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Abstract

With advances in natural gas extraction technologies, there is an increase in the availability of
domestic natural gas, and natural gas is gaining a larger share of use as a fuel in electricity
production. At the power plant, natural gas is a cleaner burning fuel than coal, but uncertainties
exist in the amount of methane leakage occurring upstream in the extraction and production of
natural gas. At higher leakage levels, the additional methane emissions could offset the carbon
dioxide emissions reduction benefit of switching from coal to natural gas. This analysis uses the
MARKAL linear optimization model to compare the carbon emissions profiles and system-wide
global warming potential of the U.S. energy system over a series of model runs in which the power
sector is required to meet a specific carbon dioxide reduction target across a number of scenarios
in which the availability of natural gas changes. Scenarios are run with carbon dioxide emissions
and a range of upstream methane emission leakage rates from natural gas production along with
upstream methane and carbon dioxide emissions associated with production of coal and oil. While
the system carbon dioxide emissions are reduced in most scenarios, total carbon dioxide
equivalent emissions show an increase in scenarios in which natural gas prices remain low and,
simultaneously, methane emissions from natural gas production are higher.
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1. Introduction

Due to recent advances in extraction technologies that give greater access to gas stored in
tight formations such as shale, natural gas production and use is on the rise in the United
States. Greater availability of domestic natural gas has led to decreases in price, making
natural gas more attractive to companies and individuals across the U.S. energy system. The
U.S Energy Information Administration’s (EIA), 2014 Annual Energy Outlook (AEO2014)
highlights that the use of natural gas in power production and end-use sectors increased 8%
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between 2000 and 2014. The use of natural gas is projected to grow another 25% between
2014 and 2040 (U.S. EIA, 2014). The power sector is the largest user of natural gas. The
AEQ2014 projects that 33% of the increase in natural gas consumption out to 2040 will
occur in the power sector, with new natural gas power plants replacing older retiring coal-
fired generation power plants, and that the share of electricity generation by natural gas will
rise from 26% to 35% by 2040 (U.S. EIA, 2014).

As natural gas becomes more readily available domestically, it is important to understand if
there is an overall greenhouse gas (GHG) emissions benefit in moving from coal to natural
gas in the power sector. While natural gas burns cleaner than coal, there is considerable
variability in estimated upstream emissions from the extraction, processing, transmission,
and distribution of natural gas. Natural gas is composed primarily of methane (CHy4), which
is a much more potent GHG than carbon dioxide (CO5), and this methane can be released
into the atmosphere during upstream processes. These fugitive emissions include routine
venting and unintended emissions at the well, at the processing plant, and during
transmission and distribution.

The global warming potential (GWP) is an index of the radiative forcing of a particular gas
relative to the same quantity of CO, over a specified period of time. The Intergovernmental
Panel on Climate Change (IPCC) estimates the GWP of methane to be 28 over a 100-year
time period, meaning that methane has a total warming impact that is 28 times greater than
COy. Over a 20-year time period, the GWP of methane rises to 85 (Myhre et al., 2013). The
higher level of GWP in the shorter time frame reflects the shorter life of methane in the
atmosphere.

This study, which compares the carbon emissions profiles and system-wide global warming
potential of the U.S. energy system over a series of model runs with a range of upstream
methane emission leakage rates, was developed as part of the Energy Modeling Forum study
#31 (EMF31): “North American Natural Gas and Energy Markets in Transition.” The
modeling groups in EMF31 explored a number of different issues surrounding the North
American natural gas resource base including the effect of high and low natural gas resource
availability and how changes in natural gas production impact emission reduction strategies
in the power sector. The next section will discuss recent studies on the methane emissions
from natural gas extraction, production, transmission, and distribution.

2. Background

There is a lot of research going on to address the wide-ranging estimates of the emissions
occurring in well pads during the extraction, production and transmission of natural gas
(Environmental Defense Fund, 2015). Emission inventories (e.g. EPA’s greenhouse gas
inventory) utilize bottom-up measurements and identify sources of methane pollution across
the supply chain with the inclusion of hundreds of activities and equipment types along with
extensive measurement data. Measurements of actual methane concentration in the
atmosphere, also known as top-down studies, provide insights into the amount of emissions
occurring over a region and includes methods to attribute these emissions to specific sources
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within the well pad. Both bottom-up and top-down methods are essential and need one
another to enhance the emission factors used in planning activities.

A number of analyses have been performed on natural gas using various bottom-up or top-
down measurements of methane to look at GHG emissions and to compare natural gas
emissions with coal. All of the studies accounted for GHG emissions in terms of carbon
dioxide equivalent (CO»e). The carbon dioxide equivalent (CO»e) is the standard metric for
expressing different GHG emissions as a single number. The CO»e expresses the amount of
CO, that would cause the same radiative forcing over the specified period of time for a given
mixture of GHGs. The CO»e of a gas is calculated by multiplying the amount of gas emitted
by the GWP value for that gas.

One question many of the studies attempt to answer is whether shale gas is any worse than
conventional gas when emissions are accounted for across gas extraction, production,
delivery, and use in power generation. Because combustion of natural gas is a larger source
of total GHG emissions than natural gas upstream supply chain emissions, and combustion
emissions are the same whether the gas comes from a conventional well or a shale well,
most studies find shale gas to be only marginally higher than conventional gas when
followed through to end use (Stephenson et al., 2011, Jiang et al., 2011, Hultman et al.,
2011). Hultman et al. (2011) state that shale is “unlikely to be substantially more polluting
than conventional gas.” The National Renewable Energy Laboratory’s (NREL) Joint
Institute for Strategic Energy Analysis performed a meta-analysis with a number of reported
analyses and concluded that the higher emissions from liquids unloading from conventional
wells and the higher emissions from shale well completions balanced each other out, leading
to similar emissions between the two (Heath et al., 2014).

When comparing the emissions of both conventional and shale gas to coal, most of these
same studies find, along with others, that natural gas produces less GHGs than coal. The
National Energy Technology Laboratory (NETL, 2011) performed a lifecycle analysis that
found gas to emit as much as 50% fewer GHGs than coal, with an estimated range from 39%
to 53%. An analysis by Venkatesh et al. (2011) found that using natural gas instead of coal
as fuel to make electricity has close to a 100% chance of reducing emissions in the energy
system.

An important assumption made for all of these studies is the estimated percent of methane
emissions over the total amount of natural gas produced. This is known as the leakage rate.
The NREL meta-analysis found that the studies which they analyzed used a wide range of
leakage rates: 0.66% to 6.2% for unconventional wells and 0.53% to 4.7% for conventional
wells (Heath et al., 2014). Weber and Clavin (2012) performed a Monte Carlo analysis that
included many of the same studies as the NREL analysis and found a “best” estimate of
methane leakage to be 2.7%. As Heath et al. (2014) point out, the variance in published
leakage rates can come from different assumptions in the analyses including: inclusion or
exclusion of specific extraction and production activities, modeling approaches, and system
boundaries.
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Several studies took their analysis a step further and estimated the leakage rate at which
natural gas becomes worse than coal specifically in terms of GHG emissions. Jiang et al.
(2011) did a direct comparison of natural gas and coal use at a specific point in time in the
power sector and found that the methane leakage rate could go as high as 14% before
making natural gas worse than coal when using 100-year GWP values. That value drops to
7% when using 20-year GWP values. Alvarez et al. (2012) plotted the relative radiative
forcing of a system over time and found that a 3.2% leakage rate is the point at which
natural gas becomes worse than coal as a fuel for producing the same megawatt-hr. of
electric power.

Methane emissions during natural gas extraction, production, transmission, and distribution,
taken together as “natural gas systems,” are reported in the Environmental Protection
Agency’s (EPA) Inventory of U.S. Greenhouse Gas Emissions and Sinks (U.S. EPA, 2015).
This value is estimated from bottom-up data, calculated using emission factors from
available sets of emission measurements and estimates of activity. This inventory was
recently updated to use data available through the EPA Greenhouse Gas Reporting Program
(U.S. EPA, 2013), which includes emissions data, some of it direct measurement, reported
by over 2000 facilities in the oil and gas industry. Taking the 2013 value for methane
emissions from natural gas systems from the most recently released inventory report and
accounting for total dry natural gas production as reported by the EIA (EIA, 2015), the
methane leakage rate was approximately 1.35%.

A number of more recent efforts have been undertaken to use methane concentration data
collected over a region to calculate an estimate of emissions from gas sites. These top-down
approaches use aerial measurements, mobile surface surveys, and observed atmospheric
methane from tall tower stations to study specific natural gas extraction and production sites
over short periods of time, and as such, do not necessarily cover the entire range of methane
emissions found in natural gas systems. Recent studies estimate the range of methane
leakage rates from 2.3% to 17% (Caulton et al., 2014, Karion et al., 2013, Pétron et al.,
2012). A study by Miller et al. (2013) found that methane emissions during natural gas
production in south-central U.S. could be more than 2.7 times greater than most emission
inventories. Despite the high estimates, one review of the available technical data reported
that while there are likely some super emitters throughout the system, overall system-wide
methane leakage is not high enough to negate the benefits of natural gas versus coal over a
long time frame (Brandt et al., 2014). In line with that study, a recent study of the
Haynesville, Fayetteville, and Marcellus shale plays, areas representing over half of U.S.
shale production, estimated an average of 1.1% leakage, with a range of 0.18% to 2.8%
(Peischl et al., 2015), and a study that took direct measurements of methane emissions at a
large number of onshore natural gas sites estimated methane leakage of 0.42% in just the
production phase (Allen et al., 2013).

A smaller set of studies have used energy systems and integrated assessment models to
explore the potential of increased natural gas supply to serve as a bridge to renewables, a
replacement for coal, and a key player in reducing greenhouse gas emissions. In general,
these studies found that under increased natural gas supply scenarios, natural gas does
replace some coal use in power production, but at the same time the increased resources also
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substitute for some new renewable generation and the reduced cost of those resources can
lead to an increase in energy consumption (Huntington, 2013, Joint Institute for Strategic
Energy Analysis (JISEA), 2016, Shearer et al., 2014, McJeon et al., 2014, Newell and
Raimi, 2014). As a result, total system GHG emissions are either only slightly reduced or
not reduced at all. McJeon et al. (2014), Shearer et al. (2014), and Newell and Raimi (2014)
all varied upstream methane emissions in their analyses, from as low as 0% to as high as
almost 8%, and found that the assumptions made about methane emissions had an impact on
whether there was a slight increase or a slight decrease in system GHG emissions.

In this study, we expanded upon the studies cited above by using a bottom-up energy
systems model to analyze the effects that different methane leakage rates would have on
total GHG emissions under different scenarios of natural gas availability. We modeled a
power sector emissions reduction strategy both with and without carbon dioxide and
methane emissions from coal, oil, and natural gas extraction and production included in the
emissions reduction calculation and analyzed how those strategies lead to different
technology choices in the power sector.

3. Modeling approach

This analysis utilized the MARKet Allocation (MARKAL) energy systems model (LouLou
et al., 2004) along with a database developed by the Environmental Protection Agency
(EPA) Office of Research and Development. The EPAUSOr (Lenox et al., 2013) is a nine-
region database representation of the United States energy system in which the nine regions
correlate to the U.S. census divisions. The MARKAL model is a bottom-up, linear
optimization model that finds a least cost pathway for meeting exogenously supplied energy
system demands, taking into account user-defined constraints. The EPAUSOr represents the
expanse of the energy system including resource extraction and import, process and
conversion technologies to convert resources into useful forms, and end-use technologies
available for meeting demands. End-use sectors represented within the EPAUSOr are
residential, commercial, industrial, and transportation. There are 74 specific end-use
demands supplied to the model in each of the regions, including commercial lighting,
residential heating and cooling, personal vehicle miles traveled, and industrial sector
outputs. A MARKAL model run optimizes resource supplies, technology options, and fuel
use over a specified time horizon. Results can be evaluated on a regional scale (census
divisions) or aggregated to the national level.

MARKAL is a deterministic model with base input assumptions about the costs,
efficiencies, and availability of technologies to meet end-use energy demands. As with any
assumptions, there are uncertainties associated and therefore the model results are
interpreted as scenarios of what could happen given the inputs. While deterministic, this
framework allows for scenario analyses where modifications of input assumptions are made
which can inform an understanding of the impacts of certain fuels, technologies, or
emissions rates within the energy system.

The data in the EPAUS9r database, including resource supply curves, technology costs and
efficiencies, and end-use demands, are drawn primarily from the AEO2014, and the results
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are calibrated to the AEO2014 reference case. For this study, we used version 1.2 of the
EPAUSOr. Assumptions that are important to this study include:

. Natural gas supply is represented by six-step supply curves in each of the
regions.
. Canadian natural gas and liquefied natural gas (LNG) imports are modeled as

supply curves.

. Natural gas exports to Mexico and later year LNG exports are modeled to match
the AEO2014 projected amounts in each of the model years.

. The power sector utilizes a set of regional constraints that represent state
Renewable Portfolio Standards (RPS) at the regional level. The data were drawn
from the U.S. Department of Energy’s Database of State Incentives for
Renewables and Efficiency (DSIRE, 2010). As a result of these regional
constraints, the EPAUSOr reference scenario uses 8% to 14% more renewable
technologies in the power sector than the AEO2014 reference case. This increase
in renewables offsets a percentage of the power sector natural gas use estimated
in the AEO2014.

. The database includes emissions constraints that represent current air quality
regulations, including the Clean Air Interstate Rule (CAIR) (Federal Register,
2005) and the Mercury and Air Toxics (MATS) rule (Federal Register, 2011).

. The database does not include a representation of the Clean Power Plan or recent
tax credit extensions for wind and solar technologies.

The EPAUSYr includes a detailed representation of GHG and criteria air pollutant emissions.
These factors are obtained from a number of sources including the EPA WebFire emission
factor database (U.S. EPA, 2014a), Inventory of U.S. Greenhouse Gas Emissions and Sinks
(U.S. EPA, 2015), EPA Greenhouse Gas Reporting Program (U.S. EPA, 2013), National
Emissions Inventory (U.S. EPA, 2014b) and Argonne National Laboratory’s Greenhouse
Gases Regulated Emissions and Energy Use in Transportation (GREET) model (Wang et al.,
2007). The database includes 20-year and 100-year GWPs for carbon dioxide, nitrous oxide,
and methane taken from the IPCC Fifth Assessment Report (Myhre et al., 2013). GWP
values for black carbon, carbon monoxide, nitrogen oxides, organic carbon, sulfur dioxide
(SO»), and volatile organic compounds are also included and are taken from a study by
Akhtar et al. (2013).

The CH4 factors utilized in this study are shown in Table 1. Starting in 2020, the CH4
emission factors are decreased to account for the implementation of New Source
Performance Standards (NSPS) in the oil and gas sector that mandates green completions
during well drilling activities (Federal Register, 2012). Based on the span of emissions
estimates from the literature for natural gas, we choose to model methane leakage rates for
the extraction and production portion of the upstream natural gas system of 1.0%, 2.3%,
4.0%, and 7.0% of total natural gas produced. The 1% leakage rate is aligned with the top-
down study by Peischl et al. (2015) which found a weighted average 1.1% leakage from
natural gas production. The higher estimates are taken from Caulton et al. (2014) which
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stated a range of 2.3%—11% as leakage rate for natural gas extraction and production. We
used the average of that range, 7%, as our highest leakage rate. Having established the
bounds for our scenario analysis, a 4% leakage rate was modeled to give an additional point
between 2.3% and 7%. The transmission and distribution leakage rate was modeled
separately and kept constant at 0.6% in all runs and was based on the GREET model (Wang
et al., 2007).

4. Scenarios

A total of twenty-two scenario runs were performed for this analysis. The scenarios were
combinations of four different variables: natural gas resource levels, power sector
technology performance standards, upstream methane emissions estimates, and reductions in
regional renewable portfolio standard goals. Table 2 lists the 22 scenarios and their given
names. It should be noted that the methane leakage rate has no bearing on the model choices
for the three initial Natural Gas Resource Level scenarios or the three initial Technology
Performance Standard scenarios. In the comparison of CO, results found in Table 3
(Results and Discussion section), the CO,, values for each of these scenarios is calculated
using the specified leakage rate for each set of scenarios being compared.

4.1. Natural gas resource levels

The study included three different natural gas resource availability cases: reference (REF),
high (HR), and low (LR). To model differences in availability, the natural gas supply curve
costs were adjusted in the database based on the EMF31 scenario design. The reference case
supply curves are based on the natural gas supply curves utilized in AEO2014 reference
case. The natural gas supply curves for high and low resource cases were modeled in
accordance with the AEO2014 high oil and gas resource case and AEO2014 low oil and gas
resource case, respectively. In the HR case, EIA assumed ultimate recovery from
unconventional wells to be 50% higher, leading to lower overall prices for domestic natural
gas. In the LR case, estimated ultimate recovery is assumed to be 50% lower, leading to
higher natural gas costs. In addition, the amount of natural gas and LNG exports were
modeled according to the projected amounts in the AEO2014 for the high and low oil and
gas cases. This means that exports increase in the high resource case and decrease in the low
resource case. The AEO2014 high oil and gas resource case also projects that increases in
natural gas resources lead to increases in chemical manufacturing output and aluminum
production in the industrial sector, thus leading to increase in energy demand for these
sectors. This demand increases are accounted for in the HR case.

4.2. Technology performance standard

In the technology performance standard (TPS) case, we established an average CO,
emissions rate standard (in kilotonnes per petajoule) across existing and new power
generators. Based on the EMF31 scenario design, the standard includes all fossil generators
and renewable electricity generation, with the exception of hydroelectric. The rate is set up
as a model constraint which forces the power sector to stay below a certain level of average
CO5 emissions per unit of electricity output. Different from the EMF31 standard TPS
design, we modeled the rate for a given year as a percent reduction from the year 2005
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instead of constraining the model to meet a predetermined rate. The result is that we
achieved a smaller overall reduction in CO, emissions than other modeling teams
participating in the study. Reductions of 26% in 2020 and 2025, 30% in 2030, and 1% per
year additional thereafter are applied. For the TPS, the amount of CO, per unit of electricity
output is calculated using the CO, emissions from the power sector only. The TPS case was
applied to all three of the natural gas resource cases.

4.3. Technology performance standard including upstream emissions

A second technology performance scenario (TPS2) was modeled to analyze the impact of
upstream emissions from natural gas extraction and production. For this case, a technology
performance standard was developed in the same way as the TPS case, but with the
emissions portion of the standard based on the carbon dioxide and methane emissions, in
COoe, from resource extraction and production in addition to the CO5 from power sector
fuel combustion. The methane emissions are converted to CO»e using the 100-year GWP. In
the database, CO, and CH,4 emission factors for resource extraction and production, in
kilotonnes per petajoule of fuel use, are added to the power sector technologies that use coal,
oil, and natural gas as fuels. The TPS2 was modeled separately with each of the natural gas
resource levels and at each of the four measures of upstream methane emissions. The
upstream CO, and CH,4 emissions for coal and oil is kept constant in all scenarios.

4.4. Renewable portfolio standard reduction

A final set of four scenarios was run in which the high natural gas resource case was again
modeled across each of the four measures of upstream methane emissions, but with a
reduction in the power sector RPS constraints. This reduces the minimum amount of
renewable power production required in each of the regions. The reductions start in 2020,
and by 2030 regions can generate up to 30% less of their power from renewables as
compared to the reference scenario.

5. Results and discussion

We focus our analysis on the results from scenarios in which the natural gas resource levels
and the upstream methane emissions from natural gas production are varied under the two
different power sector emissions reduction strategies. We looked at the changes in CO5 and
total GHG emissions as well as changes in technology choices in the power sector. The
emissions analyzed are system-wide emissions to account for the interactions among the
different sectors in the energy system.

Fig. 1 compares the consumption of natural gas between the reference scenario and the high
and low natural gas resource scenarios. The reduction in the price of natural gas in the high
resource scenario (HR) leads to a 20% increase in total natural gas consumption by 2050.
Approximately 80% of the increase in natural gas used within the U.S. energy system is in
the power sector. Another 14% is in the industrial sector, and the rest is spread between the
residential, commercial, and transportation sectors. The increase in price of natural gas in
the low resource scenario (LR) leads to an 8% reduction in consumption by 2050.
Approximately 78% of the reduction is in the power sector, 19% in industrial, and the
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remaining spread between the other sectors. The system-wide CO, emissions resulting from
the natural gas resource scenarios are shown in Fig. 2.

The TPS used in this analysis is very modest. Because the emissions reductions are applied
over both existing and new power generation technologies, and include non-hydroelectric
renewables, the model is able to meet the standard with small changes in the power sector.
The reference scenario, with current trends in the power sector in which both natural gas and
renewable technology installations increase over time, already achieves a 21% reduction in
CO>, per unit of output by 2020 and a 28% reduction by 2030. This means that the TPS
targets of 25% by 2020 and 30% by 2030 are only slight changes. In the low resource
scenario, a higher percentage of the existing coal plants continue to operate than in the
reference scenario and the high resource scenario. As a result, the low resource scenario has
only an 18% reduction in CO, per unit of output by 2020 and a 25% reduction by 2030.
Therefore, the TPS leads to slightly larger changes in the power sector when applied to the
low resource scenario. On the other hand, the increase in natural gas generation in the high
resource scenario results in the scenario meeting or exceeding the rate standard, with a 25%
reduction in 2020 and a 37% reduction in 2030 before the TPS is applied. As a result of the
low gas prices, the system meets this TPS without any additional cost. There is no difference
in the technology mix, fuel use, cost, or emissions between the high resource scenario and
the high resource with the TPS scenario.

Over the three natural gas resource scenarios, the TPS leads to reductions in CO» in the
power sector only in 2030 of 19% to 20% as compared to 2005. System-wide, this leads to a
12% to 13% reduction in CO». Fig. 3 shows the percent change in cumulative system-wide
CO, emissions as compared to the reference scenario for the natural gas resource scenarios
alone and each of the resource scenarios with the TPS. Cumulative CO, emissions from
2010 through 2050 decrease in the high resource scenario and all three of the TPS scenarios.
The decrease is from 1.6% to 2.1%. These decreases come primarily from the replacement
of coal with natural gas and renewables in the power sector. In the low resource scenario
without the TPS there is a slight overall increase because the high cost of natural gas keeps
some coal facilities in production for a longer period of time.

Fig. 4 highlights the change in total fuel use in electricity production over the reference
scenario from 2010 through 2050. Whereas the high and low resource scenarios and the TPS
at the reference (TPS) and high resource (TPS_HR) levels increase renewables by less than
1% over the model time horizon, the TPS with the low gas resources (TPS_LR) adds more
than 7% renewable capacity.

For the six scenarios that have been highlighted so far (REF, HR, LR, TPS, TPS_HR, and
TPS_LR), the choices in technologies used in the power sector do not change with
differences in the upstream methane emissions. Technology choice does change, though,
with the implementation of the second technology performance standard (TPS2). The TPS2
incorporates resource extraction and production CO, and CH,4 emissions into the emissions
rate standard calculation along with CO, emissions from combustion in the power sector.
The rate is stated in kilotonnes COye per petajoule output. The TPS2 was applied to each of
the natural gas resource level scenarios across all four of the estimates of upstream methane
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leakage from natural gas extraction and production (1%, 2.3%, 4% and 7%). The TPS2 leads
to reductions in CO5 in the power sector only in 2030 of 27% to 29% as compared to 2005.
System-wide, this leads to a 13% to 16% reduction. The cumulative system-wide CO,
emissions decreased for every model run as shown in Fig. 5.

Despite the reductions in cumulative CO, emissions when the TPS and the TPS2 are
applied, the total change in GHG emissions varies across the scenarios. Table 3 shows
snapshots of the percent change in total GHG emissions, represented by CO»e, over the
reference scenario of each of the runs in the years 2025, 2035, and 2050 using both 20-year
and 100-year GWP values. It is important to note that the reference case COye is different
for each set of runs at different methane leakage rates. Therefore, a direct comparison cannot
be made between the change in COoe in the high methane leakage scenarios and the change
in CO»e in the low methane leakage scenarios. What is important is the similar trends found
at each methane leakage level. The CO,e values are for the entire system, not just the power
sector, and include emissions for carbon dioxide, methane, nitrous oxide, black carbon,
carbon monoxide, nitrogen oxides, organic carbon, sulfur dioxide, and volatile organic
compounds. CH,4 has a shorter atmospheric lifetime than CO», therefore, we looked at COe
using both 100-year and 20-year GWPs. The differences between the two time horizons
illustrate the effect of short-lived climate forcing. Table cells highlighted in grey are
instances when the difference in COoe is greater than zero, indicating that the system has a
higher warming potential than the reference scenario. Table cells with bold, italicized
numbers indicate periods when the COoe has decreased more than 4%.

As expected, at lower estimates of upstream methane emissions, most of the scenarios
without a TPS result in a reduction in overall CO,e, and therefore a reduction in the global
warming impact of the system. One exception is the low resource scenario in scenarios with
lower methane leakage rates for natural gas production. In those scenarios, coal power plants
stay in production for longer periods of time as compared to the reference case, and the
higher coal combustion emissions leads to an increase in CO, and COoe in the early years.
The TPS and the TPS2 reduce the CO5e emissions in all time periods under both GWP time
frames in the reference resource level scenarios and the low resource scenarios, with the low
resource scenarios consistently delivering larger reductions. Fig. 6 shows that this benefit to
the system is the result of coal capacity, and some or to a lesser extent natural gas, being
replaced with renewable (mostly wind) production.

The high natural gas resource scenarios, with their increased use of natural gas in the power
sector, result in increased CO5e emissions in a number of the time periods, especially when
using a 20-year time frame for GWP at higher upstream natural gas methane emissions. The
high resource scenarios are not only impacted by the increase in natural gas use, but also by
other system changes. Increased availability of natural gas at a lower price leads to an
increase in output in a few of the industrial sub-sectors. This leads to a small increase in total
electricity production due to the increase in output from the industrial sector, shown in Fig.
7. There is also a slight increase in compressed natural gas used in transportation. Even so,
the predominant cause of the increase in CO»e in the high resource scenarios is the increase
in methane emissions from natural gas extraction and production.
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The system-wide CO,e emissions include the effects of all GHGs, including those that have
a negative radiative forcing. The largest of these in terms of system-wide emissions is SO,.
SO» in the atmosphere transforms into sulfate aerosols which contribute to the scattering of
solar radiation back to space, keeping that radiation from reaching the earth’s surface. In
GWP terms, the 100-year GWP for SO, is — 25 compared to the GWP for CHy4 of 28. The
20-year GWP is — 100 compared to 84 for CHy. In the early years of the model time
horizon, system-wide SO, emissions are very close to CH4 emission, and in effect, the
contribution to warming cancel each other out. This changes over time as air quality
regulations take effect and system-wide SO, is greatly reduced while CH,4 from natural gas
resources increases. In addition, Fig. 8 shows that as the use of natural gas in the power
sector replaces coal, especially in the high resource scenarios, the overall system SO,
emissions are reduced. Therefore, the more natural gas used in the power sector, the less
SO» in the atmosphere to counter the positive radiative forcing of other GHGs. It is
important to note that this is only one aspect of fewer SO, emissions, as the reduction in
SO, is likely to have a significant health benefit due to fine particle reductions.

A final set of scenarios was run to look at the effect of reducing the renewable portfolio
standards (RPSs) in the case of high natural gas resources. In theory, this approach looks at
what happens if the increased availability of cheaper natural gas and its known potential to
reduce CO5 emissions in the system leads states to reduce their planned RPS goals. At all
levels of upstream methane emissions, a reduction in the RPSs led to an increase in natural
gas replacing renewable technologies that would otherwise have been installed. As shown in
Fig. 9, at each time period and for each level of upstream emissions, this reduction in the
RPSs led to an average increase in both the 100-year and 20-year CO»e values. Therefore,
when the overall global warming potential is lower than the reference scenario, that
reduction is not as great when the RPS is reduced. When the global warming potential is
already greater than the reference case, it is increased even higher by the RPS reduction.

6. Conclusions and recommendations

At reference levels of natural gas availability and price, as well as when natural gas is more
expensive and less available, the technology changes made in the power sector to meet the
emissions reduction targets specified in this study leads to reductions in both total system
CO» and system CO»e emissions across all upstream natural gas methane leakage rates.
However, when natural gas prices remain low and natural gas is more widely available, a
higher upstream methane leakage rate can shift the system away from the benefit that natural
gas brings. Our study shows that when the transportation and distribution leakage rate of
0.6% is factored back in (e.g., the 2.3% runs have a total leakage rate of 2.9%), there is
virtually no improvement or only very slight improvements in system-wide GHG emissions
starting as low as a 2.9% leakage rate as compared to the reference case over a 100-year
time period out in the later years. Increases in total system CO,e emissions are more
pronounced at the much higher leakage rates of 4.6% and 7.6%. The loss in benefit is more
pronounced using a 20-year GWP. This occurs due to the system choosing to install a larger
amount of natural gas production capacity in the power sector over the reference case,
replacing not only existing coal production but also some of the renewable capacity that
would otherwise have been installed.
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While a 2.9% methane leakage rate is more than twice as high as the 1.35% estimate
calculated using data from the EPA GHG inventory, 2.9% falls below some of the estimates
in both bottom-up analyses and top-down measurement studies. This study highlights the
need to continue to develop measurement studies, especially direct measurement studies, to
determine the sources of methane leakage and to develop advanced detection and control
strategies to minimize or eliminate those leaks. There is a substantial amount of effort
currently underway by multiple institutions, coordinated by the Environmental Defense
Fund (2015), to try to reconcile bottom-up and top-down measurements and to better
estimate methane emissions throughout the natural gas system. Many of the studies in that
series will include direct measurements for most major methane-producing activities and
equipment types in natural gas systems.

Finally, this analysis highlights that an emissions reduction strategy that takes into account
upstream emissions for all fuels being used in the power sector is a highly robust strategy
across all levels of natural gas availability and at each estimate of methane leakage. At every
level of upstream methane leakage, the TPS2 strategy resulted in larger reductions in both
CO, and CO»e emissions across the energy system. When addressing broader system carbon
emissions, using a technology performance standard that takes into account upstream
emissions for all fuels leads to additional benefits in terms of COe emissions reductions
than focusing on the power sector alone.
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Highlights
MARKAL analysis of energy system GHG emissions reduction scenarios.

High methane leakage can eliminate the benefit that natural gas brings over
coal.

A robust GHG reduction strategy takes into account upstream emissions for
all fuels.
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Figure 1.
Total U.S. consumption of natural gas in petajoules (PJ) for the reference (REF), high

resource (HR), and low resource (LR) scenarios.
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Figure 2.
System-wide CO, emissions in million tons (Mt) for the reference (REF), high resource

(HR), and low resource (LR) scenarios..
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Cumulative system-wide CO, emissions: 2010-2050, percent difference from the reference
scenario.
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Figure 6.
Change in cumulative fuel use in electricity production in PJ: 2010-2050, as compared to

the reference scenario.
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Figure 7.
Percent change in electricity production: 2010-2050, as compared to the reference scenario.
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Effect of reduced RPS constraint on fuel use in the power sector (in PJ) and cumulative

COoe emissions.
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Table 1.

Upstream CH, emissions used in the study for natural gas, coal, and oil.

CH4 CH4
kt/PJ kt/PJ
Fuel Scenarios | 2010-2015 | 2020-2055 | References
Natural gas extraction and production
1% 0.15 0.1 Peischl et al. (2015)
2.30% 0.34 0.24 Low end of range in Caulton et al. (2014)
4% 0.59 0.42 Modelers choice
7% 1.03 0.73 Average of range in Caulton et al. (2014)
Natural gas transmission and distribution | All 0.07954 0.07954 GREET v1.8c, Wang et al. (2007)
Coal All 0.15 0.15 Venkatesh et al. (2012)
Oil All 0.081 0.081 NREL LCI Digital Commons (2012)
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Scenario names and descriptions.

Table 2.

Page 27

Natural gas resource levels

REF Reference case
HR High natural gas resource
LR Low natural gas resource

Technology performance standard (TPS)

TPS TPS with reference natural gas resource
TPS_HR TPS with high natural gas resource
TPS_LR TPS with low natural gas resource

TPS including upstream emissions

1% TPS2 TPS2 with reference NG resource at 1% upstream methane emissions
2% TPS2 TPS2 with reference NG resource at 2.3% upstream methane emissions
4% TPS2 TPS2 with reference NG resource at 4% upstream methane emissions
7% TPS2 TPS2 with reference NG resource at 7% upstream methane emissions

1% TPS2_HR

TPS2 with high NG resource at 1% upstream methane emissions

2% TPS2_HR

TPS2 with high NG resource at 2.3% upstream methane emissions

4% TPS2_HR

TPS2 with high NG resource at 4% upstream methane emissions

7% TPS2_HR

TPS2 with high NG resource at 7% upstream methane emissions

1% TPS2_LR

TPS2 with low NG resource at 1% upstream methane emissions

2% TPS2_LR

TPS2 with low NG resource at 2.3% upstream methane emissions

4% TPS2_LR

TPS2 with low NG resource at 4% upstream methane emissions

7% TPS2_LR

TPS2 with low NG resource at 7% upstream methane emissions

Renewable portfolio standard (RPS) reduction

1% HR_TPS2_LoRNW

TPS2 with high natural gas resource and reduced RPS at 1% upstream methane emissions

2% HR_TPS2_LoRNW

TPS2 with high natural gas resource and reduced RPS at 2.3% upstream methane emissions

4% HR_TPS2_LoRNW

TPS2 with high natural gas resource and reduced RPS at 4% upstream methane emissions

7% HR_TPS2_LoRNW

TPS2 with high natural gas resource and reduced RPS at 7% upstream methane emissions
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Table 3.

Percent difference in cumulative system-wide CO-e from reference scenario.

GWP100 GWP20
Natural Gas methan leakage | Scenarios
2025 2035 2050 2025 2035 2050
TPS -1.67 | -1.75 | -2.74 -1.44 | -1.53 | -2.44
TPS2 -172 | -1.83 | -2.97 -145 | -1.57 | -2.58
HR -1.83 | -2.78 | —0.88 -1.17 | -1.86 | 0.16
. TPS_HR -1.83 | -2.78 | -0.88 -1.17 | -1.86 | 0.16
e TPS2_HR | -1.85 | -2.94 | -1.02 -1.15 | -1.95 | 0.10
LR 0.87 0.27 -0.74 0.35 -0.32 | -1.52
TPS_LR -1.39 | -2.59 | —4.55 -1.65 | -2.94 | -4.97
TPS2_LR | -1.14 | -2.34 | -4.72 -1.40 | -2.68 | -5.14
TPS -154 | -1.60 | -2.55 -1.14 | -1.18 | -1.99
TPS2 -2.05 | -2.28 | -3.99 -152 | -1.68 | -3.05
HR -1.40 | -2.14 | -0.07 -0.15 | -0.35 | 2.08
TPS_HR -1.40 | -2.14 | -0.07 -0.15 | -0.35 | 2.08
2.3%
TPS2_HR | -1.58 | -2.70 | -0.93 -0.29 | -0.75 | 1.49
LR 0.45 -0.24 | -1.40 -0.64 | -1.55 | -3.07
TPS_LR -1.64 | -2.94 | -5.00 -2.27 | -3.78 | -6.02
TPS2_LR | -1.84 | -3.57 | -6.17 -2.43 | -4.36 | -7.17
TPS -1.38 | -142 | -2.32 -0.79 | -0.79 | -1.50
TPS2 -2.47 | -3.07 | -5.25 -1.60 | -1.84 | -3.35
HR -0.87 | -1.37 | 0.92 1.00 1.32 4.18
. TPS_HR -0.87 | -1.37 | 0.92 1.00 1.32 4.18
e TPS2_HR | -1.60 | -2.45 | -1.64 0.45 0.58 2.49
LR -0.06 | -0.87 | -2.19 =177 | -2.92 | -4.75
TPS_LR -1.96 | -3.36 | —5.53 -2.97 | -4.71 | -7.18
TPS2_LR | -254 | -5.12 | -8.11 -3.42 | -6.28 | -9.82
TPS -112 | -1.13 | -1.95 -0.29 | -0.25 | -0.83
TPS2 -2.75 | -4.60 | -7.18 -0.83 | -1.93 | -3.83
HR -0.02 | -0.12 | 2.48 2.65 3.67 7.05
. TPS_HR -0.02 | -0.12 | 2.48 2.65 3.67 7.05
e TPS2_HR | -1.48 | -1.85 | -2.48 2.28 3.43 571
LR -0.88 | -1.87 | -3.44 -3.38 | —-4.84 | -7.07
TPS_LR -246 | -4.04 | -6.38 -3.96 | —-6.01 | -8.76
TPS2_LR | —-4.29 | -7.44 | -11.28 -4.84 | —-8.59 | -13.40

Grey cells = increase in CO2g, Italicized numbers = CO2¢ reduction of more than 4%.
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