
associated with emission reductions, employing the social cost of
methane. Combining results from the preceding submodules, we for-
mulate an optimization model, in which net social benefits are maxi-
mized or private costs are minimized, in order to evaluate abatement
strategies for the T&S system. Finally, we summarize the sources of
variability and uncertainty that we incorporate or omit in the model
(SI Appendix G).
Baseline Emissions Simulation. We used a Monte Carlo

simulation to model the baseline annual methane emissions for each
component and facility in the U.S. T&S sector. SI Figure C1 is a
depiction of the types of components (e.g., rod-packing, isolation valves)
or emission sources at transmission compressor stations and storage
facilities. Rather than using emission estimates reported in the EPA
Greenhouse Gas Inventory (GHGI), we employ emissions data from a
study recently published by Zimmerle et al. (2015) because this data set
is relatively large and includes component-level estimates which are
necessary for modeling heterogeneity in emissions.12 We simulate
annual baseline emissions for each emission category and component in
the population, explicitly accounting for variability in emission factors
and annual operating hours. Emission categories are delineated by
component type and operating mode (e.g., reciprocating compressor
rod-packing in an operating pressurized mode). Baseline emissions for
each facility in the system are simulated by assigning emissions for each
component to a facility. Each facility is described by a facility profile or
inventory (i.e., component counts). These profiles are known, at least in

part, for some facilities, and we simulate unknown profiles, accounting
for correlations between counts and types of components. We
additionally simulate a proportional loss rate for each facility, which is
the quotient of annual emissions and throughput. Overall, we simulated
100 realizations of emissions from each component and facility in the
entire U.S. T&S system. SI Appendix C provides greater detail regarding
the mathematical formulation of the baseline emissions simulation.

Emission Factors and Operating Hours. The input data sets are
based on recent emission measurements by Subramanian et al. (2015)
and the system-wide emissions model by Zimmerle et al. (2015).
We develop annual emission factor distributions for 27 emission
categories, based on emission measurements from approximately
22,000 components at 45 compressor stations across U.S facilities.16

We fit parametric distributions that attempt to capture the data skewness
and uncertainty; as summarized in SI Appendix G, recent studies review
parametric and nonparametric approaches for modeling uncertain-
ties.20,21 Operating hour distributions are developed based on a
database, compiled by Zimmerle et al. (2015), of hours reported for
24,000 components at 514 compressor stations. Using paired operating
hours and emission factor measurements, we find that there is little
correlation between operating hours and emission factors. Input distri-
butions for each emission category are summarized in SI Appendix B.1.

Facility Profiles and Activity Counts. Zimmerle et al. (2015)
compiled facility profile data at 922 facilities in 2012, including data from
facilities that annually report to the Greenhouse Gas Reporting Program
(GHGRP) and the Federal Energy Regulatory Commission (FERC), as
well as data collected by Subramanian et al. (2015). Although the precise
number of T&S facilities is unknown, we assume that there are 1,758
compressor stations based on the central estimate in Zimmerle et al.
(2015). Incorporating uncertainty in the number of facilities and activity
counts is omitted because it would unnecessarily complicate the model
and is unlikely to impact the overarching policy recommendations in a
material way. The baseline emissions model provides a snapshot of
existing components and facilities in 2012 and does not reflect expanding
and changing natural gas infrastructure.

Proportional Loss Rates. Proportional loss rate is a measure of the
proportion of facility-level throughput that is emitted. We fit probability
distributions to paired horsepower and efficiency data for reciprocating
and centrifugal compressors at 922 facilities compiled by Zimmerle
et al. (2015). Combining these simulated results with the facility profile
assignment model, emission estimates, and operating hours for com-
pressors, we develop estimates of throughput and proportional loss rates
for each facility.

Abatement Cost Simulation. Monte Carlo simulation was also
used to model abatement costs for each component in the T&S sector.
Themathematical formulation is provided in SI Appendix D. Abatement
costs for each emission category and component are a function of the
simulated baseline natural gas emissions, abatement efficacy for
each category, annualized cost of abatement for each category and
component, and natural gas prices (see SI Appendix D, eq 5). The
following sections introduce input assumptions and data, and Appendix
B.2 elaborates on these inputs.

Table 1. Description of System-wide and Superemitter Policy Options

system-wide policy superemitter policy

unconstrained
facility-level percent emissions

reduction target absolute annual emissions threshold proportional loss rate threshold

scope of
detection

all facilities all facilities all facilities all facilities

scope of
potential
abatement

all facilities all facilities facilities with emissions above
threshold (50th/90th percentile)

facilities with loss rate above
threshold (50th/90th percentile)

regulated unit component facility facility and component facility and component
policy
instrument

component-level standard OR
tax

facility-level percent emissions
reduction target (10/50/75%)

component-level standard for subset
of facilities

component-level standard for
subset of facilities

emissions
reduction
criterion

maximize net benefits OR
maximum achievable reduction

minimize private costs OR
maximum achievable reduction

maximize net benefits ORmaximum
achievable reduction

maximize net benefits OR
maximum achievable reduction
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Abatement Efficacy. We model abatement measures (e.g., repair or
replacement of a valve) for each emission category. We assume
point estimates for efficacy derived from multiple sources, including
Supporting Information for recent EPA rule-makings and abatement
studies conducted by Carbon Limits, the EPA Natural Gas Star
Program, and ICF International.7−9,19,22−25 The efficacy of an
abatement measure is defined as the percentage reduction in emissions
relative to baseline. While similar definitions of efficacy are implicitly
adopted in the NSPS Regulatory Impact Analysis and an ICF economic
analysis, there are limitations to operationalizing efficacy as a percentage
reduction.9,23 Percentage reduction does not account for potential
correlation between baseline emissions and efficacy. In addition, efficacy
conceivably decreases over time after an abatement action is conducted.
To account for structural limitations of modeling efficacy and to demon-
strate the sensitivity of efficacy on the conclusions drawn, we perform
a parametric analysis, conservatively reducing the point estimates of
efficacy by half.
Abatement Costs. We estimate annualized abatement costs as the

present value of the capital and labor costs (beyond the status quo) of an
abatement measure over an assumed abatement interval (e.g., replace-
ment interval), converted to equal annual payments. Annualized costs
are a function of the capital recovery factor (CRF) and total abatement
costs for each component type (see SI Appendix D, eqs 3 and 4).
The CRF is a function of the discount factor and the abatement interval.
We employ three discount rates, 3%, 5%, and 7%, which are consistent
with those used in the 2015 NSPS Regulatory Impact Assessment and
recommended in OMB Circular No. A-94.9,26

We derive costs and abatement intervals for each abatement measure
based on multiple sources, including supporting information for recent
EPA rule-makings and cost studies conducted by Carbon Limits,
the Clearstone Group, the EPA Natural Gas Star Program, and ICF
International.6,7,9,18,19,22−24,27 Given that there is cost heterogeneity for
each abatement measure, we fit simple distributions, reflective of
reported cost ranges. Triangular distributions are employed when there
is a clustering of central estimates, and uniform distributions are used if
only a range is available.
There are several other factors and sources of uncertainty that we do

not account for that may impact costs. There is locational heterogeneity
in labor costs, but given that our model is not spatially explicit, we do not
account for this. Emissions and abatement costs are also potentially
correlated; for example, correlation may exist because of facility location
(i.e., more remote areas may have higher emissions because maintenance
is less frequent and more costly).
Natural Gas Prices and Firm Cost Structure. Cost savings may be

generated from reductions in losses of otherwise marketable natural gas.
However, transmission firms often do not own the gas and fixed
methane loss rates may be stipulated in long-term contracts; thus, firms
may not realize cost savings, at least in the near-term. We do not have
information to represent the distribution of firms that operate under
different types of contracts; therefore, we perform a bounding analysis,
modeling scenarios with and without savings. Given that the model is
not spatially explicit, we calculate savings by broadly applying the Henry
Hub spot prices reported in the EIA 2015 Annual Energy Outlook
for the analysis year of 2020. To encapsulate the forecast range, we
model three price scenariosreference ($4.30/MMBTU), high oil and
gas resource ($3.12/MMBTU), and high economic growth ($5.03/
MMBTU); we convert to real 2014 USD per SCF, assuming an energy
consumption-to-volume conversion factor of 1,015 BTU per SCF and
reported inflation rates.28−30

Detection. The approach used to detect emissions is itself an
important policy decision. For all of the modeled policies, we consider
bottom-up or component-level quantification of emissions, rather than
top-down, facility-level measurements. We further assume that
detection is conducted at all facilities, rather than a subset of facilities.
Given that some facilities already are performing detection in
accordance with GHGRP, our detection cost estimate, which is based
on full rather than incremental costs, may be overestimated.
We model two common detection methods that comply with NSPS

requirement, optical gas imaging and EPA Method 21, assuming onsite
surveys are conducted quarterly. We additionally model an emerging

technology based on the design criteria of the Environmental Defense
Fund’s (EDF) Methane Detectors Challenge, which is a grant program
that targets mature technologies for detecting larger leaks on a con-
tinuous basis that are deployable within the next 2 years.31,32 Each
detection method has associated costs and detection limits, which we
incorporate in the optimization model (refer to SI Appendix B.3).

Social Cost of Methane. Social benefits associated with emissions
reductions are estimated using the social cost of methane (SC−CH4), a
metric representing the present value of the anticipated future damages
that would arise from an incremental unit of methane emissions in a
given year.33 SC−CH4 accounts for climate change impacts, such as
changes in agricultural productivity and human health, property damage
from increased flood risk, and changes in heating and cooling costs.
We do not account for benefits from concomitant reductions in volatile
organic compounds and safety improvements.

We treat SC−CH4 parametrically, employing four estimates (in units
of 2014 USD per metric ton of methane) with differing discount
rate assumptions, as reported in Marten et al. (2014; 2015): $601
(5% discount rate, mean), $1330 (3% discount rate, mean), $1780
(2.5% discount rate, mean), and $3560 (3% discount rate, 95th
percentile).34,35 We choose an abatement or analysis year of 2020, which
is reflective of a realistic regulatory horizon; benefits would differ if the
analysis year differed. SI Appendix E provides background information
on direct modeling of the SC−CH4 using integrated assessment models
and a comparison to indirect estimates based on conversion of non-CO2
emissions to carbon dioxide equivalents (CO2eq) using global warming
potentials and applying the social cost of carbon (SCC).

Optimization Model. To assess different abatement strategies for
the U.S. T&S system, we employ an optimization framework that
leverages the previously described submodules. To represent different
system-wide and superemitter policies and associated policy instru-
ments, we formulate integer linear programs with different objective
functions, simulated inputs, and constraint sets. The models select the
components in the system at which to perform abatement. Table 1 lists
the basic structure of each policy; further information regarding the
formulations is provided in SI Appendix F. The optimization models are
coded in and solved using R and the General AlgebraicModeling System
(GAMS).

We assume that the analysis period is a year, which has practical
implications for policy implementation. The relative timing of detection,
classification of facilities as superemitters (which may be ephemeral
from year-to-year), and abatement would have to be determined to
implement a policy; however, we assume that these activities all occur
within a year and do not attempt to order and further discretize.

Unconstrained System-wide Policy. The objective function of this
optimization is to minimize net social costs (or equivalently maximize
net benefits), which include abatement and detection costs (less cost
savings in some formulations) and social costs of methane. The optimal
level of abatement occurs where marginal benefits equate to marginal
costs.

System-wide Policy with Facility-Level Emissions Reduction
Target. The objective function of this model is to minimize private
costs, including abatement and detection costs (less cost savings in some
formulations), subject to an emissions reduction target per facility
(we looked at 10, 50, and 75% reduction targets). For each facility, the
model selects the components to abate to just meet the emissions
reduction target, if feasible. For example, given a target of 50%, facilities
must quantify emissions and perform abatement to achieve a 50%
reduction. Facilities for which it is not possible to achieve a given target,
the maximum emissions reduction is selected.

Superemitter Policy with Absolute Emissions Threshold. Here, the
objective function is the same as in the unconstrained system-wide
policy, but abatement is only conducted at a subset of facilities with
absolute annual emissions above a specified threshold. We model two
absolute emissions thresholds: 50th and 90th percentiles of simulated
facility-level emissions (i.e., the subsets are comprised of the highest
emitting 50% and 10% of facilities, respectively).

Superemitter Policy with Proportional Loss Rate Threshold. In this
scenario, the objective function is the same as in the uncon-
strained system-wide policy, but abatement is only conducted at a
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subset of facilities with proportional loss rates above a specified
threshold. We model two thresholds: 50th and 90th percentiles of
simulated facility-level proportional loss rates (i.e., the subsets are
comprised of 50% and 10% of facilities with the highest proportional loss
rates, respectively).

■ RESULTS AND DISCUSSION

We first present intermediate results, including component- and
system-level baseline emissions estimates and marginal abate-
ment cost curves. Then, we describe findings for the uncon-
strained system-wide policy optimization modeling with respect
to net benefits, private costs, and emissions reductions, and
summarize various sensitivity analyses. We then compare facility-
and system-level results across policy options and assess trade-
offs between different policy instruments.
Baseline Emissions. The modeled total methane emissions for the

T&S sector (440,000 t), accounting for some but not all emission
sources, are similar to other recently published estimates. Using the
existing suite of abatement technologies considered here, approximately
94% of emissions are from emission categories that have the potential to
be abated, with a few emission categories (i.e., reciprocating compressor
isolation valves and rod-packing) comprising approximately 57% of
abatable emissions. SI Figure H1 presents the estimated emissions for
each emission category.
Based on the emissions simulation, 30% of the facilities account for

60% of the emissions (see SI Figure F2). This skewness, which depends
on the model structure and underlying data, may not be representative of
the actual skewness and may not capture high-emitting facilities that are
low in frequency across the T&S system. To contextualize the modeled
emissions, methane emissions from the injection well leak in Aliso
Canyon, CA, USA, were reported to be approximately 100,000 t, which is
much higher than the maximum emitting facility that was modeled.36

Marginal Abatement Costs. For each emission category and
corresponding abatement measure, we simulate marginal abatement
cost (MAC) curves, accounting for variability in abatement costs,
natural gas prices, emission factors, and operating hours (see SI
Appendix H).We also aggregateMAC curves for each emission category
to create system-wide curves. AMAC curve step function is presented in
Figure 1a; each step represents the median simulated emissions
reductions for an abatement measure, rank-ordered based on the
median simulated marginal costs. Assuming no savings from recovered
gas and fixed marginal costs for each abatement measure, nearly all
potential emission reductions from the T&S system have marginal costs
less than $50 per CO2eq metric ton. For comparison, the Integrated
Working Group (IWG) SCC estimate is $47 per CO2eq metric ton
(year = 2020, 3% discount rate).37 Therefore, if a policy accounts for the
IWG SCC estimates, this analysis indicates that most of the emissions
should be abated.
Figure 1b displays system-wide marginal abatement cost curves for

100 realizations of the T&S system, with each curve representing a rank-
ordering of every component in the system based on increasing marginal
abatement costs. We observe that there is a distinct “knee” in the MAC
curve at which point the marginal costs markedly increase. Employing
the efficiency criterion, whereby net benefits are maximized when
marginal benefits equate to marginal costs, the optimal level of
abatement (i.e., subset of components in the system to abate), without
accounting for savings and assuming a social cost of methane
of around $1330 per metric ton of methane (∼$46 per metric CO2eq
ton), occurs at ∼80% reduction in emissions. If we incorporate savings
from marketing recovered gas, then an approximately 70% of emissions
may be abated with positive net private benefits.
Policy Optimization. The results shown thus far assume

omniscience in which the emissions from and abatement cost-
effectiveness for each component in the T&S system are known ex
ante. For optimization modeling of the different policy scenarios, we also
account for detection to identify emission sources, a necessary condition
prior to abatement (in our stylization of policies), and consider policies in
which only a subset of facilities perform abatement.

Unconstrained System-wide Policy. For the unconstrained system-
wide policy, when maximizing net benefits under base case modeling
assumptions, most components in the T&S system (i.e., those with
marginal costs less than the social cost of methane) are selected by the
model for abatement (as depicted in Figure 2 inset).

Results of the optimization model, over a range of system-level
emission reduction targets, are provided in Figure 2. Under scenarios
both with and without gas savings, the optimal emissions reduction is
approximately 80%, which is similar to the maximum level of abatement
(83%). Figure 1b provides some insight into why this occurs; the
marginal benefits curve intersects the vertical region of the MAC curve,
in which marginal cost markedly increases with minimal emission reduc-
tions. Optimal net benefits are $420M without savings and increase
by 25% when accounting for savings (assuming a natural gas price of
∼$5/MMBTU).

We performed sensitivity analyses, parametrically varying uncertain
inputs, including social cost of methane, natural gas price, detection
technology, discount rate, and abatement efficacy. Key results are shown
in Figure 3 and additional details provided in SI Appendix H.4.

Figure 3 shows that net benefits are most sensitive to the social costs
of methane. Across all of the single factor sensitivity analyses performed,
the net benefits are positive, indicating that even with uncertainty in
key inputs, regulation of methane emissions from the T&S sector is
warranted. Changes in natural gas price, abatement efficacy, detection
technology, and discount rate slightly shift the marginal cost curve, but
the slope generally remains the same. Thus, across the parametric
analyses performed, the marginal benefits curve intersects the vertical
region of the marginal cost curve; as a result, the optimal subset of
components to abate, as well as the optimal system-wide emissions
reduction, remains relatively constant.

Since the optimal level of abatement occurs when marginal benefits
are equivalent to marginal costs, the optimal emission reduction
increases with increasing social costs of methane. Even under the most
conservative scenario modeled ($600 per metric ton of methane, ∼$13
per metric CO2eq ton), mean net benefits at the optimal level of
abatement are $160M. At the highest social cost modeled ($3,600 per
metric ton of methane, ∼$136 per metric CO2eq ton), mean net
benefits of $1.2B are estimated.

Under scenarios assuming savings and varying natural gas prices, net
social benefits are 16−25% higher than the scenario without savings, and
private firms may experience net savings of upward of $40M. The
breakeven natural gas price, at which private firms experience no net
costs, is approximately $3/MMBTU, which is in the range of EIA
projections. As previously noted, transmission firms may not own the
gas and their fee structure may be based on long-term contracts that
stipulate fixed leak rates. Thus, a clear fiscal incentive for firms to
minimize leakage may not exist. Even in other segments of the natural
gas supply chain where there may be a fiscal incentive, firms have
historically not adopted abatement practices, potentially because of a
lack of information and cost uncertainty. However, with the recent
advent of efforts to measure emissions and advancements in the NG
STAR voluntary emission reduction program, which together signal
impending regulation, it is possible that more firms will adopt abatement
practices.

Although net benefits are relatively constant across detection
technology scenarios, private costs are somewhat sensitive; private costs
under the emerging technology scenario (based on the EDF Detectors
Challenge) are 12−31% lower than for existing technology scenarios,
which is solely attributable to differences in detection costs. Across the
detection technologies modeled, detection costs contribute between 1
and 32% of total private costs. Additionally, at the breakeven point at
which total social benefits are equivalent to total private costs, annual
detection costs are estimated to be over $200,000 per facility, which is
substantially higher than the cost of the detection technologies modeled.
There are minimal differences in emissions reductions between
technologies at both the optimal and maximum level of emissions
reductions, despite the large range of detection limits modeled. Results
further indicate that the detection limit does not substantially impact
which components are selected by the model to abate; rather cost-
effectiveness of abatement is typically limiting. This implies that
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improvements in the sensitivity of detection technologies may not con-
tribute to emission reduction efforts because very low-emitting compo-
nents typically have higher marginal abatement costs.

System-wide Policy with Facility-Level Percent Reduction Target.
Trade-offs between private costs, social benefits, and emissions
reductions across different system-wide and superemitter policies are

Figure 1. (a) System-level marginal abatement cost curve step function based on simulated median emissions and marginal costs, assuming no savings
from natural gas. (b) Marginal abatement cost curve based on simulation of all components in the U.S. T&S system, accounting only for variability in
emissions factors, operating hours, and abatement costs. Blue curves represent 100 realizations of the T&S system, assuming no savings; red curves
assume savings (using the EIA reference case natural gas price projection). Green lines are marginal benefit curves at different assumed social costs of
methane, based on modeling in Marten et al.35
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depicted in Figure 4.We observe that the benefit−cost ratios (9 to 13) of
all three system-wide policies with different facility-level targets (10, 50,
or 75%) exceed the benefit−cost ratio (8) of the optimal unconstrained
system-wide policy; this is attributable to conducting the most efficient
abatement first (in aggregate across the system) relative to the uncon-
strained policy. While requiring all facilities to reduce emissions by an
equivalent percentage may be equitable in a sense, some facilities may be
required to conduct abatement at low-emitting components with high
marginal abatement costs that exceed the social cost of methane (refer to
SI Figure H12). In addition, some facilities may be unable to achieve a
target, given the current suite of abatement technologies.
Superemitter Policies with Absolute Annual Emission and

Proportional Loss Rate Thresholds. In both types of superemitter
policies, the maximum achievable and optimal emissions reductions are
less than reductions under the unconstrained system-wide policy, given
that abatement is only conducted at a subset of facilities with the highest
emissions or loss rates. The superemitter policies with proportional loss
rate thresholds are dominated by policies with absolute annual emission
thresholds, which can achieve equivalent or greater emission reductions
at lower cost. We also observe that both types of superemitter policies
are dominated by system-wide policies, which may be attributed to the
requirement to perform detection at all facilities to identify super-
emitters. The baseline emissions model may not capture low probability,
catastrophic leaks from facilities; thus, if emissions across the system
are more skewed than what has been modeled, there may be greater
efficiency gains in targeting superemitters.

Policy Instruments. An additional dimension of this analysis is the
assessment of different policy instruments, including component- and
facility-level standards and a tax. There are other possible instruments
which we do not model, such as best management practices, a voluntary
emission reduction program, and a cap-and-trade program.

We computed the performance standards and tax rate required to
achieve the optimal level of abatement under the unconstrained system-
wide policy. SI Appendix H.6 describes the process we developed to
estimate component-level standards (or emissions thresholds). The tax
rate (applied to all unabated emissions that are detected and abatable)
would have to be equivalent to the marginal benefits (or the social
cost of methane). Regardless of the regulatory instrument under an
unconstrained system-wide policy, net social benefits are unaffected
because the tax paid by private firms is transferred to the public (ignoring
transaction costs). Private costs under a performance standard policy
include abatement and detection costs, whereas, under a tax instrument,
private costs also include taxes paid on unabated emissions that are
detected and potentially abatable. At the optimal level of abatement,
private costs (without recovering the value of abated natural gas) are
approximately $61M under a performance standard policy and $74M
under a Pigouvian tax instrument. Total detection costs across the
system range from $1M to $24M, depending on detection technology.
To contextualize these private costs, the operating and maintenance
costs and net income of all U.S. transmission facilities in 2012 were
$6.2B and $4.8B, respectively; thus, the private costs under the modeled
policy are relatively insignificant in aggregate and are roughly 1% of

Figure 2. Net social benefits and net private benefits at different levels of system-wide emission reductions for the unconstrained system-wide policy.
The results are expected values based on 100 realizations of the U.S. T&S system. Solid lines are for model runs assuming no savings from capturing
natural gas. Dashed lines are for model runs assuming savings (using the EIA reference case natural gas price projection). The inset bar chart depicts the
mean percentage of components for each emissions category that are selected for abatement at the optimum.
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Figure 3. Tornado diagram representing the expected value of net benefits across a range of parametrically varied inputs. The inset box maps the base
and varied inputs to the tornado plot.

Figure 4. Trade-offs between system-wide and superemitter policies with respect to social benefits, private costs, and emission reductions. Sizes of
bubbles are proportional to the the mean system-level percent emissions reduction, and the black center points represent the mean benefits and costs
over 100 iterations of the model. Open bubbles represent maximum emission reductions and closed bubbles represent optimal emission reductions.
Gray dotted lines indicate benefit−cost ratios (B:C).
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O&M costs and net income of private firms.38 The breakeven system-
level emission reductions, where private costs equal zero, are approxi-
mately 8% and 74% under a performance standard and tax instrument,
respectively, which are lower than the optimal level of emissions
reduction (80%).
Beyond differing private cost burdens, additional trade-offs exist

between taxes and performance standards. While both instruments
(in theory) encourage innovation that may lower private costs, a tax also
generates public revenue, which can be diverted to fund innovation or
public services. Private firms also possess the property rights to emit
under a standard, whereas rights shift to the public under a tax. In the
context of uncertain marginal costs and benefits, the policy instrument
should, according to the Weitzman principle, mimic the slope of the
marginal benefits curve. Methane is a stock pollutanta pollutant that
accumulates in the environment over time before damages occurand
small, incremental changes in emissions generate benefits that are
equivalent at the margin; thus, the marginal benefit curves are flat,
suggesting that a tax is preferable. However, current policy regulating
emissions from natural gas facilities employs standards (e.g., NSPS),
indicating that a standard may be more politically tractable.
Under a system-wide policy with a facility-level percent reduction

target, facilities may choose a (least cost) abatement strategy to meet a
given target; thus, a performance standard and tax instrument are
unnecessary. For the superemitter policies, component-level standards,
similar to those estimated for the unconstrained system-wide policy,
may be employed to achieve the optimal level of abatement. An alter-
native to system-wide or superemitter policies is to require facilities
to perform the maximum (achievable) level of abatement, which may
be implemented through a component-level standard or technology
requirement.
Policy Implications. Given the existing suite of abatement

technologies, most methane emissions from the T&S system can be
abated, with only a few emission categories comprising a majority of the
abatable emissions. Under an unconstrained system-wide policy, most
emissions (approximately 80%) are efficient to abate, and the private cost
burden under both performance standard and tax instruments is modest
relative to the potential societal benefits and current operating costs of
firms. Furthermore, if firms market recovered gas, private benefits may
result.
System-wide policies with facility-level percentage emissions

reduction targets have the advantage of requiring equivalent percent
emission reductions across facilities and result in higher benefit−cost
ratios (at the targets modeled) than other policies; however, at a facility
level, some facilities would be required to perform abatement at the
margin that is economically inefficient.
Superemitter policies, namely, those in which only a targeted subset

of facilities with the highest absolute annual emissions perform
abatement, may reduce the system-level private cost burden and
achieve high emissions reduction, especially if emissions across facilities
are very skewed. However, a superemitter policy is unprecedented, and
there may be practical limitations to implementation, including the
relative timing of detection, superemitter classification, and abatement.
In addition, detection across all facilities is necessary regardless of the
policy option and there are nontrivial net social benefits resulting from
abatement of relatively low-emitting sources.
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