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Executive Summary

Natural gas-fired baseload power production has life cycle greenhouse gas emissions 42 to 53
percent lower than those for coal-fired baseload electricity, after accounting for a wide range of
variability and compared across different assumptions of climate impact timing. The lower emissions
for natural gas are primarily due to differences in the current fleets” average efficiency — 53 percent
for natural gas versus 35 percent for coal, and a higher carbon content per unit of energy for coal than
natural gas. Even using unconventional natural gas, from tight sands, shale and coal beds, and
compared with a 20-year global warming potential (GWP), natural gas-fired electricity has 39
percent lower greenhouse gas emissions than coal per delivered megawatt-hour (MWh) using current
technology.

In a life cycle analysis (LCA), comparisons must be based on providing an equivalent service or
function, which in this study is the delivery of 1 MWh of electricity to an end user. This life cycle
greenhouse gas inventory also developed upstream (from extraction to delivery to a power plant)
emissions for delivered energy feedstocks, including six different domestic sources of natural gas, of
which three are unconventional gas, and two types of coal, and then combines them both into
domestic mixes. These are important characterizations for the LCA community, and can be used as
inputs into a variety of processes. However, these upstream, or cradle-to-gate, results are not
appropriate to compare when making energy policy decisions, since the two uncombusted fuels do
not provide an equivalent function. These results highlight the importance of specifying an end-use
basis—not necessarily power production—when comparing different fuels.

Figure ES-1: Natural Gas and Coal GHG Emissions Comparison
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Despite the conclusion that natural gas has lower greenhouse gases than coal on a delivered power
basis, the extraction and delivery of the gas has a large climate impact —32 percent of U.S. methane
emissions and 3 percent of U.S. greenhouse gases (EPA, 2011b). As Figure ES-2 shows, there are
significant emissions and use of natural gas—13 percent at the city or plant gate—even without
considering final distribution to small end-users. The vast majority of the reduction in extracted
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natural gas —64 percent cradle-to-gate—are not emitted to the atmosphere, but can be attributed to
the use of the natural gas as fuel for extraction and transport processes such as compressor
operations. Increasing compressor efficiency would lower both the rate of use and the CO, emissions
associated with the combustion of the gas for energy. Note that this figure accounts for the total mass
of natural gas extracted from the earth, including water, acid gases, and other non-methane content.

But, with methane making up 75 to 95 percent of the natural gas flow, there are many opportunities
for reducing the climate impact associated with direct venting to the atmosphere. A further 24
percent of the natural gas losses can be characterized as point source, and have the potential to be
flared—essentially a conversion of GWP-potent methane to carbon dioxide.

Figure ES-2: Cradle-to-Gate Reduction in Delivered Natural Gas for 2009
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The conclusions drawn from this analysis are robust to a wide array of assumptions. However, as
with any inventory, they are dependent on the underlying data, and there are many opportunities to
enhance the information currently being collected. This analysis shows that the results are both
sensitive to and impacted by the uncertainty of a few key parameters: use and emission of natural gas
along the pipeline transmission network; the rate of natural gas emitted during unconventional gas
extraction processes such as well completion and workovers; and the lifetime production of wells,
which determine the denominator over which lifetime emissions are placed.

Table ES-1: Average and Marginal Upstream Greenhouse Gas Emissions (lbs CO,e/MMBtu)

. Percent

Source Average Marginal Change

Onshore 34.2 20.1 -41.2%

Conventional Offshore 14.3 14.1 -1.4%
Associated 18.5 18.4 -0.8%

Tight 32.4 32.4 0.0%

Unconventional | Shale 325 325 0.0%
Coal Bed Methane 19.1 19.3 1.4%

Liquefied Natural Gas 42.8 42.5 -0.6%

This analysis inventoried both average and marginal production rates for each natural gas type, with
results shown in Table ES-1. The average represents natural gas produced from all wells, including
older and low productivity stripper wells. The marginal production rate represents natural gas from
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newer, higher productivity wells. The largest difference was for onshore conventional natural gas,
which had a 41 percent reduction in upstream greenhouse gas emissions from 20.1 to 34.2 Ibs
CO,e/MMBtu when going from marginal to average production rates. This change has little impact
on emissions from power production.

This inventory and analysis are for greenhouse gases only, and there are many other factors that must
be considered when comparing energy options. A full inventory of conventional and toxic air
emissions, water use and quality, and land use is currently under development, and will allow
comparison of these fuels across multiple environmental categories. Further, all options need to be
evaluated on a sustainable energy basis, considering full environmental performance, as well as
economic and social performance, such as the ability to maintain energy reliability and security.
There are many opportunities for decreasing the greenhouse gas emissions from natural gas and coal
extraction, delivery and power production, including reducing fugitive methane emissions at wells
and mines, and implementing advanced combustion technologies and carbon capture and storage.

Vi
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1 Introduction

Natural gas is seen as a cleaner burning and flexible alternative to other fossil fuels, and is used in
residential, commercial, industrial, and transportation applications in addition to an expanding role in
power production. However, the primary component of natural gas by mass is methane, which is also
a powerful greenhouse gas—=8 to 72 times as potent as carbon dioxide (Forster et al., 2007). Losses
of this methane to the atmosphere during the extraction, transmission, and delivery of natural gas to
end users made up 32 percent of U.S. 2009 total methane emissions, and 3 percent of all greenhouse
gases (EPA, 2011b). The rate of loss, and the associated emissions, varies with the source of natural
gas—nboth the geographic location of the formation, as well as the technology used to extract the gas.

This report expands upon previous life cycle assessments (LCA) performed by the National Energy
Technology Laboratory (NETL) of natural gas power generation technologies by describing in detail
the greenhouse gas emissions due to extracting, processing and transporting various sources of
natural gas to large end users, and the combustion of that natural gas to produce electricity.
Emissions inventories are created for the 2009 average natural gas production, but also for natural
gas produced from the next highly-productive well for each source of natural gas. This context
allows analysis of what the emissions are, and also what they could be in the future.

This analysis also includes an expanded system which compares the life cycle greenhouse gases
(GHGs) from baseload natural gas-fired power plants with the GHGs generated by coal-fired plants,
including extraction and transportation of the respective fuels. This comparison provides perspective
on the scale of fuel extraction and delivery emissions relative to subsequent emissions from power
generation and electricity transmission.

Beyond presenting the inventory, the goal of this report is to provide a clear presentation of NETL’s
natural gas model, including documentation of key assumptions, data sources, and model
sensitivities. Further, areas of large uncertainty in the inventory are highlighted, along with areas for
potential improvement for both data collection and greenhouse gas reductions.

This greenhouse gas inventory and analysis are part of a larger comprehensive life cycle assessment
being performed on the same natural gas system. That assessment effort includes new sources of
shale gas and expands the inventory beyond greenhouse gases to include criteria and hazardous air
pollutants, water use and quality, direct and indirect land use and greenhouse gases from land use
change.

2 Inventory Method, Assumptions, and Data

This ISO 14040-compliant inventory and analysis applies the LCA framework to determine the
greenhouse gas burdens of natural gas extraction, transport and use in the U.S. The boundaries, basis
of comparison, model structure, and data used by this analysis are discussed below. Further detail is
available in the Appendix to this document.

2.1 Boundaries

The first piece of this analysis is a cradle-to-gate greenhouse gas inventory that focuses on raw
material acquisition and transport; as such, it is also referred to as an upstream inventory, upstream
being a relative term (relative, in this case, to the power plant). As shown in Figure 2-1, and in more
detail in Figure 2-2, the boundary of Stage #1 includes all construction and operation activities
necessary to extract fuel from the earth, and ends when fuel is extracted, prepared, and ready for final
transport to the power plant. Stage #2 includes all construction and operation activities necessary to
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move fuel from the extraction and processing point to the power plant, and ends at the power plant
gate. The boundary of the upstream inventory of natural gas does not include the distribution system
of natural gas to small end users, but rather is representative of delivery to a large end user such as a
power plant or even a city gate.

The second piece of this analysis is a cradle-to-grave context to compare the greenhouse gas
emissions of natural gas extraction and transport with those of electricity production and
transmission. Neither piece of analysis includes the use of the produced product, but rather ends
when the product is delivered. Coal-fired power systems are used as a further point of comparison.

Figure 2-1: Life Cycle Stages and Boundary Definitions

Stage #1 Stage #2 Stage #3 Stage #4
Raw Material Raw Material Energy Product
Acquisition Transport Conversion Transport
(RMA) (RMT) Facility (PT)
(ECF)

|
Cradle-to-gate (Upstream)

|
Cradle-to-grave

2.2 Basis of Comparison (Functional Unit)

To establish a basis for comparison, the LCA method requires specification of a functional unit, the
goal of which is to define an equivalent service provided by the systems of interest. Within the
cradle-to-gate boundary of this analysis, the functional unit is 1 MMBtu of fuel delivered to the gate
of an energy conversion facility or other large end user. When the boundaries of the analysis are
expanded to include power production, the functional unit is the delivery of 1 MWh of electricity to
the consumer. In both contexts, the period over which the service is provided is 30 years.

2.2.1 Global Warming Potential

Greenhouse gases in this inventory are reported on a common mass basis of carbon dioxide
equivalents (CO.e) using the global warming potentials (GWP) of each gas from the 2007
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (Forster, et al.,
2007). The default GWP used is the 100-year time frame, but in some cases, results for the 20-year
time frame are presented as well. Selected results comparing all three time frames are included in the
Appendix. Table 2-1 shows the GWPs used for the greenhouse gases inventoried in this study.

Table 2-1: IPCC Global Warming Potentials (Forster, et al., 2007)

GHG | 20-year :g:f;’jﬁ; 500-year
co, 1 1 1
CHa 72 25 7.6
N,0 289 298 153
SFe 16,300 | 22,800 | 32,600
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2.3 Representativeness of Inventory Results

This inventory uses data gathered from a variety of sources, each of which represents a particular
temporal period, geographic location, and state of technology. Since the results of this study are the
combination of each of those sources, this section discusses what the results of this study represent in
each of those categories.

2.3.1 Temporal

The natural gas upstream inventory results best represent the year 2009, because of the use of the
2009 EIA natural gas production data to create the mix of natural gas sources in the domestic average
result and well production rates for each source of natural gas. The year-over-year change to that mix
of natural gas sources is small, and the results could represent a period from 2004 to 2012.

This study does not attempt to forecast technological advances or market shifts that might
significantly change production rates or emissions of less mature formations.

The inventory results through the conversion of fuel to electricity represent the year 2010 for NETL
system study-based technologies and the year 2007 for the fleet average values for coal and natural
gas, since this is the vintage of the latest eGRID data release (EPA, 2010). Again, there would be
little year-over-year change to the information, and so this LCA could reasonably represent a longer
time period, from 2004 to 2015.

Some information included in this inventory pre-dates the temporal period stated above, but was
determined to be the latest or highest quality available data.

The time frame of this study is 30 years, but that does not accurately represent a well drilled 30 years
from now and operating 60 years into the future. An assumption is made about resource availability
based on current estimated ultimate recovery values, and forecasts from the Energy Information
Administration (EIA).

2.3.2 Geographic

The results of this inventory are representative of the lower 48 United States. Natural gas from
Alaska is neither explicitly included nor excluded, nor are imports and exports. In some situations,
source data may not break out information about geographic location, and so is implicitly included in
this inventory. However, the error associated with this type of inclusion—or exclusion—is small.

2.3.3 Technological

The natural gas upstream inventory results include two distinct technological representations. The
first is a baseline result which represents average 2009 natural gas production, including production
from older, less productive wells. Production data from that year is used to create an average
domestic mix of natural gas sources, and the production rate of each source well is generally based
on 2009 well count and production data. The second set of results is representative of a new marginal
unit of natural gas produced in 2009; these results use a variety of methods to create production rates
for wells which would create the next unit of natural gas.

The results of this inventory are representative of currently installed technology as of 2011. This
installed base is different from current technology because it includes much older equipment that is
still operating.
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2.4 Model Structure

All results for this inventory were calculated by NETL’s LCA model for natural gas power systems.
This model is an interconnected network of operation and construction blocks. Each block in the
model, referred to as a unit process, accounts for the key inputs and outputs of an activity. The inputs
of a unit process include the purchased fuels, resources from nature (fossil feedstocks, biomass, or
water), and man-made raw materials. The outputs of a unit process include air emissions, water
effluents, solid waste, and product(s). The role of an LCA model is to converge on the values for all
intermediate flows within the interconnected network of unit processes and then scale the flows of all
unit processes to a common basis, or functional unit.

The network of unit processes used for the modeling of natural gas power is shown in Figure 2-2.
Note that only the RMA and RMT portions of the model are necessary to determine the upstream
environmental burdens of natural gas; a broader scope—from raw material acquisition through
delivery of electricity—is necessary to determine the cradle-to-grave environmental burdens of
natural gas power. For simplicity, the following figure shows the extraction and delivery for a
generic natural gas scenario; NETL’s actual model uses six parallel modules to arrive at the life cycle
results for a mix of six types of natural gas. This figure also shows a breakdown of the RMA stage
into extraction and processing sub-stages.
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2.5 Data

The primary unit processes of this model are based on data compiled by NETL. Secondary unit
processes, such as production of construction materials besides steel, are based on third party data. A
full description of data sources is available in the Appendix.

Where data for the inventory is available, high and low values are collected, along with a nominal
value. When results are presented, three cases are shown: a nominal case, a high case and a low case.
The high and low results (error bars on the results) are a deterministic representation of the
variability on the data and not indicative of an underlying distribution or likelihood.

2.5.1 Sources of Natural Gas

This inventory and analysis includes results for natural gas domestically extracted from six sources in
the lower 48 states:

1. Conventional onshore 4. Tight sands
2. Associated 5. Shale formations (Barnett)
3. Conventional offshore 6. Coal bed methane

This is not a comprehensive list of natural gas extracted or consumed in the United States. Natural
gas extracted in Alaska, 2 percent of domestically extracted natural gas, is included as conventional
onshore production. The Haynesville shale play makes up a large portion of unconventional shale
production, but it is assumed here that the Barnett play is representative of all shale production.
Imported natural gas (18 percent of 2009 total consumption, 88 percent of which is imported via
pipeline from Canada) is not included. About 12 percent of imports in 2009 were brought in as
liquefied natural gas (LNG) from a variety of countries of origin. While this inventory includes a
profile for LNG from offshore extraction in Trinidad and Tobago, this natural gas is not included in
the domestic production mix.

Table 2-2 shows the makeup of the domestic production mix in the United States in 2009 and the
mix of conventional and unconventional extraction. Note that in 2009 unconventional natural gas
sources make up 56 percent of production and the majority of consumption in the Unites States (EIA,
2011a).

Table 2-2: Mix of U.S. Natural Gas Sources (EIA, 2011a)

Conventional Unconventional
Source - -
Onshore | Associated | Offshore | Tight | Shale | CBM
Domestic Mix 25% 13% 7% 31% | 16% 9%
) 44% 56%
Type Mix
56% | 15% | 29% | 56% | 28% | 15%

The characteristics of these six sources of natural gas are summarized next, including a description of
the extraction technologies.

2.5.1.1 Onshore

Conventional onshore natural gas is recovered by vertical drilling techniques. Once a conventional
onshore natural gas well has been discovered, the natural gas reservoir does not require significant
preparation or stimulation for natural gas recovery. Compressors are used to move natural gas
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through all process equipment and pressurize it for pipeline transport. Approximately 25 percent (5.2
TCF) of U.S. natural gas production is from conventional onshore gas wells (EIA, 2011a).

An intermittent procedure called liquids unloading is performed at mature onshore conventional
natural gas wells to remove water and other liquids from the wellbore; if these liquids are not
removed, the flow of natural gas is impeded. Another intermittent activity is a well workover, which
is necessary to repair damage to the wellbore and replace downhole equipment, if necessary.

Natural gas is lost through intentional venting, which may be necessary for safety reasons, during
well completion when natural gas recovery equipment or gathering lines have not yet been installed,
or when key process equipment is offline for maintenance. When feasible, vented natural gas can be
recovered and flared, which reduces the global warming potential of the vented natural gas by
converting methane to carbon dioxide. Losses of natural gas also result from fugitive emissions due
to the opening and closing of valves, and processes where it is not feasible to use vapor recovery
equipment.

2.5.1.2 Offshore

Conventional offshore natural gas is recovered by vertical drilling techniques, similar to onshore.
Once a conventional offshore natural gas well has been discovered, the natural gas reservoir does not
require significant preparation or stimulation for natural gas recovery. A natural gas reservoir must
be large in order to justify the capital outlay for the completion of the well and construction of an
offshore drilling platform, so production rates tend to be very high. Approximately 13 percent (2.7
TCF) of the United States natural gas supply in 2009 was from the conventional extraction from
offshore natural gas wells (EIA, 2011a).

2.5.1.3 Associated

Associated natural gas is co-extracted with crude oil. The extraction of onshore associated natural gas
is similar to the extraction methods for conventional onshore natural gas (discussed above). Similar
to conventional onshore and offshore natural gas wells, associated natural gas extraction includes
losses due to well completion, workovers, and fugitive emissions. Since the natural gas is co-
produced with petroleum, the use of oil/gas separators is necessary to recover natural gas from the
mixed product stream. Another difference between associated natural gas and other conventional
natural gas sources is that liquid unloading is not necessary for associated natural gas wells because
the flow of petroleum prevents the accumulation of liquids in the well. Approximately 7 percent (1.4
TCF) of U.S. natural gas production is from conventional onshore oil wells (EIA, 2011a). The
majority of these wells are in Texas and Louisiana (EIA, 2010).

2.5.1.4 Tight Gas

The largest single source of domestically produced natural gas, and the largest share of
unconventional natural gas, is tight gas. From naturalgas.org, tight gas is defined as follows:

...trapped in unusually impermeable, hard rock, or in a sandstone or limestone
formation that is unusually impermeable and non-porous (tight sand). In a
conventional natural gas deposit, once drilled, the gas can usually be extracted quite
readily, and easily. A great deal more effort has to be put into extracting gas from a
tight formation. Several techniques exist that allow natural gas to be extracted,
including fracturing and acidizing. However, these techniques are also very costly.
Like all unconventional natural gas, the economic incentive must be there to incite
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companies to extract this costly gas instead of more easily obtainable, conventional
natural gas (NGSA, 2010).

Approximately 31 percent (6.6 TCF) of natural gas produced domestically is from tight deposits. This
analysis assumes tight gas wells are vertically drilled and hydraulically fractured.

2.5.1.5 Shale

Natural gas is also dispersed throughout shale formations, such as the Barnett Shale region in
northern Texas. Shale gas cannot be recovered using conventional extraction technologies, but is
recovered through the use of horizontal drilling and hydraulic fracturing (hydrofracking). Horizontal
drilling creates a wellbore that runs the length of a shale formation, and hydrofracking uses high
pressure fluid (a mixture of water, surfactants, and proppants) for breaking apart the shale formation
and facilitating the flow of natural gas. Hydrofracking is performed during the original completion of
a shale gas well, but due to the steeply declining production curves of shale gas wells, hydrofracking
is also performed during the workover of shale gas wells. Unlike conventional natural gas wells,
shale gas wells do not require liquid unloading because wellbore liquids are reduced during workover
operations. Natural gas from shale formations accounts for approximately 16 percent (3.3 TCF) of
the U.S. natural gas production (EIA, 2011a).

2.5.1.6 Coal Bed Methane

Natural gas can be recovered from coal seams through the use of shallow horizontal drilling. The
development of a well for coal bed methane requires horizontal drilling followed by a
depressurization period during which naturally-occurring water is discharged from the coal seam.
Coal bed methane (CBM) wells do not require liquid unloading and the emissions from CBM
workovers are similar to those for shale gas wells. The production of natural gas from CBM wells
accounts for approximately 9 percent (1.8 TCF) of the U.S. natural gas production (EIA, 2011a).

2.5.2 Natural Gas Composition

Relevant to all phases of the life cycle, the composition of natural gas varies considerably depending
on source, and even within a source. For simplicity, a single assumption regarding natural gas
composition is used, although that composition is modified as the natural gas is prepared for the
pipeline (EPA, 2011a). Table 2-3 shows the composition on a mass basis of production and pipeline
quality natural gas. The pipeline quality natural gas has had water and acid gases (CO, and H,S)
removed, and non-methane VOC:s either flared or separated for sale. The pipeline quality natural gas
has higher methane content per unit mass. The energy content does not change significantly.

Table 2-3: Natural Gas Composition on a Mass Basis

Component Production | Pipeline Quality

CH4 (Methane) 78.3% 92.8%
NMVOC (Non-methane VOCs) 17.8% 5.54%
N, (Nitrogen) 1.77% 0.55%
CO, (Carbon dioxide) 1.51% 0.47%
H,S (Hydrogen Sulfide) 0.50% 0.01%
H,0 (Water) 0.12% 0.01%
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2.5.3 Data for Natural Gas Extraction

This analysis models the extraction of natural gas by characterizing key construction and operation
activities at the natural gas wellhead. A summary of each unit process of NETL’s model of natural
gas extraction is provided below. Appendix A includes comprehensive documentation of the data
sources and calculations for these unit processes.

2.5.3.1 Well Construction

Data for the construction and installation of natural gas wellheads are based on the energy
requirements and linear drill speed of diesel-powered drilling rigs, the depths of wells, and the casing
materials required for a wellbore. Construction and installation are one-time activities that are
apportioned to each unit of natural gas operations by dividing all construction and installation
emissions by the lifetime in years and production in million cubic feet of a typical well.

2.5.3.2 Well Completion

The data for well completion describe the emission of natural gas that occurs during the development
of a well, before natural gas recovery and other equipment have been installed at the wellhead. Well
completion is an episodic emission; it is not a part of daily, steady-state well operations, but
represents a significant emission from an event that occurs one time in the life of a well.

The methane emissions from the completion of conventional and unconventional wells are based on
emission factors developed by EPA (EPA, 2011a). Conventional wells produce 36.65
Mcf/completion and unconventional wells produce 9,175 Mcf/completion (EPA, 2011a).

Within the unconventional well category, NETL adjusted EPA’s completion emission factors to
account for the different reservoir pressures of unconventional wells. NETL used EPA’s emission
factor of 9,175 Mcf of methane per completion for Barnett Shale gas wells. NETL adjusted this
emission factor downward for tight gas in order to account for the lower reservoir pressures of tight
gas wells. The pressure of a well (and, in turn, the volume of natural gas released during completion)
is associated with the production rate of a well and therefore was used to scale the methane emission
factor. The production rate of tight gas wells is 40 percent of that for Barnett Shale wells (with EURs
of 1.2 BCF for tight gas vs. 3.0 BCF for Barnett Shale), and thus NETL assumes that the completion
emission factor for tight gas wells is 3,670 Mcf of methane per completion (40 percent x 9,175 =
3,670).

CBM wells also involve unconventional extraction technologies, but have lower reservoir pressures
than shale gas or tight gas wells. The corresponding emission factor of CBM wells is 49.57 Mcf of
methane per completion, which is the well completion factor that EPA reports for low pressure wells
(EPA, 2011a).

The analysis tracks flows on a mass basis, so it is necessary to convert these emission factors from a
volumetric to a mass basis. For instance, when factoring for the density of natural gas, a conventional
completion emission of 36.65 Mcf is equivalent to 1,540 Ibs. CH,/completion.

2.5.3.3 Liquid Unloading

The data for liquids unloading describe the emission of natural gas that occurs when water and other
condensates are removed from a well. These liquids impede the flow of natural gas from the well,
and thus producers must occasionally remove the liquids from the wellbore. Liquid unloading is
necessary for conventional gas wells—it is not necessary for unconventional wells or associated gas
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wells. Liquid unloading is an episodic emission; it is not a part of daily, steady-state well operations,
but represents a significant emission from the occasional maintenance of a well.

The methane emissions from liquids unloading are based on the total unloading emissions from
conventional wells in 2007, the number of active conventional wells in 2007, and the average
frequency of liquids unloading (EPA, 2011a). The resulting emission factor for liquids unloading is
776 b CH4/episode.

2.5.3.4 Workovers

Well workovers are necessary for cleaning wells and, in the case of shale and tight gas wells, use
hydraulic fracturing to re-stimulate natural gas formations. The workover of a well is an episodic
emission; it is not a part of daily, steady-state well operations, but represents a significant emission
from the occasional maintenance of a well. As stated in EPA’s technical support document of the
petroleum and natural gas industry (EPA, 2011a), conventional wells produce 2.454 Mcf of methane
per workover. EPA assumes that the emissions from unconventional well workovers are equal to the
emission factors for unconventional well completion (EPA, 2011a). Thus, for unconventional wells,
this analysis uses the same emission factors for well completion (discussed above) and well
workovers.

Unlike well completions, well workovers occur more than one time during the life of a well. For
conventional wells, there were approximately 389,000 wells and 14,600 workovers in 2007 (EPA,
2011a), which translates to 0.037 workovers per well-year. Similarly, for unconventional wells, there
were approximately 35,400 wells and 4,180 workovers in 2007 (EPA, 2011a), which translates to
0.118 workovers per well-year.

2.5.3.5 Other Point Source Emissions

Routine emissions from natural gas extraction include gas that is released from wellhead and
gathering equipment. These emissions are referred to as “other point source emissions.” This analysis
assumes that a portion of these emissions are flared, while the balance is vented to the atmosphere.
For conventional wells, 51 percent of other point source emissions are flared, while for
unconventional wells, a 15 percent flaring rate is used (EPA, 2011a).

Data for the other point source emissions from natural gas extraction are based on EPA data that are
based on 2006 production (EPA, 2011a) and show the annual methane emissions for onshore and
offshore wells. This analysis translated EPA’s data from an annual basis to a unit of production basis
by dividing the methane emission rate by the natural gas production rate in 2006. The emission
factors for other point source emissions from natural gas extraction are shown in Table 2-4.

2.5.3.6 Other Fugitive Emissions

Routine emissions from natural gas extraction include fugitive emissions from equipment not
accounted for elsewhere in NETL’s model. These emissions are referred to as “other fugitive
emissions,” and cannot be captured for flaring. Data for other fugitive emissions from natural gas
extraction are based on EPA data for onshore and offshore natural gas wells (EPA, 2011a). EPA’s
data is based on 2006 production (EPA, 2011a) and shows the annual methane emissions for specific
extraction activities. This analysis translated EPA’s annual data to a unit production basis by dividing
the methane emission rate by the natural gas production rate in 2006. The emission factors for other
fugitive emissions from natural gas extraction are included in Table 2-4.

10
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2.5.3.7 Valve Fugitive Emissions

The extraction of natural gas uses pneumatic devices for the opening and closing of valves and other
control systems. When a valve is opened or closed, a small amount of natural gas leaks through the
valve stem and is released to the atmosphere. It is not feasible to install vapor recovery equipment on
all valves and other control devices at a natural gas extraction site, and thus the pneumatic operation
of valves results in the emission of fugitive gas.

Data for the fugitive emissions from valves (and other pneumatically-operated devices) are based on
EPA data for onshore and offshore gas wells (EPA, 2011a). EPA’s data are based on 2006
production (EPA, 2011a) and show the annual methane emissions for specific extraction activities.
This analysis translated EPA’s annual data to a unit production basis by dividing the methane
emission rate by the natural gas production rate. The emission factors for fugitive valve emissions
from natural gas extraction are included in Table 2-4.

Table 2-4: Other Point Source and Fugitive Emissions from Natural Gas Extraction

Onshore Offshore

NG Extraction Emission Source : ; Units
Extraction Extraction

Other Point Source Emissions 7.49E-05 3.90E-05 Ib CH,4/lb NG extracted

Other Fugitive Emissions 1.02E-03 2.41E-04 Ib CH,4/lb NG extracted

Valve Fugitive Emissions

. . . . 2.63E-03 1.95E-06 Ib CH,/Ib NG extracted
(including pneumatic devices)

2.5.3.8 Venting and Flaring

Venting and flaring are necessary in situations where a natural gas (or other hydrocarbons) stream
cannot be safely or economically recovered. Venting and flaring may occur when a well is being
prepared for operations and the wellhead has not yet been fitted with a valve manifold, when it is not
financially preferable to recover the associated natural gas from an oil well or during emergency
operations when the usual systems for gas recovery are not available.

The combustion products of flaring at a natural gas well include carbon dioxide, methane, and nitrous
oxide. The mass composition of unprocessed natural gas (referred to as “production natural gas”) is
78.3 percent CH,4, 1.51 percent CO,, 1.77 percent nitrogen, and 17.8 percent non-methane
hydrocarbons (NMVOCs) (EPA, 2011a). This composition is used to model flaring at the natural gas
processing plant. Flaring has a 98 percent destruction efficiency (98 percent of carbon in the flared
gas is converted to CO,), the methane emissions from flaring are equal to the two percent portion of
gas that is not converted to CO,, and N,O emissions from flaring are based on EPA AP-42 emission
factors for stationary combustion sources (API, 2009).

2.5.4 Data for Natural Gas Processing

This analysis models the processing of natural gas by developing an inventory of key gas processing
operations, including acid gas removal, dehydration, and sweetening. Standard engineering
calculations were applied to determine the energy and material balances for the operation of key
natural gas equipment. A summary of NETL’s natural gas processing data is provided below.
Appendix A includes comprehensive documentation of the data sources and calculations for NETL’s
natural gas processing data.

11
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2.5.4.1 Acid Gas Removal

Raw natural gas contains hydrogen sulfide (H,S), a toxic gas that reduces the heat content of natural
gas. Amine-based processes are the predominant technologies for acid gas removal (AGR). The
energy consumed by an amine reboiler accounts for the majority of energy consumed by the AGR
process. Reboiler energy consumption is a function of the amine flow rate, which, in turn, is related
to the amount of H,S removed from natural gas. The H,S content of raw natural gas is highly
variable, with concentrations ranging from one part per million on a mass basis to 16 percent by mass
in extreme cases. An H,S concentration of 0.5 percent by mass of raw natural gas (Foss, 2004) is
modeled in this analysis.

In addition to absorbing H,S, the amine solution also absorbs a portion of methane from the natural
gas. This methane is released to the atmosphere during the regeneration of the amine solvent. The
venting of methane from natural gas sweetening is based on emission factors developed by the Gas
Research Institute; natural gas sweetening releases 0.000971 Ib of methane per Ib of natural gas
sweetened (API, 2009).

Raw natural gas contains naturally-occurring CO, that contributes to the acidity of natural gas. A
mass balance around the AGR unit, which balances the mass of gas input with the mass of gas
venting and natural gas product, shows that 0.013 Ib of naturally-occurring CO; is vented per Ib of
processed natural gas.

Non-methane volatile organic compounds (NMVOCs) are a co-product of AGR. A mass balance
shows that 84 percent of the vented gas from the AGR process is NMVOC. They are separated and
sold as a high value product on the market. Co-product allocation based on the energy content of the
natural gas stream exiting the AGR unit and the NMVOC stream was used to apportion life cycle
emissions and other burdens between the natural gas and NMVOC products.

2.5.4.2 Dehydration

Dehydration is necessary to remove water from raw natural gas, which makes it suitable for pipeline
transport and increases its heating value. The configuration of a typical dehydration process includes
an absorber vessel in which glycol-based solution comes into contact with a raw natural gas stream,
followed by a stripping column in which the rich glycol solution is heated in order to drive off the
water and regenerate the glycol solution. The regenerated glycol solution (the lean solvent) is
recirculated to the absorber vessel. The methane emissions from dehydration operations include
combustion and venting emissions. This analysis estimates the fuel requirements and venting losses
of dehydration in order to determine total methane emissions from dehydration.

NETL’s data for natural gas dehydration accounts for the reboiler used by the dehydration process,
the flow rate of glycol solvent, and the methane vented from the regeneration of glycol solvent. All
of these activities depend on the concentrations of gas and water that enter and exit the dehydration
process. The typical water content for untreated natural gas is 49 Ibs. per million cubic feet (MMcf).
In order to meet pipeline requirements, the water vapor must be reduced to 4 Ibs./MMcf of natural
gas (EPA, 2006). The flow rate of glycol solution is three gallons per pound of water removed (EPA,
2006), and the heat required to regenerate glycol is 1,124 Btu/gallon (EPA, 2006).

2.5.4.3 Valve Fugitive Emissions

The processing of natural gas uses pneumatic devices for the opening and closing of valves and other
process control systems. When a valve is opened or closed, a small amount of natural gas leaks
through the valve stem and is released to the atmosphere. It is not feasible to install vapor recovery
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equipment on all valves and other control devices at a natural gas processing plant, and thus the
pneumatic operation of valves results in the emission of fugitive gas.

Data for the fugitive emissions from pneumatic devices are based on EPA data for gas processing
plants (EPA, 2011a). EPA’s data is based on 2006 production (EPA, 2011a) and shows the annual
methane emissions for specific processing activities. This analysis translated EPA’s annual data to a
unit production basis by dividing the methane emission rate by the natural gas processing rate in
2006. The emission factor for valve fugitive emissions from natural gas processing is included in
Table 2-5.

2.5.4.4 Other Point Source Emissions

Routine emissions from natural gas processing include gas that is released from processing
equipment not accounted for elsewhere in NETL’s model. These emissions are referred to as “other
point source emissions.” This analysis assumes that 100 percent of other point source emissions from
natural gas processing are captured and flared.

Data for the other point source emissions from natural gas processing are based on EPA data that are
based on 2006 production (EPA, 2011a) and show the annual methane emissions for specific gas
processing activities. This analysis translated EPA’s data from an annual basis to a unit of production
basis by dividing the methane emission rate by the natural gas processing rate in 2006. The emission
factor for other point source emissions from natural gas processing is included in Table 2-5.

2.5.4.5 Other Fugitive Emissions

Routine emissions from natural gas processing include fugitive emissions from processing equipment
not accounted for elsewhere in NETL’s model. These emissions are referred to as “other fugitive
emissions.” and cannot be captured for flaring.

Data for the other fugitive emissions from natural gas processing are based on EPA data that are
based on 2006 production (EPA, 2011a) and show the annual methane emissions for specific gas
processing activities. This analysis translated EPA’s data from an annual basis to a unit of production
basis by dividing the methane emission rate by the natural gas processing rate in 2006. The emission
factor for other fugitive emissions from natural gas processing is included in Table 2-5.

Table 2-5: Other Point Source and Fugitive Emissions from Natural Gas Processing

NG Processing Emission Source Value Units
Other Point Source Emissions 3.68E-04 Ib CH4/Ib NG processed
Other Fugitive Emissions 8.25E-04 | Ib CH4/Ib NG processed

Valve Fugitive Emissions

(including pneumatic devices) 6.33E-06 b CH,/lb NG processed

2.5.4.6 Venting and Flaring

The venting and flaring process for natural gas processing is similar to that of natural gas extraction,
described in Section 2.5.3.8, except all of the other point source emissions at the natural gas
processing plant are flared. The combustion products of flaring at a natural gas processing plant
include carbon dioxide, methane, and nitrous oxide. The mass composition of pipeline quality
natural gas is 92.8 percent CH,, 0.47 percent CO,, 0.55 percent nitrogen, and 5.5 percent NMVOC:s;
this composition is used to model flaring at the natural gas processing plant. Flaring has a 98 percent
destruction efficiency (98 percent of carbon in the flared gas is converted to CO,); the methane
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emissions from flaring are equal to the two percent portion of gas that is not converted to CO,; and
N,O emissions from flaring are based on EPA AP-42 emission factors for stationary combustion
sources (API, 2009).

2.5.4.7 Natural Gas Compression

Compressors are used to increase the natural gas pressure for pipeline distribution. This analysis
assumes that the inlet pressure to compressors at the natural gas extraction and processing site is 50
psig and the outlet pressure is 800 psig. Three types of compressors are used at natural gas
processing plants: gas-powered reciprocating compressors, gas-powered centrifugal compressors,
and electrically-powered centrifugal compressors.

Reciprocating compressors used for industrial applications are driven by a crankshaft that can be
powered by 2- or 4-stroke diesel engines. Reciprocating compressors are not as efficient as
centrifugal compressors and are typically used for small scale extraction operations that do not justify
the increased capital requirements of centrifugal compressors. The natural gas fuel requirements for a
gas-powered, reciprocating compressor used for natural gas extraction are based on a compressor
survey conducted for natural gas production facilities in Texas (Burklin & Heaney, 2006).

Gas-powered centrifugal compressors are commonly used at offshore natural gas extraction sites.
The amount of natural gas required for gas powered centrifugal compressor operations is based on
manufacturer data that compares power requirements to compression ratios (the ratio of outlet to inlet
pressures).

If the natural gas extraction site is near a source of electricity, it has traditionally been financially
preferable to use electrically-powered equipment instead of gas-powered equipment. This is the case
for extraction sites for Barnett Shale located near Dallas-Fort Worth. The use of electric equipment is
also an effective way of reducing the noise of extraction operations, which is encouraged when an
extraction site is near a populated area. An electric centrifugal compressor uses the same
compression principles as a gas-powered centrifugal compressor, but its shaft energy is provided by
an electric motor instead of a gas-fired turbine.

Centrifugal compressors (both gas-powered and electrically-powered) lose natural gas through a
process called wet seal degassing, which involves the regeneration of lubricating oil that is circulated
between the compressor shaft and housing. This analysis uses an EPA study that sampled venting
emissions from 15 offshore platforms (Bylin et al., 2010) and implies a wet seal degassing emission
factor of 0.0069 Ib of natural gas/Ib of processed natural gas.

2.5.5 Data for Natural Gas Transport

This analysis models the transport of natural gas by characterizing key construction and operation
activities for pipeline transport. A summary of NETL’s natural gas transport data is provided below.
Appendix A includes comprehensive documentation of the data sources and calculation methods for
NETL’s natural gas transport data.

2.5.5.1 Natural Gas Transport Construction

The construction of a natural gas pipeline is based on the linear density, material requirements, and
length for pipeline construction. A typical natural gas transmission pipeline is 32 inches in diameter
and is constructed of carbon steel. Construction is a one-time activity that is apportioned to each unit
of natural gas transport by dividing all construction burdens by the book life in years and throughput
in million cubic feet of the pipeline.
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2.5.5.2 Natural Gas Transport Operations

Data for the operation of a natural gas pipeline are based on national inventory data for methane
emissions from natural gas transmission (EPA, 2011b) and a national pipeline compressor survey
compiled by EIA (Gaul, 2011). Air emissions from pipeline operations are calculated by applying
AP-42 emission factors to the portion of pipeline natural gas that is combusted for compressor
power. Seven percent of U.S. natural gas pipeline compressors rely on electric power, and thus the
emission profile of the U.S. electricity grid is used to model the emissions associated with electric
compressor operations. Finally, the estimated transport capacity of U.S. national gas pipelines (in
ton-miles) is applied to the other pipeline variables in order to correlate pipeline emissions with
pipeline distance.

2.5.6 Data for Other Energy Sources

The overall goal of this analysis is to understand the greenhouse gas burdens of natural gas extraction
and transport. However, the modeling of the conversion of natural gas energy to electricity and
electricity transmission is necessary in order to understand how significant extraction and transport
are in the cradle-to-grave life cycle context. Additionally, including a comparison both to the
upstream greenhouse gases from coal extraction and transport, and the conversion of coal to
electricity allows comparison of the fuels on a common basis.

Coal was chosen as a comparable fossil energy source to natural gas that will be used for power
production. Because a mix of natural gas sources is developed to represent a domestic production
average, a similar method was followed for developing an average domestic coal extraction and
transport profile. Two sources of coal are used in the mix, and a wide range of uncertainty is applied
to sensitive parameters to ensure the domestic average is captured. The two coal sources are:

¢ Illinois No. 6 Underground-mined Bituminous
e Powder River Basin Surface-mined Sub-bhituminous

Table 2-6 shows the properties used for each type of coal, as well as the proportion of U.S. supply
used to create the average profile. The methane content is indicative of what is emitted to the
atmosphere during the mining process, not the methane contained in the coal in the formation or after
mining.

Table 2-6: Coal Properties

Coal Type U.S. Supply Share | Energy Content | Carbon Content | Methane Emissions
(% by energy) (Btu/Ib) (% by mass) (cf CHa/ton)
Sub-bituminous 69% 8,564 50.1% 8-98 (51)
Bituminous 31% 11,666 63.8% 360 - 500 (422)
Average 9,526 54.3%

Additional information for the Illinois No. 6 profile can be found in the appendix and in the NETL
document, Life Cycle Analysis: Supercritical Pulverized Coal (SCPC) Power Plant (NETL, 2010e).
Additional information for the Powder River Basin coal extraction and transport profile can be found
in the appendix to this document.
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2.5.7 Data for Energy Conversion Facilities

The simplest way to compare the full life cycle of coal and natural gas is to produce electricity,
although there are alternative uses for both feedstocks. To compare inputs of coal and natural gas on
a common basis, production of baseload electricity was chosen. Seven different power plant options
are used — three for natural gas and four for coal. Three of the options include carbon capture
technology and sequestration infrastructure. Two of the options are U.S. fleet averages based on
eGRID data, while the remainder are NETL baseline models. For the U.S. fleet average power plants,
Figure 2-3 shows the distribution of heat rates and associated efficiencies from eGRID. To arrive at
the samples shown below, plants smaller than 200MW, with capacity factors lower than 60 percent,
and with primary feedstock percentages below 85 percent were cut. The boxes are the first and third
quartiles, and the whiskers the 5" and 95" percentiles. The division in the boxes is the median value.
The black diamond is the mean, and the orange diamond is the production-weighted mean.

Figure 2-3: Fleet Baseload Heat Rates for Coal and Natural Gas (EPA, 2010)

12,000
] 10,321,
10,000 - 35.1%
T 1
© J
€ X 8,000
© 3 J '|'
2 @ _ 7,043,
: *53.4%
6,000
] 1
4,000 - . .
Coal Natural Gas

2.5.7.1 Natural Gas Combined Cycle (NGCC)

The NGCC power plant is based a 555-MW thermoelectric generation facility with two parallel,
advanced F-Class gas fired combustion turbines. Each combustion turbine is followed by a heat
recovery steam generator that produces steam that is fed to a single steam turbine. The NGCC plant
consumes natural gas at a rate of 75,900 kg/hr and has an 85 percent capacity factor. Other details on
the fuel consumption, water withdrawal and discharge, and emissions to are detailed in NETL’s
bituminous baseline (NETL, 2010a). The carbon capture scenario for NGCC is configured a Fluor
Econamine carbon dioxide capture system that recovers 90 percent of the CO; in the flue gas

Full description, input data and results for this power plant can be found in the report, Life Cycle
Analysis: Natural Gas Combined Cycle (NGCC) Power Plant (NETL, 2010d).

2.5.7.2 Gas Turbine Simple Cycle (GTSC)

The GTSC plant uses two parallel, advanced F-Class natural gas-fired combustion
turbines/generators. The performance of the GTSC plant was adapted from NETL baseline of NGCC
power by considering only the streams that enter and exit the combustion turbines/generators and not
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accounting for any process streams related to the heat recovery systems used by combined cycles.
The net output of the GTSC plant is 360 MW and it has an 85 percent capacity factor.

2.5.7.3 U.S. 2007 Average Baseload Natural Gas

The average baseload natural gas plant was developed using data from eGRID on plant efficiency
(EPA, 2010). The most recent eGRID data is representative of 2007 electricity production. The
average heat rate was calculated for plants with a capacity factor over 60 percent and a capacity
greater than 200MW to represent those plants performing a baseload role. The average efficiency
(weighted by production, so the efficiency of larger, more productive plants had more weight) was
53.4 percent. This heat rate is applied to the energy content of natural gas (which ranges from 990
and 1,030 Btu/cf) in order to determine the feed rate of natural gas per average U.S. natural gas
power. Similarly, the carbon content of natural gas (which ranges from 72 percent to 80 percent) is
factored by the feed rate of natural gas, 99 percent oxidation efficiency, and a molar ratio of 44/12 to
determine the CO, emissions per unit of electricity generation.

2.5.7.4 Integrated Gasification Combined Cycle (IGCC)

The plant modeled is a 640 MW IGCC thermoelectric generation facility located in southwestern
Mississippi utilizing an oxygen-blown gasifier equipped with a radiant cooler followed by a water
quench. A slurry of Illinois No. 6 coal and water is fed to two parallel, pressurized, entrained flow
gasifier trains. The cooled syngas from the gasifiers is cleaned before being fed to two advanced F-
Class combustion turbine/generators. The exhaust gas from each combustion turbine is fed to an
individual heat recovery steam generator where steam is generated. All of the net steam generated is
fed to a single conventional steam turbine generator. A syngas expander generates additional power.

This facility has a capacity factor of 80 percent. For the carbon capture case, the plant is a 556 MW
facility with a two-stage Selexol solvent process to capture both sulfur compounds and CO,
emissions. The captured CO, is compressed and transported 100 miles to an undefined geographical
storage formation for permanent sequestration, in a saline formation.

Full description, input data and results for this power plant can be found in the report, Life Cycle
Analysis: Integrated Gasification Combined Cycle (IGCC) Power Plant (NETL, 2010c).

2.5.7.5 Supercritical Pulverized Coal (SCPC)

This plant is a 550 MW facility located at a greenfield site in southeast Illinois utilizing a single-train
supercritical steam generator. 1llinois No. 6 pulverized coal is conveyed to the steam generator by air
from the primary air fans. The steam generator supplies steam to a conventional steam turbine
generator. Air emission control systems for the plant include a wet limestone scrubber that removes
sulfur dioxide, a combination of low-nitrogen oxides burners and overfire air, and a selective
catalytic reduction unit that removes nitrogen oxides, a pulse jet fabric filter that removes
particulates, and mercury reductions via co-benefit capture.

The carbon capture case is a 546 MW plant configured with 90 percent CCS utilizing an additional
sulfur polishing step to reduce sulfur content and a Fluor Econamine FG Plus process. The captured
CO, is compressed and transported 100 miles to an undefined geographical storage formation for
permanent sequestration, in a saline formation.

Full description, input data and results for this power plant can be found in the report, Life Cycle
Analysis: Supercritical Pulverized Coal (SCPC) Power Plant (NETL, 2010e).
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2.5.7.6 Existing Pulverized Coal (EXPC)

This case is an existing pulverized coal power plant that fires coal at full load without capturing
carbon dioxide from the flue gas. This case is based on a 434 MW plant with a subcritical boiler that
fires Illinois No. 6 coal, has been in commercial operation for more than 30 years, and is located in
southern Illinois. The net efficiency of this power plant is 35 percent.

Full description, input data and results for this power plant can be found in the report, Life Cycle
Analysis: Existing Pulverized Coal (EXPC) Power Plant (NETL, 2010b).

2.5.7.7 U.S. 2007 Average Baseload Coal

Using a similar method to the fleet average natural gas baseload plant, a mean and weighted average
efficiency of 35.1 percent were pulled from eGRID. Using the coal characteristics detailed in Table
2-6, a feed rate and emissions rate were created.

For each option, the transmission and distribution (T&D) of electricity incurs a 7 percent loss,
resulting in the production of additional electricity and extraction of necessary fuel to overcome this
loss. All upstream life cycle stages scale according to this loss factor.

Construction is included in the four NETL developed models. It accounts for less than 1 percent of
overall greenhouse gas impact, and so was excluded from the total for the fleet average plants.

The performance characteristics of the power plants modeled in this analysis are summarized in
Table 2-7. Note that for the average natural gas and coal power plants, low, nominal and high values
are indicated.

Table 2-7: Power Plant Performance Characteristics

Natural Gas Coal
Property Avg. IGCC SCPC Avg.
NGCC | GTSC IGCC SCPC EXPC
NG (w/ CCS) (w/ CCS) Coal
Performance
Net Output MW 555 360 >200 640 556 550 546 434 >200
L 7,334 11,090
Heat Rate® Btu/kWh N| 6,798 11,323| 7,043| 8,756 10,458 | 8,687 12,002 9,749| 10,321
H 6,387 9,708
L 46.5% 30.8%
Efficiency % N| 50.2%| 30.1%| 48.4%| 39.0% 32.6%| 39.3% 28.4%| 35.0%| 33.1%
H 53.4% 35.1%
Capacity Fac. % 85% 85%| >60% 80% 80% 85% 85% 85%| >60%
Feedstocks
Natural Gas cf/MWh 6,619| 11,025| 6,858 - - - - - -
Ill. No. 6 Coal Ib/MWh - - - 730 876 745 1,036 734 649
PRB Coal Ib/MWh - - - - - - - - 355
Air Emissions
co, lb/MWh 804| 1,100| 817| 1,723 206| 1,768 244| 2,075 1,999
CO; Capture % n/a n/a n/a n/a 90% n/a 90% n/a n/a

'L, N, H indicated Low, Nominal (default), and High values, respectively.
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2.5.8 Summary of Key Model Parameters

The following table summarizes the key parameters that affect the life cycle results for the extraction
of natural gas. This includes the amounts of methane emissions from routine activities, frequency and
emission rates from non-routine operations, depths of different well types, flaring rates of vented gas,
production rates, and domestic supply shares.

Table 2-8: Key Parameters for Six Types of Natural Gas Sources

Property (Units) | Onshore | Associated | Offshore | Tight Sands | Shale | CBM
Natural Gas Source
Production Rate (Mcf/day) 66 121 2,800 110 274 105
(Range) (46-86) | (85-157) |(1,960-3,641) | (77-143) |(192-356) | (73-136)
Natural Gas Extraction Well
Flaring Rate (%) 51% (41 - 61%) 15% (12 - 18%)
Well Completion (Mcf/episode) 47 4,657 11,643 63
Well Workover (Mcf/episode) 3.1 4,657 11,643 63
Well Workover Frequency (Episode/well/yr) 1.1 3.5
Liquids Unloading (Mcf/episode) 23.5 n/a 23.5 n/a n/a n/a
Liquids Unloading Frequency (Episodes/well) 930 n/a 930 n/a n/a n/a
Valve Emissions, Fugitive (lb CHa/Mcf) 0.11 0.0001 0.11
Other Sources, Point Source (Ib CHa/Mcf) 0.003 0.002 0.003
Other Sources, Fugitive (Ib CHa/Mcf) 0.043 0.01 0.043
Acid Gas Removal (AGR) and CO, Removal Unit
Flaring Rate (%) 100%
CH, Absorbed (lb CHa/Mcf) 0.04
CO, Absorbed (Ib CO,/Mcf) 0.56
H,S Absorbed (Ib H,S/Mcf) 0.21
NMVOC Absorbed (Ib NMVOC/Mcf) 6.59
Glycol Dehydrator Unit
Flaring Rate (%) 100%
Water Removed (Ib H,O/Mcf) 0.045
CH, Emission Rate (lb CHa/Mcf) 0.0003
Valves & Other Sources of Emissions
Flaring Rate (%) 100%
Valve Emissions, Fugitive (lb CH,/Mcf) 0.0003
Other Sources, Point Source (Ib CHa/Mcf) 0.02
Other Sources, Fugitive (Ib CHa/Mcf) 0.03
Natural Gas Compression at Gas Plant
Compressor, Gas-powered Reciprocating (%) 100% 100% 100% 75% 100%
Compressor, Gas-powered Centrifugal (%) 100%
Compressor, Electrical, Centrifugal (%) 25%
Natural Gas Emissions on Transmission Infrastructure
Pipeline Transport Distance (mi.) 604 (483 - 725)
Pipeline Emissions, Fugitive (Ib CHa/Mcf-mi.) 0.0003
Natural Gas Compression on Transmission Infrastructure
Distance Between Compressors (mi.) 75
Compressor, Gas-powered Reciprocating (%) 78%
Compressor, Gas-powered Centrifugal (%) 19%
Compressor, Electrical, Centrifugal (%) 3%
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3 Inventory Results

This section includes upstream results for the average production case, marginal upstream results,
and results after conversion to electricity.

3.1 Average Upstream Inventory Results

This analysis defines upstream activities as the raw material acquisition and transport activities that
are necessary for the delivery of fuel to a power plant. The results of this analysis include the
upstream GHG emissions for natural gas. For the natural gas supply chain, upstream includes well
operations and natural gas processing activities, as well as the pipeline transport of natural gas from
the extraction site to a power plant.

Figure 3-1: Upstream Cradle-to-gate Natural Gas GHG Emissions by Source
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Figure 3-1 shows the comparative upstream greenhouse gases of the six sources of domestic gas,
imported liquefied natural gas, and the 2009 mix of all of those sources, broken out by life cycle
stage. These results are based on IPCC 100-year GWP. The domestic average of 28.4 Ibs.
CO,e/MMBtu and its associated uncertainty are shown overlaying the results for the other types of
gas. This average is calculated using the percentages shown in Table 2-2. It is worth noting here that
the RMT result is the same for all types of natural gas. It is assumed in this study that natural gas is a
commodity that is indistinguishable once put on the transport network, so the distance traveled is the
same for all types of natural gas. The distance parameter is adjustable, so if a natural gas type with a
short distance to markets were evaluated, the RMT value would be smaller.

Offshore sourced natural gas has the lowest greenhouse gases of any source. This is due to the very
high production rate of offshore wells and an increased emphasis on controlling methane emissions
for safety and risk-mitigation reasons.

Imported gas has a significantly higher greenhouse gases than even domestic unconventional
extraction. It is fundamentally an offshore extraction process, which has the lowest GHGs of all the
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sources. The additional impact is due to the refrigeration, ocean transport and liquefaction processes.
Uncertainty is highest for the unconventional sources due to high episodic emissions (well
completions, workovers, etc.) and a wide range of observed production rates to allocate those

emissions.

The key sources of GHG emissions in the natural gas supply chain are the combustion of fossil fuels
and the venting of methane from natural gas processing and compression equipment.

Figure 3-2: Upstream Cradle-to-gate Natural Gas GHG Emissions by Source and GWP
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The results in Figure 3-2 compare the basic results from Figure 3-1 across two sets of global
warming potentials (detailed in Table 2-1). Converting the inventory of greenhouse gases to 20-year
GWP, where methane’s factor increases from 25 to 72, magnifies the difference between
conventional and unconventional sources of natural gas, and the importance of methane losses to the
cradle-to-gate GHG results.
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Figure 3-3: Cradle-to-Gate Reduction in Extracted Natural Gas
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The Sankey diagram shown in Figure 3-3 shows the reduction in natural gas (not solely methane)
from extraction to delivery at the plant gate. This information is also not weighted by global warming
potential. Table 3-1 shows the same information in table form. Of the natural gas extracted from the
ground, only 87 percent is delivered to the plant or city gate; 13 percent is either used internally for
power, released at a point source and then flared — if applicable, or lost as a fugitive emission. It is
important to recognize that not all of this gas is emitted to the atmosphere. In fact, 64 percent of the
reduction in natural gas is used to power various processing equipment, most significantly
compressors providing motive force for the natural gas. Further, 23 percent are point source
emissions, generally concentrated enough to be flared; this, importantly from a climate change
perspective, converts the methane to carbon dioxide. Only 13 percent of emissions are considered
fugitive: spatially separated emissions difficult to capture or control.

Table 3-1: Natural Gas Losses from Extraction and Transportation

Raw Material Acquisition

Process . . Transport Total
Extraction Processing
Extracted from Ground 100.0% 100.0%
Fugitive Losses 1.2% 0.1% 0.5% 1.8%
Point Source Losses o o 0 o
(Vented or Flared) 0.8% 2.2% 0.0% 3.0%
Flare and Fuel Use 0.0% 7.6% 0.8% 8.4%
Delivered to End User 86.9%

By expanding the underlying data in NETL’s model, a better understanding of the key contributions
to natural gas emissions can be achieved. Figure 3-4 shows the GHG contribution of specific
extraction and transport activities for the Barnett Shale profile. This figure further shows the
contribution of methane (CHy,), nitrous oxide (N,O) and carbon dioxide (CO,) to the total greenhouse
gases. Similar data exists for each source of natural gas, as well as for the domestic average.
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Figure 3-4: Expanded Greenhouse Gas Results for Barnett Shale Gas
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This figure shows clearly how important methane is to the total greenhouse gas emissions. In most
energy systems, carbon dioxide is the primary concern, but for natural gas extraction, processing and
transport, the methane drives the result, and most of the uncertainty. With this unconventional gas,
the importance (and associated uncertainty) associated with episodic emissions such as well
completion and workover can be seen as well. Well construction, on the other hand, contributes less
than 1 percent to the total. Moreover, from the compressors at the last stage of the processing step
along with the compressor operations and fugitive emissions on the pipeline, the importance of
transport can be seen from these results.

Figure 3-5 shows similar cradle-to-gate results for the natural gas extracted from conventional
onshore wells. As with the shale profile, the major contributors are the fuel use and fugitive
emissions from the transport, and episodic emissions like liquid unloading. Liquid unloading along
contributes 45 percent to the total emissions, and the majority of the uncertainty as well. The
uncertainty indicated here is due to a wide range in production rate, not the emission factor for
liquids unloading. As discussed in the modeling method, production rate is used to apportion
episodic emissions.

23



Life Cycle Greenhouse Gas Inventory of Natural Gas Extraction, Delivery and Electricity Production

Figure 3-5: Expanded Greenhouse Gas Results for Onshore Natural Gas
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This analysis uses a parameterized modeling approach that allows the alteration and subsequent
analysis of key variables. Doing so allows the identification of variables that have the greatest effect
on results. Sensitivity results are shown in Figure 3-6. Parameters were adjusted and displayed
regardless of whether uncertainty information was collected for that parameter. Percentages above
are relative to a unit change in parameter value; all parameters are changed by the same percentage,
allowing comparison of the magnitude of change to the result across all parameters. Positive results
indicate that an increase in the parameter leads to an increase in the result. A negative value indicates
an inverse relationship; an increase in the parameter would lead to a decrease in the overall result.

For example, a 5 percent increase in shale Production Rate would result in a 2.1 percent (5 percent of
42 percent) decrease in cradle-to-gate GHGs, from 32.5 to 31.8 Ibs. CO,e/MMBtu. A corresponding
5 percent increase in onshore Production rate results in a 2.3 percent decrease to 33.4 1Ibs.
CO,e/MMBtu. Thus, onshore is more sensitive to changes in production rate than shale gas.
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Figure 3-6: Sensitivity of Onshore and Shale GHGs to Changes in Parameters
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The results in Figure 3-6 show that both the onshore and shale profiles are sensitive to changes in
pipeline distance, which is currently set to 604 miles for all profiles. As more unconventional sources
like Marcellus shale which is close to major demand centers (New York, Boston, Toronto) come on
the market, the average distance natural gas has to travel will go down, decreasing the overall impact.

The pipeline transport of natural gas is inherently energy intensive because compressors are required
to continuously alter the physical state of the natural gas in order to maintain adequate pipeline
pressure. Further, the majority of compressors on the U.S. pipeline transmission network are powered
by natural gas that is withdrawn from the pipeline. Figure 3-7 shows the sensitivity of natural gas
losses to pipeline distance. The study default for domestic sources of natural gas is 604 miles, which
was determined by solving for the distance at which the per-mile emissions were equivalent to the
U.S. annual natural gas transmission methane emissions in 2009. See Appendix A for full
discussion on determining a default distance.
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Figure 3-7: Sensitivity of GHGs Results to Pipeline Distance
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3.2 Results for Marginal Production

Marginal production is defined here as the next unit of natural gas produced not included in the
average, presumably from a new, highly productive well for each type of natural gas. Since older,
less productive wells are ignored as part of these results, the production rate per well is much higher,
episodic emissions are spread across more produced gas, and the corresponding GHG inventory is
lower. Table 3-2 shows the production rate assumptions used for both the average and marginal
cases.

Table 3-2: Production Rate Assumptions for Average and Marginal Cases

Dry Production Rate (Mcf/day)
Source | Well Count |Production Average Marginal

(Tcf) N [L(30%) [ H(+30%) | N [L(-30%)] H (+30%)
Onshore 216,129 5.2 66 46 86 593 297 1,186
Offshore 2,641 2.7 2,801 1,961 3,641 6,179 3,090 12,358
Associated 31,712 1.4 121 85 157 399 200 798
Tight Sands 162,656 6.6 111 78 144 110 77 143
Shale 32,797 3.3 274 192 356 274 192 356
CBM 47,165 1.8 105 73 136 105 73 136

Results are shown below in Table 3-3. The marginal and average production rates for the
unconventional sources (tight, shale and CBM) were identical, and so there is no change shown
below. There was a significant change in the production rate for all the mature conventional sources.
Large numbers of the wells from each of these sources are nearing the end of the useful life, and have
dramatically lower production rates, bringing the average far below what would be expected of a new
well of each type.
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Table 3-3: Average and Marginal Upstream Greenhouse Gas Emissions (lbs CO,e/MMBtu)

. Percent

Source Average Marginal Change

Onshore 34.2 20.1 -41.2%

Conventional Offshore 14.3 14.1 -1.4%
Associated 18.5 18.4 -0.8%

Tight 32.4 324 0.0%

Unconventional | Shale 32.5 325 0.0%
Coal Bed Methane 19.1 19.3 1.4%

Liquefied Natural Gas 42.8 42.5 -0.6%

Interestingly, although the production rates for both associated gas and offshore gas change
significantly, there is little change to the upstream value: a drop of 0.8 percent and 1.4 percent
respectively. This has to do with the characteristics of these types of wells; the flow of natural gas in
offshore wells is so strong that there is no need to periodically perform liquids unloading, and for
associated wells, the petroleum co-product is constantly removing any liquid in the well. This means
the only episodic emission (one which would need to be allocated by lifetime production of the well)
is the construction or completion of the well, which is small in both cases, as a percentage of overall
emissions.

That leaves onshore conventional production as the only source which shows a significant difference
(a drop of 41.2 percent) between the average and marginal production. There are over 200,000 active
onshore conventional wells, over 80 percent of which have daily production below the average rate
of 138 Mcf/day (EIA, 2010). Yet, when this marginal natural gas is run through electricity
generation, there is only a 7 percent drop in greenhouse gas emissions.
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3.3 Comparison to Other Fossil Energy Sources

Additional insight can be gained by comparing the life cycle of natural gas power to those of coal.
The upstream GHG emissions for various fuels are shown in Figure 3-8.

Figure 3-8: Comparison of Upstream GHG Emissions for Various Feedstocks
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Compared on an upstream energy basis, natural gas has higher GHG emissions than coal. Comparing
the domestic mixes from Figure 3-8, natural gas is nominally 116 percent more greenhouse gas
intense than coal. Gassier bituminous coal such as Illinois No. 6 is more comparable, but only makes
up 31 percent of domestic consumption on an energy basis.

3.4 Role of Energy Conversion

The per unit energy upstream emissions comparisons shown above are somewhat misleading in that a
unit of coal and natural gas often provide different services. If they do provide the same service, they
often do so with different efficiencies—it is more difficult to get useful energy out of coal than it is
out of natural gas. To provide a common basis of comparison, different types of natural gas and coal
are run through various power plants and converted to electricity. Note that there are alternative uses
of both fuels, and as such, different bases on which they could be compared. However, in the United
States, the vast majority of coal is used for power production, and so provides the most relevant
comparison. Figure 3-9 compares results for natural gas and coal power on the basis of 1 MWh of
electricity delivered to the consumer. In addition to the NETL baseline fossil plants with and without
carbon capture and sequestration, these results include a simple cycle gas turbine (GTSC) and
representations of fleet average baseload coal and natural gas plants, as described in Section 2.5.7.
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Figure 3-9: Life Cycle GHG Emissions for Electricity Production
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In contrast to the upstream results, which showed a significantly higher GHGs for natural gas than
coal, these results show that natural gas power, on a 100-year GWP basis, has a much lower impact
than coal power without capture, even when using unconventional natural gas. Even when using less
efficient simple cycle turbines, which provide peaking power to the grid, there are far fewer
greenhouse gases emitted than for coal-fired power. Because of different the different roles played by
these plants, the fairest comparison is the domestic mix of coal run through an average baseload coal
power plant with the domestic mix of natural gas run through the average baseload natural gas plant.
In that case, the coal-fired plant has emissions of 2,475 Ibs. CO,e/MWh, more than double the
emissions of the natural —gas fired plant at 1,162 Ibs. CO,e/MWh.

Figure 3-10 shows the same results but applying and comparing 100- and 20-year IPCC global
warming potentials to the inventoried greenhouse gases.
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Figure 3-10: Comparison of Power Production GHG Emissions on 100- and 20-year GWPs
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Figure 3-10 shows that even when using a GWP of 72 for CH, to increase the relative impact of
upstream methane from natural gas, gas-fired power still has lower GHGs than coal-fired power.
This conclusion holds across a range of fuel sources (conventional vs. unconventional for natural gas,
bituminous vs. average for coal) and a range of power plants (GTSC, NGCC, average for natural gas,
and IGCC, SCPC, EXPC, and average for coal). The one situation where this conclusion changed is
the use of unconventional natural gas in an NGCC unit with carbon capture compared to an IGCC
unit with carbon capture. The high end of the range overlaps the nominal value for IGCC in this

situation.
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4 Discussion

The following section contains a comparison of the results of this analysis to other natural gas LCAs,
a discussion on data limitations, recommendations for improvement and final conclusions.

4.1 Comparison to Other Natural Gas LCAs

Authors at universities and other government labs have conducted research on the natural gas life
cycle. The methods and conclusions of three such papers are summarized below.

Life Cycle Assessment of a Natural Gas Combined Cycle Power Generation System (Spath &
Mann, 2000)

This NREL study is somewhat dated, having been published in 2000, but using data from the 1990s.
It is a high quality study, which makes solid assumptions and tests those assumptions with
documented sensitivity analysis. It uses national, annual, top-down information to develop the
upstream emissions for natural gas extraction and transportation. Because of this, there are no data
specific to unconventional extraction. This study includes not only greenhouse gases but select
criteria air emissions and an energy balance. A qualitative impact assessment is performed as well.

Comparative Life-Cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and SNG for
Electricity Generation (Jaramillo, Griffin, & Matthews, 2007)

This widely cited paper is the most recent publicly available, peer-reviewed study that directly
compares life cycle greenhouse gas emissions of power generated from natural gas and coal. Due to
concerns regarding gas price volatility at the time the paper was being written, it also includes a
comparison of LNG and synthetic natural gas (SNG) from coal. Rather than attempting to represent
the next megawatt-hour generated by using best available technology, it looks at average current
megawatt-hours generated, so plant efficiencies tend to be lower and emission factors higher. It
mixes technologies (NGCC vs. GTSC) and roles (baseload vs. peaking). Like the NREL study, the
upstream emissions for both natural gas and coal are top-down numbers. These values are somewhat
dated, and represent a homogeneous gas supply rather than breaking out unconventional extraction.

Development of a Top Down Screening Model Using 2011 EPA Greenhouse Gas Inventory

Although this study uses emission factors from the EPA that went into building the 2011 U.S.
Greenhouse Gas Inventory, it did not use the annual emissions estimates to generate a top-down
value. Rather, some of the EPA emission factors were applied against specific activities, combined
with other data sources and standard engineering calculations in a comprehensive hybrid bottom-up
approach.

For comparison purposes, NETL performed a top-down analysis of 2009 domestic natural gas
production using EPA’s 2011 GHG inventory. This top-down approach was not a comprehensive
LCA, but was a screening method that resulted in an aggregated, national-level estimate of GHG
emissions. The top-down approach gave a GHG result of 36.6 Ibs. CO,e/MMBtu of delivered
natural gas to a large end user, with +30 percent and -19 percent uncertainty. NETL’s comprehensive
LCA model of natural gas gives a GHG result of 28.4 Ibs. CO,e/MMBtu of delivered natural gas,
which is 24 percent lower than the top-down value derived from EPA’s national inventory. The
nominal top-down number from EPA’s inventory is within NETL’s uncertainty range, but NETL and
EPA use many of the same emission factors for natural gas production, and thus an explanation of
the 24 percent difference is necessary.
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An overarching reason for the difference between EPA’s national inventory and NETL’s natural gas
life cycle analysis model is that EPA’s inventory is based on the emissions reported for an entire
industry sector over one year, while NETL’s model accounts for the operating characteristic of six
types of natural gas extraction technologies over a 30-year period and then mixes the six types
according to the 2009 U.S. natural gas supply profile. Three specific examples of this fundamental
difference between modeling approaches are as follows:

1. A difference in method between activity-based scaling to the national level vs. well-specific
production rates that scale results to each of six extraction types.

2. Differences in episodic emission factors for tight gas and the contribution of tight gas to the
national inventory.

3. Time series discrepancies inherent in EPA’s episodic emission factors.

Clarification on these differences is provided below.

For each type of natural gas well, NETL apportions episodic emission factors based on the
production rate of a single well. These apportioned emissions are then compiled according to the
relative contribution of each well type to the domestic mix to arrive at the domestic average
emissions. EPA’s national GHG inventory, on the other hand, does not use well production rates, but
uses well activity counts for conventional and unconventional wells to scale up the episodic emission
factors to a national level. It is possible that the production rates of the wells that were sampled
during the development of EPA’s episodic emission factors do not align with the average well
production rates applied by NETL. Or the activity counts used by EPA do not align with the
contribution of the six natural gas types to the national mix as modeled by NETL.

When modeling tight gas, NETL made adjustments to EPA’s emission factors for well completions
and workovers. A close look at EPA’s documentation (EPA, 2011a) indicates that its unconventional
completion and workover emission factors are representative of high-pressure, tight gas wells in the
San Juan and Piceance Basins that were completed using a horizontal hydraulic fracturing method
and have a high, for tight gas basins, EUR of approximately 2 to 4 BCF. NETL’s survey of tight gas
production in the U.S. determined that an EUR of 1.2 BCF is more representative of average U.S.
tight gas production. The pressure of a well (and, in turn, the volume of natural gas released
during completion) is associated with the production rate of a well and therefore was used to
scale the methane emission factor for tight gas well completion and workovers. NETL uses an
emission factor of 3,670 Mcf CHy4 per episode for the completion and workover of tight gas
wells. It is worth noting that EPA does not distinguish between tight sands and shale gas in the
annual inventory, a general category of unconventional natural gas is characterized by low and high
pressure formations. NETL applied EPA’s unconventional completion and workover emission factor
for low pressure formations (49.57 Mcf CH,) reported in 