Comparative Life-cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and
SNG for Electricity Generation

Supporting Information

1. Graphical Representation of the Fuel Life-cycles

Figure 1S and Figure 2S below, show the life-cycle stages on natural gas used by electric
power generators, including the stages from the LNG life-cycle. Notice that local
distribution of natural gas falls outside our analysis boundary.
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Figure 1S: Domestic Natural Gas Life-cycle.
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Figure 3S and Figure 4S show the life-cycle of coal and synthetic natural gas (SNG)

derived from coal.
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Figure 3S: Coal Life-cycle.

Coal Mining and
Processing

Coal
Transportation

Gasification/
Methanation

NG Transmission,
Storage, and
Distribution

NG
Combustion/Use

Figure 4S: SNG Life-cycle.

Use/Combustion

2. Calculating Emissions from the Domestic Natural Gas Life-cycle

During the late 1980s and early 1990s the U.S. Environmental Protection Agency (EPA)
conducted a study to determine methane emissions from the natural gas industry (1). This
comprehensive study developed hundreds of activity and emissions factors from all areas
of the natural gas industry. These factors were developed using data collected from




different sectors of the industry as well as from data collected in field measurements.
Methane emissions from the U.S. natural gas system given as a percentage of natural gas
produced can be seen in Table 1S. This data was used to develop methane emission
factors, as described in the main document. Notice, that Table 1S includes an estimate for
natural gas losses in the local distribution system. This estimate is given here for
reference, but it was not included in our calculation of emissions of natural gas used to
generate electricity.

In addition data from the EPA Natural Gas STAR program was used. The program is a
voluntary partnership with the goal of encouraging the natural gas industry to adopt
practices that increase efficiency and reduce emissions (for example by reducing natural
gas leaks in the pipeline system). Consequently, since 1993, a cumulative total of 338
billion cubic feet of methane emissions have been eliminated. In 2003 alone, 52,900
million cubic feet of methane emissions were eliminated, a 9% reduction over projected
emissions for that year without improved practices (2).

Table 1S: Methane Emissions from North American Gas Life-cycle as a Percentage
of Natural Gas Produced (1).

Lifecycle Segment Em‘s(f}“(‘;‘;:‘i,';‘ozi"c cee(;‘tage
Production 0.38%
Processing 0.16%

Transmission and Storage 0.53%
Distribution 0.35%

Carbon dioxide emissions from the different natural gas life-cycle stages were also
calculated. These emissions were calculated using data on the amount of natural gas used
to run the processes, as given in Table 2S, as well as an estimated 3 billion KWh of
electricity used for pipeline transport. These data were also used to calculate SOy and
NOy emissions from the life-cycle, as described in the main document. It should be
mentioned that the pipeline fuel presented in Table 2S includes fuel used by the
transmission system and the local distribution system. As previously described, natural
gas used by electricity generators is bought directly from the transmission system, so that
emissions from the distribution system are not included in our analysis. Due to data
limitations, we were not able to disaggregate pipeline fuel and electricity consumption
between the two systems. To deal with this issue, we use a range of emissions. The
minimum value assumes that none of this fuel is consumed in the transmission system
and the maximum value assumes that all is consumed in the transmission system.



Table 2S: Natural Gas Used During the Natural Gas Life-cycle. (3).

Use (as defined by NG Life-cycle Stage Amount
EIA) (million ft)
Flared Gas Production 98,000
Lease Fuel Production 760,000
Pipeline Use Transmission/Distribution 665,000
Plant Fuel Processing 365,000

3. Calculating Emissions from the LNG Life-cycle

As mentioned in the main paper, Tamura et al (4) provide GHG emissions for
liquefaction plants. Table 3S presents the sources of these emissions.

Table 3S: Liquefaction Emission Factors (Adapted from Tamura et al (4)).

Emission Factors
Liquefaction (Ib CO, Equivalent/MMBtu)
Minimum | Average Maximum
CO; from fuel combustion 11 12 13
CO; from flare combustion 0.00 0.77 1.5
CH, from vent 0.09 1.3 9.8
CO; in raw gas 0.09 4.0 6.6

Table 4S provides the distance from LNG exporting countries to two U.S. LNG terminals
and the amount of LNG brought from each country in 2003. These two terminals were
chosen because they are two of the largest terminals in the United States and they
represent longest and shortest tanker travel distances for which route information is
available. In addition, the range of distances provided is also representative of distances
LNG would have to travel if a LNG terminal was located in the U.S. West Coast. Figure
58S shows the emission factors for LNG Tanker transport from each country to each of
these terminals, obtained using the tanker information given in the main document.
Emissions from tanker transport range between 2 and 17 pounds of CO;, Equivalent per
MMBtu of natural gas. These data was also used to calculate the SOx and NOy emission
factors for tanker transport.



Table 4S: LNG Exporting Countries in 2003.

Exporting Distance to I:z}ke Distance to !ZYerett, 20.03. US Imports
Country Charles Facility MA Facility (million cubic feet
(nautical miles) (5) (nautical miles) (5) NG) (3)
Algeria 5,000 3,300 53,000
Australia 12,000 11,000 0
Brunei 12,000 11,000 0
Indonesia 12,000 11,000 0
Malaysia 12,000 11,000 2,700
Nigeria 6,100 5,000 50,000
Oman 8,900 7,500 8,600
Qatar 9,700 8,000 14,000
Trinidad 2,200 2,000 380,000
UAE 9,600 7,959 0
Russia 9,600 11,000 0
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Figure 5S: Tanker Emission Factors from Each Country.

4. Calculating Emissions from the Coal Life-cycle

Table 58S presents fuel consumption data for coal mines in the U.S., and Table 6S
presents carbon content, heat content of these fuels. These data was used to calculate
GHG emissions factors for coal mines.



Table 5S: 1997 Fuel Consumption at Coal Mines (6)

Mine Type Fuel Oil (1000 bbl) Gas | Gasoline Electricity
Total Distillate Residual [(1079 ft")] (1076 gal) (106 KWh)
Surface 8,280 7,524 756 0.7 30 42,474
Underground 801 656 145 0.5 4 7,123

Table 6S: Carbon Content, and Heat Content of Different Fuels (7).

Carbon Content of Fuel Heat Content of Fuel Fraction
Fuel Type Ib/MMBtu Fuel (MMBtu/bbl - Oxidized
MMBtu/MMcf)
Distillate 43.98 5.825 0.99
Residual 47.38 6.287 0.99
Gas 31.90 1,030 0.995
Gasoline 42.66 5.253 0.99

Table 7S: 1997 Coal Production Data (8).

Mine Tvpe Coal Produced| Heat Content of
yp (1000 tons) | Coal (BTU/Ib)
Surface 669,273 9,626
Underground 420,657 11,944
Total 1,089,930 10,520

As described in the main document, EIO-LCA was used to estimate emission factors
from coal transportation. Table 8S summarizes the emissions resulting from transporting
one million ton-miles of coal via each transportation mode.

Table 8S: EIO-LCA GHG Emission Data for a Million Ton-Miles of Coal

Transported (9).
Sector Total GHG Emissions Total SOy Emissions Total NOy Emissions
(tons CO; Equivalent) (tons SOy) (tons NOy)
Rail Transportation 43.6 0.02 0.40
Water Transportation 5.89 0.07 0.36
Truck Transportation 69.0 0.06 1.42




5. Calculating Emissions from the SNG Life-cycle

In order to calculate air emissions from the SNG life-cycle, the emissions from coal
production, processing and transport were converted from pounds per MMBtu of coal
used to pounds per MMBtu of SNG produced using the performance characteristics
of two SNG plants given in Table 9S. The emissions from SNG transport, storage and
use are the same as those from natural gas. The efficiency for the CCS case was
obtained assuming an energy penalty of 16% as described for and IGCC plant by
Rubin et al (10).

Table 9S: SNG Plant Performance Characteristics

Case 1 (11) | Case 2 (12)
SNG Output (1. mcf/day and 2. MMBtu/hr) 250 1,739
Efficiency without CCS (HHV) 57% 60%
Efficiency with CCS (HHYV) 50% 52%

6. Summary of Emissions from Fuel Life-cycles

Table 10S summarizes GHG emission factors for all fuels. The emission factors
presented in this section are the average emission rate relative to units of fuel produced,
without considering the efficiency of using these fuels. These emission factors can later
be used to develop total inventories of GHG emissions from the annual consumption of
each fuel. Allocation of these emissions for each life-cycle stage can be seen in Figure 6S
through Figure 8S. Note that there are two different emission factors for SNG. In one
case, no carbon capture and sequestration (CCS) is performed at the gasification-
methanation stage. When CCS is performed at the gasification-methanation plant, an
energy penalty is incurred. It was assumed that the energy penalty observed at IGCC
plants with CCS (16%) is representative of the energy penalty at the SNG gasification-
methanation plant (10). CCS could also be performed at power plants, as discussed in the
main document.

It isaso very important to note that the emission factors shown in Table 10S (and the
emission factors given in Table 11S) are not comparable to each other, since one Btu of
coal does not generate the same amount of electricity as one Btu of natural gas or SNG.
These emission factors can be transformed to comparable units, namely |bs'MWh of
electricity produced, by taking into consideration the efficiency of electricity generation.



Table 10S: Life-cycle GHG Emission Factors
(units: 1bs/MMBtu of Fuel Produced)

. North SNG (No CCS at SNG (CCS at
Llsff;cg)e'zle American NG LNG Coal Gasif./Methan. Plant) | Gasif./Methan. Plant)
Min | Max Min Max | Min | Max Min Max Min Max
Upstream | 15.3 | 20.1 29.6 72.3 8.2 16.4 240 286 45.2 65.2
Combustion| 5 | 150 | 120 | 120 | 205 | 205 120 120 120 120
(no CCS)
Combustion
(with CCS) 12 12 12 12 20.5 20.5 12 12 12 12

SOy and NOy emission factors for the upstream stages of electricity generation for the
fuel life-cycles can be seen in Table 11S. SO and NOy emissions from the combustion of

fuel at power plants are very dependent on specific plant characteristics, so it was not
possible to transform these power plant emissions (given in Ibs/MWh) to the same units
as the emissions from the upstream stages of the life-cycle (IbssMMBtu) by simply using

the efficiency of the power plants.

Table 11S: Upstream SOy and NO, Emission Factors (units: lbs/MMBtu of Fuel

Produced)
North American SNG (No CCS at| SNG (CCS at
LNG Coal Gasif./Methan. | Gasif./Methan.
Pollutant Natural Gas
Plant) Plant)
Min Max Min Max

Min Max Min Max Min Max
SO 0.006 0.030 0.016 | 0.145 0.007 0.029 0.051 0.316 | 0.064 | 0.400
NOy 0.009 0.342 0.022 | 0.831 0.030 0.535 0.090 | 0.234 | 0.104 | 0.253

7. GHG Emissions Allocated to Fuel Life-cycle Stages

Figure 6S through Figure 8S show how the GHG emissions reported in Table 10S are
allocated among the different life-cycle stages.
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Figure 6S: North American Gas Life-cycle GHG Emission Factors (Units: lbs CO,
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Figure 7S: LNG Life-cycle GHG Emission Factors (Units: lIbs CO;
Equivalent/MMBtu).
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Figure 8S: SNG Life-cycle GHG Emission Factors (Units: Ibs CO,
Equivalent/MMBtu).

8. Efficiencies of Currently Operating Power Plants

Figure 9S shows the distribution of the efficiencies of currently operating power plants,
obtained using the cumulative distribution function of EIA 2003 electricity generation
data for all utility plants (13). As illustrated in Figure 9S, the median efficiency for
natural gas plants is higher than the median efficiency for coal plants. These efficiencies
were used to convert the emission factors previously presented (in Ibs/ MMBtu of fuel) to
Ibs/MWh.

10



100% -

90%

80%

70%

60%

50%

40%

Power Plant Efficiency

30%

20%

10%

0%

Coél

Naturall Gas

Figure 9S: Efficiencies of Natural Gas and Coal Plants (13).

9. Combustion Emissions from Advance Technologies

Table 128 reports combustion emissions from advanced power plant technologies. The
emission factors from PC and IGCC plants were reported Bergerson (14) for PC and
IGCC plants. Rubin et al reported the emissions for NGCC plants (10).

Table 12S: Combustion Emissions from Advanced Power Plants.

SOx (Ibs/MWh) NO; (IbssMWh)

Fuel/Pollutant Min Max Min Max
PC w/o CCS 0.17 1.28 1.16 2.00
PC w/ CCS 0.00 0.01 1.56 3.00
IGCC w/o CCS 0.20 1.30 0.20 0.20
IGCC w/ CCS 0.24 1.52 0.20 0.20
NGCC w/o CCS 0.00 0.00 0.24 0.24
NGCC w/ CCS 0.00 0.00 0.29 0.29
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Comparative Life Cycle Carbon Emissions of LNG Versus Coal and Gas for
Electricity Generation

Paulina Jaramillo, W. Michael Griffin, H. Scott Matthews

Introduction

Natural gas currently provides 24% of the energy used by homes and businesses in the
US (1). It is also an important feedstock for the chemical and fertilizer industry. In the
early 1990’s the price of natural gas was low (around $3/1000 ft°) and as a result there
was a surge in construction of natural gas plants (2). Today, the Henry Hub price of
natural gas is around $15/1000 ft* (3), and most of these plants are operating below
capacity. However, natural gas consumption is expected to increase 41% by 2025 (to 30
trillion cubic feet), with demand from electricity generators growing the fastest
(increasing 90% by 2025). At the same time natural gas production in North America is
expected to remain fairly constant at around 24 trillion cubic feet, so that demand of
imported liquefied natural gas (LNG) will increase to around 6 trillion cubic feet or 20%
of the total supply by 2025 (3).

The natural gas system is the second largest source of greenhouse gas emissions in the
US, generating around 132 million tons of CO, Equivalents (1). Several studies have
performed emission inventories for the natural gas lifecycle from production to
distribution. Usually these analyses have been performed for domestic natural gas, so
that emissions from the LNG lifecycle stages have been ignored. If, as the DOE estimates
suggest, larger percentages of the supply of natural gas will come from these imports,
emissions from these steps in the lifecycle could influence the total natural gas lifecycle
emissions. Thus, comparisons between coal and natural gas that concentrate only on the
emissions at the utility plant may not be adequate. The objective of this study is to
perform an analysis of the natural gas lifecycle greenhouse gas emissions taking the
emissions from LNG into consideration. Different scenarios for the percentage of natural
gas as LNG are analyzed. Moreover, a comparison with the coal fuel cycle greenhouse
gas emissions will be presented, in order to have a better understanding of the advantages
and disadvantages of using coal versus natural gas for electricity generation.

The Natural Gas Life Cycle

The natural gas life cycle starts with the production of natural gas and ends at the
combustion plant. NaturalGas.org has a very detailed description of this life cycle.
Readers are encouraged to visit this website if they need more information about the
topic.

Geological surveys and seismic studies are used to determine the location of natural gas
deposits. After these sites have been identified, wells are constructed. There are two types
of well for the extraction of natural gas: oil wells and natural gas wells. Oil wells are



drilled primarily to extract oil, but natural gas can also be obtained. Natural gas wells are
specifically drilled to extract natural gas.

After natural gas is extracted through the wells, it has to be processed to meet the
characteristics of the natural gas used by consumers. Consumer natural gas is composed
primarily of methane. However, when natural gas is extracted, it exists with other
hydrocarbons such as propane and ethane. In addition, the extracted natural gas contains
impurities such as water vapor and carbon dioxide that must be removed. Natural gas
processing plants are usually constructed in gas producing regions. The natural gas is
transported from the extraction sites to these plants through a system of low-diameter,
low-pressure pipelines. At the plant, water vapor is first removed from the gas by using
absorption or adsorption methods. Glycol Dehydration is an example of absorption, in
which glycol, which has a chemical affinity to water, is used to absorb the vapor. Solid-
Desiccant Dehydration is an example of adsorption. In this process the natural gas passes
through towers that contain activated alumina or other solid desiccants. As the gas is
passed through these towers, the water particles are retained on the surface of the solids.

As previously mentioned, natural gas is extracted with other hydrocarbons that must be
removed. The removal of these hydrocarbons, called Natural Gas Liquids (NGL), is done
with the absorption method or the cryogenic expander process. The absorption method is
similar to the water absorption method, but instead of glycol, absorbing oil is used. The
cryogenic expansion method consists of dropping the temperatures of the gas causing the
hydrocarbons to condense so that they can be separated from the natural gas. The
absorption method is used to remove heavier hydrocarbons, while lighter hydrocarbons
are removed using the cryogenic expansion process.

The final step in the processing of natural gas is the removal of sulfur and carbon dioxide.
Often, natural gas from the wells contains high amounts of these two compounds, and it
is called sour gas. Sulfur must be removed from the gas because it is a potentially lethal
chemical if breathed. In addition, sour gas can be corrosive for the transmissions and
distribution pipelines. The process of removing sulfur and carbon dioxide from the gas is
similar to the absorption processes previously described.

After the natural gas is processed it enters the transmission system. In the US, this
transmission system is the interstate natural gas pipeline network, which consists of
thousands of miles of high-pressure pipelines that transport the gas from producing areas
to high demand areas. In addition to the pipes, this pipeline system has compressor
stations along the way, usually placed in 40 to 100 mile intervals. These compressor
stations use a turbine or an engine to compress the natural gas and maintain the high
pressure required in the pipeline. The turbines and engines generally run with a small
amount of the gas from the pipeline. In addition to compressor stations, metering stations
are also placed along the system to allow companies to better monitor and manage the
natural gas in the pipes. Moreover valves can be found through the entire length of the
pipelines to regulate flow.



Natural gas can be stored to meet seasonal demand increases or to meet sudden, short-
term demand increases. Natural gas is usually stored in underground facilities. Such
facilities could be built in reconditioned depleted gas reservoirs, aquifers or salt caverns.
According to the Energy Information Administration (EIA), in 2003 the total storage
capacity in the United States was 8.2 billion cubic feet. 82% of this capacity was in
depleted gas fields, 15% in depleted aquifers, and 3% in salt caverns. Moreover during
that year, withdrawals from storage added to 3.1 billion cubic feet while injections totaled
3.3 billion cubic feet (4). It is important to note that some gas injected into underground
storage becomes physically unrecoverable gas. This gas is known as base gas.

Distribution is the final step before natural gas is delivered to consumers. Local
Distribution Companies transport natural gas from delivery points along the transmission
system to local consumers via a low-pressure, small-diameter pipeline system. Natural
gas that arrives to a city gate through the transmission system is depressurized, and
filtered to remove any moisture or particulate content. In addition, Mercaptan is added to
the gas to create the distinctive smell that allows leaks to be detected. Small compressors
are used in the distribution system to maintain the pressure required.

When Liquefied Natural Gas (LNG) is added to the mix of natural gas, three additional
lifecycle stages are created: liquefaction, tanker transport, and regasification. Figure 1
shows the total life cycle of natural gas including the LNG stages.
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Figure 1: Natural Gas Life Cycle Including LNG.

In the liquefaction process, natural gas is cooled and pressurized to convert it to liquid
form, reducing its volume by a factor of 610 (5). These liquefaction plants are generally
located in coastal areas of LNG export countries. Currently 75% of the LNG imported to
the US comes from Trinidad, but this percentage is expected to decrease as more imports
come from Russia, the middle east, and southeast Asia (4). LNG tankers bring this gas to
the US. According to EIA, there were 151 LNG tankers in operation worldwide as of
October 2003. The majority of these tankers have the capacity to carry more than 120,000
cubic meters of liquefied natural gas (equivalent to 2.59 billion cubic feet of natural gas,
enough gas to supply an average of 31,500 residences for a year (4)) and the total fleet
capacity is 17.4 million cubic meters of liquid (equivalent to 366 billion cubic feet of
natural gas). There are currently fifty-five ships under construction that will increase total
fleet capacity to 25.1 million cubic meters of liquid (equivalent to 527 billion cubic feet
of natural gas) in 2006 (6).



Regasification facilities are the last step LNG must pass through before going into the US
pipeline system. Regasification facilities are LNG marine terminals where LNG tankers
unload their gas. These facilities consist of storage tanks and vaporization equipment that
warms the LNG to return it to the gaseous state. There are currently 5 LNG terminals in
operation in the US: Lake Charles, Louisiana; Elba Island, Georgia; Cove Point,
Maryland; Everett, Massachusetts; and a recently opened offshore terminal in the Gulf of
Mexico. These terminals have a combined base load capacity of 3.05 billion cubic feet
per day (about 1 trillion cubic feet per year). In addition to these there are over fifty
proposed facilities for a total proposed capacity of 62 billion cubic feet per day (23
trillion cubic feet per year). Figure 2 shows the proposed location of these facilities (6).

As shown in Figure 1, natural gas combustion is the last stage in the natural gas lifecycle.
In the US, natural gas is used for electricity generation, heating, and several industrial
processes. Approximately 24% of the electricity generated comes from natural gas (1).
Natural gas plants have heat rates that range from 5,800 BTU/kWh to 12,300 BTU/kWh

(7).
US Natural Gas Industry in 2003

In 2003, the total supply of natural gas in the US was over 27 trillion cubic feet. Of this,
26.5 trillion cubic feet were produced in North America (US, Canada, and Mexico), and
0.5 trillion cubic feet were imported in the form of LNG. 75% of LNG came from
Trinidad and Tobago. Other exporting countries included Algeria, Malaysia, Nigeria,
Qatar, and Oman (4). Table 1 shows more detailed statistics about the state of the US
natural gas industry in 2003. Numbers may not add up due to rounding.

Table 1: 2003 Natural Gas Industry Statistics (All units in million cubic feet) (4)

Gross Withdrawals 24,000,000
Total Dry Production 19,000,000
Total Supply 27,000,000
Total Consumption 22,500,000
Total Imports 4,000,000
Pipeline Imports 3,500,000
LNG Imports 505,000

Greenhouse gas emissions from Natural Gas produced in North America

During the late 1980’s and early 1990’s the US Environmental Protection Agency (EPA)
conducted a study to determine methane emissions from the natural gas industry. This

very comprehensive study developed hundreds of activity and emissions factors from all
the areas of the natural industry. These factors were developed using data collected from
the different sectors of the industry as well as from data collected in field measurements.
Table 2 presents the percentage of produced natural gas that is emitted to the atmosphere



during the lifecycle according to the results of the previously described study, as well as
the source of these emissions.

Table 2: Methane Emissions from North American Gas Life Cycle as a Percentage
of Natural Gas Produced (8).

Emissions as a
Lifecycle Segment Emission Sources Percentage of Gas
Produced

Pneumatic Devices

Fugitive Emissions
Underground Pipeline Leaks
Blow and Purge
Compressor

Glycol Dehydrator

Fugitive Emissions
Processing Compressor 0.16%
Blow and Purge
Fugitive Emissions
Transmission and | Blow and Purge

0.38%

Production

Storage Pneumatic Devices 0.53%
Compressor
Underground Pipeline Leaks
Distribution Meter and Pressure Stations 0.35%

Costumer Meter

Based on the statistics presented in Table 1, 26.5 billion cubic feet of natural gas were
produced in North America in 2003. Using the percentages of natural gas emitted, an
average heat content of 1,030 BTU/ft, and the assumption that 100% of the natural gas
lost is methane (density 19.23 gr/ ft*) which may result in a slight overestimate of
emissions given that the real percentage of methane in natural gas varies between 94%
and 98%; total methane emission were calculated to develop the emission factors shown
in Figure 4.

In addition to methane, carbon dioxide emissions are produced from the combustion of
natural gas used during the lifecycle stages previously described. The Energy Information
Administration maintains records of the amount of natural gas used during the
production, processing, transmission, storage, and distribution of natural gas. This data
for 2003 can be seen in Table 3. Assuming that 100% of this gas is methane, total carbon
dioxide emissions were found using thermodynamic calculations. These emissions were
then added to methane emissions to obtain the total emission factors shown in Figure 3.



Table 3: Natural Gas Used During Natural Gas Life Cycle. (All units in million
cubic feet) (4).

Flared Gas 98,000
Lease Fuel 760,000
Pipeline and Distribution Use 665,000
Plant Fuel 365,000

In 1993 the Natural Gas STAR program was established by the EPA to reduce methane
emissions from the natural gas industry. The program is a voluntary partnership with the
goal of encouraging industries to adopt practices that increase efficiency and reduce
emissions. Since 1993, 338 billion cubic feet of methane have been eliminated. In 2003,
52,900 million cubic feet of methane emissions were eliminated, a 9% reduction over
projected emissions for that year without improved practices (9). This data was used to
develop a range of emission factors for the North American natural gas industry. Figure 2
shows the total range of emission factors for the North American natural gas lifecycle. It
can be seen that total lifecycle emission for natural gas produced in North America are
approximately 140 lbs CO,/MMBTU, an amount dominated by combustion emissions for
natural gas plants currently in operation in the US of an average 120 Ibs CO,/MMBTU
(10)
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Figure 2: Carbon Dioxide Equivalent Emission Factors from North American Gas
Lifecycle (All Units in Ibs CO,//MMBTU).

Greenhouse gas emissions from LNG lifecycle

As shown in Figure 1, the addition of liquefied natural gas (LNG) into the North
American gas system introduces three additional stages into the lifecycle of natural gas:
liquefaction, tanker transport, and regasification. It is assumed that natural gas produced
in other countries and imported to the US in the form of LNG produces the same
emissions in the production, processing, transmission, and distribution stages of the
lifecycle as if the natural gas were produced in North America. Additional emission
factors needed to be developed for the three additional lifecycle stages of LNG. Tamura
et-al (11) has reported emission factors for the liquefaction stage in the range of 1.32 to
3,67 gr-C/MJ. Using these results, the emission factors for liquefaction were found in
units of pounds of CO, per million BTUSs, as shown in Table 4.

Table 4: Liquefaction Emission Factors.

Liquefaction Emi_ssion Factors (Ib CO,/MMBTU)
Min Average Max
CO; from fuel combustion 11 12 13
CO; from flare combustion 0.00 0.77 1.5
CH,4 from vent 0.09 1.3 9.8
CO; in raw gas 0.09 4.0 6.6

Emissions from tanker transport of LNG were calculated using Equation 1.

(EF)ZKZ x roundup(LNGxD « D Feox 1}

. TC TS 24
EmissionFactor = X
LNG;

Equation 1: Tanker Emission Factor.

Where EF is the tanker emission factor of 3,200 kg CO,/ ton of fuel consumed,; 2 is the
number of trips each tanker does for every load (one bringing the LNG and one going
back empty); LNGy is the amount of natural gas (in cubic feet) brought from each
country; TC is the tanker capacity in cubic feet of natural gas, assumed to be 120,000
cubic meters of LNG (1 m® LNG = 21,537 ft® NG); Dx is the distance from each country
to US LNG facilities; TS is the tanker speed of 14 Knots; FC is a fuel consumption of 41
tons of fuel per day; and 24 is hours per day (12).

Exporting countries, their distances to the LNG facilities at Lake Charles, LA and
Everett, MA, and the 2003 US imports can be seen in Table 5.



Table 5: LNG Exporting Countries in 2003 (4).

Exporting Distance to ITe.lke Distance to I_Eyerett, 2093 uUsS Im-ports
Country Charl_es Fac_lllty MA_ FaC|I|_ty (million cubic feet
(nautical miles) (nautical miles) NG)
Algeria 5,000 3,300 53,000
Australia 12,000 11,000 0
Brunei 12,000 11,000 0
Indonesia 12,000 11,000 0
Malaysia 12,000 11,000 2,700
Nigeria 6,100 5,000 50,000
Oman 8,900 7,500 8,600
Qatar 9,700 8,000 14,000
Trinidad 2,200 2,000 380,000
UAE 9,600 7,959 0
Russia 9,600 11,000 0

Emission factors for tanker transport from each country to both US facilities can be seen

in Figure 3.
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Figure 3: Tanker Emission Factors from Each Country

Since most of the LNG in 2003 was brought from Trinidad, the weighted average
emission factor calculated for trips from each country to the Everett, MA facility is
considered to be the a lower bound. An upper bound was obtained by assuming that all
LNG was brought from Indonesia to the Lake Charles facility, and an average was
obtained assuming all LNG was brought from Oman to the Lake Charles, LA facility.
These resulting numbers can be seen in Table 6.




Table 6: Tanker Transport Emission Factors.

Emission Factors (Ib CO,/MMBTU)
Min 1.8
Average 5.7
Max 7.3

Regasification emissions were reported by Tamura et-al to be 0.1 gr C/ MJ (0.85 Ib
CO,/MMBTU) (11). Ruether et-al reports an emission factor of 1.6 gr CO,/MJ (3.75 Ib
CO//MMBTU) for this stage of the LNG lifecycle by assuming that 3% of the gas is used
to run the regasification equipment (13). These values were used as the lower and upper
bounds of the range of emission from regasification of LNG. Total LNG lifecycle
emissions are shown in Figure 4. They range between 154 and 184 lbs CO,/MMBTU

- NG
Production Liquefaction
(6.2-7.3) (11 - 31)
Processing Tan'ker

(3.9 Transport
(2.2-7.3)
Transmission r
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Figure 4: LNG Lifecycle Emission Factors (All Units in Ibs CO,/MMBTU).

Coal Lifecycle and its Greenhouse Gas Emissions for Electricity Generation

The coal lifecycle is conceptually simpler than the natural gas lifecycle, consisting of
only three steps, as shown in Figure 5.

Coal Mining and

: Use/Combustion
Processing

Y

Y

Transportation




Figure 5: Coal Lifecycle.

In the US, 67% of the coal produced is mined in surface mines, while the remaining 33%
is extracted from underground mines (1). Mined coal is then processed to remove
impurities. Coal is then transported from the mines to the consumers via rail (84%), barge
(11%), and trucks (5%) (14). Emissions from these lifecycle steps were calculated using
the EIO-LCA tool developed at Carnegie Mellon University. In order to use this tool,
economic values for each step of the lifecycle were necessary. In 1997, the year for
which the EIO-LCA tool has data, the price of coal was $18.14/ton (15). Moreover, the
cost for rail transport, barge, and truck transport was $11.06/ton, $3.2/ton, and $5.47/ton
respectively (14). For a million tons of coal the following emission information was
obtained using EIO-LCA.

Table 7: EIO-LCA Emission Data for Coal Lifecycle (16).

Sector Total GHG Emis_sions
(MT CO; Equiv)
Mining 75,000
Rail Transportation 36,000
Water Transportation 3,700
Truck Transportation 5,000

Using a weighted average US coal heat content of 10,266 BTU/Ib (17) and the data
previously discussed, it was found that the average emission factor for coal mining and
transport is 11 Ib CO,/MMBTU.

In 1999, the National Renewable Energy Lab published a report on lifecycle emissions
for power generation from coal (18). Upstream coal emissions (including transportation)
from underground mines are reported to be 15 Ibs CO,/MMBTU, while upstream coal
emissions from surface mines is 9.9 Ibs CO,/MMBTU. As previously mentioned, 67% of
coal is currently mines in surface mines, while 33% is mined in underground mines (1).
Using this information, the current coal upstream emissions average 12 Ibs
CO//MMBTU, which is very close to the emission factor obtained using EIO-LCA. In
the future, the distribution of US mines could change, affecting the average emission
factor. For this reason, the range of coal upstream emissions from underground and
surface mines described above is used for this paper. Moreover, the average emission
factors for coal combustion at utility plants used is 205 Ib CO,/MMBTU (10).

Comparing Natural Gas and Coal Lifecycle Emissions

Emissions factors for the natural gas lifecycle and the coal lifecycle were previously
reported in pounds of CO, per MMBTU of fuel. Coal and natural gas power plants have



different efficiencies; thus one million BTU of coal does not generate the same amount of
electricity as one million BTU of natural gas. For this reason, emission factors must be
converted to units of pounds of CO, per kWh of electricity generated. This conversion
was done using the heat rates of natural gas and coal plants. Figure 6 shows the
distribution of these heat rates, and Figure 7 shows the resulting emission factor
distribution for coal and natural gas. These distributions were obtained using the
cumulative distribution function of EIA electricity generation data for all utility plants in
2003 (7). The minimum value represents the heat rate at which 5% of the electricity
generated with the specific fuel is seen. Similarly the mean and maximum values are the
heat rates at which 50% and 95% of the electricity has been generated with each fuel. As
seen in Figure 6, the average heat rate for natural gas plants is lower than the average heat
rate for coal plants, however the upper range of heat rates for natural gas plants surpasses
the heat rates for coal plants.

13,000

12,000

11,000

Coal Natural Gas

Figure 6: Natural Gas and Coal Plant Heat Rates (7).
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Figure 7: Emission Factors for Coal and Natural Gas Lifecycles.

Note that the average emission factor for coal combustion is higher than the emission
factor for natural gas combustion. This does not change too much when the whole
lifecycle is considered. More important seems to be the effect that including upstream
emissions have in the range of emission factors for natural gas. While the average
emission factor for the total coal lifecycle only increases by 5% compared to combustion
emissions, the average emission factor for a natural gas mix with 20% LNG is 21%
higher than the combustion emissions. Moreover, the maximum emission factor of the
natural gas lifecycle gets closer to the minimum coal lifecycle emission factor. These
results imply that if emissions at the combustion stage of the lifecycle could be
controlled, natural gas would not be a much better alternative to coal in terms of
greenhouse gas emissions.

New Generation Capacity

According to the DOE, by 2025 43 GW of inefficient gas and oil fired facilities will be
retired, while 281 GW of new capacity will be installed (3). IGGC and NGCC power
plants will probably be installed. These plants are generally more efficient than current
technologies (average HHV Efficiencies are 37.5% and 50.2% respectively) (19) and thus
have lower carbon emissions at the combustion stage. In addition, carbon capture and
sequestration (CCS) can be performed more easily with these newer technologies. CCS is
a process by which carbon emissions at the power plant are separated from other
combustion products, captured and injected into underground geologic formations such
as saline formations and depleted oil/gas fields. Experts believe that 90% CCS will be



technologically and economically feasible in the future. Having CCS at IGCC and NGCC
plants decreases the efficiency of the plants to average HHV efficiencies of 32.4% and
42.8% respectively (19) but overall lifecycle emissions would be greatly reduced and
would be essentially the same for coal and natural gas (with 20% LNG). However, the
major contributor for coal emissions would be at the combustion stage, while for natural
gas the majority of the emissions would come from upstream processes. Figure 8, shows
total emissions with CCS for IGCC and NGCC plants using average upstream emission
factors of 11.6 Ibs CO, Equiv/IMMBTU and 25.6 Ibs CO, Equiv/MMBTU for coal and
natural gas respectively
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Figure 8: Lifecycle Emission Factors for IGCC and NGCC plants w/ CCS.

Discussion

It has been shown that there is high uncertainty about overall lifecycle carbon emissions
for coal and LNG. In the future, as newer generation technologies and CCS are installed,
overall emissions from electricity generated with coal and electricity generated with
natural gas could be surprisingly similar. There is push right now from power generator
to increase import of LNG. They seem to hope that the price of natural gas will decrease
with these imports and they will be able to recover the investment they made in natural
gas plants that are currently producing under capacity. These investments should be
considered sunk costs and it is important to revaluate whether investing billions of dollars
in LNG infrastructure will lead us into an energy path that cannot be easily changed as it
will be harder to consider these investments as sunk costs once the expected
environmental benefits are not achieved.



The analysis presented here only includes carbon emission, and no consideration was
given to issues like energy security. Increasingly, LNG will come from areas of the world
that are politically unstable. Policymakers should evaluate this increased dependence on
foreign fuel before making decisions about future energy investments. In addition, the
analysis presented only considers the use of natural gas for electricity generation. Natural
gas is an indispensable fuel for many sectors of the US economy. As demand for natural
gas from the electric utilities increases, these other sectors will probably be affected by
higher natural gas prices. It is important to analyze whether these other sectors constitute
a better use for natural gas than electricity generation, which has alternative fuels at its
disposal.
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Summary of Key Points:

Liquefied natural gas (LNG) exports present both opportunities and risks. Producing and
delivering natural gas to customers is highly energy- and emissions-intensive, particularly when
LNG is involved. Research by the World Resources Institute has found that cuts in upstream
methane leakage from natural gas systems are among the most important steps the U.S. can take
toward meeting our greenhouse gas (GHG) emissions reduction goals by 2020 and beyond.

This testimony focuses on fugitive methane emissions and the many cost-effective solutions
available for reducing them. It appears very likely that LNG exports from U.S. terminals would
result in increased domestic GHG emissions from both upstream and downstream sources.
Policymakers should more actively work to help achieve reductions in GHG emissions from
throughout the natural gas value chain, if this valuable fuel and LNG are to be part of the
solution to the climate change problem. Taking these actions offer economic, environmental, and
geopolitical benefits, both in the U.S. and internationally. To this end, I offer the following
policy recommendations:

e Expand applied technology research programs at the U.S. Department of Energy to help
reduce the cost of leak-detection and emissions measurement technologies, and to
develop new and lower-cost emission reduction strategies.

e Update emissions factors for natural gas systems using robust measurement protocols,
public reporting by industry, and independent verification.

e Authorize and appropriate funding for the organization STRONGER (State Review of
Oil and Natural Gas Environmental Regulations) to help states with timely development
and evaluation of their environmental regulations.

e Support voluntary programs at the U.S. Environmental Protection Agency (EPA),
including Natural Gas STAR and other programs which recognize companies that
demonstrate a commitment to best practices.

e Support EPA’s efforts to provide technical and regulatory assistance to states with
expanding oil and natural gas development, including through the Ozone Advance
Program.

e Enact policies to support clean energy and address climate change. A clean energy
standard or putting a price on carbon would provide clear signals to energy markets that
energy providers and users need to recognize the environmental and social costs as well
as the direct economic costs of energy resources.
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Good morning, and thank you for the opportunity to contribute to the deliberations of this
Subcommittee. My name is James Bradbury, and I am a senior associate in the Climate and
Energy Program at the World Resources Institute (WRI). WRI is a non-profit, non-partisan think
tank that focuses on the intersection of the environment and socio-economic development. We
go beyond research to put ideas into action, working globally with governments, business, and
civil society to build transformative solutions that protect the earth and improve people’s lives.
We operate globally because today’s problems know no boundaries. We provide innovative

paths to a sustainable planet through work that is accurate, fair, and independent.

Summary

I am pleased to be here today to offer WRI’s perspective on the climate implications of U.S.
liquefied natural gas (LNG) exports. I encourage this committee to weigh a complete
consideration of the associated economic and geopolitical opportunities next to the potential
risks, neither of which have been fully considered in the public debate. In particular, it appears

very likely that LNG exports from U.S. terminals would result in increased domestic greenhouse



gas (GHG) emissions. For example, analysis by the Energy Information Administration (EIA)'
concluded that any scenario of LNG exports would trigger an increase in domestic carbon
dioxide (CO;) emissions, due to an increase in coal-fired electricity and use of natural gas for the
energy-intensive liquefaction process at LNG terminals. The EIA also projected an increase in
natural gas production from shale wells. Though not considered in the EIA study, an inevitable
consequence would be greater upstream air emissions from natural gas infrastructure — that is,
emissions that occur prior to fuel combustion — including fugitive methane, which is a potent
global warming pollutant. While LNG exports from the U.S. are widely expected to marginally
reduce global CO, emissions, modeling to date suggests that the scale of these reductions is less
than ten percent of the total levels of global fugitive methane emissions from natural gas and oil

systems.

These facts should raise the bar for policymakers and advocates for LNG exports to more
actively work to achieve continuous improvement in GHG emissions from all life cycle stages
(from extraction to use), if natural gas and LNG are to be part of the solution to our climate
change problem. Furthermore, to the extent that substantial LNG exports from the U.S. move
forward, our national policy objectives should be broader than simply improving our balance of
trade vis-a-vis fossil fuel exports to increase our economic and geopolitical standing. We also
have an important — indeed urgent — opportunity to improve our economic and geopolitical

standing by showing leadership in addressing global climate change. We can do through policies

! See: http://www.fossil.energy.gov/programs/gasregulation/reports/fe_eia_Ing.pdf



http://www.fossil.energy.gov/programs/gasregulation/reports/fe_eia_lng.pdf

that promote the development, deployment, and export of low-carbon products and services” to
help enable global GHG emissions reductions from all sectors, including through technologies

and practices that allow the cleaner production and more efficient end-use of natural gas.

Today I will focus in particular on fugitive methane emissions® and the cost-effective solutions
available for reducing them.* The case for policy action is particularly strong considering that
recent research shows that climate change is happening faster than expected. In addition, the
projected expansion in domestic oil and natural gas production increases the risk of higher GHG

emissions if proper protections are not in place.

e Methane is the primary component of natural gas and also a potent greenhouse gas.
Methane leaked from natural gas systems (i.e., fugitive methane) represent lost product
and reduced revenue for companies and governments, with negative consequences for air
quality and the environment.

e Fugitive methane emissions from natural gas systems represent roughly 3 percent of
global warming pollution in the U.S. Reductions in methane emissions are urgently
needed as part of the broader effort to slow the rate of global temperature rise.

e Although natural gas burns much cleaner than coal or oil, fugitive methane emissions

significantly reduce this relative advantage, from a climate standpoint; therefore, cutting

? For more information on low-carbon market opportunities, see Jennifer Morgan’s testimony, here:
http://www.wri.org/publication/testimony-american-energy-security-and-innovation-assessment-of-energy-
resources

* While this testimony focuses on greenhouse gas emissions —and methane emissions from natural gas systems, in
particular — WRI is committed to minimizing the full scope of impacts cause by energy production and use. ltis
critical for U.S. energy policies to be developed with consideration to a broad range of risks and benefits.

* For more detailed analysis and discussion of this topic, see WRI’s recent working paper, “Clearing the Air:
Reducing Upstream Greenhouse Gas Emissions from U.S. Natural Gas Systems.” Available at:
http://www.wri.org/publication/clearing-the-air
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fugitive emissions from natural gas systems would ensure that the climate impacts of
natural gas are much lower than coal or diesel fuel over any time horizon.

e Recent emissions standards from the U.S. Environmental Protection Agency (EPA) will
substantially reduce leakage from natural gas systems, but to help slow the rate of global
warming pollution and improve air quality, further action by states and federal agencies
should directly address fugitive methane from new and existing wells and equipment.

e Fortunately, most strategies for reducing fugitive methane emissions are cost-effective,
with payback periods of three years or less. A recent WRI report found that cuts in
methane leakage from natural gas systems are among the most important steps the U.S.
can take toward meeting our GHG emissions reduction goals.’

e The process of liquefaction, transport, and regasification of LNG is highly emissions-
intensive, increasing by 15 percent the total life cycle GHG emissions associated with
exported U.S. natural gas, compared to natural gas that is produced and consumed
domestically. These added upstream emissions also significantly reduce the relative
advantage that natural gas would have over higher-emitting fuels, like coal and oil.

e The following policy actions by Congress would help reduce methane emissions as cost-
effectively and quickly as possible:

o Expand applied technology research programs at the U.S. Department of Energy
(DOE) to help reduce the cost of leak-detection and emissions measurement

technologies, and to develop new and lower-cost emission reduction strategies.

> See: “Can the U.S. Get There from Here? Using Existing Federal Laws and State Actions to Reduce Greenhouse
Gas Emissions,” available at: http://www.wri.org/publication/can-us-get-there-from-here.
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o Update emissions factors for natural gas systems using robust measurement
protocols, public reporting by industry, and independent verification.

o Authorize and appropriate funding for the organization STRONGER (State
Review of Oil and Natural Gas Environmental Regulations) to help states with
timely development and evaluation of their environmental regulations.

o Support voluntary programs at EPA, including Natural Gas STAR and other
programs which recognize companies that demonstrate a commitment to best
practices.

o Support EPA’s efforts to provide technical and regulatory assistance to states with
expanding oil and natural gas development, including through the Ozone Advance
Program.

e Broader action on policies supporting clean energy and addressing climate change should
also be on the table. A clean energy standard or putting a price on carbon would provide
clear signals to energy markets that energy providers and users need to recognize the

environmental and social costs as well as the direct economic costs of energy resources.

Finally, every day that we take no policy action on climate change, we make the policy choice to
let climate change run its course. This ignores the overwhelming consensus of climate scientists
who have been warning for decades that rising GHG emissions will cause the planet to warm,
sea levels to rise, and weather to become more extreme. It is indisputable that these climate
changes are happening today, in many cases much more quickly than expected. Action is

urgently needed.



LNG Exports, the Public Interest, and Climate Change

When reviewing grant applications for LNG export authorizations, DOE is required to determine
if proposed exports “will not be consistent with the public interest." In making this finding, DOE
is considering a range of factors, including economic, energy security, and environmental
impacts.® The climate change implications of LNG exports touches on each of these factors and
therefore deserves more careful consideration by Congress and DOE.

The January 2012 study by EIA included a useful but limited assessment of the climate change
implications of LNG exports, while the NERA Economic Consulting report (December 2012)
was more narrowly focused on macroeconomic considerations.’ This testimony focuses
particular attention to how LNG exports — and increased production of natural gas more broadly
— could affect domestic and international GHG emissions, which is clearly a question of

relevance to the public interest.

There is no doubt that our climate is already changing in ways that are increasingly risky,
difficult to manage, and harmful to public health and the environment.® Recent science
assessments — including by the U.S. National Academy of Sciences and the U.S. Global Change
Research Program’ — agree that GHG emissions are very likely causing higher global

temperatures, rising sea levels, and more frequent extreme weather events. National science

® See: http://www.fossil.energy.gov/programs/gasregulation/LNGStudy.html

7 Both reports are available here: http://www.fossil.energy.gov/programs/gasregulation/LNGStudy.html

& National Academies, Committee on Climate Choices, Final Report, 2011. http://dels.nas.edu/Report/America-
Climate-Choices-2011/12781

? http://ncadac.globalchange.gov/download/NCAJan11-2013-publicreviewdraft-fulldraft.pdf
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academies from over a dozen countries, including the U.S., have expressly urged governments to

take urgent action to curb these harmful emissions. "

The current U.S. commitment to the international community is to reduce GHG emissions below
2005 levels by 17 percent in 2020 and 83 percent in 2050."" While a shift in electric generation
to natural gas from coal has played a significant role in recent reductions in U.S. carbon dioxide
emissions, this market-driven trend in the power sector has reversed somewhat in recent months,
as natural gas prices have been increasing.'” Furthermore, GHG emissions from all major
sources will need to be addressed for the U.S. to help achieve climate stabilization at 2° Celsius,
which the international community has agreed to be an appropriate and relatively safe target. A
recent report by the World Bank'® found that the world is on track for at least a 4° Celsius
increase in global temperatures, which would be extremely damaging to global development
goals and be “marked by extreme heat-waves, declining global food stocks, loss of ecosystems
and biodiversity, and life-threatening sea level rise.” However, the World Bank also concluded

that there is still time to enact policies that would help avoid this outcome.

1% G8+5 Academies’ joint statement: Climate change and the transformation of energy technologies for a low
carbon future. http://www.nationalacademies.org/includes/G8+5energy-climate09.pdf

" see:

http://unfccc.int/files/meetings/cop 15/copenhagen_accord/application/pdf/unitedstatescphaccord app.1.pdf
12 See: http://insights.wri.org/news/2013/03/new-data-reveals-rising-coal-use

B see: http://climatechange.worldbank.org/content/climate-change-report-warns-dramatically-warmer-world-
century
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Concerns about the environmental impacts of shale gas development

Natural gas production in the United States has increased rapidly in recent years, growing by 23
percent from 2007 to 2012." This development has significantly changed projections of the
future energy mix in the U.S. The shale gas phenomenon has also helped reduce energy prices,
directly and indirectly supporting growth for many sectors of the U.S. economy, including
manufacturing. The EIA projects that the United States will begin exporting LNG within 5 years

and that the country will be a net natural gas exporter by the year 2020."

Shale gas development has also triggered divisive debates over the near- and long-term
environmental implications of developing and using these resources, including concerns about
water resources, air quality, and land and community impacts.'® Like all forms of energy,
including conventional natural gas, there are public health and environmental risks associated
with shale gas development. Chief among public concerns are drinking water contamination
resulting from improper wastewater management, chemical spills, and underground methane
migration into groundwater. There are also concerns regarding air emissions, and land-related
impacts including habitat fragmentation and soil erosion. Other common concerns involve
community impacts related to industrial development and extensive truck traffic. In 2011, the
Secretary of Energy Advisory Board’s Natural Gas Subcommittee warned'’ that “disciplined

attention must be devoted to reducing the environmental impact” of shale gas development in the

¥ See: http://www.eia.gov/forecasts/aeo/index.cfm

“ibid

'® For more detailed discussions of the broader environmental impacts of natural gas development, see:
http://www.gao.gov/products/GAO-12-732; and http://www.rff.org/Documents/RFF-Rpt-
PathwaystoDialogue FullReport.pdf

Y http://www.shalegas.energy.gov/resources/111811 final report.pdf
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face of its expected continued rapid growth, with as many as 100,000 more wells expected over

the next few decades.

Of particular concern are the air emissions and climate change implications of shale gas
development, including fugitive methane emissions, which reduce the net climate benefits of
using lower-carbon natural gas as a substitute for coal and oil for electricity generation and
transportation, respectively. Other air emissions from the natural gas sector include CO,, volatile
organic compounds (VOCs, which are chemicals that contribute to ground-level ozone and
smog), and hazardous air pollutants (HAPs). In 2012, EPA finalized air pollution standards for
VOCs and HAPs from the oil and natural gas sector. These rules will improve air quality and
have the co-benefit of reducing methane emissions. As discussed below (see p. 18, “Progress is
Being Made but There is More Work to Be Done”), these standards should be complemented by
additional actions to further reduce methane emissions, which will help slow the rate of global

temperature rise in the coming decades.

From the standpoint of CO, emissions, shale gas development and lower natural gas prices have
contributed to recent emissions reductions in the U.S. However, GHG emissions are projected to
rise, and market forces and voluntary actions alone will not enable an effective response to
climate change. Thus broad policy action will be needed. For example, analysis by the
International Energy Agency (IEA)'® found that a significant global increase in use of natural gas
over the coming decades could have some net climate benefits compared to scenarios in which

oil and coal play more prominent roles. However, the IEA’s “Golden Rules Case” scenario

¥ |nternational Energy Agency, “Golden Rules for a Golden Age of Gas.” Available at:
http://www.worldenergyoutlook.org/media/weowebsite/2012/goldenrules/we02012_goldenrulesreport.pdf



would result in CO; concentrations in the atmosphere of 650 parts per million (ppm) and a global
temperature rise of 3.5° Celsius, almost twice the internationally accepted 2° Celsius target.
Economic modeling conducted by researchers at MIT'® and Resources for the Future®® have also
found that while greater use of natural gas may offer some climate benefits, climate and energy
policies will be needed to reduce CO, emissions by anywhere near our 83 percent target by mid-
century. While natural gas will likely play an essential bridging role in this transition, this will
require both reducing the upstream GHGs produced during the extraction process, and — if gas-
fired power plants are to be a part of a longer-term energy future — using carbon capture and

storage (CCS) technology.

Why Focus on Methane Emissions?

Though methane accounted for only 10 percent of the U.S. greenhouse gas emissions inventory
in 2010 (Figure 1),*! it represents one of the most important opportunities for reducing GHG
emissions in the U.S.** In addition to the scale and cost-effectiveness of the reduction
opportunities, climate research scientists have concluded that cutting methane emissions in the

near term could slow the rate of global temperature rise over the next several decades.”

19 See: http://globalchange.mit.edu/research/publications/2229

2 see: http://www.rff.org/RFF/Documents/RFF-IB-09-11.pdf

*! Note: all GHG inventory numbers referred to in this testimony were adjusted to reflect a more current global
warming potential (GWP) for methane of 25 (IPCC 2007). This is necessary because when EPA converts methane to
carbon dioxide equivalents they use an out-of-date GWP for methane of 21 (IPCC 1995), for the sake of
consistency with UNFCCC reporting guidelines.

?? See: “Can the U.S. Get There from Here? Using Existing Federal Laws and State Actions to Reduce Greenhouse
Gas Emissions,” available at: http://www.wri.org/publication/can-us-get-there-from-here.

23 National Research Council, 2011. “Climate Stabilization Targets: Emissions, Concentrations, and Impacts over
Decades to Millennia,” ISBN: 0-309-15177-5, 298 pages. http://www.nap.edu/catalog/12877.html
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Rising methane concentrations in the atmosphere have a potent, near-term warming effect
because this greenhouse gas has a relatively high global warming potential and short atmospheric
lifetime (IPCC 2007). Global warming potential (GWP) is a measure of the total energy that a
gas absorbs over a particular period of time (usually 100 years), compared to carbon dioxide.
Key factors affecting the GWP of any given gas include its average atmospheric lifetime and the
ability of that molecule to trap heat. By mass, the same amount of methane emissions is 25 times
more potent than carbon dioxide emissions over a 100-year time horizon (IPCC 2007). In the 20-
year time frame, studies estimate that methane’s GWP is at least 72 times greater than that of

carbon dioxide.

Scientists at the National Research Council of the U.S. National Academy of Sciences have
concluded that global CO, emissions need to be reduced in the coming decades by at least 80
percent to stabilize atmospheric CO, concentrations and thereby avoid the worst impacts of
global climate change.”* However, given the slow pace of progress in the U.S. in this regard, it is
valuable and important for policymakers to consider cost-effective mitigation strategies — such as

cutting methane emissions — that would have a disproportionate short-term impact.

How Emissions-Intensive is U.S. Natural Gas?
EPA estimates that total emissions from the development, transmission, and use of natural gas in
the U.S. made up roughly a quarter of the total U.S. GHG inventory in 2011.%> While natural gas

emits about half as much carbon dioxide as coal at the point of combustion, the picture is more

24 .

Ibid.
» Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2011 (April 2013).
http://www.epa.gov/climatechange/ghgemissions/usinventoryreport.html
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complicated from a life cycle perspective. Three percent of the U.S. inventory is the result of

% _i.e., natural gas lost to the atmosphere

fugitive methane emissions from natural gas systems®
through venting and systemic leaks, prior to the point of combustion. To put this in perspective,

in 2011, these methane leaks resulted in more GHG emissions”’ than all of the direct and indirect

.. . . . . 2
GHG emissions from U.S. iron and steel, cement, and aluminum manufacturing combined. 8

EPA’s 2013 GHG inventory implies a methane leakage rate of less than 2 percent of total natural
gas production. Meanwhile, recent research®” has shown that at less than a 3 percent leakage rate,
natural gas produces fewer GHG emissions than coal over any time horizon. Additionally,
reducing the methane leakage rate to below 1 percent would ensure that heavy-duty vehicles
fueled by natural gas, like buses and long-haul trucks, would provide an immediate climate
benefit over similar vehicles fueled by diesel. Thus, reducing total methane leakage to less than 1
percent of natural gas production is a sensible performance standard for the sector; an achievable

benchmark that has not yet been reached.

Accurate estimates of the total leakage rate from the natural gas sector require reliable data for a
broad range of industry activities and emissions factors associated with those activities. While
EPA has recently updated industry activity data, most of the emissions factors rely on assumed

emissions factors — as opposed to direct measurements, which are generally rare and often

*® The GHG inventory estimates 6.9 million metric tons of fugitive methane from natural gas systems in 2011.
%’ This estimate is based on an assumed global warming potential for methane of 25, which is the convention when
considering the climate implications of methane compared to carbon dioxide, integrated over a 100-year time
frame (IPCC, 2007).
28

See:
http://www.energetics.com/resourcecenter/products/roadmaps/Pages/USManufacturingEnergyUseandGreenhou
seGasEmissionsAnalysis.aspx
29

See: http:// www.pnas.org/content/109/17/6435
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outdated. Some recently published research suggests that emissions levels may be higher than
EPA estimates; this, coupled with high ground-level ozone levels in Colorado and Texas and
rural parts of Utah and Wyoming (i.e., smog that is attributed to shale gas production activities),
suggests that the emissions problem may be worse than we think, and certainly subject to

regional variations.*’

With hundreds of thousands of wells and thousands of natural gas producers operating in the
U.S., the data quality issue will likely remain an active debate, even as forthcoming data from
EPA and other sources in the coming months aims to clarify these questions.’’ In its November
2011 final report, the Secretary of Energy Advisory Board recommended that natural gas
companies measure and disclose air emissions from shale wells.”* Indeed, what remains lacking
is a valid system for direct measurement and independent verification of emissions data reported

by this sector.™

Nevertheless, while uncertainties remain regarding exact methane leakage rates, the weight of
evidence suggests that significant leakage occurs during every life cycle stage of U.S. natural gas

systems and much more can be done to reduce these emissions cost-effectively. A recent expert

%% Recent research based on field measurements of ambient air near natural gas well-fields in Colorado and Utah
suggest that more than 4 percent of well production may be leaking into the atmosphere at some production-stage
operations. For more discussion of questions regarding the quality and availability of methane emissions data, see
Appendix 3 of “Clearing the Air,” here: http://www.wri.org/publication/clearing-the-air.

*! For example, independent researchers at the University of Texas at Austin are teaming up with the Environmental
Defense Fund and several industry partners to directly measure methane emissions from several key sources. When
results are published in 2013 and 2014, these data will provide valuable points of reference to help inform this
important discussion.

*2 see: http://www.shalegas.energy.gov/

* Such systems and protocols have been developed for tracking emissions from other sources. For example, see:
http://www.epa.gov/etv/vt-ams.html
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34 . . .. .
survey by Resources for the Future™ identified methane emissions as a “consensus environmen-

tal risk” that should be addressed through government and industry actions.

How Will LNG Exports Affect Greenhouse Gas Emissions?

To the extent that it is displacing higher-carbon fuels such as coal and oil, natural gas has the
potential to help reduce total greenhouse gas emissions. This is particularly true as long as
upstream emissions associated with natural gas are minimized and ideally methane leakage is

kept below 1 percent of total production, as discussed above.

That said, the potential for LNG exports raises three primary concerns from a climate

perspective.

1) The first area of concern involves upstream GHG emissions associated with increased
onshore natural gas production. EIA projects that LNG exports would result in increased
domestic production of natural gas, with roughly three quarters of this from shale
sources. As shown in Figure 1, there are significant upstream GHG emissions (both CO,
and methane) associated with shale gas production in the U.S. Given continued
uncertainty around the actual level of methane emissions over the lifetime of both
conventional and unconventional gas wells,” this projected market response could result
in substantially higher levels of GHG emissions from throughout U.S. natural gas
systems. The good news is that there are many ways to cost-effectively reduce upstream

methane emissions; we encourage government and industry to do more to realize this

* See: http://www.rff.org/Documents/RFF-Rpt-PathwaystoDialogue_FullReport.pdf
* Most studies estimate that upstream GHG emissions from conventional and unconventional gas sources are
roughly comparable, within the margin of error.
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opportunity (see p. 20 below, “Further Potential to Reduce Fugitive Methane

Emissions™).

Figure 1: Estimated Life Cycle Greenhouse Gas Emissions from U.S. Shale Gas, LNG Exports, and Coal
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Sources: Bradbury et al. 2013; Weber and Clavin, 2012; NETL, 2012; Burnham et al. 2011

2) The second area of concern is with respect to the liquefaction, transport, and
regasification of LNG exports. According to a 2012 Natural Gas Technology Assessment
by the National Energy Technology Lab (NETL),’ these energy- and emissions-intensive
processes would add roughly 15 percent’’ to total life cycle GHG emissions associated
with U.S. onshore natural gas production (see Figure 1, above, “LNG upstream”). These

added upstream emissions significantly reduce the relative advantage that natural gas

* NETL (National Energy Technology Laboratory). 2012. Role of Alternative Energy Sources: Natural Gas
Technology Assessment. National Energy Technology Laboratory, U.S. Department of Energy. Available at:
http://www.netl.doe.gov/energy-analyses/refshelf/PubDetails.aspx?Action=View&Publd=435

%’ Based on data provided in Appendix B of the NETL (2012) report, we calculate 11.5 grams of CO, equivalent per
megajoule (g CO2e/MJ) of natural gas exported, which we added to estimated life cycle emissions associated with
shale gas production, after the recent EPA rule takes effect (8.25 g CO2e/MJ), and typical estimate of final
combustion of natural gas (56 g CO2e/M)).
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would have over higher-emitting fuels like coal.*® The chart below illustrates the relative
contributions of each process to total GHGs associated with LNG exports; liquefaction is
the most emissions-intensive process, followed by regasification and transport. It is also
worth noting that natural gas liquefaction emissions would occur at domestic LNG

terminals, adding to total U.S. GHG emissions.

Figure 2: Life Cycle GHG Emissions from LNG Terminals, Transport, and Infrastructure
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Source: Adapted from NETL, 2012

3) The third area of concern is the indirect domestic and international energy market
implications of U.S. LNG exports. EIA’s 2012 report to DOE found that LNG exports
would raise domestic prices for natural gas, making natural gas relatively less

competitive compared to other energy sources in the U.S., resulting in greater use of coal

*® Note that the data presented in Figure 1 show life cycle emissions estimates for the domestic production of
natural gas and coal, with upstream LNG numbers assuming LNG exported from Trinidad and Tobago and imported
in Louisiana. Ideally, this figure would offer a direct comparison between life cycle emissions from domestic shale
gas production and export versus coal or fuel oil in the country of import. However, such data are not readily
available at this time.
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and higher levels of GHG emissions under all LNG export scenarios.*” The global GHG
implications of LNG exports from the U.S. is harder to assess, but the basic picture is that
more gas would be sold into international markets, which would help reduce carbon
dioxide emissions as long as it displaced higher-carbon fuel sources. Given the extensive
scale of planned coal-fired power plants around the world*’ and accounting for the
prevalence of energy-efficient technologies available for natural gas combustion,*' this is
a reasonable assumption. On the other hand, a greater abundance of lower-priced natural
gas in global energy markets (supported by U.S. LNG exports) is also expected to
increase total energy use and displace some lower-carbon renewable and nuclear energy
sources, which will increase GHG emissions in markets where lower-carbon technologies
have become relatively cost-effective. Taking all of these factors into consideration, IEA
projections* ** find that greater supplies of natural gas would lead to net annual
reductions in global CO, emissions of 0.5 percent by 2035.* The report concludes that
“while a greater role for natural gas in the global energy mix does bring environmental
benefits where it substitutes for other fossil fuels, natural gas cannot on its own provide

the answer to the challenge of climate change.”

** The EIA estimates increases in U.S. CO, emissions between 9 and 75 MMt per year, from 2015 to 2035.

0 see: http://www.wri.org/publication/global-coal-risk-assessment

1 see: http://www.c2es.org/technology/factsheet/natural-gas

*2 See: http://www.worldenergyoutlook.org/goldenageofgas/

* See: http://www.worldenergyoutlook.org/media/weowebsite/2011/WE02011 GoldenAgeofGasReport.pdf
* In their 2011 special report on natural gas, the IEA estimated that the GAS Scenario would lead to 35.3
gigatonnes (Gt) energy-related CO, emissions in 2035, with annual reduction of 160 million metric tons (MMt), in
that year (compared to their “New Policies Scenario”). In their 2012 special report, the IEA reached a similar
conclusion, estimating 184 MMt of annual reductions in global energy-related CO, emissions in 2035 with their
“Golden Rules Case” (compared to a baseline), with global emissions rising to 36.8 gigatonnes (Gt) in the same
year.
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In summary, available evidence suggests that LNG exports from the U.S. would marginally
reduce global CO, emissions, although the scale of these estimated GHG emissions savings is an
order of magnitude lower than the total projected levels of global methane emissions from
natural gas and oil systems.*> Meanwhile, it appears very likely that LNG exports from U.S.
terminals would result in increased domestic GHG emissions from both upstream and

downstream sources.

These expected outcomes should raise the bar for policymakers and industry to more actively
work to achieve continuous improvement in GHG emissions from all life cycle stages of natural
gas development and use. Our research shows that reducing fugitive methane can be highly cost-
effective — beneficial to customers and companies alike — and it is necessary if natural gas and
LNG exports are to be part of the solution to our climate change problem, both in the U.S. and

internationally.

Progress is Being Made but There is More Work to Be Done
Now for the good news. Increased attention to the air emissions issue has resulted in significant

recent progress toward reducing air pollution from natural gas systems.

In April 2012 EPA finalized regulations for New Source Performance Standards (NSPS) and

National Emissions Standards for Hazardous Air Pollutants (NESHAP) that primarily target

> By way of comparison, the EPA estimates that global annual fugitive methane emissions from natural gas and oil
systems in 2030 will exceed 2,500 MMT carbon dioxide equivalent (CO,e), assuming a GWP of 25, over a 100 year
time frame (see: http://www.epa.gov/climatechange/EPAactivities/economics/nonco2projections.html). The U.S.
GHG inventory estimates that fugitive methane emissions from U.S. natural gas systems in 2011 were just over 170
MMT CO2e.
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VOC:s and air toxics emissions but will have the co-benefit of reducing methane emissions. The
new EPA rules require “green completions,” which reduce emissions during the flow-back stage
of all hydraulic fracturing operations at new and re-stimulated natural gas wells. The rules will

also reduce leakage rates for compressors, controllers, and storage tanks.

EPA should be applauded for establishing these public health protections. Minimum federal stan-
dards for environmental performance are a necessary and appropriate framework for addressing
cross-boundary pollution issues like air emissions. Federal Clean Air Act regulations are
generally developed in close consultation with industry and state regulators and are often
implemented by states. This framework allows adequate flexibility to enable state policy

leadership and continuous improvement in environmental protection over time.

In our recent working paper, WRI estimated that these new rules will reduce methane emissions
enough to cut all upstream GHG emissions from natural gas systems (including shale gas) by 13
percent in 2015 and 25 percent by 2035. As can be seen in Figure 3 below, the NSPS/NESHAP
rules will make a big difference by helping to avoid a rise in upstream GHG emissions that
would otherwise be likely given the projected growth in domestic natural gas production. The
figure also shows that upstream carbon dioxide and methane emissions will remain a significant

problem without further action.
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Figure 3: Upstream GHG Emissions from All Natural Gas Systems, 2006 to 2035

Pre-NSPS

BAU (with NSPS)

Notes: Upstream GHG emissions before and after application of the EPA NSPS rule,
for all natural gas systems

Source: Bradbury et al., 2013 (WRI)

Further Potential to Reduce Fugitive Methane Emissions

WRI estimates that by implementing just three technologies that capture or avoid fugitive
methane emissions, upstream methane emissions across all natural gas systems could be cost-
effectively cut by up to an additional 30 percent (see Figure 4, below). The technologies include
(a) fugitive methane leak monitoring and repair at new and existing well sites, processing plants,
and compressor stations; (b) replacing existing high-bleed pneumatic devices with low-bleed
equivalents throughout natural gas systems; and (c) use of plunger lift systems*® at new and

existing wells during liquids unloading operations. By our estimation, these three steps would

*® Note: new data from the most recent EPA emissions inventory suggests that these technologies are much more
widely used than previously thought. See: http://insights.wri.org/news/2013/05/5-reasons-why-its-still-important-
reduce-fugitive-methane-emissions
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bring down the total life cycle leakage rate across all natural gas systems to just above 1 percent
of total production. Through adoption of five additional abatement measures that each address
smaller emissions sources (i.e., a “Go-Getter” Scenario), the 1 percent goal would be readily
achieved. All eight of these technologies could be implemented cost-effectively with payback
periods of three years or less.

Figure 4: Upstream GHG Emissions from All Natural Gas Systems; with Additional Abatement Scenarios

m Pre-NSPS m BAU (with NSPS), “Go-Getter” Scenario
BAU (with NSPS) with Three Abatement

m 1% Leakage Rate
Technologies

=

Source: Bradbury et al., 2013

Policy Recommendations

New public policies will be needed to reduce methane emissions from both new and existing
equipment throughout U.S. natural gas systems. WRI research has found that market conditions

alone are not sufficient to compel industry to adequately or quickly adopt available best
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practices. To the members of this committee, I recommend the following actions to help EPA

and states cost-effectively reduce air emissions from natural gas systems.

Expand applied technology research. Efforts to reduce upstream GHG emissions from natural
gas systems could be aided by applied technology research at DOE. Such research should be
expanded, with a focus on advancement of technologies to reduce the cost of leak detection,
improve emissions measurements, and develop new and lower-cost methane emission reduction

strategies.

Update emissions factors for key processes. To help resolve questions regarding the scale of
methane emissions from U.S. natural gas infrastructure and operations — and to inform critical
domestic and international climate and energy policy decisions — the oil and gas sector should be
required to directly measure and report their emissions, with results subject to independent

verification and public disclosure.

Assist with environmental regulations. With more funding, the organization STRONGER (State
Review of Oil and Natural Gas Environmental Regulations) could provide more states with
timely assistance in developing and evaluating environmental regulations, including (but not

limited to) those designed to reduce air pollution.

Support best practices. With more funding, EPA could do more through Natural Gas STAR and
other programs to recognize companies that demonstrate a commitment to best practices. This

program could further encourage voluntary industry actions by maintaining a clearinghouse for
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technologies and practices that reduce all types of air emissions from the oil and natural gas

4
sector. 7

Provide technical and regulatory assistance. Recognizing the central role of state governments
in achieving federal National Ambient Air Quality Standards, with more funding EPA could
provide targeted technical and regulatory assistance to states with expanding oil and natural gas
development. One example of a successful model that could be expanded is EPA’s Ozone
Advance Program. States concerned about smog and other air quality problems associated with
oil and gas development voluntarily engage with this program, resulting in the co-benefit of

reduced methane emissions.

Reduce carbon dioxide emissions. Broader action is also needed on policies supporting clean
energy and addressing climate change. A clean energy standard or putting a price on carbon
would provide clear signals to energy markets that energy providers and users need to recognize

the environmental and social costs as well as the direct economic costs of energy resources.

Conclusions

Some advocate for a free-market approach to managing energy production, transmission, and
use. While I agree with the general virtues of free markets, I would also caution that there is no

free lunch. The National Research Council has identified very significant costs associated with

*” An example of one existing clearinghouse can be found here: http://cfpub.epa.gov/RBLC/
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fossil energy use that are hidden to most U.S. consumers.*® Society pays when our health-care
premiums rise due to harmful health effects caused by high ozone levels and other air pollution;
taxpayers pick up the tab for climate change when the frequency and intensity of extreme

weather events causes increasing damage to our communities and critical infrastructure.

Others highlight the energy and national security benefits of natural gas exports, which may
reduce the political and economic influence of countries that do not share common interests with
the U.S. and our allies. While such geopolitical benefits may be realized, LNG exports will do
little to help avoid dangerous levels of climate change. We could also improve our geopolitical
standing by demonstrating leadership in achieving greenhouse gas emissions reductions, much of
which can be accomplished cost-effectively and with net benefits to the economy — starting with
the policy actions recommended above. Meanwhile, the more we invest in fossil energy
resources and infrastructure while delaying policy actions to significantly reduce GHG pollution,
the more we expose ourselves and our allies to the destabilizing effects of climate change. In its
2010 Quadrennial Defense Review, the Department of Defense found that “climate change could
have significant geopolitical impacts around the world.” The same report concludes that climate
change could further weaken fragile governments and contribute to food scarcity, spread of
disease, and mass migration. Meanwhile, 30 military installations already face elevated risk from

sea-level rise.

*® NRC (National Research Council). 2010.“Hidden Costs of Energy: Unpriced Consequences of Energy Production
and Use.” Washington, DC: The National Academies Press. Available at:
http://www.nap.edu/catalog.php?record id=12794.

24


http://www.nap.edu/catalog.php?record_id=12794

Every day that we take no policy action on climate change, we make the policy choice to let
climate change run its course. This ignores the overwhelming consensus of climate scientists
who have been warning for decades that rising GHG emissions will cause the planet to warm,
sea levels to rise, and weather to become more extreme. It is indisputable that these climate
changes are happening today, and in many cases much more quickly than expected. Action is

urgently needed.
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Executive Summary

— Research conclusion and key messages—natural gas offers greenhouse gas advantages over coal:
Natural gas has been widely discussed as a less carbon-intensive alternative to coal as a power sector fuel. In
April 2011, the U.S. Environmental Protection Agency released revised methodologies for estimating fugitive
methane emissions from natural gas systems. These revisions mostly affected the production component of the
natural gas value chain (namely, gas well cleanups), causing a very substantial increase in the methane
emissions estimate from U.S. natural gas systems. % This large increase in the upstream component of the
natural gas value chain caused some to question the GHG advantage of gas versus coal over the entire life-
cycle from source to use. As a result of this renewed attention, while it remains unambiguous that natural gas
has a lower carbon content per unit of energy than coal does, several recent bottom-up studies have questioned
whether natural gas retains its greenhouse gas advantage when the entire life cycles of both fuels are
considered.?

Particular scrutiny has focused on shale formations, which are the United States’ fastest growing marginal supply
source of natural gas. Several recent bottom-up life-cycle studies have found the production of a unit of shale
gas to be more GHG-intensive than that of conventional natural gas.* Consequently, if the upstream emissions
associated with shale gas production are not mitigated, a growing share of shale gas would increase the average
life-cycle greenhouse gas footprint of the total U.S. natural gas supply.

Applying the latest emission factors from the EPA’s 2011 upward revisions, our top-down life-cycle analysis

LEPA, Inventory of U.S. Greenhouse Gas Emissions And Sinks:1990 — 2009, U.S. EPA, EPA 430-R-11-005,
http://www.epa.gov/climatechange/emissions/downloads11/US-GHG-Inventory-2011-Complete Report.pdf, cited in Mark Fulton, et al.,
“Comparing Life Cycle Greenhouse Gas Emissions from Natural Gas and Coal,” 14 March 2011, available at
http://www.dbcca.com/dbcca/EN/_media/Comparing_Life Cycle Greenhouse Gas.pdf.

2 Note: For example, the EPA’s estimates of methane emissions from U.S. natural gas systems in the base year of 2008 increased 120
percent between the 2010 and 2011 versions of their Inventory of U.S. Greenhouse Gas Emissions and Sinks.

3 The two approaches for an LCA study are bottom-up and top-down. A bottom-up study analyzes the emissions from an individual
representative or prototype process or facility and calculates the emissions of that specific part of the value chain. It then combines each step
of the value chain to compute the total lifecycle emissions from source to use. A top-down study, in contrast, looks at the total national
emissions for a particular use or sector and depicts the national average life-cycle emissions for each discrete part of source to use for that
sector to arrive at an aggregate estimate. Each approach has benefits and limitations. The bottom-up approach provides insights into the
emissions for a particular process or fuel source, but also depicts only that specific process or source. The top-down approach represents
the emissions across an entire sector but does not focus on specific processes or technologies. Some of the data sources for a top-down
analysis may be built up from bottom-up sources, but the top-down analysis still yields a more general result.

4 Robert W. Howarth, et al., “Methane and the greenhouse-gas footprint of natural gas from shale formations,” Climatic Change (2011);
Timothy J. Skone, National Energy Technology Laboratory (NETL), “Life Cycle Greenhouse Gas Analysis of Natural Gas Extraction &
Delivery in the United States,” presentation (Ithaca, NY: 12 May 2011; revised 23 May 2011); Mohan Jiang, et al., “Life cycle greenhouse gas
emissions of Marcellus Shale gas,” Environmental Research Letters 6 (3), 5 August 2011.
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(LCA)5 finds that the EPA’s new methodology increases the life-cycle emissions estimate of natural gas-fired
electricity for the baseline year of 2008 by about 11 percent compared with its 2010 methodology. But even with
these adjustments, we conclude that on average, U.S. natural gas-fired electricity generation still emitted 47
percent less GHGs than coal from source to use using the IPCC’s 100-year global warming potential for
methane of 25. This figure is consistent with the findings of all but one of the recent life-cycle analyses that we
reviewed.

While our LCA finds that the EPA’s updated estimates of methane emissions from natural gas systems do not
undercut the greenhouse gas advantage of natural gas over coal, methane is nevertheless of concern as a GHG,
and requires further attention. In its recent report on improving the safety of hydraulic fracturing, the U.S.
Secretary of Energy’s Advisory Board’'s Subcommittee on Shale Gas Production recommended that immediate
efforts be launched to gather improved methane emissions data from shale gas operations.6 In the meantime,
methane emissions during the production, processing, transport, storage, and distribution of all forms of natural
gas can be mitigated immediately using a range of existing technologies and best practices, many of which have
payback times of three years or less.” Such capture potential presents a commercial and investment opportunity
that would further improve the life-cycle GHG footprint of natural gas. Although the adoption of these practices
has been largely voluntary to date, the EPA proposed new air quality rules in July 2011 that would require the
industry to mitigate many of the methane emissions associated with natural gas development, and in particular
with shale gas development.8

Our research methodology: This paper seeks to assess the current state of knowledge about the average
greenhouse gas footprints of average coal and natural gas-fired electricity in the system today, how the
growing share of natural gas production from shale formations could change this greenhouse gas footprint at
the margin, and what the findings imply for policymakers, investors and the environment. In the first part of
the paper, we examine recent bottom-up life-cycle analyses to provide context for our top-down analysis.
These bottom-up analyses’ estimation of the life-cycle GHG footprint of shale gas provides information about
the potential marginal GHG impact of shale’s rising share in the U.S. natural gas supply, as well as which
emissions streams can be targeted for the greatest GHG mitigation. In the second part of the paper, we
conduct our own top-down life-cycle analysis of GHGs from natural-gas and coal-fired electricity in 2008
using the EPA’s revised 2011 estimates as well as other publically available government data. We make
three key adjustments to the data sets in order to calculate a more accurate and meaningful national level
inventory: we include: 1) emissions associated with net natural gas and coal imports; 2) natural gas
produced as a byproduct of petroleum production, and 3) the share of natural gas that passes through
distribution pipelines before reaching power plants. This top-down analysis examines the implications of the
EPA's revised (2011) estimates for the current and future average greenhouse gas footprint of U.S. natural
gas-fired electricity and its comparison with coal-fired electricity.

GWP and power plant efficiency matter: Global warming potentials (GWPs) are used to convert the
volumes of greenhouse gases with different heat-trapping properties into units of carbon dioxide-equivalent
(COze) for the purpose of examining the relative climate forcing impacts of different volumes of gas over
discrete time periods. The Intergovernmental Panel on Climate Change’s (IPCC) most recent assessment,
published in 2007, estimates methane’s GWP to be 25 times greater than that of carbon dioxide over a 100-
year timeframe and 72 times greater than that of carbon dioxide over a 20-year timeframe.® Unless

® “Life-cycle analysis” (LCA) is a generic term, and the methodology and scope of analysis can vary significantly across studies. Our analysis
assesses GHGs during the production, processing, transport, and use of natural gas and coal to generate electricity. Some studies include
not only the direct and indirect emissions from the plant or factory that provides or makes a certain product, but also the emissions
associated with the inputs used to manufacture and create the production facilities themselves. This study does not address the
manufacturing, construction, or decommissioning of the equipment used in energy production. As with any study, the certainty of conclusions
drawn from an LCA can only be as strong as the underlying data.

6 U.S. Department of Energy, Secretary of Energy Advisory Board, Shale Gas Production Subcommittee, 90-Day Report, 18 August 2011,
http://www.shalegas.energy.gov/resources/081811 90_day_report_final.pdf.

" Numerous technologies and best practices to capture methane that would otherwise be vented during natural gas production, processing,
transport, or distribution have been detailed by the U.S. EPA’s voluntary Natural Gas STAR Program. Many of these have payback periods
under 3 years. U.S. Environmental Protection Agency, Natural Gas STAR Program, “Recommended Technologies and Practices,” available
at http://www.epa.gov/gasstar/tools/recommended.html, viewed 29 July 2011.

8 EPA, “Oil and Natural Gas Air Pollution Standards,” http:/epa.gov/airquality/oilandgas/, viewed 18 August 2011.

° Piers Forster et al., 2007: Changes in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D.
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otherwise specified, our analysis uses the 100-year GWP of 25 but we also calculate life-cycle emissions
using a range of methane GWPs that have been proposed—including 72 and 105—in Appendix B of this
report in order to show the sensitivities of the outputs to GWP. The choice of GWP does impact the relative
GHG footprint between coal and gas. However, the life-cycle GHG footprint of gas is lower than coal under
all GWPs tested, with the smallest difference calculated using a GWP of 105, where the GHG emissions in
kilograms CO, per megawatt-hour of electricity generated (kg CO.e/MWh) are 27 percent less than those of
coal-fired generation.

In addition, assumed power plant efficiencies also have a measurable impact on the life-cycle comparison
between natural gas and coal-fired electricity generation. Unless otherwise specified, our analysis uses
average U.S. heat rates for coal and natural gas plants for the existing capital stock: 11,044 Btu/kWh (31%
efficiency) for coal and 8,044 Btu/kWh (41% efficiency) for natural gas plants. We also calculate life-cycle
emissions using heat rate estimates for new U.S. natural gas and coal plants in Appendix A (Exhibit A-11).

ES-1. Comparison of Recent Life-Cycle Assessments
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Source: DBCCA Analysis 2011; NETL 2011; Jiang 2011; Howarth 2011. Note: NETL Average Gas study includes
bar shaded grey due to inability to segregate upstream CO2 and methane values, which were both accounted for in
the study. See page 10 for more information. *2011 EPA methodology compared to 2010.

Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA., p. 212.

3 Comparing Life Cycle Greenhouse Gas Emissions from Natural Gas and Coal



Deutsche Bank Group

DB Climate Change Advisors

Comparing Life Cycle Greenhouse Gas Emissions from Natural Gas and Coal

ES-2. Average U.S. Life-Cycle GHG Emissions from Coal and Gas Electricity Generation, 2008
Comparing EPA 2010 Methodology with EPA 2011 Methodology
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Introduction and Key Exhibits

— Our methodology: Our top-down analysis addresses the emissions of three GHGs emitted during the
production, processing, storage, transmission, distribution, and use of natural gas and coal in power plants:

1. Carbon dioxide (COy);
2. Methane (CHy) and;
3. Nitrous oxide (N20)

Carbon dioxide is a product of fossil fuel combustion and is also released during some stages of gas processing.
Methane, the primary component of natural gas (roughly 98 percent of pipeline-quality gas), is a potent GHG.Y Itis
released at many points during the life-cycle of natural gas production and use and also during coal mining, and it is
an important component of the life-cycle emissions of both fuels, but especially of natural gas. Methane emissions can
be categorized as “fugitive” or “vented” emissions. Fugitive emissions include unintentional “leaks” from poorly sealed
valves, flanges, meters, and other equipment.11 Venting is the intentional release of methane as part of the operating
procedure for a particular process. For example, when a compressor or a pipeline is taken out of service for repair, the
compressed gas in the equipment may be released. There are a variety of venting operations associated with natural
gas production that account for the majority of methane emissions in the natural gas sector. Because the amount of
fugitive and vented methane is highly dependent on the practices and technologies that are used, the amount of
methane emitted can vary significantly by facility and/or the stripping and “clean up” process employed. Although small
amounts of methane and nitrous oxide are also emitted during fossil fuel combustion, carbon dioxide is by far the
largest greenhouse gas product. In this paper, because the amounts of methane and nitrous oxide are such a small
fraction of the total combustion-related emissions, we include them together with CO, on tables and figures under the
heading “combustion.”*

— Reader roadmap: In the section that follows, we start with a review of recent LCA studies. These studies have
attempted to measure the life-cycle GHG footprint of shale gas and are valuable from our perspective in framing
the marginal impact of shale gas on the GHG intensity of average natural gas-fired electricity. We then build up to
a full comparison of the life-cycle emissions between natural gas and coal-fired electricity generation at a national
level based on different assumptions and data adjustments in order to assess the impact that the EPA 2011
methodology change on GHG inventory has on the LCA comparison between average U.S. natural gas- and coal-
fired electricity generation. We use emissions data for 2008 as a comparable baseline to show the impact of the
2010 and 2011 changes in EPA methane methodology to the life-cycle GHG emissions comparison between coal
and natural gas in that year. (Note the Global Warming Potential used throughout this analysis is 25 unless
otherwise noted — see Appendix B.) This overview provides a roadmap to follow the logic of our analytic
approach.

o0 Step 1: In Exhibit 2, page 10 we compare the most recent bottom-up studies of the LCA of gas from
hydraulically fractured shale formations versus coal as a starting point;

0 Step 2: In Exhibit 4, page 13 we list the baseline EPA data for 2008 on the upstream natural gas
emissions expressed as million metric tons of CO, equivalent (MMTCOze);

10 Methane remains in the atmosphere for ~9-15 years, compared to 100+ years for CO,; Methane, however, is much more effective at
trapping heat in the atmosphere than CO,, particularly over 20 year time periods (Please see Appendix B at the end of this report).

11 Of critical importance, such leaks can be fairly easily mitigated from a technical perspective at reasonable cost, which means that there is
scope for improvement.

2 The EPA Greenhouse Gas Reporting Rule gives CH4 and N,O emission factors for the combustion of different fossil fuels. For CHa,
emission factors of 0.001 kg/MMBtu of natural gas and 0.011 kg/MMBtu of coal were used. For N20, emission factors of 0.0001 kg/MMBtu of
natural gas and 0.0016 kg/MMBtu of coal were used. The emission factors are in table C-2, page 38 of Subpart C of the rule. (Please see:
http://www.epa.gov/climatechange/emissions/downloads09/GHG-MRR-FinalRule.pdf)

These were then adjusted using GWPs for CH, and N,O to obtain emissions factors in kg CO,e/MMBtu. Unless otherwise noted in the paper,
100-year GWP values from the IPCC'’s Fourth Assessment Report (2007) were used: 25 for CH, and 298 for N,O. Using these values, the
total GHGs emitted during the combustion of natural gas are 53.07 kg CO,e/MMBtu (99.90% CO,, 0.05% CH,4, 0.06% N,O) and the total
GHGs emitted during the combustion of coal are 95.13 kg CO,e/MMBtu (99.21% CO,, 0.29% CH,, 0.50% N,0O).
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o Step 3: In Exhibit 5, page 14, we adjust these baseline estimates to account for additional factors such
as natural gas imports, methane emissions from other parts of the industry and other types of emissions
associated with natural gas production;

o Step 4: In Exhibit 6, page 15, we combine our adjusted upstream and downstream natural gas
emissions to derive a normalized life-cycle emissions expressed as kg/MMBTU (volume of greenhouse
gases per unit of energy value delivered to the power plant) and compare with coal on an equivalent
carbon-dioxide equivalent basis for the electricity sector using 2008 data and the EPA’'s 2011 methane
emissions methodology;

o Step 5: In Exhibit 7, page 15, we rerun Step 3 above for 2008 emissions but using the EPA 2010
methane emission methodology from the EPA in order to show the impact of the revisions pre-
combustion in kg CO,e/MMBtu;

o0 Step 6: In Exhibit 8, page 15, we use EPA’s 2011 methane emissions methodology to calculate
emissions for 2009, the most recent year data available;

o0 Step 7: In Exhibit 10, page 17, we adjust upstream emissions from coal into standard volume units of
MMTCOze in order to assess the emissions associated with the production and transportation from the
mine to the power plant using 2008 data for an apples-to-apples comparison with gas;

0 Step 8: In Exhibit 11, page 17, we then normalize these upstream coal emission factors into kg
CO,e/MMBtu (emission volume per unit of energy delivered);

o Step 9: In Exhibit 12, page 19, we compare the life-cycle emissions of natural gas and coal delivered to
the power plant in kg CO.e/MMMBtu using 2008 data but adjusted for both 2010 and 2011 EPA
methane emission factor methodologies for natural-gas to show the impact of EPA’s revisions;

o0 Step 10: In Exhibit 13, page 20, we show the LCA in terms of emissions per megawatt-hour of electricity
generated from gas and coal using the national average power plant efficiencies for 2008. The life-cycle
emissions for gas are 11 percent higher using the updated methodology. The Exhibit shows a six
percentage point change with gas producing 47 percent lower emissions than coal using EPA’s 2011
methane methodology compared to producing 53 percent lower emissions using EPA 2010 methane
methodology based on a 100-year GWP value for methane of 25.

o0 Sensitivity Analysis Using Alternative GWPs: In Appendix B, we show the sensitivities of our LCA to
different GWPs.
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Overview of Natural Gas Systems and Emission Sources

Between its 2010 and 2011 editions of the Inventory, the EPA significantly revised its methodology for estimating GHG
emissions from natural gas systems, resulting in an estimate of methane emissions from Natural Gas Systems in 2008
that was 120 percent higher than its previous estimate. Up until 2010, the Inventory had relied extensively upon
emission and activity factors developed in a study by the EPA and the Gas Research Institute in 1996. For the 2011
Inventory, the EPA modified its treatment of two emissions sources that had not been widely used at the time of the
1996 study, but have since become common: gas well completions and workovers with hydraulic fracturing. It also
significantly modified the estimation methodology for emissions from gas well cleanups, condensate storage tanks,
and centrifugal compressors.

The bulk of the EPA’s recent upward revisions of natural gas emissions estimates are related to the production part of
the gas value chain. The largest component of the increase is due to revised estimates of methane released from
liquids unloading: In some natural gas wells, downhole gas pressure is used to blow reservoir liquids that have
accumulated at the bottom of the well to the surface.*® The revisions also include an increase in the share of gas that
is produced from hydraulically fractured shale gas wells and a change in the assumption as to how much of the flow-
back emissions are flared. Previously, the EPA assumed that 100 percent of these emissions were flared or captured
for sale. The new estimate assumes that approximately one third are flared and another third are captured through
“reduced emission completions.” Both of these are based on estimated counts of equipment and facility and
associated emission factors.

These revisions have caused some to question whether replacing coal with natural gas would actually reduce GHGs,
when emissions over the entire life cycles of both fuels are taken into account. Addressing these questions requires an
understanding of:
1) The best available data on emissions throughout the life cycles of natural gas and coal;
2) The specific sources and magnitudes of GHG emissions streams for natural gas produced from shale
versus conventional formations; and
3) How an increase in the contribution of shale gas to the U.S. natural gas supply might impact the overall
life-cycle GHG footprint of natural gas-fired electricity in the future as the marginal skews the average.

Up until the past few years, most of the U.S. natural gas supply came from the Gulf of Mexico and from western and
southwestern states. More recently, mid-continental shale plays have been a growing source of supply. Natural gas is
produced along with oil in most oil wells (as “associated gas”) and also in gas wells that do not produce oil (as “non-
associated gas”).

Exhibit 1 illustrates the primary sources of GHG emissions during natural gas production, processing, transmission
and distribution. The equipment for drilling both oil and gas wells is powered primarily by large diesel engines and also
includes a variety of diesel-fueled mobile equipment. Raw natural gas is vented at various points during production
and processing prior to compression and transport by pipeline. In some cases, the gas may be flared rather than
vented to maintain safety and to relieve over-pressuring within different parts of the gas extraction and delivery
system. Flaring produces CO,, a less potent GHG than methane.

23 The technique of blowing out liquids is most frequently used in vertical wells containing “wet” or liquids-rich gas. It is being replaced by
many producers with “plunger lifts” that remove liquids with much less gas release. In many shale wells, a technigue is used where liquids are
allowed to collect in a side section of the well and removed with a pump. EPA, Natural GAS Star, “Lessons Learned: Installing Plunger Lift
Systems in Gas Wells,” October 2006, available at http://www.epa.gov/gasstar/documents/Il_plungerlift.pdf.
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Exhibit 1. Natural Gas Industry Processes and Methane Emission Sources
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The recent focus of new natural gas development has been shale gas, which currently represents about 14 percent of
U.S. domestic production but is expected to reach 45 percent or more by 2035. Most gas-bearing shale formations
lie 8,000 to 12,000 feet below the surface and are tapped by drilling down from the surface and then horizontally
through the target formation, with lateral drills extending anywhere from 3,000 to 10,000 feet. After drilling is complete,
operators hydraulically fracture the shale, pumping fluids at high pressure into the well to stimulate the production of
the gas trapped in the target rock formation. Horizontal drilling and pumping water for hydraulic fracturing release
additional engine emissions compared to conventional production techniques. In addition, when the produced water
“flows bac;lé” out of the well, raw gas from the producing formation can be released into the atmosphere at the
wellhead.

In both associated and non-associated gas production, water and hydrocarbon liquids are separated from the gas
stream after it is produced at the wellhead. The gas separation process may involve some fuel combustion and can
also involve some venting and/or flaring. Shale plays in particular are geologically heterogeneous, and the energy
requirements to extract gas can vary widely. Moreover, the methane content of raw gas varies widely among different
gas formations. Although some gas is pure enough to be used as-is, most gas is first transported by pipeline from the
wellhead to a gas processing plant. Gas processing plants remove additional hydrocarbon liquids such as ethane and
butane as well as gaseous impurities from the raw gas, including CO, in order for the gas to be pipeline-quality and
ready to be compressed and transported. This “formation” CO; is vented at the gas processing plant and represents
another source of GHG emissions along with the combustion emissions from the plant’s processing equipment.

From the gas processing plant, natural gas is transported, generally over long distances by interstate pipeline to the
“city gate” hub and then to the power plant. The vast majority of the compressors that pressurize the pipeline to move

4 EIA Annual Energy Outlook 2011. DOE/EIA-0383ER(2011). Energy Information Administration, U.S. Department of Energy.
http://www.eia.gov/forecasts/aeo/pdf/0383(2011).pdf

1® The GHG comparison between conventional and shale wells is important given the rapidly evolving industrial landscape with a share shift
toward shale wells. For its part, the International Energy Agency (IEA) in a June 2011 Special Report: “Are We Entering a Global Age of
Gas?” concluded that the LCA emissions of natural gas from shale wells is between 3.5 and 12 percent more than from conventional gas. IEA,
June 2011, page 64.
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the gas are fueled by natural gas, although a small share is powered by electricity.16 Compressors emit CO, emissions
during fuel combustion and are also a source of fugitive and vented methane emissions through leaks in compressor
seals, valves, and connections and through venting that occurs during operations and maintenance. Compressor
stations constitute the primary source of vented methane emissions in natural gas transmission. Actual leakage from
the pipelines themselves is very small.

Some power plants receive gas directly from transmission pipelines, while others have gas delivered through smaller
distribution pipelines operated by local gas distribution companies (LDCs). Distribution lines do not typically require
gas compression; however, some relatively small methane emissions do occur due to leakage from older distribution
lines and valves, connections, and metering equipment.

Review of Recent Bottom-Up Life-Cycle Analyses:
The Marginal Impact on Emissions

The assessment of how much more methane is released from shale gas production than from conventional production
is a key factor in the discussion of possible changes in the life-cycle emissions of natural gas. As the shale gas
component of U.S. production increases, a higher marginal greenhouse gas footprint from shale gas would raise the
average greenhouse gas footprint of the U.S. natural gas supply overall. On the other hand, changing production
technology and regulation could reduce emissions from both shale and other natural gas wells. The life-cycle GHG
comparison between shale and conventional natural gas therefore has important implications for stakeholders who are
considering policies and investment on the basis of how carbon-intensive natural gas is today and how carbon-
intensive it is likely to be in the future.

A number of recent bottom-up life-cycle analyses attempt to quantify the GHG comparison between conventional and
shale gas. Exhibit 2 shows the results of several of these analyses and how they compare to our top down analysis,
which follows later."’ Bottom-up figures are taken from studies by Skone, et al. (NETL), Jiang et al. (Jiang), and
Howarth, et al. (Howarth). Because these and other life-cycle studies each make different assumptions as to the
global warming potential of methane and the product whose greenhouse gas footprint is being measured—some use
units of natural gas produced, others use units of natural gas delivered, and still other use units of electricity
generated—we have normalized these figures using a GWP of 25. Any remaining variability in the GHG estimates are
the result of differences in underlying emissions factors used. Despite differences in methodology and coverage, all of
the recent studies except Howarth et al. estimate that life-cycle emissions from natural gas-fired generation are
significantly less than those from coal-fired generation on a per MMBtu basis. As can be seen in Exhibit 2, our GHG
estimate for average U.S. gas based on EPA’s 2011 data (72.3 kg/MMBtu) is very similar to the National Energy
Technology Laboratory’s (NETL) bottom-up estimate for Barnett Shale gas (73.5 kg/MMBtu).

16 ORNL, Transportation Energy Data Book, Oak Ridge National Laboratory, U.S. Department of Energy, June 2010,
http://cta.ornl.gov/data/index.shtml

¥ The results of the top-down life-cycle analysis conducted in the present study are displayed for reference. Bottom-up figures are taken from
studies by Skone, et al. 2011 (NETL), Jiang et al. 2011 (Jiang), and Howarth, et al. 2011 (Howarth). All studies are normalized using a 100-
year GWP for methane of 25, and given in kg CO,e per MMBtu of fuel rather than kg CO.e per MWh of electricity generated. Most studies use
MMBu of fuel produced as their metric; the present study uses MMBtu of fuel consumed, an explanation of which is given on p. 22. .
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Exhibit 2. Comparison of Recent Bottom-Up Life-Cycle Assessments.
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Many of these studies draw upon data from the U.S. Environmental Protection Agency’s Inventory of U.S. Greenhouse
Gas Emissions and Sinks (hereafter “Inventory” or “Greenhouse Gas Inventory). The Inventory, published annually, is
the official U.S. report on GHG emissions to the UN IPCC and the source for much of the analysis of U.S. emissions.
The inventory is developed from a variety of public and private data sources on the many different kinds of GHG
emission sources in different sectors. It uses a combination of “bottom-up” analysis, utilizing counts and characteristics
of individual facilities, and “top-down” analysis, such as national data on fuel combustion from the Energy Information
Administration (EIA) to calculate CO; emissions from combustion, to build an estimate for total U.S. GHG annual
emissions across a range of sectors.

Greenhouse gas emissions from natural gas and coal production, processing, transport, and distribution are estimated
in the Inventory’s “Natural Gas Systems” and “Coal Mining.” In the EPA’s 2011 edition of the Inventory, Natural Gas
Systems were estimated to be the largest source of non-combustion, energy-related GHG emissions in the U.S., at
296 million metric tons of CO, equivalent (MMT CO.e) in 2009. Coal mining came in third, with an estimated 85 MMT
COze of emissions. Fossil fuel combustion accounted for the vast majority of GHG emissions from the U.S. energy
sector, with an estimated 1,747.6 MMT CO-e coming from coal-fired electricity generation alone, while natural gas-
fired electricity generation accounted for an additional 373.1 MMT CO.e (Exhibit 3).*°

18 EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2009 (April 2011), available at
http://epa.gov/climatechange/emissions/usinventoryreport.html.

9 All figures given in CO,-equivalent here and elsewhere assume a global warming potential of 25 for methane unless otherwise noted. The
EPA's Inventory uses a GWP of 21 for reporting purposes, so these numbers were converted to make them consistent with the GWP used for
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Exhibit 3. U.S. Greenhouse Gas Emissions by Source Category, 2009.

Million Metric Tons CO2-equivalent

0 500 1000 1500 2000

Coal-Fired Electricity
Oil-Fueled Transportation
Agriculture

Natural Gas-Fired Electricity
Natural Gas - Industrial
Natural Gas Systems

Oil - Industrial

Natural Gas - Residential mCO2
Non-Energy Use of Fuels ECH4
Coal Mining N20

Petroleum Systems

Incineration of Waste

Abandoned Underground Coal Mines

These are the highest-emitting energy and agriculture sector source categories for 2009. Source: EPA 2011. Data
were adjusted to use most recent IPCC GWPs for CH4 and N20 (25 and 298, respectively).

We draw two main conclusions from our survey of recent bottom-up life-cycle assessments. First, the natural gas
industry’s practices are evolving rapidly, and better data are essential to ensuring that life-cycle greenhouse
gas assessments remain up-to-date and reflect current industry behavior. All of the bottom-up life-cycle
assessments we surveyed identified significant uncertainty around certain segments of the natural gas life cycle
stemming from data inadequacy. Among the sources of uncertainty identified were: formation-specific production
rates, flaring rates during extraction and processing, construction emissions, transport distance, penetration and
effectiveness of green completions and workovers, and formation-specific gas compositions.

Second, because shale gas appears to have a GHG footprint some 8 to 11 percent higher than conventional gas on a
life-cycle basis per mmBtu based on these bottom up studies that we reviewed, increased production of shale gas
would tend to increase the average life-cycle GHG footprint from U.S. natural gas production if methane
emissions from the upstream portion of the natural gas life are unmitigated. This fact underlines the
importance of implementing the many existing control technologies and practices that can significantly
reduce the overall greenhouse gas footprint of the natural gas industry. Many companies are already reducing
vented and flared methane emissions voluntarily through the EPA’s voluntary Natural Gas STAR program. For
example, the Inventory estimates that the completion emissions of methane from two thirds of shale gas production
are already being mitigated through flaring or reduced emission completion.? If this is correct, then bottom-up life-
cycle GHG estimates that do not account for reduced emissions completions are likely too high.

the main analysis in this paper. EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2009 (April 2011), available at
http://epa.gov/climatechange/emissions/usinventoryreport.html.

20 |pid.
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Stronger regulations limiting methane and other air pollutant emissions from oil and natural gas operations are also
likely to lead to lower overall GHG emissions. Some states already require the adoption of certain methane controls:
Wyoming and Colorado, for example, already require “no-flare” or “green” completions and workovers, which are
reported to capture 70 to 90 percent of methane vented during completions and workovers following hydraulic
fracturing. Because this methane can then be sold, users of green completions have reported payback times of less
than one year ! Moreover, the EPA released proposed regulations for the gas production sector on July 28, 2011 that
are expected to require mitigation of completion emissions from all wells.?? This regulation is currently in the comment
period and is set to be implemented by court order in 1Q12. If these regulations are adopted, there will be little or no
difference between the emissions of hydraulically fractured and conventional gas wells.

Top-Down Life-Cycle Analysis of U.S. Natural Gas and Coal:
Impact on the Average

The remainder of this paper develops a top-down life-cycle greenhouse gas analysis of natural gas and coal for the
purpose of determining the impact of recent EPA revisions to methane emissions estimation methodologies on the
current comparison between U.S. natural gas and coal-fired electricity.

Natural Gas

This analysis for natural gas includes each of the industry steps described in Exhibit 1 above. (See Appendix A for a
detailed methodology.) The source of information for methane emissions and non-combustion CO; is the EPA’s
Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2009 (April 2011 release), which includes updated
estimates for methane emlssmns from natural gas production that are approximately twice the level indicated in the
previous 2010 edition.?® This LCA uses the data from both 2010 and 2011 EPA inventory reports to illustrate the effect
that the EPA’s latest increase in estimated methane emissions has on the overall LCA for gas (as discussed below),
which we estimate to be about an 11 percent increase in the life-cycle emissions.

The U.S. Energy Information Administration (EIA) is the primary source for the data on natural gas consumption and
assomated CO; emissions in the various segments of the gas industry (fuel for gas compressors and gas processing
plants) In addition to the natural gas, petroleum is used for drill rigs, trucks and other mobile equipment, such as
pumps for hydraulic fracturing. This analysis uses information from the Economlc Census to estimate non-natural gas
energy consumption and associated CO, emissions in the production sector.?

Sources of methane emissions are many and vary widely. Apart from EIA there are very few sources of aggregated
data in the public domain. As noted earlier, the EPA recently increased its estimates significantly for several
processes in natural gas production, and better data availability on methane leakage and venting will be critical going
forward given the rapidly evolving gas production landscape. On this score, disclosures and reporting of upstream
emissions have historically been voluntary. And while there is evidence that large volumes of GHGs are being
captured by industry, the actual penetration rates of these voluntary programs is unknown?®

For example, the EPA Natural Gas STAR program, a voluntary methane mitigation program, reports that its members
reduced methane emissions from natural gas systems by 904 billion cubic feet between 2003 and 2009—equivalent to
365 MMTCOe.?” This program has identified and documented many methane mitigation measures that could be
applied more widely across both industries and are included in the EPA’s Inventory of US Greenhouse Gas Emissions

21 EPA, Natural Gas STAR Program, “Reduced Emissions Completions: Lessons Learned,” available at
http://www.epa.gov/gasstar/documents/reduced emissions completions.pdf, viewed 2 August 2011.

22 EpA, “Oil and Natural Gas Air Pollution Standards,” http://epa.gov/airquality/oilandgas/, viewed 18 August 2011.

2 The new EPA data have raised questions on two ends, with some believing the estimates are too high and others believing they are too
low. Some comments submitted to the EPA from gas producers about the Draft Inventory question the validity of these revisions, believing
them too high. While on the other hand, there are environmental advocacy groups that question whether EPA’s “activity factors” used in its
methodology accurately represent the preponderance of shale wells being drilled in the Gulf Coast and North East regions, thereby raising
the question of whether the emission factors are indeed high enough.

24 EIA, Natural gas navigator. Natural gas gross withdrawals and production. http://www.eia.gov/dnav/ng/ng_prod_sum_dcu_NUS_m.htm
% .S. Department of Commerce, Census of Mining 2007, Census Bureau, U.S. Department of Census

% Reported 2009 Natural Gas STAR voluntary emission reductions were the equivalent of ~$344 million in revenue (assuming $4/mmBtu gas)
and the avoidance of 34.8 mn tonnes COze; http://www.epa.gov/gasstar/accomplishments/index.html#content

2" EPA Natural Gas STAR Program Accomplishments, page 2; http:/iwww.epa.gov/gasstar/accomplishments/index.html
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and Sinks report.28 Additionally, many mitigation activities are not reported to these programs. It is also possible that
the EPA is missing or has underestimated some sources of upstream emissions for both natural gas and coal.
Nevertheless, we expect that better information will be available in the spring of 2012 when reporting of data on
upstream methane emissions through EPA’'s GHG Reporting Program commences.

In our LCA, the emission factors for the combustion of natural gas, coal and petroleum includes the CO; from
complete combustion of the fuel plus the small amounts of nitrous oxide (N>O) and unburned methane that result from
the combustion. The emission factors for fuel combustion are taken from subpart C of the EPA Greenhouse Gas
Reporting Program.29 The N2O and methane emissions from combustion are less than 1% of the CO, emissions. The
total emission factors for combustion are:

e Natural gas — 53.07 kg CO, e/MMBtu
e Diesel fuel — 74.21 kg CO, e/MMBtu
e Coal-95.11 kg CO; e/MMBtu

Exhibit 4 summarizes the data on total upstream GHG emissions calculated for the natural gas sector for the year
2008 using the April 2011 EPA inventory for methane adjusted for a methane GWP of 25 and the EIA data on fuel
consumption. According to this inventory, U.S. production, processing, and transport of natural gas emitted 387.0
million tons of CO; equivalent (MMTCOze) in 2008.

Exhibit 4. Baseline U.S. Upstream Gas Emission Data for 2008 (MMTCO-e)

Methane Non-Combustion CO; and N0 from Combustion
CO
Production 146.3 - 11.3 47.2 204.8
Processing 18.7 21.4 194 59.5
Transmission 51.5 0.1 35.4 87.1
Distribution 35.6 35.6
ﬁ 252.1 32.8 102.1 387.0

In this analysis, we adjust several factors to more accurately and robustly capture the life-cycle emissions associated
with the use of natural gas on a national basis.

First, the emissions estimates account for natural gas production in the United States; however, because 13 percent of
natural gas consumed in the U.S. was imported in 2008, we increase the production and processing emissions
estimates to account for emissions from gas imports. Of that 13 percent in 2008, 11.7 percent was imported by
pipeline from North America, mostly from Canada. The analysis assumes that other North American production
operations are similar to those in the United States, so the emissions are increased linearly to account for these
imports. In addition, 1.3 percent of the gas supply arrived via liquefied natural gas (LNG) imports. The LNG life cycle
includes additional emissions associated with liquefaction, transportation, and regasification from source to use. The
LNG portion is escalated by 76 percent to account for these emissions, based on a bottom-up LNG LCA prepared by
NETL.*® These are the most significant modifications made in our analysis, increasing the overall LCA for natural gas
by 39 MMTCOze, or about 10 percent, primarily due to the adjustment for pipeline imports.

A second adjustment relates to methane emissions from distribution lines at local gas distribution companies. Since
only 52 percent of the gas used for power generation is delivered b¥ local distribution lines, the methane emissions
associated with distribution have been discounted by that amount.* This reduces the total emissions by 18 MMtCO.e,
or 4 percent.

2 EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2009, April 2011, available at
http://www.epa.gov/climatechange/emissions/downloads11/US-GHG-Inventory-2011-Complete_Report.pdf, p. 152.

2 EPA, Greenhouse Gas Reporting Program, Subpart C, U.S. Environmental Protection Agency,
http://www.epa.gov/climatechange/emissions/ghgrulemaking.html

% Skone, T.J., 2010. Life Cycle Greenhouse Gas Analysis of Power Generation Options, National Energy Technology Laboratory, U.S.
Department of Energy

L EIA, EIA-176, "Annual Report of Natural and Supplemental Gas Supply and Disposition”, Energy Information Administration, U.S.
Department of Energy. http://www.eia.gov/cfapps/nggs/nggs.cfm?f report=RP1&CFID=5251631&CFTOKEN=51c7{7f0104e329d-3FD56B17-
237D-DA68-24412047FB2CE3CB
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A final adjustment is for methane emissions from production of associated gas—gas produced from oil wells. We did
this in order to accurately adjust the impact of associated gas in our net import correction. Most oil wells produce some
natural gas, and some of this gas is collected and becomes part of the gas supply. The EPA inventory of U.S. GHG
emissions estimates that methane emissions from petroleum systems are approximately 30 MMTCOze per year.*
Since some domestic natural gas is co-produced with petroleum, these emissions could be considered for inclusion in
the LCA of emissions from the natural gas sector.

The associated natural gas produced and the methane emitted during petroleum production, processing, and transport
are a byproduct of petroleum production. Methane emissions would occur even if no natural gas were captured and
delivered for end-use consumption. In fact, the emissions might actually be higher in that case since there would be no
economic incentive to capture the gas. By this assessment it would not be appropriate to count the methane
emissions from petroleum production, since they are independent of the production of gas.

On the other hand, associated gas produced from oil wells represents a significant segment of U.S. gross withdrawals
of natural gas, and if there are methane emissions associated with that production, it seems appropriate to include
them in the LCA, even if the production is incidental to oil production. In that case, we have to evaluate how much of
the methane emissions to allocate to gas production versus petroleum production. This calculation is shown in
Appendix A and results in an additional 5 MMTCO.e of emissions being added, or a 1.4 percent increase.

Exhibit 5 shows our adjusted total emissions for 2008, which come to 423.8 MMTCO.e compared to the 387.0
baseline. The production segment is the largest contributor to GHG emissions from the natural gas supply chain,
accounting for 57 percent of total emissions. Of the different gases, methane accounts for 59 percent of total GHG
emissions using a GWP of 25.

Exhibit 5. Adjusted Total Upstream GHG Emissions from Natural Gas, 2008 (MMTCO,e)

Methane | Non-Combustion CO, | CO2 and N,O from Combustion
Production 173.7 12.9 62.2 248.7
Processing 21.3 24.4 22.2 67.9
Transmission 515 0.1 37.2 88.8
Distribution 18.3 0.0 0.0 18.3
I ol 2649 374 1215 4238

To compare emissions from coal and natural gas on an apples-to-apples basis, the emissions are normalized to the
amount of GHG per million Btu (MMBtu) of natural gas delivered to consumers using EIA data for gas deliveries®®.
Some LCAs normalize to GHG per unit of natural gas produced, which includes associated gas that is reinjected into
the producing formation as well as natural gas liquids that are removed during gas processing and gas lost through
fugitives and venting, in addition to gas actually delivered to consumers such as power plants. Using delivered rather
than produced natural gas results in a slightly higher overall figure for life-cycle emissions but depicts more accurately
the energy that is actually available to power plants. The total normalized upstream emissions are 19.2 kg
CO.e/MMBtu of natural gas delivered. (See Exhibit 6.) As discussed earlier, the emissions for combustion of the
natural gas at the power plant are 53.1 kg CO.e/MMBtu, so the total life-cycle GHG emissions at the point of use are
72.3 kg/MMBtu. Of this, the upstream emissions are 30 percent, 60 percent of which are from methane.

%2 Inventory of US Greenhouse Gas Emissions and Sinks: 1990-2009, EPA 340-R-11-005, April 2011 page, 27
% EIA, Natural gas navigator. Natural gas gross withdrawals and production. http://www.eia.gov/dnav/ng/ng_prod_sum_dcu_NUS_m.htm
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Exhibit 6. Normalized Life-Cycle GHG Emissions for Natural Gas for 2008, using EPA 2011 Methane Emissions
Methodolgy (kg CO2e/MMBtu)

Methane | Non-Combustion CO, | CO, and N,O from Combustion _
Production 7.9 0.6 2.8 11.3
Processing 1.0 1.1 1.0 3.1
Transmission 2.3 0.0 1.7 4.0
Distribution 0.8 0.0 0.0 0.8
12.0 1.7 5.5 19.2
Fuel Combustion 0 0 53.1 53.1
Total 12.0 1.7 58.6 72.3

Doing the same calculation with the lower methane emissions estimated in the prior year’s EPA inventory yields a
value of 12.0 kg CO,e/MMBLtu for the upstream emissions. (See Exhibit 7) Including the end-use gas consumption,
total life-cycle emissions are 65.1 kg CO,/MMBtu, with the upstream portion accounting for 20 percent. In this case,
methane makes up only about 40 percent of the upstream gas GHG footprint.

Exhibit 7. Normalized Life-Cycle GHG Emissions for Natural Gas for 2008, using EPA 2010 Methane Emissions
Methodology (kg CO2e/MMBtu)

Methane | Non-Combustion CO, | CO; and N,O from Combustion _
Production 1.2 0.4 2.8 4.4
Processing 0.8 1.1 1.0 2.9
Transmission 2.1 0.0 1.7 3.8
Distribution 0.8 0.0 0.0 0.8
4.9 1.6 5.5 12.0
Fuel Combustion 0 0 53.1 53.1
Total 4.9 1.6 58.6 65.1

Finally, Exhibit 8 applies the most recent EPA data to calculate the life-cycle emissions for 2009 using the 2011
methane emissions methodology. This is the most recent year for which data are available. The 2009 emissions are
quite similar to the emissions calculated for 2008 using the same methodology (73.1 vs 72.1 expressed as kg
CO2e/MMBtu).

Exhibit 8. Normalized Life-Cycle GHG Emissions for Natural Gas for 2009, using EPA 2011 Methane Emissions
Methodology (kg CO2e/MMBtu)

Methane | Non-Combustion CO, | CO; and N,O from Combustion _
Production 8.4 0.6 3.0 12.0
Processing 1.1 1.1 1.0 3.2
Transmission 2.4 0.0 1.6 4.0
Distribution 0.8 0.0 0.0 0.8
12.8 1.7 5.6 20.1
Fuel Combustion 0.0 0.0 53.1 53.1
Total 12.8 1.7 58.7 73.1
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Coal

The production and distribution of coal is simpler to analyze than that of natural gas because there are fewer steps in
production and processing (Exhibit 9). Coal is produced in the U.S. from underground mines (40 percent) and surface
mines (60 percent). In underground mines, most of the mining equipment is driven by electricity. In surface mines, the
equipment runs on diesel fuel or electricity. This analysis estimates the direct and indirect emissions of the mining
processes from Economic Census data®*. (For detailed calculations of the coal LCA, see Appendix A.)

Exhibit 9. Coal Industry Segments and Emission Sources
Methane, CO, co,

coal Saam

Source: University of Wyoming

Coal formations contain methane, which is released when the coal is mined. The methane content varies among
different coal formations but is generally higher for underground mines than for surface mines. Underground mines
use ventilation to remove the methane, which is a safety hazard, and in some cases the methane can be recovered for
use or flared to reduce GHG emissions. The U.S. GHG Inventory estimates the methane emissions from coal mining.
Coal mines that are no longer active (i.e., are “abandoned”) release methane as well: 7.0 MMTCO.e in 2008 (at 25
GWP). This would add an additional 0.4 kg CO.e/MMBtu to the coal LCA but is not included here since we do not
have similar data on methane emissions from abandoned gas wells.

Data on coal transportation by mode are available from the Economic Census™®. More than 90 percent of coal is
transported by train, with the remainder transported by barge, truck, or various combinations of these modes. This
analysis derives the energy consumption per ton-mile from several sources to calculate CO; emissions. (See
Appendix A.)

The United States is a net exporter of coal by 4 percent, so the production data are adjusted downward by that
amount. Table 6 shows the adjusted upstream GHG emissions for coal, totaling 117.8 MMTCO-e.

34 U.S. Department of Commerce, Census of Mining 2007, Census Bureau, U.S. Department of Census
35 |pid.
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Exhibit 10. Adjusted Total Upstream GHG Emissions from Coal for 2008 (MMTCO.e)

Methane Non-Combustion CO> CO, and N,O from Combustion _
Production 79.9 0.0 14.0 93.9
Transportation 0.0 0.0 23.9 23.9
| Total| 79.9 0.0 37.9 117.8

As with the natural gas LCA, this analysis “normalizes” total emissions by the energy delivered to coal consumers
(more than 90% power of whom are power generators), or 1,147 million short tons of coal in 2008. This yields a
normalized upstream emission factor of 4.8 kg CO.e/MMBtu consumed. (See Exhibit 11.) This value is about 25
percent of the upstream emissions from natural gas. The emission factor for combustion of coal is 95.1 kg/MMBtu,
bringing the total end-use life-cycle emissions to 99.9 kg CO,/MMBtu. In this case, although methane comprises 63
percent of the upstream emissions, the upstream component is only 5 percent of the total, with CO, emissions from
the combustion of the coal itself being the dominant factor in the total life-cycle emissions.

Exhibit 11. Normalized Life-Cycle GHG Emissions from Coal for 2008 (kg CO.e/MMBtu)

Methane | CO, and N,O from Combustion _
Production 3.3 0.6 3.9
Transportation 0.0 1.0 1.0
Coal Combustion 0.0 95.1 95.1
End Use Total 3.3 96.6 99.9

Electricity Generation

Finally, life-cycle GHG emissions per MMBtu of fuel delivered to power plants are normalized to GHG emissions per
MWh of electricity generated to account for the difference in coal and natural gas power plant efficiencies. In 2008,
essentially all coal-fired electricity in the United States was generated by steam-turbine power plants, which combust
fuel to boil water and use the resulting steam to drive a turbine.*® Many coal plants are run almost all the time at full
capacity to provide baseload power. Technology has improved over the past several decades and new plants have
improved combustion efficiencies, but many active plants in the U.S. fleet were built before 1970 and are less efficient.

By contrast, natural gas is used in a range of power plant technologies, each of which fills a different role in the
electricity dispatch. In 2008, only 12 percent of natural gas-fired electricity was generated by steam-turbine plants,
most of which were built before 1980 and are relatively inefficient. An additional 9 percent was generated by simple-
cycle gas turbines, relatively inefficient plants that are used to provide peaking power during limited periods. Since
2000, a large portion of new natural gas capacity additions have been combined-cycle units, which use waste heat
from gas turbines to run steam turbines.

Combined-cycle plants have superior heat rates and may be used to provide baseload or intermediate power,
depending on the particular grid and the price of gas. In 2008, 79 percent of gas-fired electricity was generated by
combined-cycle plants. Two coal plants in the U.S. currently gasify coal to generate electricity in a combined-cycle
configuration, but such plants, called Integrated Gasification Combined Cycle (IGCC) plants, have very low market
penetration today.

% All 2008 generation data from Energy Information Administration (EIA), Form EIA-923, 2008.
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The heat rate (the amount of fuel in Btus needed to generate a kilowatt-hour of electricity) of the electric generator is
one of the most significant variables in estimating the GHG emissions per MWh of electricity.37 Unless otherwise
specified, this analysis uses heat rates representing the average efficiency of existing power plants in the U.S. fleet:

e Average efficiency of existing capital stock: National average values are based on EIA data for total gas
or coal consumption for generation and total generation by each fuel. The heat rates are 8,044 Btu/kWh (41
percent efficiency) for gas generation and 11,044Btu/kWh (31 percent efficiency) for coal generation.

A sensitivity analysis comparing life-cycle emissions results using average heat rates and heat rates representative of
new natural gas and coal plants is shown in Appendix A (Exhibit A-12).

e Efficiency of new plants: In its Annual Energy Outlook 2010%, EIA provides a value for a new plant in 2009,
and for future plants that accounts for future cost reductions from learning and production efficiencies (“nth”
plant). The values used here are the average of the two values for a gas combined-cycle plant (6,998
Btu/kWh, 49 percent efficiency) and a new supercritical coal plant (8,970 Btu/kWh, 38 percent efficiency).

Summary of Results and Sensitivity Analysis for Top=Down Analysis

Exhibit 12 compares the calculated LCA emissions (by GHG) for gas delivered to power plants for (a) natural gas
using the EPA 2010 methodology, (b) natural gas using the EPA 2011 methodology, and (c) coal. In all cases, the
emissions are dominated by CO, from final combustion of the fuel at the power plant. The upstream emissions are
larger for gas, and the power plant combustion emissions are higher for coal. The LCA for coal is dominated by the
CO, from the coal combustion itself. The upstream component is larger for natural gas, and methane is a larger
component of the emissions. Using the increased methane emission estimate for gas from the 2011 methodology
results in the LCA for natural gas being 11 percent higher than with the 2010 estimate. The gas life-cycle value using
the 2011 methodology is 28 percent lower than the coal value.

%7 The power industry uses efficiency and heat rate to express power plant efficiency. Heat rate in Btu/kWh = 3413/efficiency. A lower heat
rate signifies a higher efficiency.

% EIA, Assumptions to the Annual Energy Outlook 2010 — Table 8-2, DOE/EIA-0554(2010), Energy Information Administration, U.S.
Department of Energy. http://www.eia.gov/oiaf/aeo/assumption/pdf/electricity tbls.pdf
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Exhibit 12: Life-Cycle Emissions as Delivered to Power Plants, 2008 (kg CO,e/MMBtu)
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Source: DBCCA Analysis 2011

Exhibit 13 shows the LCA in terms of GHG emissions per megawatt-hour of electricity generated from gas and coal,
using the national average power plant efficiencies. The gas value using the 2011 EPA methane emissions estimates
is 582 kg CO.e/MWh—or 11 percent higher than the 523 kg CO,e/MWh calculated using data for 2010 methodology.
The value for coal is 1,103 kg CO.e/MWh. Because coal plants are on average less efficient than gas plants, the
difference between gas and coal is greater than the fuel-only comparison at the burner tip prior to combustion and
conversion to electricity. Natural gas-fired electricity, using the 2011 methodology, has 47 percent lower life-
cycle GHG emissions per unit of electricity than coal-fired electricity.
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Exhibit 13: Electric Generating LCA, by Greenhouse Gas, 2008 (kg CO.e/MWh)

1,200 o
1,103
1,000 q-------mms oo oo Y - - - - -
Methane
® Non-Combustion CO2
800 - e B
™ Upstream Combustion
é ® Fuel Combustion
= 47% less than coal
E 600 - 53% less than coal EY7 I D
o
o
o
3
CNE EEEbERR EEEREEREEEEEEEEEREEEE  SEEREEEEEEEEEEEREREREE  EEEEREEEh
200 - I o B -
0

Natural Gas 2010 EPA Methodology Natural Gas 2011 EPA Methodology Coal

Source: DBCCA Analysis 2011

Conclusions

Our top-down LCA of natural gas and coal-based generation using publicly available data shows that the EPA'’s recent
revision of methane emissions increases the life-cycle GHG emissions for natural gas-fired electricity by about 11
percent from estimates based on the earlier values. Our conclusion is that, on average, natural gas-fired power
generation emits significantly fewer GHGs compared to coal-fired power generation. Life-cycle emissions for natural
gas generation using new EPA estimates are 47 lower than for coal-based generation when using a GWP of 25. The
impact of different GWPs to our LCA can be found in Appendix B.

Nevertheless, methane, despite its shorter lifetime than carbon dioxide, is of concern as a GHG. Compared to coal-
fired generation, methane emissions, including a large venting component, comprise a much larger share of natural-
gas generation’s GHGs. And while measurement of upstream emissions and public disclosure of those emissions still
has room for improvement, methane emissions during the production, processing, transport, storage, and distribution
of natural gas can be mitigated now at moderately low cost using existing technologies and best practices. Such
capture potential presents a commercial and investment opportunity that would further improve the life-cycle GHG
footprint of natural gas.
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Appendix A
Detailed Methodology and Calculations

Natural Gas

The natural gas LCA addresses emissions from extraction through electricity generation for 2008. The primary data
sources are the EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2009 and EIA data on natural
gas consumption3g. Exhibit A-1 shows the basic information on total emissions by industry segment for 2008. The
methane emissions are from the EPA Inventory and adjusted from a GWP of 21 to a GWP of 25. The non-combustion
CO, emissions are from the same source and include CO; from combustion of flared gas and the formation CO»
vented from gas processing plants. The CO, from combustion is primarily from the EIA data on gas consumption in the
gas industry. The gas consumed in the production segment is the “lease gas” reported by EIA, which is gas consumed
in the producing areas. EIA also reports “vented and flared gas,” which is assumed here to be all flared but is already
included in the EPA category of non-combustion emissions. The “processing” category includes the “plant gas”
reported by EIA, and “transmission” includes the pipeline and distribution fuel reported by EIA. The total upstream
emissions from these sources are 387.0 MMTCOse based on a 100 year GWP of 25.

Detailed data collection and verification, as well as LCA harmonization to common metrics and system boundaries are
critical for improving the rigor of LCA analysis. The National Renewable Energy Laboratory’s Joint Institute for
Strategic Energy Analysis, www.jisea.org, will be conducting such an evaluation in the coming months, which may
improve upon the historical data sets used by EPA.

Exhibit A-1: Basic U.S. Upstream Gas Emission Data for 2008 (MMTCOze)

Methane | Non-Combustion CO, | CO2 and N2O from Combustion
Production 146.3 11.3 47.2 204.8
Processing 18.7 214 194 59.5
Transmission 51.5 0.1 35.4 87.1
Distribution 35.6 35.6
I ol 2521 32.8 102.1 387.0

There are several additions to this basic information. First, there are some electric driven compressors on the pipeline
network. This electricity consumption of 2,936.6 million kWh is from the ORNL Transportation Data Book™. (That
estimate is based on a fixed share of 1.5 percent of the natural gas consumption.) The emission factor for electricity
throughout the analysis is 603 kg CO,/MWh, calculated from EIA data on total generation and CO, emissions. This
electricity consumption adds 1.8 MMTCOe to the pipeline emissions. There is also diesel fuel, gasoline and other
petroleum fuel used in gas drilling and production that is not separately reported by EIA. This information is collected

by the Economic Census**Error! Bookmark not defined. but only by NAICS code and only every 10 years
(the latest reporting year is 2007). The four relevant NAICS codes are: 211111 (crude petroleum and natural gas
extraction); 211112 (natural gas liquid extraction); 213111 (drilling oil and gas wells); and 213112 (support activities for
oil and gas operations).

Three of these codes (excepting NGL extraction) combine data for oil and gas operation. The gas portion is calculated
based on the gas share of U.S. producing oil and gas wells (55.4 percent) or active drilling rigs (83.2 percent). Also,
the Census lists expenditures only by fuel type. The actual consumption is estimated from the expenditures based on
average price for each fuel. The consumption is then converted to CO, emissions using the emission factors from the
EPA GHG Reporting Program. These emissions are then escalated from 2007 to 2008 based on EIA data for
production (3.9 percent increase). The calculations are summarized in Exhibit A-2. Total emissions for this segment
are 7.2 MMTCOze.

39 EIA, Natural gas navigator. Natural gas gross withdrawals and production. http://www.eia.gov/dnav/ing/ng_prod_sum_dcu_NUS_m.htm
“CORNL, Transportation Energy Data Book, Oak Ridge National Laboratory, U.S. Department of Energy, June 2010,
http://cta.ornl.gov/data/index.shtml

41 U.S. Department of Commerce, Census of Mining 2007, Census Bureau, U.S. Department of Census
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Exhibit A-2: Gas Industry Upstream Non-Gas Emissions

Energy Consumption (MMBtu)

NAICS Distillate Gasoline Other Residual Oil Undistributed
211111 Extraction 29,055,998] 10,031,608 -- 6,539,144 8,502,932
211112 NGL Extraction 288,585 352,861| 66,627 -- 168,613
213111 Drilling 10,014,334| 3,808,638|551,713 3,967,479 5,446,747
213112 Support 20,671,552| 13,157,404 893,604 7,166,105 4,389,137

CO, Emission Factors Distillate Gasoline Other Residual Oil Other
73.96 70.22| 62.98 75.1 62.98

CO, Emissions (MMTCO,e)
Extraction

211112 NGL Extraction

213111 Drilling

213112 Support

Gas Share of Emissions (MMTCO,e)
Extraction

211112 NGL Extraction

213111 Drilling

213112 Support

Source: EPA, ORNL, Census Bureau, DBCCA Analysis 2011

Another adjustment is for methane emissions from “associated” gas produced from oil wells. Most oil wells produce
gas, much of which is captured and delivered to consumers. The EPA Inventory of U.S. GHG Emissions estimates
methane emissions from petroleum systems to be approximately 30 MMTCOge per year.

Since some domestic natural gas is co-produced with petroleum, one could consider all of these emissions be
included in the life-cycle analysis of emissions from the natural gas sector. However, the natural gas produced and the
methane emissions are a byproduct of petroleum production. Methane emissions would occur even if no natural gas
were captured and delivered for end-use consumption. In fact, the emissions might actually be higher in that case
since there would be no economic incentive to capture the gas. One could also therefore maintain that it is not
appropriate to count the methane emissions from petroleum production toward gas use, since they are independent of
the production of gas and are related to petroleum consumption.

On the other hand, associated gas produced from oil wells is a significant segment of U.S. gross withdrawals of
natural gas, and if there are methane emissions associated with that production, it seems appropriate to include them
in the life-cycle analysis, even if the production is incidental to oil production. In that case, we have to evaluate how
much of the methane emissions to allocate to gas production versus petroleum production.

The EPA inventory separates the methane emissions from petroleum systems at the wellhead oil separator. Methane
emitted on the oil side downstream from the separator is allocated to the petroleum side, and methane emitted on the
natural gas side is allocated to the natural gas side. The part that must be allocated here is the upstream production
emissions, of which the largest components are miscellaneous venting and fugitives and venting from gas-powered
pneumatic devices. The approach in this analysis is to simply allocate these emissions based on the energy value of
oil versus gas produced from these wells.
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According to the EIA, the gross production of natural gas from petroleum wells in 2008 was 5.7 trillion cubic feet
(ch)42. However, much of this gas (3.3 Tcf) was not gathered for sale but was reinjected into the producing formation.
Some of the gas is reinjected to push more oil out of the formation. Most of the reinjection (3.0 Tcf) is from Alaska
production where there is no pipeline to bring the gas to market. It is reinjected as a means of storage until the time
when a pipeline may be built to the lower 48 states. In any case, the associated gas actually produced for potential
sale is 2.5 Tcf. On an energy basis, this is 20 percent energy value of the net associated gas plus the 1.8 billion
barrels of U.S. oil production in 2008.

Of the methane emission sources in petroleum production, we include pneumatic device venting, combustion and
process upsets, miscellaneous venting and fugitives, and wellhead fugitives. Tank venting is not included because it is
purely related to oil production. Total methane emissions for these sources in 2008 were 25.6 MMTCO.e, according to
the EPA inventory. Taking 20 percent of this total gives 5.0 MMTCO-e of additional methane emissions to allocate to
the natural gas LCA, increasing the unadjusted emission baseline by 1.4 percent.

With these additions (electricity, non-gas fuel, and methane from petroleum systems), total upstream gas production
emissions are 402.0 MMTCOze.

The total emissions are then adjusted for imports. The calculations above include emissions for U.S. production, but a
net 13 percent of natural gas was imported in 2008. Of this, 11.7 percent was imported by pipeline from Mexico and
Canada (mostly the latter). This analysis assumes that production processes are similar throughout North America, so
the production emissions are escalated by 11.7 percent to account for the pipeline imports. The remaining 1.3 percent
of imports were LNG imports. LNG has a higher LCA than conventional gas due to gasification, liquefaction, and
transportation processes. The LCA for LNG is estimated at 176 percent of conventional gas based on the LCA
performed by NETL® The production emissions for the LNG component are increased by this amount. The adjustment
for imports is the largest adjustment, increasing the emissions by about 39 MMTCO.e, or 10 percent.

The other adjustment in this analysis is related to fugitive methane emissions from gas distribution lines at local gas
distribution companies (LDCs). Methane emissions from local distribution lines are 35.6 MMTCOze (at 25 GWP), but
many power plants receive gas deliveries directly from interstate pipelines rather than via local distribution lines.
Relatively few power plants actually purchase gas from LDCs, but some receive gas deliveries from the LDCs. The
EIA-176 survey43 provides data on deliveries by LDCs to electric generators; however, these reported deliveries total
6.5 Tcf, which is almost equal to total gas consumption for electricity generation. This is because intrastate pipeline
deliveries in California, Texas, and Florida are included in the EIA-176 survey. Excluding these three states, 59
percent of gas to electric generators is delivered by LDCs. Based on this, only 59 percent of the distribution company
methane emissions are included in the adjusted values. This adjustment decreases the emissions by about 17
MMTCOze, or 4 percent. Exhibit A-3 shows the adjusted final upstream GHG emissions for natural gas: 423.8
MMTCOe. Methane emissions account for more than half of the total.

Exhibit A-3: Adjusted Total Upstream GHG Emissions from Natural Gas for 2008, using EPA 2011
Methodology for Methane (MMTCO,e)

Methane | Non-Combustion CO, | CO; and N,O from Combustion
Production 173.7 12.9 62.2 248.7
Processing 21.3 24.4 22.2 67.9
Transmission 515 0.1 37.2 88.8
Distribution 18.3 0.0 0.0 18.3
I ol 2649 374 1215 4238

These total emissions are then normalized to kg CO.e/MMBtu of delivered natural gas based on the EIA data on
natural gas delivered to consumers: 21.4 trillion cubic feet (Tcf). The total normalized upstream emissions are 19.2 kg
CO,e/MMBtu. (See Exhibit A-4.) The emissions for combustion of the gas at the point of use are 53.07 kg

42 EIA, Natural gas navigator. Natural gas gross withdrawals and production. http://www.eia.gov/dnav/ing/ng_prod_sum_dcu_NUS_m.htm
“EIA, EIA-176, "Annual Report of Natural and Supplemental Gas Supply and Disposition”, Energy Information Administration, U.S.
Department of Energy. http://www.eia.gov/cfapps/nggs/nggs.cfm?f report=RP1&CFID=5251631&CFTOKEN=51c7{7f0104e329d-3FD56B17-
237D-DA68-24412047FB2CE3CB

23 Comparing Life Cycle Greenhouse Gas Emissions from Natural Gas and Coal



Deutsche Bank Group
DB Climate Change Advisors /

Comparing Life Cycle Greenhouse Gas Emissions from Natural Gas and Coal

CO.e/MMBtu (including N2O and unburned methane), so the total life-cycle GHG emissions at the point of use are
70.4 kg CO2e/MMBtu. Of this, the upstream emissions are 24 percent and methane is slightly over half of the
upstream component.

Exhibit A-4: Normalized Life-cycle GHG Emissions for Natural Gas for 2008, using 2011 EPA Methodology for
Methane (kg CO,/MMBtu)

Methane | Non-Combustion CO, | CO; and N2O from Combustion _
Production 7.9 0.6 2.8 11.3
Processing 1.0 1.1 1.0 3.1
Transmission 2.3 0.0 1.7 4.0
Distribution 0.8 0.0 0.0 0.8
12.0 1.7 5.5 19.2
Fuel Combustion 0 0 53.1 53.1
Total 12.0 1.7 58.6 72.3

The same methodology is applied using EPA’s 2010 estimate of methane emissions, to show the effect of the
updated, increased 2011 methane emission estimate. Exhibits A-5 and A-6 show the total and normalized emissions
for this case. The normalized upstream emissions with the old data are 12.0 kg COze/MMBtu. Including the end-use
gas combustion; total life-cycle emissions including end-use combustion are 65.1 kg CO,/MMBtu, with the upstream
portion accounting for 20 percent. In this case, methane makes up only about 40 percent of the upstream gas GHG
footprint.

Exhibit A-5: Adjusted Total Upstream GHG Emissions from Natural Gas, 2008, using 2010 EPA Methodology
for Methane (MMTCOze)

Methane | Non-Combustion CO, | CO, and N,O from Combustion _
Production 25.9 9.7 62.2 97.8
Processing 17.7 24.4 22.2 64.2
Transmission 46.9 0.1 37.2 84.2
Distribution 18.3 0.0 0.0 18.3
| o] 1088 34.2 1215 264.6

Exhibit A-6: Normalized Life-cycle GHG Emissions for Natural Gas for 2008, using 2010 EPA Methodology for
Methane (kg CO,/MMBtu)

Methane | Non-Combustion CO, | CO; and N2O from Combustion _
Production 1.2 0.4 2.8 4.4
Processing 0.8 1.1 1.0 2.9
Transmission 2.1 0.0 1.7 3.8
Distribution 0.8 0.0 0.0 0.8
4.9 1.6 5.5 12.0
Fuel Combustion 0 0 53.1 53.1
Total 4.9 1.6 58.6 65.1
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Coal LCA

The upstream energy consumption for coal production is calculated using the 2007 Economic Census* data on fuel
and electricity consumption in the same way as the non-gas fuel for gas production. In this case, there is a separate
NAICS code for coal production, so no adjustments are necessary. The same CO, emission factors and the emission
factor for electricity use are used as for the data on gas production. (See Exhibit A-7.) The values are adjusted from
2007 to 2008 based on the production in each year—a 2.2 percent increase. The total CO, emissions from energy
consumption for coal production are 14.0 MMTCOze. Methane emissions from coal mines of 67.1 MMTCOe (79.9 at
25 GWP) are taken from the EPA GHG inventory. Methane from abandoned coal mines is not included.

Exhibit A-7: Upstream GHG Calculation for Coal

Distillate Natural Gas Gasoline Residual Oil Other Electricity (MWh)

3,607,020 52,597,178 2,487,920 4,846,529 25,739,212 2,039,820 11,444,477
94.38 73.96 53.02 70.22 75.10 62.98 603.01
0.34 3.89 0.13 0.34 1.93 0.13 6.90

MMBtu
kg CO2/MMBtu
MMTCO2e

The estimate of transportation emissions is based on the Commodity Flow Summary45 developed by the U.S.
Department of Transportation and Census Bureau, which provides information on ton-miles of coal transported by
different modes. Rail is the primary mode of transportation, with rail-only accounting for 91 percent of the ton-miles
and rail and other modes (truck and barge) accounting for the remainder. This analysis applies a ton-mile fuel
consumption factor*® *” 8 to calculate fuel consumption and converts the fuel consumption to CO, using the same
EPA emission factors used for other sectors. (See Exhibit A-8.) For mixed mode, rail or barge are assumed to account
for 75 percent of the ton-miles and truck for 50 percent. Most coal is delivered via dedicated equipment—e.g., a coal
unit train travels only to and from the mine to the power plant. Thus, the fuel consumed in returning empty to the mine
must be included. This analysis assumes 100-percent empty return as part of the energy consumption, with the empty
fuel consumption being one-third of the loaded consumption based on the weight of the empty vehicle. The total
consumption calculated is 23.9 MMTCO:..

Exhibit A-8: GHG Calculation for Coal Transportation

Mode Ton-Miles (million) Fuel Consumption (ton-mi/gal) GHG Emissions (MMTCO2) Round-Trip Emissions (MMTCO2)

Truck 14,002 110.00 1.28 1.67
Rail 773,290 480.00 16.26 21.13
Water 6,548 730.00 0.09 0.12
Truck and rail 785 388.00 0.02 0.03
Truck and water 7,257 575.00 0.13 0.17
Rail and water 26,994 605.00 0.45 0.59
Other multiple modes 4,353 480.00 0.09 0.12
Other and unknown modes 2,567 480.00 0.05 0.07
Total 835,796 - 18.38 23.89

In the case of coal, the U.S. is a net exporter of about 4 percent of its production, so the total production emissions are
adjusted downward by this amount to calculate the emissions attributable to coal consumed in the U.S. Exhibit A-9
shows the final adjusted upstream emissions: 117.8 MMTCOe.

4 y.s. Department of Commerce, Census of Mining 2007, Census Bureau, U.S. Department of Census

4U.S. Department of Transportation, Research and Innovative Technology Administration, Bureau of Transportation Statistics and U.S.
Census Bureau, 2007 Commodity Flow Survey.

46 Federal Railroad Administration, “Comparative Evaluation of Rail and Truck Fuel Efficiency on Competitive Corridors”, November 19, 2009.
47 Army Corps of Engineers, “Waterborne Commerce Statistics Center”, http://www.ndc.iwr.usace.army.mil/data/datal.htm

48 American Railroad Association
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Exhibit A-9: Adjusted Total Upstream GHG Emissions from Coal, 2008 (MMTCOze)

Methane | Non-Combustion CO, | CO, and N,O from Combustion _
Production 79.9 0.0 14.0 939
Transportation 0.0 0.0 23.9 23.9

i 79.9 0.0 37.9 117.8

These values are then normalized by the total 2008 consumption of coal in the U.S. of 1,147 million tons of coal,
assuming an average heating value of 10,250 Btu/lb.*° This yields a normalized upstream emission factor of 4.3 kg
CO,/MMBtu consumed. (See Exhibit A-10.) The value is about 25 percent of the upstream emissions from natural gas.
The emission factor for combustion of coal is 95.1 kg CO,e/MMBLtu, bringing the total end use life-cycle emissions to
99.9 kg CO2/MMBLu. In this case, although methane is still 63 percent of the upstream emissions, the upstream
component is only 4 percent of the total, with the CO, emissions from the coal itself being the dominant factor.

Exhibit A-10: Normalized Upstream GHG Emissions for Coal for 2008 (kg CO2/MMBtu)

Methane | CO, and N,O from Combustion _
Production 3.3 0.6 3.9
Transportation 0.0 1.0 1.0
Coal Combustion 0.0 95.1 95.1
End Use Total 3.3 96.6 99.9

Electricity Generation
The efficiency50 of the electric generator is one of the most significant variables in estimating the GHG emissions per
MWh of electricity. This analysis looks at two values:

o National average efficiency values based on EIA data®* °2 *** for total gas or coal consumption for generation
and total generation by each fuel. (See Exhibit A-11.)

» Efficiency® for new power plants assumed by the EIA in its Annual Energy Outlook 2010%. EIA provides a
value for a new plant in 2009 and for subsequent plants (“nth plant”) of each type for which the cost may be lower
due to learning and production improvement. The values used here are the average of the values for a gas
combined-cycle plant (6,998 Btu/kWh, 49 percent efficiency) and a new supercritical coal plant (8,970 Btu/kWh,
38 percent efficiency). (See Exhibit A-12.)

Exhibit A-11: Calculation of Average Power Plant Efficiencies

Energy Consumption (Quads) Generation (Billion kWh) Heat Rate (Btu / kWh)
7 883.00 8,044.00 0.42
22 1,986.00 11,044.00 0.31

“ EIA, Annual Coal Data, Energy Information Administration, U.S. Department of Energy,
http://www.eia.gov/totalenergy/data/annual/pdf/sec7_5.pdf

® The power industry uses efficiency and heat rate to express power plant efficiency. Heat rate is Btu/kWh = 3413/efficiency. A lower heat
rate signifies a higher efficiency.

L EIA, Electric Power Monthly, Energy Information Administration, U.S. Department of Energy,
http://www.eia.doe.gov/cneaf/electricity/epm/table2_4 a.html

°2 E|A, Electric Power Monthly, Energy Information Administration, U.S. Department of Energy, http://www.eia.doe.gov/aer/txt/ptb0802a.html
%3 EIA, Annual Energy Review, Energy Information Administration, U.S. Department of Energy,
http://www.eia.doe.gov/cneaf/electricity/epm/table2 1 a.html

¥ EIA, Quarterly Coal Report, U.S. Department of Energy, http://www.eia.gov/cneaf/coal/quarterly/html/t32p01p1.pdf
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Exhibit A-12: Effect of Power Plant Heat Rate on Life-Cycle Emissions
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Source: DBCCA analysis, 2011.
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Appendix B
Effect of Global Warming Potential (GWP)

Methane is a potent GHG and its effect varies depending on the lifetime over which it is evaluated. The IPCC uses a
100 year lifetime for its analysis and a 100 year GWP of 25 for methane. Others believe that short-lived GHGs should
be evaluated on a 20 year lifetime.

In its recently completed study on natural gas, MIT explains the reasons that a 100 GWP is commonly used:

“Because the various GHGs have different lives in the atmosphere (e.g., on the scale of a decade for
methane, but centuries for CO;), the calculation of GWPs depends on the integration period. Early studies
calculated this index for 20-, 100- and 500-year integration periods. The IPCC decided to use the 100-year
measure, and it is a procedure followed by the U.S. and other countries over several decades. An outlier in
this domain is the Cornell study which recommends the application of the 20-year value in inter-fuel
comparison. A 20-year GWP would emphasize the near-term impact of methane but ignore serious longer-
term risks of climate change from GHGs that will remain in the atmosphere for hundreds to thousands of
years, and the 500-year value would miss important effects over the current century. Methane is a more
powerfléLGHG than CO,, and its combination of potency and short life yields the 100-year GWP used in this
study.”

In addition, scientific work continues on the agpropriate GWPs for different GHGs. Although the IPCC 20-year GWP
for methane is 72, new work by Shindell et al’* proposes a 20-year GWP of 105 for methane. Exhibit B-1 above
shows the effect of different methane GWPs on the LCA using the EPA 2011 methodology. Since methane is a much
larger component of the LCA for natural gas, the GWP has a much larger effect on gas than coal. Going from the 100
year GWP to the 20-year GWP of 72 increases life-cycle emissions for natural gas by 31 percent and for coal by only
6 percent. At the GWP of 72, the power plant emissions for natural gas are 35 percent lower than those for coal. At the
105 GWP, the emissions for the gas-fired plant are 27 percent lower than those for coal.

Exhibit B-1: Effect of Methane GWP on Life-Cycle Emissions
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Source: DBCCA Analysis 2011

% The Future of Natural Gas, Moniz, Ernest J.; Jacoby, Henry D.; Meggs, Anthony J.M. (Study co-chairs), MIT Energy Initiative, 2011.
57 Shindell DT, Faluvegi G, Koch DM, Schmidt GA, Unger N, Bauer SE (2009) Improved attribution of climate forcing to emissions. Science
326:716-718
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Abstract We evaluate the greenhouse gas footprint of natural gas obtained by high-
volume hydraulic fracturing from shale formations, focusing on methane emissions.
Natural gas is composed largely of methane, and 3.6% to 7.9% of the methane from
shale-gas production escapes to the atmosphere in venting and leaks over the life-
time of a well. These methane emissions are at least 30% more than and perhaps
more than twice as great as those from conventional gas. The higher emissions from
shale gas occur at the time wells are hydraulically fractured—as methane escapes
from flow-back return fluids—and during drill out following the fracturing. Methane
is a powerful greenhouse gas, with a global warming potential that is far greater
than that of carbon dioxide, particularly over the time horizon of the first few
decades following emission. Methane contributes substantially to the greenhouse
gas footprint of shale gas on shorter time scales, dominating it on a 20-year time
horizon. The footprint for shale gas is greater than that for conventional gas or oil
when viewed on any time horizon, but particularly so over 20 years. Compared to
coal, the footprint of shale gas is at least 20% greater and perhaps more than twice
as great on the 20-year horizon and is comparable when compared over 100 years.

Keywords Methane - Greenhouse gases - Global warming - Natural gas - Shale gas -
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Transitional fuel - Global warming potential - GWP
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Many view natural gas as a transitional fuel, allowing continued dependence on
fossil fuels yet reducing greenhouse gas (GHG) emissions compared to oil or coal
over coming decades (Pacala and Socolow 2004). Development of “unconventional”
gas dispersed in shale is part of this vision, as the potential resource may be large, and
in many regions conventional reserves are becoming depleted (Wood et al. 2011).
Domestic production in the U.S. was predominantly from conventional reservoirs
through the 1990s, but by 2009 U.S. unconventional production exceeded that of
conventional gas. The Department of Energy predicts that by 2035 total domestic
production will grow by 20%, with unconventional gas providing 75% of the total
(EIA 2010a). The greatest growth is predicted for shale gas, increasing from 16% of
total production in 2009 to an expected 45% in 2035.

Although natural gas is promoted as a bridge fuel over the coming few decades,
in part because of its presumed benefit for global warming compared to other fossil
fuels, very little is known about the GHG footprint of unconventional gas. Here, we
define the GHG footprint as the total GHG emissions from developing and using the
gas, expressed as equivalents of carbon dioxide, per unit of energy obtained during
combustion. The GHG footprint of shale gas has received little study or scrutiny,
although many have voiced concern. The National Research Council (2009) noted
emissions from shale-gas extraction may be greater than from conventional gas. The
Council of Scientific Society Presidents (2010) wrote to President Obama, warning
that some potential energy bridges such as shale gas have received insufficient analy-
sis and may aggravate rather than mitigate global warming. And in late 2010, the U.S.
Environmental Protection Agency issued a report concluding that fugitive emissions
of methane from unconventional gas may be far greater than for conventional gas
(EPA 2010).

Fugitive emissions of methane are of particular concern. Methane is the major
component of natural gas and a powerful greenhouse gas. As such, small leakages are
important. Recent modeling indicates methane has an even greater global warming
potential than previously believed, when the indirect effects of methane on at-
mospheric aerosols are considered (Shindell et al. 2009). The global methane budget
is poorly constrained, with multiple sources and sinks all having large uncertainties.
The radiocarbon content of atmospheric methane suggests fossil fuels may be a far
larger source of atmospheric methane than generally thought (Lassey et al. 2007).

The GHG footprint of shale gas consists of the direct emissions of CO, from end-
use consumption, indirect emissions of CO; from fossil fuels used to extract, develop,
and transport the gas, and methane fugitive emissions and venting. Despite the high
level of industrial activity involved in developing shale gas, the indirect emissions
of CO, are relatively small compared to those from the direct combustion of the
fuel: 1 to 1.5 g C MJ~! (Santoro et al. 2011) vs 15 g C MJ~! for direct emissions
(Hayhoe et al. 2002). Indirect emissions from shale gas are estimated to be only
0.04 to 0.45 g C MJ~! greater than those for conventional gas (Wood et al. 2011).
Thus, for both conventional and shale gas, the GHG footprint is dominated by the
direct CO, emissions and fugitive methane emissions. Here we present estimates for
methane emissions as contributors to the GHG footprint of shale gas compared to
conventional gas.

Our analysis uses the most recently available data, relying particularly on a
technical background document on GHG emissions from the oil and gas industry
(EPA 2010) and materials discussed in that report, and a report on natural gas
losses on federal lands from the General Accountability Office (GAO 2010). The

@ Springer



Climatic Change

EPA (2010) report is the first update on emission factors by the agency since
1996 (Harrison et al. 1996). The earlier report served as the basis for the national
GHG inventory for the past decade. However, that study was not based on random
sampling or a comprehensive assessment of actual industry practices, but rather only
analyzed facilities of companies that voluntarily participated (Kirchgessner et al.
1997). The new EPA (2010) report notes that the 1996 “study was conducted at
a time when methane emissions were not a significant concern in the discussion
about GHG emissions” and that emission factors from the 1996 report “are outdated
and potentially understated for some emissions sources.” Indeed, emission factors
presented in EPA (2010) are much higher, by orders of magnitude for some sources.

1 Fugitive methane emissions during well completion

Shale gas is extracted by high-volume hydraulic fracturing. Large volumes of water
are forced under pressure into the shale to fracture and re-fracture the rock to
boost gas flow. A significant amount of this water returns to the surface as flow-
back within the first few days to weeks after injection and is accompanied by large
quantities of methane (EPA 2010). The amount of methane is far more than could
be dissolved in the flow-back fluids, reflecting a mixture of fracture-return fluids
and methane gas. We have compiled data from 2 shale gas formations and 3 tight-
sand gas formations in the U.S. Between 0.6% and 3.2% of the life-time production
of gas from wells is emitted as methane during the flow-back period (Table 1).
We include tight-sand formations since flow-back emissions and the patterns of gas
production over time are similar to those for shale (EPA 2010). Note that the rate of
methane emitted during flow-back (column B in Table 1) correlates well to the initial
production rate for the well following completion (column C in Table 1). Although
the data are limited, the variation across the basins seems reasonable: the highest
methane emissions during flow-back were in the Haynesville, where initial pressures
and initial production were very high, and the lowest emissions were in the Ulinta,
where the flow-back period was the shortest and initial production following well
completion was low. However, we note that the data used in Table 1 are not well
documented, with many values based on PowerPoint slides from EPA-sponsored
workshops. For this paper, we therefore choose to represent gas losses from flow-
back fluids as the mean value from Table 1: 1.6%.

More methane is emitted during “drill-out,” the stage in developing unconven-
tional gas in which the plugs set to separate fracturing stages are drilled out to release
gas for production. EPA (2007) estimates drill-out emissions at 142 x 10° to 425 x
10° m? per well. Using the mean drill-out emissions estimate of 280 x 10° m*® (EPA
2007) and the mean life-time gas production for the 5 formations in Table 1 (85 x
10° m?), we estimate that 0.33% of the total life-time production of wells is emitted as
methane during the drill-out stage. If we instead use the average life-time production
for a larger set of data on 12 formations (Wood et al. 2011), 45 x 10° m?, we estimate a
percentage emission of 0.62%. More effort is needed to determine drill-out emissions
on individual formation. Meanwhile, in this paper we use the conservative estimate
of 0.33% for drill-out emissions.

Combining losses associated with flow-back fluids (1.6%) and drill out (0.33%),
we estimate that 1.9% of the total production of gas from an unconventional shale-gas
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Table 2 Fugitive methane emissions associated with development of natural gas from conventional
wells and from shale formations (expressed as the percentage of methane produced over the lifecycle
of a well)

Conventional gas Shale gas
Emissions during well completion 0.01% 1.9%
Routine venting and equipment leaks at well site 0.3t01.9% 0.3t01.9%
Emissions during liquid unloading 0to0 0.26% 010 0.26%
Emissions during gas processing 010 0.19% 010 0.19%
Emissions during transport, storage, and distribution 1.4t03.6% 1.4t03.6%
Total emissions 1.7 t0 6.0% 3.6t07.9%

See text for derivation of estimates and supporting information

well is emitted as methane during well completion (Table 2). Again, this estimate is
uncertain but conservative.

Emissions are far lower for conventional natural gas wells during completion,
since conventional wells have no flow-back and no drill out. An average of 1.04 x
10® m? of methane is released per well completed for conventional gas (EPA 2010),
corresponding to 1.32 x 10° m? natural gas (assuming 78.8% methane content of
the gas). In 2007, 19,819 conventional wells were completed in the US (EPA 2010),
so we estimate a total national emission of 26 x 10° m? natural gas. The total
national production of onshore conventional gas in 2007 was 384 x 10° m*® (EIA
2010b). Therefore, we estimate the average fugitive emissions at well completion for
conventional gas as 0.01% of the life-time production of a well (Table 2), three orders
of magnitude less than for shale gas.

2 Routine venting and equipment leaks

After completion, some fugitive emissions continue at the well site over its lifetime.
A typical well has 55 to 150 connections to equipment such as heaters, meters, dehy-
drators, compressors, and vapor-recovery apparatus. Many of these potentially leak,
and many pressure relief valves are designed to purposefully vent gas. Emissions
from pneumatic pumps and dehydrators are a major part of the leakage (GAO 2010).
Once a well is completed and connected to a pipeline, the same technologies are used
for both conventional and shale gas; we assume that these post-completion fugitive
emissions are the same for shale and conventional gas. GAO (2010) concluded that
0.3% to 1.9% of the life-time production of a well is lost due to routine venting and
equipment leaks (Table 2). Previous studies have estimated routine well-site fugitive
emissions as approximately 0.5% or less (Hayhoe et al. 2002; Armendariz 2009) and
0.95% (Shires et al. 2009). Note that none of these estimates include accidents or
emergency vents. Data on emissions during emergencies are not available and have
never, as far as we can determine, been used in any estimate of emissions from
natural gas production. Thus, our estimate of 0.3% to 1.9% leakage is conservative.
As we discuss below, the 0.3% reflects use of best available technology.

Additional venting occurs during “liquid unloading.” Conventional wells fre-
quently require multiple liquid-unloading events as they mature to mitigate water
intrusion as reservoir pressure drops. Though not as common, some unconventional
wells may also require unloading. Empirical data from 4 gas basins indicate that 0.02
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to 0.26% of total life-time production of a well is vented as methane during liquid
unloading (GAO 2010). Since not all wells require unloading, we set the range at 0
t0 0.26% (Table 2).

3 Processing losses

Some natural gas, whether conventional or from shale, is of sufficient quality to be
“pipeline ready” without further processing. Other gas contains sufficient amounts of
heavy hydrocarbons and impurities such as sulfur gases to require removal through
processing before the gas is piped. Note that the quality of gas can vary even within a
formation. For example, gas from the Marcellus shale in northeastern Pennsylvania
needs little or no processing, while gas from southwestern Pennsylvania must be
processed (NYDEC 2009). Some methane is emitted during this processing. The
default EPA facility-level fugitive emission factor for gas processing indicates a loss
of 0.19% of production (Shires et al. 2009). We therefore give a range of 0% (i.e. no
processing, for wells that produce “pipeline ready” gas) to 0.19% of gas produced as
our estimate of processing losses (Table 2). Actual measurements of processing plant
emissions in Canada showed fourfold greater leakage than standard emission factors
of the sort used by Shires et al. (2009) would indicate (Chambers 2004), so again, our
estimates are very conservative.

4 Transport, storage, and distribution losses

Further fugitive emissions occur during transport, storage, and distribution of natural
gas. Direct measurements of leakage from transmission are limited, but two studies
give similar leakage rates in both the U.S. (as part of the 1996 EPA emission factor
study; mean value of 0.53%; Harrison et al. 1996; Kirchgessner et al. 1997) and in
Russia (0.7% mean estimate, with a range of 0.4% to 1.6%; Lelieveld et al. 2005).
Direct estimates of distribution losses are even more limited, but the 1996 EPA
study estimates losses at 0.35% of production (Harrison et al. 1996; Kirchgessner
et al. 1997). Lelieveld et al. (2005) used the 1996 emission factors for natural gas
storage and distribution together with their transmission estimates to suggest an
overall average loss rate of 1.4% (range of 1.0% to 2.5%). We use this 1.4% leakage
as the likely lower limit (Table 2). As noted above, the EPA 1996 emission estimates
are based on limited data, and Revkin and Krauss (2009) reported “government
scientists and industry officials caution that the real figure is almost certainly higher.”
Furthermore, the IPCC (2007) cautions that these “bottom-up” approaches for
methane inventories often underestimate fluxes.

Another way to estimate pipeline leakage is to examine “lost and unaccounted for
gas,” e.g. the difference between the measured volume of gas at the wellhead and that
actually purchased and used by consumers. At the global scale, this method has esti-
mated pipeline leakage at 2.5% to 10% (Crutzen 1987; Cicerone and Oremland 1988;
Hayhoe et al. 2002), although the higher value reflects poorly maintained pipelines in
Russia during the Soviet collapse, and leakages in Russia are now far less (Lelieveld
et al. 2005; Reshetnikov et al. 2000). Kirchgessner et al. (1997) argue against this
approach, stating it is “subject to numerous errors including gas theft, variations in
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temperature and pressure, billing cycle differences, and meter inaccuracies.” With
the exception of theft, however, errors should be randomly distributed and should
not bias the leakage estimate high or low. Few recent data on lost and unaccounted
gas are publicly available, but statewide data for Texas averaged 2.3% in 2000 and
4.9% in 2007 (Percival 2010). In 2007, the State of Texas passed new legislation to
regulate lost and unaccounted for gas; the legislation originally proposed a 5% hard
cap which was dropped in the face of industry opposition (Liu 2008; Percival 2010).
We take the mean of the 2000 and 2007 Texas data for missing and unaccounted gas
(3.6%) as the upper limit of downstream losses (Table 2), assuming that the higher
value for 2007 and lower value for 2000 may potentially reflect random variation in
billing cycle differences. We believe this is a conservative upper limit, particularly
given the industry resistance to a 5% hard cap.

Our conservative estimate of 1.4% to 3.6% leakage of gas during transmission,
storage, and distribution is remarkably similar to the 2.5% “best estimate” used by
Hayhoe et al. (2002). They considered the possible range as 0.2% and 10%.

5 Contribution of methane emissions to the GHG footprints
of shale gas and conventional gas

Summing all estimated losses, we calculate that during the life cycle of an average
shale-gas well, 3.6 to 7.9% of the total production of the well is emitted to the
atmosphere as methane (Table 2). This is at least 30% more and perhaps more
than twice as great as the life-cycle methane emissions we estimate for conventional
gas, 1.7% to 6%. Methane is a far more potent GHG than is CO,, but methane
also has a tenfold shorter residence time in the atmosphere, so its effect on global
warming attenuates more rapidly (IPCC 2007). Consequently, to compare the global
warming potential of methane and CO,; requires a specific time horizon. We follow
Lelieveld et al. (2005) and present analyses for both 20-year and 100-year time
horizons. Though the 100-year horizon is commonly used, we agree with Nisbet et al.
(2000) that the 20-year horizon is critical, given the need to reduce global warming
in coming decades (IPCC 2007). We use recently modeled values for the global
warming potential of methane compared to CO;: 105 and 33 on a mass-to-mass basis
for 20 and 100 years, respectively, with an uncertainty of plus or minus 23% (Shindell
et al. 2009). These are somewhat higher than those presented in the 4th assessment
report of the IPCC (2007), but better account for the interaction of methane with
aerosols. Note that carbon-trading markets use a lower global-warming potential
yet of only 21 on the 100-year horizon, but this is based on the 2nd IPCC (1995)
assessment, which is clearly out of date on this topic. See Electronic Supplemental
Materials for the methodology for calculating the effect of methane on GHG in terms
of CO, equivalents.

Methane dominates the GHG footprint for shale gas on the 20-year time horizon,
contributing 1.4- to 3-times more than does direct CO, emission (Fig. 1a). At this
time scale, the GHG footprint for shale gas is 22% to 43% greater than that for
conventional gas. When viewed at a time 100 years after the emissions, methane
emissions still contribute significantly to the GHG footprints, but the effect is
diminished by the relatively short residence time of methane in the atmosphere. On
this time frame, the GHG footprint for shale gas is 14% to 19% greater than that for
conventional gas (Fig. 1b).

@ Springer



Climatic Change

A. 20-year time horizon
75 1

60 +

30 ~
15 A
o_

Grams Carbon per MJ

E Methane
M Indirect CO2
M Direct CO2

|||I1

Shale Gas Conventional Gas

B. 100-year time horizon
75 7

60 -

30 4

Grams Carbon per MJ

Low Estimate ngh Estimate | Low Estimate | High Estimate

Surface-mined| Deep-Mined

Coal Diesel Oil

B Methane
M Indirect CO2
H DirectCO2

dITRRAN]

Shale Gas Conventional Gas

Low Estimate ‘ High Estimate | Low Estimate | High Estimate | Surface-mined| Deep-Mined

Coal Diesel Oil

Fig. 1 Comparison of greenhouse gas emissions from shale gas with low and high estimates of
fugitive methane emissions, conventional natural gas with low and high estimates of fugitive methane
emissions, surface-mined coal, deep-mined coal, and diesel oil. a is for a 20-year time horizon, and
b is for a 100-year time horizon. Estimates include direct emissions of CO, during combustion (blue
bars), indirect emissions of CO;, necessary to develop and use the energy source (red bars), and
fugitive emissions of methane, converted to equivalent value of CO, as described in the text (pink
bars). Emissions are normalized to the quantity of energy released at the time of combustion. The
conversion of methane to CO, equivalents is based on global warming potentials from Shindell et al.
(2009) that include both direct and indirect influences of methane on aerosols. Mean values from
Shindell et al. (2009) are used here. Shindell et al. (2009) present an uncertainty in these mean values

of plus or minus 23 %, which is not included in this figure
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6 Shale gas versus other fossil fuels

Considering the 20-year horizon, the GHG footprint for shale gas is at least 20%
greater than and perhaps more than twice as great as that for coal when expressed per
quantity of energy available during combustion (Fig. 1a; see Electronic Supplemental
Materials for derivation of the estimates for diesel oil and coal). Over the 100-year
frame, the GHG footprint is comparable to that for coal: the low-end shale-gas
emissions are 18% lower than deep-mined coal, and the high-end shale-gas emissions
are 15% greater than surface-mined coal emissions (Fig. 1b). For the 20 year horizon,
the GHG footprint of shale gas is at least 50% greater than for oil, and perhaps 2.5-
times greater. At the 100-year time scale, the footprint for shale gas is similar to or
35% greater than for oil.

We know of no other estimates for the GHG footprint of shale gas in the peer-
reviewed literature. However, we can compare our estimates for conventional gas
with three previous peer-reviewed studies on the GHG emissions of conventional
natural gas and coal: Hayhoe et al. (2002), Lelieveld et al. (2005), and Jamarillo et al.
(2007). All concluded that GHG emissions for conventional gas are less than for
coal, when considering the contribution of methane over 100 years. In contrast, our
analysis indicates that conventional gas has little or no advantage over coal even
over the 100-year time period (Fig. 1b). Our estimates for conventional-gas methane
emissions are in the range of those in Hayhoe et al. (2002) but are higher than those
in Lelieveld et al. (2005) and Jamarillo et al. (2007) who used 1996 EPA emission
factors now known to be too low (EPA 2010). To evaluate the effect of methane, all
three of these studies also used global warming potentials now believed to be too low
(Shindell et al. 2009). Still, Hayhoe et al. (2002) concluded that under many of the
scenarios evaluated, a switch from coal to conventional natural gas could aggravate
global warming on time scales of up to several decades. Even with the lower global
warming potential value, Lelieveld et al. (2005) concluded that natural gas has a
greater GHG footprint than oil if methane emissions exceeded 3.1% and worse than
coal if the emissions exceeded 5.6% on the 20-year time scale. They used a methane
global warming potential value for methane from IPCC (1995) that is only 57% of
the new value from Shindell et al. (2009), suggesting that in fact methane emissions
of only 2% to 3% make the GHG footprint of conventional gas worse than oil and
coal. Our estimates for fugitive shale-gas emissions are 3.6 to 7.9%.

Our analysis does not consider the efficiency of final use. If fuels are used to
generate electricity, natural gas gains some advantage over coal because of greater
efficiencies of generation (see Electronic Supplemental Materials). However, this
does not greatly affect our overall conclusion: the GHG footprint of shale gas ap-
proaches or exceeds coal even when used to generate electricity (Table in Electronic
Supplemental Materials). Further, shale-gas is promoted for other uses, including as
a heating and transportation fuel, where there is little evidence that efficiencies are
superior to diesel oil.

7 Can methane emissions be reduced?

The EPA estimates that ’green’ technologies can reduce gas-industry methane emis-
sions by 40% (GAO 2010). For instance, liquid-unloading emissions can be greatly
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reduced with plunger lifts (EPA 2006; GAO 2010); industry reports a 99% venting
reduction in the San Juan basin with the use of smart-automated plunger lifts (GAO
2010). Use of flash-tank separators or vapor recovery units can reduce dehydrator
emissions by 90% (Fernandez et al. 2005). Note, however, that our lower range of
estimates for 3 out of the 5 sources as shown in Table 2 already reflect the use of
best technology: 0.3% lower-end estimate for routine venting and leaks at well sites
(GAO 2010), 0% lower-end estimate for emissions during liquid unloading, and 0%
during processing.

Methane emissions during the flow-back period in theory can be reduced by up to
90% through Reduced Emission Completions technologies, or REC (EPA 2010).
However, REC technologies require that pipelines to the well are in place prior
to completion, which is not always possible in emerging development areas. In any
event, these technologies are currently not in wide use (EPA 2010).

If emissions during transmission, storage, and distribution are at the high end of
our estimate (3.6%; Table 2), these could probably be reduced through use of better
storage tanks and compressors and through improved monitoring for leaks. Industry
has shown little interest in making the investments needed to reduce these emission
sources, however (Percival 2010).

Better regulation can help push industry towards reduced emissions. In reconcil-
ing a wide range of emissions, the GAO (2010) noted that lower emissions in the
Piceance basin in Colorado relative to the Uinta basin in Utah are largely due to a
higher use of low-bleed pneumatics in the former due to stricter state regulations.

8 Conclusions and implications

The GHG footprint of shale gas is significantly larger than that from conventional
gas, due to methane emissions with flow-back fluids and from drill out of wells
during well completion. Routine production and downstream methane emissions are
also large, but are the same for conventional and shale gas. Our estimates for these
routine and downstream methane emission sources are within the range of those
reported by most other peer-reviewed publications inventories (Hayhoe et al. 2002;
Lelieveld et al. 2005). Despite this broad agreement, the uncertainty in the magnitude
of fugitive emissions is large. Given the importance of methane in global warming,
these emissions deserve far greater study than has occurred in the past. We urge
both more direct measurements and refined accounting to better quantify lost and
unaccounted for gas.

The large GHG footprint of shale gas undercuts the logic of its use as a bridging
fuel over coming decades, if the goal is to reduce global warming. We do not intend
that our study be used to justify the continued use of either oil or coal, but rather to
demonstrate that substituting shale gas for these other fossil fuels may not have the
desired effect of mitigating climate warming.

Finally, we note that carbon-trading markets at present under-value the green-
house warming consequences of methane, by focusing on a 100-year time horizon
and by using out-of-date global warming potentials for methane. This should be
corrected, and the full GHG footprint of unconventional gas should be used in
planning for alternative energy futures that adequately consider global climate
change.
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Abstract

This study estimates the life cycle greenhouse gas (GHG) emissions from the production of
Marcellus shale natural gas and compares its emissions with national average US natural gas
emissions produced in the year 2008, prior to any significant Marcellus shale development. We
estimate that the devel opment and completion of atypical Marcellus shale well resultsin
roughly 5500t of carbon dioxide equivalent emissions or about 1.8 g CO,e/MJ of gas
produced, assuming conservative estimates of the production lifetime of atypical well. This
represents an 11% increase in GHG emissions relative to average domestic gas (excluding
combustion) and a 3% increase relative to the life cycle emissions when combustion is included.
Thelife cycle GHG emissions of Marcellus shale natural gas are estimated to be

63-75 g CO,e/MJ of gas produced with an average of 68 g CO,e/MJ of gas produced.
Marcellus shale natural gas GHG emissions are comparable to those of imported liquefied
natural gas. Natural gas from the Marcellus shale has generally lower life cycle GHG emissions
than coal for production of electricity in the absence of any effective carbon capture and storage
processes, by 20-50% depending upon plant efficiencies and natural gas emissions variability.
Thereis significant uncertainty in our Marcellus shale GHG emission estimates due to eventual
production volumes and variability in flaring, construction and transportation.

Keywords: life cycle assessment, greenhouse gases, Marcellus shale, natural gas
Online supplementary data avail able from stacks.iop.org/ERL/6/034014/mmedia

1. Introduction

Marcellus shale is a rapidly developing new source of US
domestic natural gas. The Appa achian Basin Marcellus shale
extends from southern New York through the western portion
of Pennsylvania and into the eastern half of Ohio and northern
West Virginia (Kargbo et al 2010). The estimated basin area
is between 140 000 and 250 000 km? (Kargbo et al 2010), and
has a depth ranging from 1200 to 2600 m (US DOE 2009).
The shale seam’s net thickness ranges from 15 to 60 m (US

1748-9326/11/034014+09$33.00

DOE 2009) and is generaly thicker from west to east (Hill
et al 2004). Figure 1 shows the location of the Marcellus and
other shale gas formations in the continental United States.
Shale gas has become an important component of the
current US natural gas production mix. In 2009, shale gas was
16% of the 21 trillion cubic feet (Tcf) or 600 million cubic
meters (Mm?) total dry gas produced (US EIA 2011a, 2011b).
In 2035, the EIA expects the share to increase to 47% (12 Tcf
or 340 Mm?®) of total gas production. The prospect of rapid
shale gas development has resulted in interest in expanding

© 2011 |OP Publishing Ltd  Printed in the UK
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Figure 1. Shale gas plays and basins in the 48 states (source: US Energy Information Administration 2011a, available at http://www.eia.gov/

oil_gas/rpd/shale_gas.jpg).

natural gas use including increased natural gasfired electricity
generation, use as an aternative transportation fuel, and even
exporting as liquefied natural gas. To date most shale gas
activity has been in the Barnett shale in Texas. However,
the immense potential of the Marcellus shale has stimulated
increased attention. The shale play has an estimated gas-in-
place of 1500 Tcf or 42000 Mm?, of which 262-500 Tcf or
7400-14000 Mm?® are thought to be recoverable (Hill et al
2004, US DOE 2009).

Advancements in horizontal drilling and hydraulic
fracturing, demonstrated successfully in the Barnett shale and
first applied in the Marcellus shale in 2004, have enabled
the recovery of economical levels of Marcellus shale gas.
After vertical drilling reaches the depth of the shale, the
shale formation is penetrated horizontally with lateral lengths
extending thousands of feet to ensure maximum contact with
the gas-bearing seam. Hydraulic fracturing is then used to
increase permeability that in turn increases the gas flow.

In this study, life cycle greenhouse gas (GHG) emissions
associated with the Marcellus shale gas production are
estimated. The difference between GHG emissions of natural
gas production from unconventional Marcellus gas wells
and average domestic wells is considered to help determine
the environmental impacts of the development of shale gas
resources. The results of this analysis are compared with life
cycle GHG emissions of average domestic natural gas pre-
Marcellus and imported liquefied natural gas. In addition
domestic coal and Marcellus shalefor electricity generation are
compared. Other environmental issues may also be of concern
in the Marcellus shae development, including disruption of
natura habitats, the use of water and creation of wastewater as
well as the impacts of truck transport in rural areas. However
these environmental issues are outside the scope of our analysis
and are not addressed in this paper.

In estimating GHG emissions, we include GHG emissions
of carbon dioxide, methane and nitrous oxide. We converted
the GHG emissions to carbon dioxide equivalents according
to the global warming potential (GWP) factors reported by
IPCC. We use the 100-year GWP factor, in which methane has
aglobal warming potential (GWP) 25 times higher than carbon
dioxide (IPCC 2007).

2. Marcellus shale gas analysis boundaries and
functional unit

The boundary of our analysis and the major process steps
included in our estimates are shown in figure 2. Find life
cycle emission estimates are reported in grams of carbon
dioxide eguivalent emissions per megaoule of natural gas
(g CO.e/MJ) produced. Each of the individua processes in
the natural gas life cycle has an associated upstream supply
chain and isincluded in this study to provide afull assessment
of GHG emissions associated with Marcellus shale gas. The
sources of GHG emissions considered in the LCA include:
emissions from the production and transportation of material
involved in the well development activities (such as trucking
water); emissions from fuel consumption for powering the
drilling and fracturing equipment; methane leaks and fuel com-
bustion emissions associated with gas production, processing,
transmission, distribution, and natural gas combustion.
Thelife cycle of Marcellus shale natural gas beginswith a
‘preproduction phase’ that includes the well site investigation,
preparation of the well pad including grading and construction
of thewell pad and access roads, drilling, hydraulic fracturing,
and well completion (Soeder and Kappel 2009). After
this preproduction phase is completed, the well becomes
operational and starts producing natural gas. This natural gas
can require additional processing to remove water, CO, and/or
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natural gas liquids before it enters the natural gas transmission
and distribution system, which deliversit to final end users. For
this work we assume that the GHG emissions for production,
transmission, distribution and combustion of Marcellus shale
natural gas are similar to average domestic gas sources as
estimated by Jaramillo et al (2007) and further developed and
updated by Venkatesh et al (2011).

Finally, natural gas has many current and potential uses
including €electricity generation, chemical feedstock, and as a
transportation fuel. Modeling these uses alows comparisons
of different primary energy sources. Here we model its use for
power generation sinceit isthe largest single use of natural gas
inthe US (US EIA 20114, 2011b).

As previously mentioned, this study integrates GHG
emissions from the life cycle of water associated with
Marcellus shale gas production. Large amounts of water are
consumed in the drilling and hydraulic fracturing processes
(preproduction phase). Hydraulic fracturing usesfluid pressure
to fracture the surrounding shale. The fracturing fluid consists
of water mixed with a number of additives necessary to
successfully fracture the shale seam. The source of the water
varies and can be surface or ground water, purchased from
alocal public water supplier, or reused fracturing water. In
this study we assume 45% of the water is reused on site and
the original sources are surface water (50%) and purchased
from a local water treatment plant (50%). Regardless of the
water source used to produce the hydraulic fracturing fluid,
trucks transport the water for impoundment at the well pad. In
addition, flowback water (hydraulic fracturing fluid that returns

to the surface) and produced water must be trucked to the final
disposal site. Thiswater is assumed to be disposed of via deep
well injection. A detailed description of the method and data
sources used to estimate the GHG emissions associated with
all these stages is presented in section 3.

Marcellus shale gas production is in its infancy. Thus,
industry practice is evolving and even single well longevity
is unknown. Assumptions related to production rates and
ultimate recovery have considerable uncertainty. Below, we
include a sensitivity analysis for a wide range of inputs
parameters.

This study does not consider any GHG emissions outside
of the Marcellus shale gas preproduction and production
processes. Natural processes or development actions such as
hydraulic fracturing might lead to emissions of the shale gas
externa to awell, particularly in the case of poorly installed
well casings (Osborn et al 2011). Any such external leaks are
not included in this study.

3. Methodsfor calculating life cycle greenhouse gas
emissions

Our study used a hybrid combination of process activity
emission estimates and economic input—output life cycle
assessment estimates to estimate the preproduction GHG
emission estimates (Hendrickson et al 2006, CMU GDI
2010). Emissions from production, processing and transport
were adapted from the literature. We include emissions
estimates based on different data sources and reasonable
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Table 1. Greenhouse gas estimation approaches and data sources.

Process

Estimation approaches

Data sources

Preparation of Well Pad:
Vegetation clearing

Well pad construction

Well drilling:
Drilling energy consumption

Drilling mud production

Drilling water consumption

Estimated area cleared multiplied by vegetative
carbon storage to obtain carbon loss due to
land use change

Detailed cost estimate and EIO-L CA model

(2) Energy required and emission factor, and
(2) cost estimate and EIO-LCA model

(1) Cost estimate and EIO-LCA and (2)
emission factors multiplied by quantity.
Trucking emissions plus water treatment
emissions multiplied by quantity

NY DEC (2009), Tilman et al (2006)

RSMeans (2005), CMU GDI (2010)

Harper (2008), Sheehan et al (2000), CMU
GDI (2010)

Shaker (2005), PRé Consultants (2007), CMU
GDI (2010)

Wang and Santini (2009), URS Corporation
(2010), PA DEP (2010), Stokes and Horvath

Hydraulic fracturing:
Pumping

Additives production

Weater consumption Trucking emissions

Well completion:
by flaring time
Wastewater disposal:

Deep well injection
Production, processing,
transmission and storage, and
combustion

Pumping energy multiplied by emission factor

Additive quantities cost and EIO-LCA model

If flaring, gas flow emission factor multiplied

Deep well injection costs and EIO-LCA model
Assumed comparableto national average

(2006)

URS Corporation (2010), Kargbo et al (2010),
Currie and Stelle (2010), Sheehan et al (2000)
URS Corporation (2010), CMU GDI (2010)
Wang and Santini (2009), URS Corporation
(2010), Stokes and Horvath (2006), PA DEP
(2010)

NY DEC (2009), PA DEP (2010)

US ACE (2006), CMU GDI (2010)
Venkatesh et al (2011)

ranges of process parameters. Table 1 summarizes estimation
approaches used in this study, while calculation details appear
in the supplementary information (available at stacks.iop.org/
ERL/6/034014/mmedia).

In section 3.1, we report point estimates of GHG
emissions for a base case. In section 5, we report range
estimates and consider the sensitivity of point estimates
to particular assumptions. Table 2 summarizes important
parameter assumptions and possible ranges.  Uniform or
triangular distributions are assigned to these parameters based
on whether we had two (uniform) or three (triangular) data
points.  When more data was available, parameters of
probability distributionsthat best fit the datawere estimated. A
Monte Carlo analysis was performed using these distributions,
to estimate the emissions from the various activities considered
inour life cycle model.

3.1. Emissions from Marcellus shale gas preproduction

Horizontal wells are drilled on a multi-well pad to achieve
higher cost-effectiveness. It is reported that a Marcellus well
pad might have as few as one well per pad and as many as
16, but more typically 6-8 (ICF International 2009, NY DEC
2009, Currie and Stelle 2010). As a base case scenario, we
chose to analyze the typical pad with six wells, each producing
2.7 Bcf (3.0 x 10° MJ), representing an average of 0.3 MMcf
per day of gas for 25 years. Other production estimates
are higher. EQT (2011), for example, provides a production
estimate of 7.3 Bef (8.1 x 10° MJ) and Range Resources at
4.4 Bcf (4.9 x 10° MJ) (Ventura 2009). Within the LCA
framework the impacts are distributed across the total volume

Table 2. Parameter assumptions and ranges. (Note: sourcesfor base
case and range values are in table 1 and discussed in the
supplementary material (available at stacks.iop.org/ERL/6/034014/
mmedia).)

Parameter Base case Range
Areaof accessroad (acres) 1.43 0.1-2.75
Wells per pad (number) 6 1-16
Areaof well pad (acres) 5 2-6
Vertical drilling depth (ft) 8500 7000-10000
Horizontal drilling length (ft) 4000 2000-6000
Fracturing water (MMgal /well) 4 2-6
Flowback fraction (%) 375 3540
Recycling fraction (%) 45 30-60
Trucking distance between well siteand 5 0-10
water source (miles)

Trucking distance between well siteand 80 3-280
deep well injection facility (miles)

Well completion time with collection 18 12-24
systemin place (h)

Well completion time without collection 9.5 4-15
system in place (days)

Fraction of flaring (%) 76 51-100
Initial 30 day gasflow rate (MMscf/day) 4.1 0.7-10
Average well production rate 0.3 0.3-10
(MMscf /day)

Well lifetime (years) 25 5-25

of gas produced during the lifetime of the well. Thus, the
choice of using the low end ultimate recovery as the base
case should be considered conservative. With Marcellus shale
gas production currently in its infancy, the average production
characteristics have significant uncertainty, so we perform an
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extensive sensitivity analysis over a range of flow rates and
well lifetimes, as discussed bel ow.

The EIO-LCA (CMU GDI 2010) model was used to
estimate GHG emissions from the construction of the access
road and the multi-well pad. These costs were estimated using
the utility price cost estimation method (RSMeans 2005). The
size of an average Marcellus well pad is reported as being
between 2 and 6 acres and typically between 4 and 5 acres
(16000 and 20000 m?) during drilling and fracturing phase
(NY DEC 2009, Columbia University 2009). The costs of
constructing this pad are estimated to be $3.0-$3.3 million per
well pad in 2002 dollars (see the supplementary information
avalable at stacks.iop.org/ERL/6/034014/mmedia for detail).
Using these costs as input, GHG emissions associated with
well pad construction are estimated with the EIO-LCA (CMU
GDI 2010) model.

Greenhouse gas emissions associated with drilling
operations were calculated by two methods; (1) using the
drilling energy intensity (table 1) and the life cycle diesel
engine emissions factor of 635 g CO.e per hp-hr output
(Sheehan et al 2000), and (2) using drilling cost data and the
EIO-LCA model (CMU GDI 2010). The EIA estimated the
average drilling cost for natural gas wells in 2002 to be $176
per foot (including the cost for drilling and equipping the wells
and for surface producing facilities) (US EIA 2008). Emissions
associated with the production of the drilling mud components
were based on data from the SimaPro life cycle tool and the
EIO-LCA economic model (PRé Consultants 2007, CMU GDI
2010).

Hydraulic fracturing associated GHG emissions result
from the operation of the diesel compressor used to move and
compress the fracturing fluid to high pressure, the emissions
associated with the production of the hydraulic fracturing
fluid, and from fugitive methane emissions as flowback water
is captured. The last category of emissions is discussed
separately below. Energy and emissions associated with the
hydraulic fracturing process were modeled by using vendor
specific diesel data along with the emission factor described
above. The emissions of hydraulic fracturing fluid production
are estimated with EIO-LCA model, based on the price of
additives and fracturing fluid composition (see supplementary
information available at stacks.iop.org/ERL/6/034014/mmedia
for detail).

There may be significant GHG emissions as a result
of flaring and venting activities that occur during well
casing and gathering equipment installation. The natural gas
associated with the hydraulic fracturing flowback water is
flared and vented. Flaring is used for testing the well gas
flow prior to the construction of the gas gathering system
which transport the gas to the sales line. Well completion
emissions depend on the flaring/venting time, gas flow rate
during well completion, the ratio of flaring to venting,
and flaring efficiency. Uncertainty/variability analysis was
conducted to investigate the effect of flaring/venting time,
gas flow rate during fracturing water flowback, and flaring
per cent on the well completion emissions. For those well
completions with the collection facilities in place, gas is
flared for between 12 and 24 h, due to necessary flowback

operations. In wells where the appropriate gas gathering
system as a tie to the gas sales line is not available for
the gas during fracturing water flowback, the flaring or
venting can occur for between 4 and 15 days as shown in
table 2 (NY DEC 2009). In our model, we assumed the
gas release rate during well completion eguals the initial
30 day gas production rate for the base case and considered
a scenario with both venting and flaring (see supplementary
information available at stacks.iop.org/ERL/6/034014/mmedia
for details).

3.2. Emissions from Marcellus shale gas production to
combustion

GHG emissions for production, processing, transmission,
distribution and combustion of Marcellus shale natural gas
are assumed to be similar to the US average domestic gas
system that have been estimated previously (Jaramillo et al
2007). Jaramillo et al (2007) estimates were updated to
include the uncertainty and variability in life cycle estimates
and recal culated with recent and/or more detailed information
by Venkatesh et al (2011). The GHG emissions from these
life cycle stages consist of vented methane (gas release
during operation), fugitive methane (unintentional leaks) and
CO, emissions from the processing plants and from fuel
consumption. Methane leakage rates throughout the natural
gas system (excluding the preproduction processes previously
discussed) are amajor concern and our analysis has an implied
fugitive emissions rate of 2%, consistent with the EPA natural
gasindustry study (US EPA 1996, 2010).

Venkatesh et al (2011) estimated the mean emission
factors used in this study: 9.7 g CO,e/MJ of natura gas in
production; 4.3 g CO,e MJfor processing; 1.4 g CO,e/MJfor
transmission and storage; 0.8 g CO,e/MJfor distribution; and
50 g CO,e/MJfor combustion.

3.3. Emissions associated with the life cycle of water used for
drilling and hydraulic fracturing

Water resource management is a critical component of the
production of Marcellus shale natural gas. Chesapeake Energy
(2010) indicates that 100000 gallons of water are used for
drilling mud preparation. Two to six million gallons of water
per well are required for the hydraulic fracturing process
(Staaf and Masur 2009). About 85% of the drilling mud is
reused (URS Corporation 2010). The flowback and recycling
rates are used to estimate the total volume of water required.
About 60-65% of this hydrofracturing fluid is recovered (URS
Corporation 2010). For the flowback water, arecycle rate from
30 to 60% can be achieved (Agbaji et al 2009). The rest of
the flowback water is temporarily stored in the impoundment
and transported off sitefor disposal. Base case assumptionsfor
these parameters are shown in table 2.

Emissionsassociated with drilling water use and hydraulic
fracturing water use result from water taken from surface water
resources or a local public water system; truck transport to
the well pad, and then from the pad to disposal via deep well
injection. It is assumed that no GHG emissions are related
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Figure 3. GHG emissions from different stages of Marcellus shale
gas preproduction.

with producing water if it comes from surface water resources.
For the water purchased from aloca public water system, the
emission factor for water treatment is used, which is estimated
tobe3.4 g CO,e/gallon of water generated according to Stokes
and Horvath (2006). The energy intensity for transportation
of liquids via truck is assumed to be 1028 Btu/ton mile for
both forward and back-haul trips, as given in the GREET
model (Wang and Santini 2009). In this study we assume
that separate round trips are needed to transport the freshwater
to the pad and to remove wastewater to the disposa site.
This is to say that trucks bring in the freshwater from the
source and return to the source empty; trucks also collect the
wastewater from the well site and return to the well site empty.
The life cycle emission factor (wells to wheels) for diesel
as a transportation fuel is 93 g CO,e/MJ (Wang and Santini
2009).

To estimate transport emissions associated with water
taken from surface streams and water purchased from the
local public water system, we used spatial analysis (ArcGIS)
to estimate the distance from the surface water source to
the well pad using well operational data and geographical

information from Pennsylvania Department of Environmental
Protection (2010). We depicted the overall distribution pattern
of Marcelluswells under drilling and productionin PA and NY
in June 2010 by GIS. The distance from the well site to the
surface water source is assumed to be 5 miles or 8 km in the
base case of the model and the same transportation distance is
aso assumed for the water purchased from local public water
system. We assumed an equal probability for sourcing water
between surface water and the local public water system.

The trucking distance between well site and deep well
injection facility was aso estimated by GIS (PA DEP 2010).
The average value of 80 milesor 130 km as determined by GIS
was used in the base case.

4. Resultsfor the base case

A total of 5500 t CO,e is emitted during ‘preproduction’
per well. This is equivalent to 1.8 g CO,e/MJ of natura
gas produced over the lifetime of the well. Figure 3 depicts
the GHG emissions by preproduction stage and by source.
As can be seen, the completion stage has the largest GHG
emissions, which result from flaring and/or venting. The error
bars represent the limits of the 90% confidence interval of the
emissions from each stage based on the uncertainty analysis.

A recent EPA report addressing emissions from the natural
gas industry reported that 177 t of CH, is released during the
completion of an unconventional gas well (US EPA 2010).
This estimate is consistent with the analysis here and falls
within the range estimated by our study, 26-1000 t of CHy4
released per completion and a mean value of 400 t of CH,4
released per completion. In our model, this methane released
during the well completion is either flared with a combustion
efficiency of 98% or vented without recovery.

Adding the preproduction emissions estimate to the
downstream emission estimated by Venkatesh et al (2011)
results in an overall GHG emissions factor of 68 g CO.e/MJ
of gas produced (figure 4). The life cycle emissions are
dominated by combustion that accounts for 74% of the total
emissions.
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Figure4. GHG emissions through the life cycle of Marcellus shale gas. (Preproduction through distribution emissions are on left scale;
combustion and total life cycle emissions are on right scale. No carbon captureisincluded after combustion.)
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Table 3. Uncertainty analysis on Marcellus gas preproduction.

Mean Standard deviation
Life cycle stage (g COe/MJ) (g COe/MJ) COV  90%CI-L (%) 90% CI-U (%)
Well pad preparation  0.13 0.1 0.72 58 131
Drilling 0.21 0.1 050 51 95
Hydraulic fracturing  0.35 0.1 024 37 42
Completion 1.15 1.8 153 96 287
Total 184 18 096 67 179

Table 4. Sensitivity of emissions from wells with different production rates and lifetimes. (Source: author calculations.)

Emissions from

Preproduction % contribution to

Average gas flow Lifetime preproduction life cycle emissions of Marcellus ~ Total life cycle emissions
(MMscf/day) (vears) (g COze/M)) shale gas (%) (9 COe/MJ)
10 25 0.1 0.1 65.3
10 10 0.1 0.2 65.3
10 5 0.3 04 65.5

3 25 0.2 0.3 65.4

3 10 0.5 0.7 65.7

3 5 0.9 14 66.1

1 25 0.6 0.8 65.8

1 10 14 21 66.6

1 5 2.8 41 68.0

0.3 25 18 2.7 67.0

0.3 10 5 6.6 69.8

0.3 5 9.2 124 74.4

5. Sensitivity and uncertainty

Our results are subject to considerable uncertainty, particularly
for the production rates and well lifetime. Table 3
summarizes the uncertainty analysis on the emission estimates
for preproduction based on the distribution of parameters used.

Table 4 addresses model sensitivity to different estimates
of ultimate gas recovery from wells, investigating the impact
of different production rates and lifetimes. At high production
rates and long well lifetimesthe preproduction GHG emissions
are normalized over higher volumes of natural gas than when
using low flow rates and short well lifetimes. Comparing
the case of 10 MMscf/day with a 25-year well lifetime to
0.3 MMscf /day with a 5-year well lifetime, table 4 shows that
the emissions go from 0.1 to 9.2 g CO,e/MJ. The overdl life
cycle emissions change from 65 to 74 g CO.e/MJ. However,
the preproduction emissions are less than 15% of the total life
cycle emissionsin all cases.

6. Comparison with coal for power generation

Marcellus shale gas emissions can be compared to aternative
energy sources and processes when using a common metric
such as electricity generated. Currently coal power plants
are used to generate base load. Natural gas power plants,
especialy inefficient ones, are used to provide regulation
services to balance supply and demand at times when base
load power plants are insufficient or there is high-frequency
variability in load or from renewable resources. Natura gas
combined cycle (NGCC) plants could be used to generate
base load thus competing directly with coal to provide this
service. For thisreason our comparison includes the emissions
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Figure 5. Comparison of life cycle GHG emissions from current
domestic natural gas, Marcellus shale gas and coal for usein
electricity production.

associated with using Marcellus shale gas in a NGCC power
plant (efficiency of 50%) and the emissions from using coal in
pulverized coa (PC) plants (efficiency of 39%) and integrated
gasification combined cycle (IGCC) plants (efficiency of 38%).
The results of these comparisons can be seen in figure 5.
For this comparison point values are used for the life cycle
GHG emissions of coal-based €electricity. The error bars
found in figure 5 represent the low and high emissions values
for Marcellus shale gas, based on the assumptions of well
production rate and well lifetime. The high-emission scenario
assumes a 5-year well with 0.3 MMscf/day production rate
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while the low-emission scenario, assumes a 25-year well with
10 MMscf /day production rate. Also shown in figure 5 are
thelife cycle emissions of electricity generated in power plants
with carbon capture and sequestration (CCS) capabilities
(efficiency of 43% for NGCC with CCS; efficiency of 30% for
PC with CCS,; efficiency of 33% for ICGG with CCS).

In general, natural gas provides lower greenhouse
emission for al cases studied whether the gas is derived
from Marcellus shale or the average 2008 domestic natural
gas system. When advanced technologies are used with CSS
then the emissions are similar and coal provides slightly less
emissions. Thisimpliesthat the upstream emissionsfor natural
gaslife cycle are higher than the upstream emissionsfrom coal,
once efficiencies of power generation are taken into account
(Jaramillo et al 2007).

The comparison of natural gas and coal for electricity
alows us to investigate the impact of three additional model
uncertainty components including the choice of leakage rate,
GWP vaues, and re-refracking of a Marcellus gas well. This
study assumes a 2% production phase leakage rate based on
the volume of gas produced (US EPA 2010, Venkatesh et al
2011). Assuming the average efficiency of 43% for natural
gas fired electricity generation and 32% for coa fired plants
the fugitive emissions rate would need to be 14% (resulting
in a life cycle emission factor for Marcellus gas of 125 g
CO,e/MJ) before the overal life cycle emissions including
those of electricity generation would be greater than coal.
This is an exorbitantly high leakage rate and to put it into
perspective, using 2009 dry natural gas production estimates
and the average wellhead price, we cal cul ate that the economic
losses awould total around $11 billion. If we convert our data
to the 20-year GWP the break-even point is reduced to 7%
because of the higher impacts attributed to methane. Finally,
we modeled a single hydraulic fracturing event occurring
during well preproduction (figure 3). Above we calculated
that the break-even emission factor that would make coal and
natural electricity generation the same is 125 g CO,e/MJ of
natural gas. With the current emissions estimate for Marcellus
gas of 68 g CO,e/MJ, and a hydraulic fracturing event (and
its associated flaring and venting emissions) contributing 1.5 g
CO,e/MJ to this estimate, more than 25 fracturing events
would need to occur in a single well before the decision
between coal and natural gas would change.

7. Comparison with liquefied natural gasasa future
source

In 2005 EIA suggested that domestic natural gas production
and Canadian imports would decline as natural gas consump-
tion increased. EIA predicted that liquefied natural gas (LNG)
imports would grow to offset the deficits in North American
production (US EIA 2011a 2011b). As a result of the
development of unconventional natural gas reserves, EIA has
changed their projections. The Annua Energy Outlook 2011
reference case (US EIA 2011a, 2011b) predicts that increases
in shale gas production, including Marcellus, will more than
offset the decline in conventional natural gas and decreasing
imports from Canada and will alow for increases in natural

gas consumption. Since shale gasis projected to be the largest
component of the unconventional sources of future natural gas
production, it seem appropriate to compare its emissions to
those of the gas that would be used if shae gas were not
produced. Venkatesh et al (2011) estimated the life cycle
GHG from LNG imported to the US to have a mean of
70 g CO2e/MJ, These results are based on emissions due to
production and liquefaction in the countries of origin, shipping
the gas to the US by ocean tanker, regasification in the US
and its transmission, distribution and subsequent combustion.
On average, the emissions of Marcellus shale gas were about
3% lower than LNG. Aswith the overall Marcellus gas results,
thereis considerable uncertainty to the comparisons. However,
we conclude that as these unconventional sources of natural gas
supplant LNG imports, overall emissionswill not rise.

8. Conclusion

The GHG emission estimates shown here for Marcellus gasare
similar to current domestic gas. Other shale gas plays could
generate different results considering regiona environmental
variability and reservoir heterogeneity. Green completion
and capturing the gas for market that would otherwise be
flared or vented, could reduce the emissions associated with
completion and thus would significantly reduce the largest
source of emissions specific to Marcellus gas preproduction.
These preproduction emissions, however, are not substantial
contributors to the life cycle estimates, which are dominated
by the combustion emissions of the gas. For comparison
purposes, Marcellus shale gas adds only 3% more emissions
to the average conventional gas, which is likely within the
uncertainty bounds of the study. Marcellus shale gas has
lower GHG emissions relative to coa when used to generate
electricity.
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Overview

1. Whois NETL?

2. What is the role of natural gas in
the United States?

3. Who uses natural gas in the U.S.?
4. Where does natural gas come from?

5. What is the life cycle GHG footprint of
domestic natural gas extraction and
delivery to large end-users?

6. How does natural gas power generation
compare to coal-fired power generation
on a life cycle GHG basis?

7. What are the opportunities for reducing
GHG emissions?
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Question #1:
Who is NETL?
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National Energy Technology Laboratory

MISSION
Advancing energy options
to fuel our economy,
strengthen our security, and
Improve our environment

Pennsylvania West Virginia
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Question #2:

What is the role of natural gas
In the United States?
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Energy Demand 2008

100 QBtu / Year
84% Fossil Energy

Nuclear
8%

Renewables
8%

5,838 mmt CO,

487 QBtu / Year
81% Fossil Energy

6%

29,259 mmt CO,

Energy Demand 2035
114 QBtu / Year
78% Fossil Energy

4 Nuclear

Renewables*
13%

United States Nuclear
8%
Renewables
14%
6,311 mmt CO,
716 QBtu / Year
79% Fossil Energy
Nuclear
8%

Renewables*
15%
42,589 mmt CO,

Sources: U.S. data from EIA, Annual Energy Outlook 2011; World data from IEA, World Energy Outlook 2010, Current Policies Scenario

* Primarily traditional biomass, wood, and waste.



Question #3:
Who uses natural gas in the United States?
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Domestic Natural Gas Consumption
Sectoral Trends and Projections: 2010 Total Consumption = 23.8 TCF

9 Electric Power Sector
Consumed 31% of U.S.
Natural Gas in 2010 (7.4 TCF) Industrial
8
E IIIIII EEEEEE N EEEEEEEEEEEEEEEEEEEEEDR EII .e.éi.r.i.c. 56"WIéI mEn
|L_) 7 = Eleciric Power
~ Usage Does Not
b Increase Above
8 6 __________ 2010 Level Until
t Industrial + 1.9 TCF Year 2031
-_a from 2009 to 2015.
3 5 Residential
c
09
= 4
= Comm
3 _ _
2

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027 2029 2031 2033 2035
+1.9 TCF Resurgence in Industrial Use of Natural Gas by 2015 Exceeds the Net Incremental Supply;
No Increase in Natural Gas Use for Electric Power Sector Until 2031
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Source: EIA Annual Energy Review 2009 and Annual Energy Outlook 2011



Question #4:
Where does natural gas come from?
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Schematic Geology of Onshore
Natural Gas Resources

é é Land ?urfane

Conventional
non-agsggclaled Coalbed methane
/
Conventional
P . associated

as
Q\\

—n

Sandstone Tight sand——
/ gas

(5as-rich shale

Source: LS. Enangy Informafon Administralion and U5, Geological Sunay
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Source: EIA, Today in Energy, February 14, 2011; Modified USGS Figure from Fact Sheet 0113-01; www.eia.doe.gov/todayinenergy/detail.cfm?id=110 Last Accessed May 5, 2011.




' Major Tight

Williston
Basin.

Gas Production,
Last Reported Year
(Billiens of Cubic Feet)
- 0-5

- 51-20

® 201-50

@® 501-200
[] Basins and OCS Areas
Inter-Basin Areas

[ Tight Gas Plays
Stacked Plays
——— Shallowest / Youngest

Deepest / Oldest

Inter-Basin Areas

Source. Energy Information Administration based on data from HPDI, IN Geolngical SUNEY. UsGs Source: EI‘ETQY Information Administration based
Updated: April 8, 2008 Updated: June 6, 2010

. Coalbed Methane Fields 3
Coal Basins, Regions & Fields k

Source: Energy Information Administration based on data from USGS and varnious pub\ished studies
Updated: April 8, 2009

Al =

[ shale Gas Plays

TE _ | EIA Natural Gas Maps

Source: Energy Information Administration based on data from various published studies,
Updated: March 10, 2010

_ NATIONAL =

Source: EIA, Natural Gas Maps, http://www.eia.doe.gov/pub/oil_gas/natural gas/analysis publications/maps/maps.htm Last Accessed May 5, 2011.
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Sources of Incremental Natural Gas Supply

(Indexed to 2010)

7 7
6 -
] Lower 48
5 - Unconventional
] (Shale, Tight, CBM)
4
2 5 Net Supply Increment
] +2.5
1 . Tcf
] 4 +1.3 Tcf (2020 vs. 2010) (2035 vs.
0 : B 1 1 1 1 1 1 1 1 1 JI 2010)
] Alaska Net LNG Imports
-1 TS p. :
] Net Pipeline Imports
2 Lower 48 T — )
: Conventional* . ncludes supplemental supplies, lower 48 offshore, associated-dissolved, and other production
-3
2010 2015 2020 2025 2030 2035

Unconventional Production Growth Offset by Declines in Conventional Production and Net Pipeline Imports;
1.3 Tcf Increment by 2020 Does Not Support Significant Coal Generation Displacement
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Source: EIA, Annual Energy Outlook 2011



Question #5:

What is the life cycle GHG footprint of
domestic natural gas extraction and
delivery to large end-users?
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Overview: Life Cycle Assessment Approach

Goal & Scope -

Definition

Interpretation

Impact Assessment
(LCIA)

Source: 1ISO 14040:2006, Figure 1 — Stages of an LCA (reproduced)

(" The Type of LCA Condu

on Answers to these Questions:

1. What Do You Want to

C 2. How Will You Use“\the Results? ‘

International Organization for

Standardization (ISO) for LCA

ISO 14040:2006 Environmental
Management — Life Cycle Assessment —
Principles and Framework

ISO 14044 Environmental Management —
Life Cycle Assessment — Requirements
and Guidelines

ISO/TR 14047:2003 Environmental
Management — Life Cycle Impact
Assessment — Examples of Applications
of ISO 14042

ISO/TS 14048:2002 Environmental
Management — Life Cycle Assessment —
Data Documentation Format
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Overview: Life Cycle Assessment Approach

The Type of LCA Conducted Depends
on Answers to these Questions :

1. What Do You Want to Know?

d The GHG footprint of natural gas, lower 48 domestic average,
extraction, processing, and delivery to a large end-user
(e.g., power plant)

O The comparison of natural gas used in a baseload power

generation plant to baseload coal-fired power generation on a
Ibs CO,e/MWh basis

2. How Will You Use the Results?

0 Inform research and development activities to reduce the GHG
footprint of both energy feedstock extraction and power
production in existing and future operations
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NETL Life Cycle Analysis Approach

« Compilation and evaluation of the inputs, outputs, and the
potential environmental impacts of a product or service
throughout its life cycle, from raw material acquisition to the
final disposal

,’ ______________________________________ 5\
! \
: LC Stage #1 LC Stage #2 & SRR i LC Stage #4 '
I Raw Material Raw Material Cc|>Enr\]/eerrgs)i/on Product I LC Stage #5
: Acquisition Transport Facility Transport : End Use
(RMA) (RMT) (PT) Not Included
: (ECF) : in Power LCA
| ) \ : )
\ Upstream Emissions Downstream.Emissions
\~ ------------------------------------- —,v

 The ability to compare different technologies depends on the
functional unit (denominator); for power LCA studies:

— 1 MWh of electricity delivered to the end user
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NETL Life Cycle Analysis Approach for
Natural Gas Extraction and Delivery Study

« The study boundary for “domestic natural gas extraction and
delivery to large end-users” is represented by
Life Cycle (LC) Stages #1 and #2 only.

o " I I L TN TN T T N T T _————— ~
l' A
: LC Stage #1 LC Stage #2 :
1 Raw Material Raw Material | Ll siags
: A(:(lu;:)ot\l)on Tr(ln;g_c))rt i ~“Not Included In Study Boundary fOf_
: 1 Cradle-to-Gate Energy Feedstock Profiles
o /!
| ‘ '
L\ Upstream Emissions ,' Do
N e e e e e e e i —— -

 Functional unit (denominator) for energy feedstock profiles is:

— 1 MMBtu of feedstock delivered to end user
(MMBtu = million British thermal units)
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NETL Life Cycle Study Metrics

Converted to Global Warming

* Greenhouse Gases Potential using IPCC 2007

— COZ’ CH4, NZO’ SFG 100-year CO, equivalents
o Criteria Air Pollutants co,=1

cH, - 5

— NOy, SOy, CO, PM10, Pb Ss o
« Air Emissions Species of Interest SFe = 22,800

— Hg, NH,, radionuclides
e Solid Waste

« Raw Materials
— Energy Return on Investment
« Water Use
— Withdrawn water, consumption, water returned to source
— Water Quality
« Land Use
— Acres transformed, greenhouse gases
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Venting/Flaring

Venting/Flaring

Venting/Flaring

Venting/Flaring

NETL Life

Well
Construction

Well
Completion

Liquids
Unloading

Workovers

Other Point
Source Emissions

Other Fugitive
Emissions

Valve Fugitive
Emissions

Venting/Flaring

Venting/Flaring

?
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Venting/Flaring

Gas Centrifugal
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v

Valve Fugitive
Emissions

y

Reciprocating
Compressor

Other Point
Source Emissions

Venting/Flaring

|

Other Fugitive
Emissions
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Compressor

Raw Material Processing

j
'
i
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Venting/Flaring

Cycle Model for Natural Gas

Pipeline
Operation

Plant Construction

Plant Operation

CCS Operation

CCS Construction

Pipeline
Construction

Switchyard and
Trunkline
Construction

Trunkline
Operation

Transmission &
Distribution
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Natural Gas Composition by Mass

Production Gas Pipeline Quality Gas
H,O
H:S  0.1% H.S H,O
0.5% N, 0.0%_0.0%

COz 0.5%

1.8%

CO;
1.5%
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Onshore Onshore Offshore | et Coal Bed
. . ; . Tight Sands -| Shale -
Property Units Conventional| Associated [Conventional Vertical Welll Horizontal Methane
Well Well Well (CBM) Well
Well
Natural Gas Source
Contribution to 2009 Natural Gas Mix Percent 23% 7% 13% 32% 16% 9%
Esélgsated Ultimate Recovery (EUR), Production BCE/well 8.6 4.4 67.7 12 30 0.2
Production Rate (30-yr average) MCF/day 782 399 6,179 110 274 20
Natural Gas Extraction Well
Flaring Rate at Extraction Well Location Percent 51% 51% 51% 15% 15% 51%
Well Completion, Production Gas (prior to flaring) |MCF/completion 47 a7 47 4,657 11,643 63
Well Workover, Production Gas (prior to flaring) MCF/workover 3.1 3.1 3.1 4,657 11,643 63
Well Workover, Number per Well Lifetime Workovers/well 11 11 11 3.5 3.5 3.5
Liquids Unloading, Production Gas (prior to flaring) | MCF/episode 23.5 n/a 235 n/a n/a n/a
Liquids Unloading, Number per Well Lifetime Episodes/well 930 n/a 930 n/a n/a n/a
Pneumatic Device Emissions, Fugitive Ib CH,/MCF 0.05 0.05 0.01 0.05 0.05 0.05
Other Sources of Emissions, Point Source Ib CH/MCF | 0.003 0.003 0.002 0.003 0.003 0.003
(prior to flaring)
Other Sources of Emissions, Fugitive Ib CH,/MCF 0.043 0.043 0.010 0.043 0.043 0.043
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Natural Gas Processing Plant Modeling Properties

Onshore Onshore Offshore el Coal Bed

Property Units Conventional| Associated ConventionaITIght semesy Sl Methane

Well well iy |PEbeEl el Ho“mfgl?ta' (CBM) Well

Acid Gas Removal (AGR) and CO, Removal Unit

Flaring Rate for AGR and CO, Removal Unit Percent 100%
Methane Absorbed into Amine Solution Ib CH,/MCF 0.04
Carbon Dioxide Absorbed into Amine Solution Ib CO,/MCF 0.56
Hydrogen Sulfide Absorbed into Amine Solution Ib H,S/MCF 0.21
NMVOC Absorbed into Amine Solution lb NMVOC/MCF 6.59

Glycol Dehydrator Unit

Flaring Rate for Dehydrator Unit Percent 100%

Water Removed by Dehydrator Unit Ib H,O/MCF 0.045

Methane Emission Rate for Glycol Pump & Flash Ib CH,/MCF 0.0003
Separator

Pneumatic Devices & Other Sources of Emissions

Flaring Rate for Other Sources of Emissions Percent 100%

Pneumatic Device Emissions, Fugitive Ib CH,/MCF 0.05

Othe_r Source; of Emissions, Point Source Ib CH,/MCF 0.02
(prior to flaring)

Other Sources of Emissions, Fugitive Ib CH,/MCF 0.03
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Natural Gas Processing Plant Modeling Properties

Onshore Onshore Offshore | Barnett Coal Bed
. . . . Tight Sands -/ Shale -
Property Units Conventional| Associated [Conventional Vertical Welll Horizontal Methane
Well Well Well (CBM) Well
Well
Natural Gas Compression at Gas Plant
Comp_ressor,.Gas—powered Combustion, Percent 100% 100% 100% 7506 100%
Reciprocating
Compressor, Gas-powered Turbine, Centrifugal Percent 100%
Compressor, Electrical, Centrifugal Percent 25%

Natural Gas Transmission Modeling Properties

Onshore Onshore Offshore | ECliusy Coal Bed
. . . . Tight Sands | Shale -
Property Units Conventional| Associated |[Conventional Vertical Welll Horizontal Methane
Well Well Well (CBM) Well
Well

Natural Gas Emissions on Transmission Infrastructure

Pipeline Transport Distance (national average) Miles 450

Transmission Pipeline Infrastructure, Fugitive Ib CH,/MCF-Mile 0.0003

Transmlssmn Pipeline Infrastructure, Fugitive Ib CH,/MCF 0.15

(per 450 miles)

Natural Gas Compression on Transmission Infrastructure

Distance Between Compressor Stations Miles 75

Compression, Gas-powered Reciprocating Percent 29%

Compression, Gas-powered Centrifugal Percent 64%

Compression, Electrical Centrifugal Percent 7%

S
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Uncertainty Analysis Modeling Parameters

. . Onshqre Onsh.ore Offshgre Tight Sands - Barnett Shale - Coal Bed Methane
Parameter Units Scenario Conventional Associated Conventional . .
Vertical Well Horizontal Well (CBM) Well
Well Well Well
Low 403 (-49%) 254 (-36%) 3,140 (-49%) 77 (-30%) 192 (-30%) 14 (-30%)
Pros;fe“on MCF/day | Nominal 782 399 6,179 110 274 20
High 1,545 (+97%) 783 (+96%) 12,284 (+99%) 142 (+30%) 356 (+30%) 26 (+30%)
Low 41% (-20%) 41% (-20%) 41% (-20%) 12% (-20%) 12% (-20%) 41% (-20%)
Flaring Rate .
'ng % Nominal 51% 51% 51% 15% 15% 51%
at Well
High 61% (+20%) 61% (+20%) 61% (+20%) 18% (+20%) 18% (+20%) 61% (+20%)
Low 360 (-20%) 360 (-20%) 360 (-20%) 360 (-20%) 360 (-20%) 360 (-20%)
Pipeline
Distance miles Nominal 450 450 450 450 450 450
High 540 (+20%) 540 (+20%) 540 (+20%) 540 (+20%) 540 (+20%) 540 (+20%)

Error bars reported are based on setting each of the three parameters above to the values that

generate the lowest and highest result.

Note: “Production Rate” and “Flaring Rate at Well” have an inverse relationship on the effect of the
study result. For example to generate the lower bound on the uncertainty range both “Production
Rate” and “Flaring Rate Well” were set to “High” and “Pipeline Distance” was set to “Low”.
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Accounting for Natural Gas from Extraction
thru Delivery to a Large End-User

(Percent Mass Basis) »
— Fugltlve 1.7%
— Point Source 2.5%
Fuel Use 6.8%

Onshore

Offshore

Associated

Tight

23%

13%
7%

32%

Extraction

99%

Processing

91%

Transport

89%

Shale 16%
0121\ 9%
Natural Gas Raw Material Acquisition | Raw Material Cradle-to-.Gate 11% of Natural Gas Extracted from the
ResourceTable | Extraction | Processing | Transeort |  Total: Earth is Consumed for Fuel Use, Flared, or
Extracted from Ground 100% N/A N/A 100% .
Fugitive Losses 1.1% 0.2% 0.4% 1.7% E(mlt_tetd to the Atr?os_‘:_he;e
i olnt source or rugitive
Point Source Losses 0.1% 2 4% 0.0% 2504 p g
(Vented or Flared)
Fuel Use 0.0% 5.3% 1.6% 6.8% 2 0/ i :
Delivered to End User N/A N/A 89.0% 89.0% Of thIS, 62% is Used to Power Eqmpment

N I
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Life Cycle GHG Results for Average Natural Gas
Extraction and Delivery to a Large End-User

® Raw Material Acquisition = Raw Material Transport

60

Domestic Average Mix = 25.2 Ib CO,e/MMBtu
Low =19.6, High = 33.4 1

50

€, £O0.4

(Ib CO,e/MMBtu)

2007 IPCC 100-year Global Warming Potential

Imported LNG
0.0%

CBM
8.8%

Tight Gas
32.0%

Associated
6.8%

Onshore Offshore
23.3% 13.1%

Unconventional

Conventional
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Life Cycle GHG Results for Average Natural Gas

Extraction and Delivery to a Large End-User

Comparison of 2007 IPCC GWP Time Horizons:
100-year Time Horizon: CO, =1, CH, = 25, N,O = 298
20-year Time Horizon: CO, =1, CH, =72, N,O = 289

120
<
1=
(0]
° 100
o
2z
ES
T > 80
=3
58
S0
O 2
o2 60
O
o
N~
3
39 40

20

* 771 * 76 B
& 71.
¢ 56.8
& 458
¢ 411 & 426
& 37.7
¢ 31. ® 322 ¢ 323
& 252
¢ 193 & 218
¢ 16.1 ¢ 180
100 20 100 20 100 20 100 20 100 20 100 20 100 20 100 20
Domestic Onshore Offshore Associated Tight Gas CBM Barnett Imported LNG
100% 23.3% 13.1% 6.8% 32.0% 8.8% 15.9% 0.0%
Conventional Unconventional

N I
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Life Cycle GHG Results for “Average” Natural Gas

Extraction and Delivery to a Large End-User
Comparison of Natural Gas and Coal Energy Feedstock GHG Profiles

Average Natural Gas has a

u Raw Material Acquisition = Raw Material Transport :
60 Life Cycle GWP 95%

B Higher than Average Coal
© .
R (on an energy basis)
2 45,
a
()]
g I
E_ 40
gz

e}
-_— 323
£2 I
29 26.4
29
5 21.8
22 14 3
o
=
U ' I !
O
o
N~
o
o
“ b

Domestic Onshore Offshore Assomated Tight Gas CBM Barnett lllinois #6 |Powder River
100% 23.3% 13.1% 6.8% 32.0% 8.8% 15.9% 31% Basin
69%
Conventional Unconventional
Natural Gas Coal
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A Deeper Look at Unconventional Natural Gas
Extraction via Horizontal Well, Hydraulic Fracturing
(the Barnett Shale Model)

Private Well

usDw
Municipal Water Well:

<1,000 ft.

Shale Fractures
— Additional steel

casings and cement
to protect

5 F

4

k . H

-‘ ﬂ; J

groundwater

Protective Steel Casing

Approximate distance
from surface: 6,000 feet
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Source: NETL, Shale Gas: Applying Technology to Solve America’s Energy Challenge, January 2011



NETL Upstream Natural Gas Profile:
Barnett Shale: Horizontal Well, Hydraulic Fracturing
GWP Result: IPCC 2007, 100-yr (Ib CO,e/MMBtu)

ECO, ®"CH, ®"N;O

Well Construction Ii*O.?%
Well Completion =— 9.3%
-% Workovers |i ; 1 33.0%
g Other Fugitive Emissions 3.1%
" otmer o Saurce Emssins | 0% Well Completions and Workovers are
< Valve Fugitive Emissions [ 3.3% Influenced by Three Primary Factors:
- Acid Gas Removal W 4.5% 1. Production Rate: 3.0 BCF, EUR
> Dehydration | 0.1% 2. Quantity of Production Gas Vented
§ Other Fugitive Emissions 2.9% or Flared per Activity: 11,643
g Other Point Source Emissions | 0.2% MCF/Completion and Workover
- Valve Fugitive Emissions 3.9% 3. Average Unconventional Well
Compressors [N 0 18.5% Flaring Rate: 15%
Pipeline Construction | 0.1%
% Pipeline Compressors [lllE— 8.0%
. Pipeline Fugitive Emissions =—|12.4% 32.3 Ibs CO,e/MMBtu
O N —— | | | ; [ :

0 5 10 15 20 25 30 35 40 45

2007 IPCC 100-year Global Warming Potential
(Ibs CO,e/MMBtu)
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NETL Upstream Natural Gas Profile:
Barnett Shale: Horizontal Well, Hydraulic Fracturing

SenSItIVIty AnaIySIS Default Value Units
Prod. Rate Barnett +42.6% ﬁ 11,508 Ib/day
Workover Vent Barnett # 33.0% 489,023 Ib/episode
Workover Frequency, Unconv. # 33.0% 0.118 episodes/yr
Pipeline Distance _ 22.0% 450 miles
Completion Vent Barnett _ 9.3% 489,023 Ib/episode
Extraction flaring, Barnett -6.2% q 15.0 %
Processing flare rate 5.6% q 100 %
Pneumatic Fugitives, Processing P 4.0% 0.001480 Ib fugitives/lb processed gas
Pneumatic Fugitives, Onshore _ 3.3% 0.001210 Ib fugitives/Ib extracted gas
Other Fugitive, Onshore _ 3.1% 0.001119 Ib fugitives/Ib extracted gas
Other Fugitive, Processing m 2.9% 0.001089 Ib fugitives/Ib processed gas
Barnett Electric Compressor 1 1.0% 25 %
Pipeline Electric Compressor 1 0.8% 7 %
Well depth, Barnett 0.7% 13,000 feet
Other Point Vent, Processing 0.2% 0.0003940 Ib fugitives/Ib processed gas

-60%

“0%" = 32.3 b CO,e/MMBtu Delivered; IPCC 2007, 100-yr Time Horizon

-40%

-20% 0% 20% 40%

Example: A 1% increase in production rate from 11,508 Ib/day to 11,623 Ib/day
results in a 0.426% decrease in cradle-to-gate GWP, from 32.3 to
32.2 Ibs CO,e/MMBtu

N I
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Question #6:

How does natural gas power generation
compare to coal-fired power generation
on a life cycle GHG basis?
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Power Technology Modeling Properties

Plant Type Capacity | Capacity | Net Plant HHV
FRMERES Abbreviation AERRE (MW) Factor Efficiency
. Domestic Not Not
0
2009 Average Coal Fired Power Planta Avg. Coal Average Calculated | Calculated 33.0%
Existing Pulverized Coal Plant EXPC lllinois No. 6 434 85% 35.0%
Integrated Gasification Combined Cycle Plant IGCC lllinois No. 6 622 80% 39.0%
Super Critical Pulverized Coal Plant SCPC lllinois No. 6 550 85% 36.8%
2009 Average Baseload (> 40 MW) Natural Domestic Not Not 0
Gas Plant2 Avg. Gen. Average Calculated | Calculated 47.1%
Natural Gas Combined Cycle Plant NGCC Domestic 555 85% 50.2%
Average
Gas Turbine Simple Cycle GTSC Domestic 360 85% 32.6%
Average
Integrated Gasification Combined Cycle Plant o 0 0
with 90% Carbon Capture IGCC/CCS lllinois No. 6 543 80% 32.6%
" . . 0
Super Critical Pulverized Coal Plant with 90% SCPC/CCS llinois No. 6 550 85% 26.2%
Carbon Capture
. . 0 .
Natural Gas Combined Cycle Plant with 90% NGCC/CCS Domestic 474 85% 42 8%
Carbon Capture Average

a Net plant higher heating value (HHV) efficiency reported is based on the weighted mean of the 2007 fleet as reported by U.S. EPA, eGrid (2010).

NG I
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Comparison of Power Generation Technology
Life Cycle GHG Footprints

Raw Material Acquisition thru Delivery to End Customer (Ib CO,e/MWh)

3,000
2 2500 -
C
i
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o
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=
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= Raw Material Acquisition

= Raw Material Transport = Energy Conversion Facility ® Product Transport

Average Natural Gas Baseload Power Generation
has a Life Cycle GWP 55% Lower than

Domestic
Mix

Illinois #6

Coal

2,461 - 1
Average Coal Baseload Power Generation on a
2085 2,100 100-year Time Horizon
1,644
1.041 L 1,072
572
473
I 353
Avg. Coal | ) EXPC ‘ IGCC ‘ SCPC | Avg. Gen. | Avg. Gen NGCC ‘ GTSC IGCC SCPC ‘ NGCC

Conv. Gas| Unconv. Domestic Mix With Carbon Capture

Gas

Natural Gas
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Note: EXPC, IGCC, SCPC, and NGCC (combustion) results, with and without CCS, are based on scenario specific modeling parameters; not industry
average data.



Comparison of Power Generation Technology
Life Cycle GHG Footprints (Ibs CO,e/MWh)

Comparison of 2007 IPCC GWP Time Horizons:
100-year Time Horizon: CO, =1, CH, = 25, N,O = 298
20-year Time Horizon: CO, =1, CH, =72, N,O = 289

Average Natural Gas Baseload Power Generation
has a Life Cycle GWP 50% Lower than

3,000

e Average Coal Baseload Power Generation on a
2 e i 20-year Time Horizon
C —_—  —-— —
e ’ // I o &
o
g L 2
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Note: EXPC, IGCC, SCPC, and NGCC (combustion) results, with and without CCS, are based on scenario specific modeling parameters; not industry
average data.



Study Data Limitations

 Data Uncertainty
— Episodic emission factors
— Formation-specific production rates
— Flaring rates (extraction and processing)
— Natural gas pipeline transport distance

. Data Availability

— Formation-specific gas compositions (including CH,, H,S, NMVOC,
and water)

— Effectiveness of green completions and workovers

— Fugitive emissions from around wellheads (between the well casing
and the ground)

— GHG emissions from the production of fracing fluid

— Direct and indirect GHG emissions from land use from access roads
and well pads

— (Gas exploration
— Treatment of fracing fluid
— Split between venting and fugitive emissions from pipeline transport
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Question #7:

What are the opportunities for reducing
GHG emissions?

_ NATIONAL EN=RCGY TECHNOLOGY LASORATORY



Technology Opportunities

 Opportunities for Reducing the GHG Footprint of Natural Gas
Extraction and Delivery

— Reduce emissions from unconventional gas well completions and
workovers

» Better data is needed to properly characterize this opportunity based on
basin type, drilling method, and production rate

— Improve compressor fuel efficiency

— Reduce pipeline fugitive emissions thru technology and best
management practices (collaborative initiatives)

e Opportunities for Reducing the GHG Footprint of Natural Gas and
Coal-fired Power Generation

— Capture the CO, at the power plant and sequester it in a saline
aquifer or oil bearing reservoir (CO,-EOR)

— Improve existing power plant efficiency

— Invest in advanced power research, development, and
demonstration

All Opportunities Need to Be Evaluated on a Sustainable Energy Basis:
Environmental Performance, Economic Performance, and Social Performance
(e.g., energy reliability and security)
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Recent NETL Life Cycle Assessment Reports

Available at http://www.netl.doe.gov/energy-analyses/:
. Life Cycle Analysis: Existing Pulverized Coal (EXPC) Power Plant
. Life Cycle Analysis: Integrated Gasification Combined Cycle (IGCC) Power Plant
. Life Cycle Analysis: Natural Gas Combined Cycle (NGCC) Power Plant
. Life Cycle Analysis: Supercritical Pulverized Coal (SCPC) Power Plant
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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference therein to
any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The views and opinions of authors expressed
therein do not necessarily state or reflect those of the United States Government or any agency
thereof.
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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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=i Point Source, 3.0%
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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 VVOC: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,O0 (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 CH4/lb NG extracted

Other Fugitive Emissions 1.02E-03 2.41E-04 Ib CH4/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 CHa/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/lb 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:

e lllinois No. 6 Underground-mined Bituminous
e Powder River Basin Surface-mined Sub-bituminous

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)
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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 0 o o 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.
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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 Ibs.
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 lbs. 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 Subpart W Technical Support Document
(EPA, 2011a) to the coal bed methane well profile and the corresponding high pressure well emission
factor to shale gas based on the correlation of representative EUR of 3 BCF for Barnett Shale and the
San Juan and Piceance Basin EUR’s representing a range of 2 to 4 BCF. While the EPA Subpart W
Technical Support Document detailed the results for unconventional well completions and workovers
for low pressure formations, the annual inventory (EPA, 2011a) discusses unconventional well
activity as a single category assumed to be completed by hydraulic fracture, for the purposes of the
inventory, and applies the high pressure formation emission factor of 9,175 Mcf CH, for all
unconventional well completions and workovers in the annual activity count.
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The differences between the top-down and comprehensive approaches is further influenced by
whether or not EPA explicitly accounts for tight gas production or simply includes tight gas within
its conventional onshore natural gas activity factors. Tight gas represents 31 percent of the 2009 U.S.
domestic natural gas supply, and thus the results for NETL’s domestic mix are sensitive to changes in
the tight gas results (the extent of this sensitivity is demonstrated by the tornado chart for the
domestic natural gas mix). It is not clear if EPA includes tight gas within its conventional or
unconventional category. If EPA accounts for tight gas in its conventional category, then liquids
unloading would be incorrectly assigned to tight gas production, which would result in an overstated
result. Alternatively, if EPA accounts for tight gas in its unconventional category, then a well
completion and workover emission factor based on high production tight gas formations using
horizontal hydraulic fracture was applied, which would result in an overstated result. This difference
is only relevant in the comparative context between the two modeling approaches (screening versus
comprehensive life cycle analysis). With respect to the purpose of the EPA national inventory
approach, the effects are minimized based on the granularity of the overall analysis and the
comparison of results at the national sector level. As described above, NETL adjusted the episodic
emission factors for tight gas and coal bed methane based on well completion method and production
profile.

EPA’s documentation of unconventional emission factors are provided in its Subpart W document,
which is the basis for its national inventory results (EPA, 2011a). EPA’s 2009 GHG inventory is
representative of 2009 natural gas production; however, a close look at EPA’s Subpart W document
reveals that the episodic emission factors are based on relatively small samples of natural gas wells
from 2006 and 2007. It is common for LCAs to use data from a broad range of years. However, the
behavior of the natural gas industry was especially volatile between 2007 and 2009. The imposition
of emission factors that are representative of 2006 and 2007 upon other natural gas data that are
representative of anomalous activity in 2009 creates a time-series lag that introduces uncertainty to
the emission factor.

Figure 4-1: Natural Gas Well Development vs. Natural Gas Production (EIA, 2011b, 2011c)
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Figure 4-1 shows how increases in natural gas withdrawals lag between five and six years behind the
increase in natural gas well drilling activity. Using a numerator with 2006 to 2007 data for well
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activity, and 2009 data for withdrawals for the numerator could cause an undefined level of
uncertainty in the emission factor. The modeling approaches used by EPA and NETL (as described
in the first item above) react differently to this time-series lag. It is possible that NETL’s model
diminishes these effects because it amortizes the emissions over a 30-year operating period. Table
4-1 shows the differences among key parameters of the NETL and EPA models.

Table 4-1: Parameter Comparison between NETL and EPA Natural Gas Modeling

NETL EPA
Property’ Units i
PErY Onshore | Assoc. | Offshore T'ghtz Barnett CcBM? | Conv. | Unconv.
Sands Shale

Contribution to 0 0 0 0 0 o
2009 Mix Percent 25% 7% 13% 31% 16% 9% n/a n/a
Production Rate Mcf/da 66 121 | 2800 | 110 | 274 | 105 | n/a n/a
(30-yr average) v ’
Active Wells Count n/a n/a n/a n/a n/a n/a | 431,035 | 41,790
(2007)
Z'ta\;\'/';g” Rate Percent 51% | 51% | 51% | 15% | 15% | 51% | 51% 15%
Completion Mcf CH,/episode | 367 | 367 | 367 | 3,670 | 9,175 | 49.6 | 367 | 9,175
Emissions
Workover .

L Mcf CH,/episode 2.5 2.5 2.5 3,670 9,175 49.6 2.5 9,175
Emissions
Workover .

Episodes/year 0.04 0.04 0.04 0.12 0.12 0.12 0.04 0.12

Frequency
Liquids Unloading .
Emissions Mcf CH,/episode 18.5 n/a 18.5 n/a n/a n/a 18.5 n/a
Liquids Unloading .
Frequency Episodes/year 31 n/a 31 n/a n/a n/a 31 31

Figure 4-2 shows comparative greenhouse gas emissions from the three studies reviewed above.
Results from each study were converted to a common basis of 100-year Global Warming Potential in
pounds CO,e per MMBtu gas delivered. The NREL study did not have an explicit range of values,
so the central estimate is shown. For Jaramillo et al., the central estimate is the average of the high
and low values.

* All emission rates are prior to flaring.

2 The tight sands emission factor for well completions and workovers was calculated by NETL by reducing EPA's completion and workover
factor (3,670 Mcf CH,) for unconventional wells. The emission rates for completions and workovers are associated with the production rates
and reservoir pressures of a well.

® The CBM emission factor for well completions and workovers (49.57 Mcf CH,) is from EPA's documentation of low pressure wells. While
CBM wells are an unconventional source of natural gas, they have a low reservoir pressure and thus have lower emission rates from
completions and workovers.
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Figure 4-2: Comparison of Natural Gas Upstream GHGs from Other Studies
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4.2 Data Limitations

A key objective of an LCA is to normalize all data to a common basis (the functional unit). Like all
LCAs, this analysis is limited by data uncertainty and data limitations. Key instances of data
uncertainty and limitation are summarized below.

4.2.1 Data Uncertainty

Episodic emissions, natural gas production rates, flaring rates, and pipeline distance are four areas of
data uncertainty in this analysis and represented within the study results.

Episodic emission factors include the non-routine release of natural gas during well completion,
workovers, and liquid unloading. The results of this analysis are sensitive to these episodic
emissions. The data for episodic emissions from natural gas wells is limited to a relatively small
sample of wells and includes data going back as far as 1996 (EPA, 2011a). These emission factors
are not necessarily applicable to all natural gas wells. For instance, it is likely that some
unconventional wells have been completed using best practices and thus have low completion
emissions, while some conventional wells have been completed with poor practices and thus have
high completion emissions. However, there is no basis for claiming that a more recent, larger
sampling of natural gas wells would increase or decrease these emission factors.

This analysis uses the production rate for each type of natural gas well for apportioning episodic
emissions to a unit of natural gas production. The production rates of unconventional natural gas
wells (Barnett Shale, tight gas, and CBM wells) are based on estimated ultimate recovery (EUR) data
that are specific to each formation and have specific geographical constraints (Lyle, 2011).
Representativeness of unconventional production rate data provides a reasonable confidence range of
+/-30 percent. Production data for conventional wells is more variable, exhibiting a 200 percent
increase from the low to high production rates. This variability is due to the broad range in age,
reservoir, and technology characteristics for conventional wells, making it difficult to define a
“typical” conventional natural gas well.

Flaring rate is the portion of vented natural gas that is combusted; the unflared portion is released
directly to the atmosphere. Conventional wells flare 51 percent of vented gas, while unconventional
wells flare 15 percent of vented natural gas (EPA, 2011a). The natural gas processing plant is
modeled at a 100 percent flaring rate. While technology is available to capture and flare virtually all
of the vented natural gas from extraction and processing, economics and other practical concerns
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often prevent the implementation of such technologies. To account for uncertainty, this analysis
varied the default values for flaring rates by +/-20 percent. It is likely that there are natural gas wells
that fall outside of this range; however, based on professional judgment, we expect this range to
account for average natural gas production.

The transmission of natural gas by pipeline involves the combustion of a portion of the natural gas in
compressors as well as fugitive losses of natural gas. The total natural gas combustion and fugitive
emissions is a function of pipeline distance, which was estimated at an average distance of 604 miles.
This distance is based on the characteristics of the entire transmission network and delivery rate for
natural gas in the U.S. It is possible that some natural gas sources are located significantly closer to
their final markets than other sources of natural gas. To account for this uncertainty, this analysis
varies the average pipeline distance by +/- 20 percent, which is an uncertainty range based on
professional judgment.

4.2.2 Data Availability

Most data required for this analysis were readily available. However, there are several instances for
which more detailed data would enhance the functionality of the LCA model and allow further
discernment among natural gas types.

e Formation-specific gas compositions (CH,4, H,S, NMVOC, and water) for each natural gas type
would allow the assignment of specific venting emissions for natural gas extraction and
processing. It would also allow the calculation of the specific heat load required for natural gas
processing equipment (acid gas removal and dehydration).

e The effectiveness of green completions and workovers would allow further scrutiny of the
episodic emissions at wells and, possibly, further data granularity among the three
unconventional well types (Barnett Shale, tight gas, and CBM wells).

e No data are available for the fugitive emissions from around wellheads (between the well
casing and the ground). This is a possible emission source that could present a significant
opportunity for reductions in natural gas losses at a specific wellhead or site, but is not
expected to be a significant contribution from an average natural gas perspective.

o Data for water sourcing and production of other fluids used for hydraulic fracturing would
expand the boundaries of this analysis further and provide more details on the activities that
contribute most to the environmental burdens of unconventional natural gas production and
delivery.

e Direct and indirect GHG emissions from land use from access roads and well pads would
expand the scope of this analysis further and provide more details on the activities that
contribute most to the environmental burdens of unconventional natural gas production and
delivery.

e Data for the energy requirements of natural gas exploration would allow further comparisons
between conventional and unconventional natural gas. Historically, conventional natural gas
fields have been difficult to find, but relatively easy to develop once they are located (NGSA,
2010). In contrast, unconventional gas fields are easy to find, but require significant preparation
before natural gas is recovered.
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e The energy requirements for the treatment of flowback water from the hydraulic fracturing of
unconventional wells would represent an environmental burden that could allow further
differentiation among natural gas extraction types.

e The current EPA GHG inventory data for natural gas pipeline emissions includes methane
emissions in one category. A split between venting and fugitive emissions from pipeline
transport would facilitate recommendations for reducing pipeline losses. Vented emissions may
present opportunities for recovery, while fugitive emissions may not represent feasible
opportunities for recovery.

4.3 Recommendations for Improvement

Creating a greenhouse gas inventory from a life cycle perspective gives not only a more complete
picture of the impact of the process in question, but also allows for identification for the areas of
largest impact, and those with the greatest opportunity for improvement. Since this inventory is
presented on two different bases, opportunities were identified in both the extraction and delivery of
natural gas as well as the production of electricity from natural gas and coal.

4.3.1 Reducing the GHG Emissions of Natural Gas Extraction and Delivery

Unconventional gas sources (shale, tight sands, coal bed methane, etc.) now make up the majority of
natural gas extraction. As such, the emissions released during well completion and periodic well
workovers are a major contributor to the overall greenhouse gas footprint, and a large opportunity for
reduction. However, due to the relatively recent development of unconventional resources, better
data is needed to characterize this opportunity based on basin type, drilling method, and production
in order to better identify the potential for reductions.

Transportation of processed natural gas to the point at which it is consumed — in this inventory, large
end users such as power plants — makes up a large portion of the overall upstream impact. There are
two components to this impact: the first is the use of energy to compress the natural gas — the initial
compression to put the natural gas on the pipeline, and then periodic compression as the motive force
to push the natural gas along the transmission system. The second component is fugitive emissions
from joints in the pipeline and other equipment. Improving compressor efficiency not only increases
the amount of sellable product, but reduces the greenhouse gases emitted delivering that product.
Pipeline fugitive emissions could be reduced with both technology and best management practices.

4.3.2 Reducing the GHG Emissions of Natural Gas and Coal-fired Electricity

Although efforts to reduce methane emissions from natural gas and coal extraction and transportation
are important and should be continued, most GHG emissions from their extraction, transportation and
use comes in the form of post-combustion carbon dioxide. Three high-level opportunities for
reducing these emissions include:

e Capture the CO; at the power plant and sequester it in a saline aquifer or oil bearing reservoir
o Improve existing power plant efficiency
e Invest in advanced power research, development, and demonstration

Further, all opportunities 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.
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4.4 Conclusions

This greenhouse gas (GHG) analysis inventories six different sources of natural gas, including three
types of unconventional gas, combines them into a domestic mix, and then compares the inventory
on both a delivered feedstock and delivered electricity basis to a similar domestic mix of coal. The
results show that average coal, across a wide range of variability, and compared across different
assumptions of climate impact timing, has lower greenhouse gas emissions than domestically
produced natural gas when compared as a delivered energy feedstock—over 50 percent less than
natural gas per unit of energy.

However, the conclusion that coal is the cleaner fuel flips once the fuels are converted to electricity
in power plants with different efficiencies—53 percent for natural gas versus 35 percent for coal.
Natural gas-fired electricity has a 42 percent to 53 percent lower climate impact than coal-fired
electricity. Even when fired on 100 percent unconventional natural gas, from tight sands, shale and
coal beds, and compared on a 20-year GWP, natural gas-fired electricity has 39 percent lower
greenhouse gases than coal. This shifting conclusion based on a change in the basis of comparison
highlights the importance of specifying an end-use basis—not necessarily power production—when
comparing different fuels.

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. 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 natural gas —70 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.

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 17
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.

The conclusions drawn from this inventory and the associated 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 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.

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 opportunities 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.
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The energy and material flows tracked by NETL’s life cycle analysis (LCA) method in support of
this study are used to quantify emissions of greenhouse gases (CO,, CH,4, and N,O, SFs) that would
result from natural gas extraction and transport, and from coal extraction and transport. The methods
for calculating these flows for the raw material acquisition (RMA) and raw material transport (RMT)
of natural gas and coal are provided below.

Some common engineering conversions used in this study are:

1 tonne = 1,000 kg

1kg=2.2051b

1m®=353cf

Natural Gas Density: 1 cf of natural gas = 0.042 Ib natural gas
Natural Gas Energy Content: 1,027 Btu/cf natural gas

The molar ratio of CO, to carbon is 44/12

A.1l Raw Material Acquisition: Natural Gas

In this analysis, the boundary of the RMA for natural gas begins with the extraction of natural gas
from nature and ends with processed natural gas ready for pipeline delivery. Key activities in the
RMA of natural gas are as follows:

Well construction and installation

Natural gas sweetening (acid gas removal)
Natural gas dehydration

Natural gas venting and flaring

Natural gas compression

Well decommissioning

The data sources and assumptions for calculating the greenhouse gas (GHG) emissions from each
RMA activity are provided below. In most cases, the methane emissions are calculated by using
standard engineering calculations around key gas field equipment, followed by the application of the
Environmental Protection Agency (EPA) AP-42 emission factors as necessary.

Well Construction and Installation

NETL’s LCA model of natural gas extraction includes the construction and installation activities for
natural gas wells. Construction is defined as the cradle-to-gate burdens of key materials that embody
key equipment and structures. Installation is defined as the activity of preparing a site, erecting
buildings or other structures, and putting equipment in place.

The construction of natural gas wells requires a well casing that provides strength to the well bore
and prevents contamination of the geological formations that surround the gas reservoir. In the case
of offshore extraction, a large platform is also required. A well is lined with a carbon steel casing
that is held in place with concrete. A typical casing has an inner diameter of 8.6 inches, is 0.75 inches
thick, and weighs 24 pounds per foot (NaturalGas.org, 2004). The weight of concrete used by the
well walls is assumed to be equal to the weight of the steel casing. The total length of a natural gas
well is variable, based on the natural gas extraction profile under consideration. The well lengths
considered in this study are as follows: conventional onshore: 1,990 m; conventional offshore: 2,660
m; conventional onshore associated: 1,500 m; shale gas: 3,980 m; coal bed methane: 3,980 m; and
tight gas: 2,525 m. The total weight of materials for the construction of a well bore is estimated by
factoring the total well length by the linear weight of carbon steel and concrete.
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The installation of natural gas wells includes the drilling of the well, followed by the installation of
the well casing. Horizontal drilling is used for unconventional natural gas reserves where
hydrocarbons are dispersed throughout a matrix of shale or coal. An advanced drilling rig has a
drilling speed of 17.8 meters per hour, which translates to the drilling of a 7,000 foot well in
approximately 10 days (NaturalGas.org, 2004). A typical diesel engine used for oil and gas
exploration has a power of 700 horsepower and a heat rate of 7,000 Btu/hp-hr (EPA, 1995). The
methane emissions from well installation is the product of the following three variables: heat rate of
drilling engine (7,000 Btu/hp-hr), methane emission factor (EPA, 1995) for diesel combustion in
stationary industrial engines (6.35E-05 Ib/hp-hr), and the total drilling time (in hours).

The daily production rate of a natural gas well is an important factor in apportioning one-time
construction activities or intermittent operations to a unit of natural gas production. Typical
production rates vary considerably based on well type. Production rates also vary based on well
specific factors, such as the age of the natural gas well. For instance, the average daily production
rate for new, horizontal shale gas wells in the Barnett Shale region is as high as 2.5 million standard
cubic feet (MMcf) per day, but declines at a rapid rate (Hayden & Pursell, 2005). The observed
production rates in the Barnett Shale region decline 55 percent during the first year, 25 percent
during the second year, 15 percent during the third year, and 10 percent each following year (Hayden
& Pursell, 2005). The production rates for each type of natural gas well are shown in Table A-12.
These production rates include the average production of natural gas wells in 2009 (the basis year of
this analysis), as marginal production rates. Marginal production rates exclude poorly performing,
mature wells that will likely be removed from service within a couple of years.

The construction and material requirements are apportioned to one kilogram of natural gas product
by dividing them by the lifetime production of the well. The natural gas wells considered in this
study are presumed to produce natural gas at the rates discussed above, with a lifetime of 30 years.
Thus, construction and material requirements, and associated GHG emissions, are apportioned over
the lifetime production rate specific to each type of natural gas well, based on average well
production rates.

Natural Gas Sweetening (Acid Gas Removal)

Raw natural gas contains varying levels of hydrogen sulfide (H,S), a toxic gas that reduces the heat
content of natural gas and causes fouling when combusted in equipment. The removal of H,S from
natural gas is known as sweetening. Amine-based processes are the predominant technologies for the
sweetening of 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 is modeled in this analysis. This H,S concentration is based on raw gas composition data
compiled by the Gas Processors Association (Foss, 2004).

The energy consumed by the amine reboiler accounts for the majority of energy consumed by the
sweetening 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. Approximately 0.30 moles of H,S are
removed per 1 mole of circulated amine solution (Polasek, 2006), the reboiler duty is approximately
1,000 Btu per gallon of amine (Arnold, 1999), and the reboiler has a thermal efficiency of 92 percent.
The molar mass of amine solution is assumed to be 83 g/mole, which is estimated by averaging the
molar mass of monoethanolamine (61 g/mole) and diethanolamine (105 g/mole). The density of the
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amine is assumed to be 8 Ib/gal (3.62 kg/gal). The calculation of energy input per kilogram of natural
gas product is shown in Equation 1.

0.005 kg H,S " 1 kg mol H,S " 1 kg mol amine " 83 kg amine " 1 gal amine "

kg NG product 34 kg HyS 0.30kg mol H,S kg molamine 3.62 kg amine A
1,000 Btu reboiler duty N 1 Btu energy input 12.2 Btu _ 26.9 Btu (Equatlon l)

gal amine 0.92 Btu reboiler duty - kg NG product NG product

The amine reboiler combusts natural gas to generate heat for amine regeneration. This analysis
applies EPA emission factors for industrial boilers (EPA, 1995) to the energy consumption rate
discussed in the above paragraph in order to estimate the combustion emissions from amine reboilers.

The sweetening of natural gas is also a source of vented methane emissions. 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 per natural gas sweetened (API, 2009).
The calculation of methane released by amine reboiler venting is shown in Equation 2.

0.0185 tonne CH, 1,000kg 2.2051b lcf 9.71 x 10~* b CH,
* * * =
106 cf NG tonne kg 0.042 lb lb NG

(Equation 2)

Raw natural gas contains naturally-occurring CO, that contributes to the acidity of natural gas. Most
of this CO; is absorbed by the amine solution during the sweetening of natural gas and is ultimately
released to the atmosphere when the amine is regenerated. This analysis calculates the mass of
naturally-occurring CO, emissions from the acid gas recovery (AGR) unit by balancing the
composition of production gas (natural gas that has been extracted but has not undergone significant
processing) and pipeline-quality gas. Production gas contains 1.52 mass percent CO,and pipeline-
quality natural gas contains 0.47 mass percent CO,. A mass balance around the AGR unit, which
balances the mass of gas input with the mass of gas venting and gas product, shows that 0.013 Ib of
naturally-occurring CO; is vented per Ib of processed natural gas. The key constraints of this mass
balance are the different compositions of input gas (production gas) and output gas (pipeline-quality
gas) and the methane venting rate from amine regeneration. The mass balance around the AGR unit
is illustrated by Figure A-1.

Figure A-1: Mass Balance for Acid Gas Removal

Output: AGRvent

CH,=0.001lb

C0,=0.013 Ib

N,=0.016 Ib

NMVOC=0.157 Ib

Total=0.187 Ib
Input: production gas Output: pipeline gas

> Acid Gas Removal Unit >

CH,=0.935 Ib CH,=0.934 Ib
C0,=0.018 Ib C0O,=0.005 Ib
N,=0.021 lb N,=0.006 Ib
NMVOC=0.211b NMVOC=0.056 |b
Total=1.187 Ib Total=1.00 Ib
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As shown by the mass balance around the AGR unit, the majority (84 percent by mass) of the AGR
vent stream is NMVOC. At this concentration, NMVOC:s are a high-value energy product. Thus,
from an LCA perspective, NMVOCs are a valuable co-product of the AGR process. Co-product
allocation is used to apportion life cycle emissions and other burdens between the natural gas and
NMVOC products.

In this analysis, the relative energy contents of the natural gas and NMVOC outputs from the AGR
process are used as the basis for co-product allocation. The heating value of pipeline-quality natural
gas is 24,452 Btu/lb (which is calculated from the default study value of 1,027 Btu/cf). The heating
value of NMVOCs is 21,025 Btu/lb, which is calculated from the composition of the vent stream
from the AGR unit and the heating values of each NMVOC component (The Engineering Toolbox,
2011); the calculation of the heating value of NMVOC is shown in Table A-1. As shown by the mass
balance (Figure A-1), 0.157 Ibs of NMVOC are produced for every Ib of natural gas produced.
When these mass flows are converted to an energy basis using the above heating values, 88.1 percent
of the product leaving the AGR process is natural gas and 11.9 percent is NMVOCs. Thus, the
natural gas model allocates 88.1 percent of the energy requirements and environmental emissions of
acid gas removal to the natural gas product.

Table A-1: Heating Value of NMVOC Co-Product from AGR Process

Percent Heating Value

NMVOC Component Mass (Btu/Ib)
CH, 0% 23,811
Ethane 44.1% 20,525
Propane 26.7% 21,564
Iso-Butane 5.9% 21,640
n-Butane 10.4% 21,640
iso-Pentane 3.0% 20,908
n-Pentane 3.9% 20,908
Hexanes 3.0% 20,526
Heptanes Plus 2.9% 21,000
Other (N, and CO,) 0% 0

Composite Heating Value 21,025

The following table shows the energy consumption and GHG emissions for acid gas removal. These
energy and emission factors do not account for the co-product allocation between natural gas and
NMVOCs. The co-product allocation between natural gas and NMVOC is performed within the
modeling software (GaBi).

For Table A-2, the energy used for acid gas removal is based on a 0.005 kg H,S per of raw natural
gas, a molar loading of 0.30 mol H2S per mole of amine solution, and a reboiler duty of 1,000
Btu/gal of regenerated amine, and a reboiler efficiency of 92 percent. The CH, venting factor
assumes that the reboiler vent is not flared.
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Table A-2: Acid Gas Removal (Sweetening)

Flow Name | value | Units | Reference
Air Emission Factors
CO, 2.86 Ib CO,/Ib NG fuel API 2009
N,O 1.52E-05 Ib N,O/Ib NG fuel API 2009
CH,4 (combustion) 5.48E-05 Ib CH,/Ib NG fuel APl 2009
Energy Inputs and Outputs
Reboiler energy 26.9 Btu/Ib NG product calculated
Reboiler fuel 2.26E-04 | |b NG fuel/Ib NG product calculated

Air Emissions
CO, (combustion) 6.47E-04 Ib CO,/Ib NG product calculated

CO, (vented) 0.013 Ib CO,/Ib NG product calculated
N,O 3.54E-06 Ib N,O/lb NG product calculated
CH,4 (combustion) 1.27E-05 Ib CH4/Ib NG product calculated
CH, (vented) 9.71E-04 Ib CH4/Ib NG product AP] 2009
NMVOC (vented) 0.157 | b NMVOC/Ib NG product | calculated

Natural Gas 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.

The fuel requirements of dehydration are a function of the reboiler duty. Due to the heat integration
of the absorber and stripper streams, the reboiler, which is heated by natural gas combustion, is the
only equipment in the dehydration system that consumes fuel. The reboiler duty (the heat
requirements for the reboiler) is a function of the flow rate of glycol solution, which, in turn, is a
function of the difference in water content between raw and dehydrated natural gas. The typical
water content for untreated natural gas is 49 Ibs/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 3 gallons per pound of water removed (EPA, 2006), and the heat required to regenerate
glycol is 1,124 Btu/gal (EPA, 2006). By factoring the change in water content, the glycol flow rate,
and boiler heat requirements, the energy requirements for dehydration are 152,000 Btu/MMcf of
dehydrated natural gas (as shown by Equation 3 and Equation 4 below). Assuming that the reboiler
is fueled by natural gas, this translates to 1.48E-04 Ib of natural gas combusted per Ib of dehydrated
natural gas (as shown by the equations below). The emission factor for the combustion of natural gas
in boiler equipment produces 2.3 Ib CH4/million cf natural gas (API, 2009). After converting to
common units, the above fuel consumption rate and methane emission factor translate to 8.09E-09 Ib
CH,/Ib NG treated.

3.00 gal glycol N 1,124 Btu N (49-4) lb water __ 152,000 Btu
b water gal glycol MMCF NG MMcf NG

(Equation 3)
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152,000 Btu MMcf NG 1cf NG 1.48x10~%1b NG fuel .
MMcf NG * 108¢f NG *To27Btu  IbNG product (Equation 4)
In addition to absorbing water, the glycol solution also absorbs methane from the natural gas stream.
This methane is lost to evaporation during the regeneration of glycol in the stripper column. Flash
separators are used to capture most of methane emissions from glycol strippers; nonetheless, small
amounts of methane are vented from dehydrators. The emission of methane from glycol dehydration
is based on emission factors developed by the Gas Research Institute (API, 2009). Based on this
emission factor, 8.06E-06 Ib of methane is released for every pound of natural gas that is dehydrated.

For Table A-3, the energy used for dehydration is based on 3 gallons of glycol per pound of water
removed, a reboiler duty of 1,124 Btu per gallon of glycol regenerated, and 45 pounds of water
removed per MMcf of natural gas produced. The methane venting factor assumes that no flash
separator is used to control venting emissions.

Table A-3: Natural Gas Dehydration

Flow Name | Value | Units | Reference
Air Emission Factors
CO, 2.86 Ib CO,/Ib NG fuel API 2009
N,O 1.52E-05 Ib N,O/lb NG fuel API 2009
CH,4 (combustion) 5.48E-05 Ib CH,/Ib NG fuel AP| 2009
Energy Inputs and Outputs
Reboiler energy 1.52E-01 Btu/cf NG product AP| 2009
Reboiler fuel 1.48E-04 | Ib NG fuel/lb NG product | calculated
Air Emissions
Cco, 4.24E-04 Ib CO,/lb NG product calculated
N,O 2.26E-09 Ib N,O/lb NG product calculated
CH,4 (combustion) 8.10E-09 Ib CH4/Ib NG product calculated
CH, (venting) 8.06E-06 Ib CH4/Ib NG product API 2009

Natural Gas 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 include carbon dioxide, methane, and nitrous oxide. The flaring
emission factors published by the American Petroleum Institute (AP, 2009) are based on the
following recommendations by the Intergovernmental Panel on Climate Change (IPCC):

o |f measured data are not available, assume flaring has a 98 percent destruction efficiency.
Destruction efficiency is a measure of how much carbon in the flared gas is converted to CO,
(API, 2009).

e The CO, emissions from flaring are the product the destruction efficiency, carbon content of
the flared gas, the molar ratio of CO; to carbon (44/12). Methane is 75 percent carbon by
mass, and the other hydrocarbons in natural gas are approximately 81 percent carbon by mass
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(Foss, 2004); the composite carbon content of natural gas is calculated by factoring these
carbon compositions with the natural gas composition.

e Methane emissions from flaring are equal to the two percent portion of gas that is not
converted to CO; (API, 2009).

e N0 emissions from flaring are based on EPA AP-42 emission factors for stationary
combustion sources (API, 2009).

The mass composition of unprocessed natural gas (referred to as “production natural gas”) is 78.8
percent CH,4, 1.5 percent CO,, 1.78 percent nitrogen, and 17.9 percent non-methane hydrocarbons
(NMVOCs) (EPA, 2011a). The mass composition of pipeline quality natural gas is 93.4 percent CH,,
0.47 percent CO,, 0.55 percent nitrogen, and 5.6 percent NMVOCs. The composition of production
natural gas to model flaring during natural gas extraction, and the composition of pipeline quality
natural gas is used to model flaring at the natural gas processing plant. The above method for
estimating flaring emissions was applied to these gas compositions to develop flaring emission
factors for production and pipeline natural gas. The following table summarizes the mass
composition and flaring emissions for these two gas compositions.

Table A-4: Natural Gas Flaring

Emission | Production NG | Pipeline NG | Units | Reference
Natural Gas Composition
CH, 78.8% 93.4% % mass (EPA, 2011a)
Cco, 1.52% 0.47% % mass (EPA, 2011a)
Nitrogen 1.78% 0.55% % mass (EPA, 2011a)
NMVOC 17.90% 5.57% % mass (EPA, 2011a)
Flaring Emissions
CO, 2.67 2.69 | b CO,/Ib flared NG AP, 2009
N,O 8.95E-05 2.79E-05 | Ib N,O/lb flared NG API, 2009
CH, 1.53E-02 1.81E-02 Ib CH,/lb flared NG API, 2009

The venting rate of natural gas is necessary to apply the above emission factors to a unit of natural
gas production. Venting rates are highly variable and depend more on the production practices and
condition of equipment at an extraction site that the type of natural gas reservoir. Thus, venting rates
have been parameterized in the model to allow uncertainty analysis.

Recent data indicate that only 51 percent of vented natural gas from conventional natural gas
extraction operations is flared and the remaining 49 percent is released to the atmosphere (EPA,
2011a). The flaring rate is even lower for unconventional wells, which flare 15 percent of vented
natural gas (EPA, 2011a). The flaring rate at natural gas processing plants is assumed to be 100
percent.

Venting from Well Completion

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). Barnett
Shale and tight gas wells are high pressure wells, and thus have higher completion venting than coal
bed methane and conventional wells (EPA, 2011a).

When modeling tight gas, adjustments were made to EPA’s emission factors for well completions
and workovers. EPA’s documentation (EPA, 2011a) indicates that its unconventional completion
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and workover emissions are representative of high-pressure, tight gas wells in the San Juan and
Piceance basins, which are horizontal wells that were completed using hydraulic fracturing and have
an estimated ultimate recovery of 3 Bcf. A survey of tight gas production in the U.S. determined that
an estimated ultimate recovery of 1.2 Bcf is more representative of 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. An emission factor of 3,670 Mcf CH, per episode for the
completion and workover of tight gas wells is used.

Tight gas emissions are not the only emission factor adjusted for the model. While coal bed methane
(CBM) wells are an unconventional source of natural gas, they have a low reservoir pressure and thus
have relatively low emission rates from completions and workovers. The CBM emission factor used
for the completion and workover of CBM wells is 49.57 Mcf CH, (EPA, 2011a). This is much lower
than the completion and workover emission factor that EPA recommends for unconventional wells
(9,175 Mcf CHy).

The analysis tracks flows on a mass basis, so it is necessary to convert these emission factors from a
volumetric to a mass basis. Using a natural gas density of 0.042 Ib/cf (API, 2009) the methane
emissions from conventional well completions are 1,538 Ib/completion (698 kg/completion). For
unconventional wells the venting rates are 386,000 Ib/completion (175,000 kg/completion) for
Barnett Shale, 2,090 Ib/completion (946 kg/completion) for coal bed methane, and 154,000
Ib/completion (70,064 kg/completion) for tight gas (EPA, 2011a).

Venting from Well Workovers

The methane emissions from the workover of conventional and unconventional wells are based on
emission factors developed by EPA (EPA, 2011a). Conventional wells produce 2.454 Mcf/workover
and unconventional wells produce 9,175 Mcf/workover. (Note that the workover emission factor for
unconventional wells is the same as the completion emission factor for unconventional wells.) This
analysis tracks flows on a mass basis, so it is necessary to convert these emission factors from a
volumetric to a mass basis. Using a natural gas density of 0.042 Ib/cf (API, 2009) and the conversion
factor of 2.205 Ib/kg, the methane emissions from well workovers are 103 Ib/workover (46.7
kg/workover) for conventional wells. The workover venting rates for unconventional wells are
assumed to be equal to their completion venting rates (EPA, 2011a).

Unlike well completions, well workovers occur more than one time during the life of a well. The
frequency of well workovers was calculated using EPA's accounting of the total number of natural
gas wells in the U.S. and the total number of workovers performed per year (all data representative of
2007). 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.

Venting from Liquid Unloading

Liquid unloading is necessary for conventional gas wells. It is not necessary for unconventional wells
or associated gas wells.

The methane emissions from the unloading of liquid from conventional wells are based on emission
factors developed by EPA. In 2007, conventional wells produced 223 Bcf/year (EPA, 2011a), which
is 4.25 million metric tons per year using a natural gas density of 0.042 Ib/cf. There were
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approximately 389,000 unconventional wells in 2007. When the annual emissions are divided by the
total number of wells, the resulting emission factor is 10.9 metric tons per well-year.

Liquid unloading is a routine operation for conventional gas wells. The frequency of liquid unloading
was calculated using EPA's assessment of two producers and the unloading activities for their wells
(EPA, 2011a). From this sampling, EPA calculated that there are 31 liquid unloading episodes per
well-year (EPA, 2011a).

When the emission factor for liquid unloading is divided by the average number of unloading
episodes, the resulting methane emission factor is 776 Ib/episode (352 kg/episode).

Venting from Wet Seal Degassing

The emission factor for wet seal degassing accounts for the natural gas lost during the regeneration of
wet seal oil, which is used for centrifugal compressors. This analysis uses an EPA study that sampled
venting emissions from 15 offshore platforms (Bylin et al., 2010). According to EPA's sampling of
these platforms, the emissions from wet seal oil degassing are 33.7 million m® of methane annually.
These platforms produce 4.88 billion m? of natural gas annually. When the emission rate for this
category is divided by the production rate, the resulting emission factor is 0.00690 m® of vented gas
per m* of produced gas. Assuming the emissions have the same density as the produced gas, this
emission factor is 0.00690 Ib of natural gas/Ib produced natural gas.

Fugitive Emissions from Pneumatic Devices

The extraction and 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 equipment on all valves and other control devices at a natural gas extraction or
processing site. Thus, this analysis assumes that the operation of pneumatic systems result in the
emission of fugitive natural gas emissions.

Data for the fugitive emissions from pneumatic devices are based on EPA data for offshore wells,
onshore wells, and gas processing plants (EPA, 2011a). EPA’s data is based on 2006 production
(EPA, 2011a) and shows the methane emissions for specific wellhead and processing activities. This
analysis translated EPA’s data to a basis of Ib methane per Ib of natural gas production by dividing
the methane emission rate by the natural gas production rate. For example, the annual emissions from
pneumatic devices used for offshore production are 7 MMcf of methane; when divided by the annual
offshore production rate of 3,584,190 MMcf;, this translates to an emission factor of 1.95E-06 Ib of
methane per Ib of natural gas produced (this calculation assumes that the volumetric densities of
methane and natural gas are the same). The fugitive emissions from pneumatic devices used by
offshore wells, onshore wells, and natural gas processing plants are shown in the following table.
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Table A-5: Fugitive Emissions from Pneumatic Devices

Location MMcf/yr (EPA, 2011a) Emission Factor
CH, emission NG Production b CH,/Ib NG
Onshore 52,421 19,950,828 2.63E-03
Offshore 7.0 3,584,190 1.95E-06
Processing 93 14,682,188 6.33E-06

Other Point Source and Fugitive Emissions

The emissions described above account for natural gas emissions from specific processes, including
the episodic releases of natural gas during well completion, workovers, and liquid unloading, as well
as routine releases from wet seal degassing, AGR, and dehydration. Natural gas is also released by
other extraction and processing equipment. To account for these other emissions, NETL’s model
includes two additional emission categories: other point source emissions and other fugitive
emissions. Other point source emissions account for natural gas emissions that are not accounted for
elsewhere in model and can be recovered for flaring. Other fugitive emissions include emissions that
are not accounted for elsewhere in the model and cannot be recovered for flaring.

EPA’s Background Technical Support Document - Petroleum and Natural Gas Industry (EPA,
2011a) was used for quantifying the other point source and fugitive emissions from natural gas
extraction and processing. A three-step process was used to filter EPA’s venting and flaring data so
that it is consistent with the boundary assumptions of this analysis:

1. Emissions that are accounted for by NETL’s existing natural gas unit processes were not
included in the categories for other point source and fugitive emissions. For example, EPA
provides emission rates for well construction, well completion, dehydration, and pneumatic
devices. The emissions from these activities are accounted for elsewhere in NETL’s model
and thus, to avoid double counting, are not included in the emission factors for other point
and fugitive emissions.

2. Emissions that fall within NETL’s boundary definitions for natural gas processing were
moved from the natural gas extraction category to the natural gas processing category.

3. The EPA data (EPA, 2011a) does not discern between point source and fugitive emissions, so
emissions were assigned to the point source or fugitive emission categories based on another
EPA reference that provides more details on point source and fugitive emissions (Bylin, et
al., 2010).

Other Point Source and Fugitive Emissions from Onshore Extraction

The data for other point source and fugitive emissions from onshore extraction are shown in the
following table. These data are based on EPA data representative of 2006 natural gas production
(EPA, 2011a). The original data (EPA, 2011a) include emissions from construction, dehydration,
compressors, well completion, and pneumatic devices; these processes are accounted for elsewhere
in NETL’s model and thus are not included in the emission factors for other point source and fugitive
emissions. Additionally, emissions from Kimray pumps, condensate tanks, and compressor
blowdowns are re-categorized as natural gas processing emissions in NETL’s model, and are thus not
included in the emission factors for natural gas extraction. Based on EPA’s data (EPA, 2011a) and
NETL’s boundary assumptions, the emission factors for point source and fugitive emissions from
onshore gas extraction are 7.49E-05 Ib CH,4/Ib NG extracted and 1.02E-03 Ib CH,/Ib NG extracted,
respectively. The data for these calculations are shown in Table A-6.
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Table A-6: Other Point Source and Fugitive Emissions from Onshore NG Extraction

Emission Source (“;:;':fs /I;::r) Location (UP) SZ(::ITe Fugitive

Normal Fugitives

Gas Wells 2,751 Construction

Heaters 1,463 1,463

Separators 4,718 4,718

Dehydrators 1,297 Dehydrator

Meters/Piping 4,556 4,556

Small Reciprocating Compressor 2,926 Reciprocating Compressor

Large Reciprocating Compressor 664 Reciprocating Compressor

Large Reciprocating Stations 45 Reciprocating Compressor

Pipeline Leaks 8,087 8,087
Vented and Combusted

Completion Flaring 0 Well Completion V&F

Well Drilling 96 Well Completion

Coal Bed Methane 3,467 Well Completion

Pneumatic Device Vents 52,421 Pneumatic Devices

Chemical Injection Pumps 2,814 2,814

Kimray Pumps 11,572 | In NG processing boundary

Dehydrator Vents 3,608 Dehydrator V&F

Condensate Tanks without Control Devices 1,225 In NG processing boundary

Condensate Tanks with Control Devices 245 In NG processing boundary

Gas Engines, Compressor Exhaust Vented 11,680 Gas Compressor
Well Workovers

Well Workovers, Gas Wells 47 Well Workovers

Well Workovers, Well Clean Ups

(Low Pressure Gas Wells) P 9,008 Well Workovers
Blowdowns

Blowdowns, Vessel 31 31

Blowdowns, Pipeline 129 129

Blowdowns, Compressors 113 In NG processing boundary

Blowdowns, Compressor Starts 253 | In NG processing boundary
Upsets

Pressure Relief Valves 29 29

Mishaps 70 70
Total Emissions 123,315 1,494 20,403
Total NG Extracted 19,950,828
Emission Rate (Ib CH,/Ib NG extracted) 7.49E-05 1.02E-03

Other Venting and Fugitive Emissions from Offshore Extraction

The data for other point source and fugitive emissions from offshore extraction are shown in the
following table. These data are based on EPA data representative of 2006 natural gas production
(EPA, 2011a). The original data (EPA, 2011a) include emissions from drilling rigs, flares, centrifugal
seals, glycol dehydrators, gas engines and turbines, and pneumatic pumps; these processes are
accounted for elsewhere in NETL’s model and thus are not included in the emission factors for other
point source and fugitive emissions. Based on EPA’s data (EPA, 2011a) and NETL’s boundary
assumptions, the emission factors for point source and fugitive emissions from offshore gas
extraction are 3.90E-05 Ib CH,/Ib NG extracted and 2.41E-04 Ib CH,4/Ib NG extracted, respectively.
The data for these calculations are shown in Table A-7.
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Table A-7: Other Point Source and Fugitive Emissions from Offshore NG Extraction

Emission Source (';rla':fs /I:::r) Location (UP) S'::::::te Fugitive
Amine gas sweetening unit 0.2 AGR and CO, removal
Boiler/heater/burner 0.8 0.80
Diesel or gasoline engine 0.01 0.01
Drilling Rig 3 Construction
Flare 24 Venting and Flaring
Centrifugal Seals 358 Centrifugal Compressor
Connectors 0.8 0.80
Flanges 2.4 2.38
Open Ended Line 0.1 0.10
Other 44 44.0
Pump Fugitive 0.5 0.50
Valves 19 19.00
Glycol Dehydrator 25 Dehydrator
Loading Operation 0.1 0.10
Separator 796 796
Mud Degassing 8.0 8.00
Natural Gas Engines 191 Reciprocating compressor
Natural Gas Turbines 3.0 Centrifugal compressor
Pneumatic Pumps 7.0 Pneumatic Devices
Pressure Level Controls 2.0 2.00
Storage Tanks 7.0 7.00
Variable Exhaust Nozzle Exhaust Gas 124 124
Total Emissions 1616 140 865
Total Processed NG 3,584,190
Emission Rate
(Ib CH,/Ib NG extracted) 3.90E-05 | 2.41E-04

Other Venting and Fugitive Emissions from Natural Gas Processing

The data for other point source and fugitive emissions from natural gas processing are shown in the
following table. These data are based on EPA data representative of 2006 natural gas production
(EPA, 2011a). The original data (EPA, 2011a) include emissions from reciprocating compressors,
centrifugal compressors, AGR units, dehydrators, and pneumatic devices; these processes are
accounted for elsewhere in NETL’s model and thus are not included in the emission factors for other
point source and fugitive emissions. Based on EPA’s data (EPA, 2011a) and NETL’s boundary
assumptions, the emission factors for point source and fugitive emissions from natural gas processing
are 3.68E-04 Ib CH,/Ib NG extracted and 8.25E-04 Ib CH,/Ib NG extracted, respectively. The data
for these calculations are shown in Table A-8.
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Table A-8: Other Point Source and Fugitive Emissions from NG Processing

Emission Source (l\imf:/';::r) Location (UP) S':::::::te Fugitive

Normal Fugitives

Plants 1,634 3,104

Recip Compressors 17,351 Reciprocating Compressor

Centrifugal Compressors 5,837 Centrifugal Compressor
Vented and Combusted (Normal Operations)

Compressor Exhaust, Gas Engines 6,913 Reciprocating Compressor

Compressor Exhaust, Gas Turbines 195 Centrifugal Compressor

AGR Vents 643 AGR and CO, removal

Kimray Pumps (Glycol Pump for Dehydrator) 177 11,749

Dehydrator Vents 1,088 | Dehydrator venting & flaring

Pneumatic Devices 93 Pneumatic Device
Routine Maintenance

Blowdowns/Venting 2,299 2,299 366
Total Emissions 36,230 5,403 12,115
Total Production 14,682,188
Emissions Rate (lb CH,/Ib NG processed) 3.68E-04 | 8.25E-04

Natural Gas Compression

Compressors are used to increase the 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. The inlet pressure depends on the pressure of the natural gas reservoir
and pressure drop during gas processing and thus introduces uncertainty to the model. The outlet
pressure of 800 psig is a standard pressure for pipeline transport of natural gas.

The energy required for compressor operations is based on manufacturer data that compares power
requirements to compression ratios (the ratio of outlet to inlet pressures). A two-stage compressor
with an inlet pressure of 50 psig and an outlet pressure of 800 psig has a power requirement of 187
horsepower per MMcf of natural gas (GE Oil and Gas, 2005). Using a natural gas density of 0.042
Ib/cf and converting to kilograms gives a compression energy intensity of 1.76E-04 MWh per kg of
natural gas. This energy rate represents the required output of the compressor shaft; the input fuel
requirements for compression vary according to compression technology. The two types of
compressors used for natural gas operations are reciprocating compressors and centrifugal
compressors. These two compressor types are discussed below.

Reciprocating compressors account for an estimated 75 percent of wellhead compression in the
Barnett Shale gas play, and are estimated to accounted for all wellhead compression at conventional
onshore, conventional onshore associated, and coal bed methane wells. 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 (Houston Advanced Research Center, 2006). The
average energy intensity of a gas-powered turbine is 8.74 Btu/hp-hr (Houston Advanced Research
Center, 2006). Using a natural gas heating value of 1,027 Btu/cf (API, 2009), a natural gas density of
0.042 Ib/cf (API, 2009), and converting to kilograms translates to 217 kg of natural gas per MWh of
centrifugal, gas-powered turbine output. This fuel factor represents the mass of natural gas that is
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combusted per compressor energy output. The carbon dioxide emissions from a gas-powered, 4-
stroke reciprocating compressor are 110 Ib/MMBtu of fuel input. Similarly, the methane emissions
from the same type of reciprocating compressor are 1.25 Ib/MMBtu of fuel input (EPA, 1995); these
methane emissions result from leaks in compressor rod packing systems and are based on
measurements conducted by the EPA on a sample of 22 compressors (EPA, 1995).

The emissions for the operation of wellhead compressors are shown in Table A-9 below.

Table A-9: Gas-Powered Reciprocating Compressor Operations

Air Emission Factors
CO, 110 Ib/MMBtu fuel 0.047 kg/M| fuel EPA 1995
CH,4 1.25 Ib/MMBtu fuel 5.37E-04 kg/M!J fuel EPA 1995
Energy Inputs and Outputs
Output shaft energy 7.39E-05 MWh/Ib 1.63E-04 MWh/kg GE 2005
Heat rate 478 Ib NG/MWh 217 kg NG/MWh HARC 2006
Fuel input 3.54E-02 Ib NG/Ib NG | 3.54E-02 kg NG/kg NG calculated
Air Emissions
co, 0.095 Ib/lb NG 0.095 kg/kg NG calculated
CH, 1.08E-03 Ib/Ib NG 1.08E-03 kg/kg NG calculated

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). A two-stage centrifugal compressor with an inlet pressure of 50 psig and an outlet
pressure of 800 psig has a power requirement of 187 horsepower per MMcf of natural gas (GE Oil
and Gas, 2005). Using a natural gas density of 0.042 Ib/cf and converting to kilograms gives a
compression energy intensity of 1.76E-04 MWh per kg of natural gas.

Table A-10: Gas-Powered Centrifugal Compressor Operations

Air Emission Factors
CO, 110 Ib/MMBtu fuel 0.047 kg/M| fuel EPA 1995
CH, 8.60E-03 Ib/MMBtu fuel 3.70E-06 kg/MJ fuel EPA 1995
N,O 3.00E-03 Ib/MMBtu fuel 1.29E-06 kg/MJ fuel EPA 1995
Energy Inputs and Outputs
Output shaft energy 7.39E-05 MWh/Ib 1.63E-04 MWh/kg GE 2005
Heat rate 443 |Ib NG/MWh 201 kg NG/MWh API 2009
Fuel input 3.28E-02 Ib NG/Ib NG | 3.28E-02 kg NG/kg NG | calculated
Air Emissions
Cco, 0.088 Ib/Ib NG 0.088 kg/kg NG | calculated
CH, 6.89E-06 Ib/Ib NG 6.89E-06 kg/kg NG | calculated
N,O 2.40E-06 Ib/Ib NG 2.40E-06 kg/kg NG | calculated

Electrically-powered centrifugal compressors account for an estimated 25 percent of wellhead
compression in the Barnett Shale gas play, but were not found to be utilized in substantial numbers
outside of the Barnett Shale. 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 city.
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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. The average power range of electrically-driven compressor in the U.S. natural gas
transmission network is greater than 500 horsepower. This analysis assumes that compressors of this
size have an efficiency of 95 percent (DOE, 1996). This efficiency is the ratio of mechanical power
output to electrical power input. Thus, approximately 1.05 MWh of electricity is required per MWh
of compressor energy output. The upstream emissions associated with the generation of electricity
are modeled with the fuel mix of the Electric Reliability Council of Texas (ERCOT) grid, which is
representative of electricity generation in Texas (the location of Barnett Shale). The air emissions
from electricity generation are based on the 2005 fuel mix for the ERCOT region (Texas) and are
modeled by NETL's LCA model for power generation. Electric compressors have negligible methane
emissions because they do not require a fuel line for the combustion of product natural gas and
incomplete combustion of natural gas is not an issue (EPA, 2011c). Electric compressors are also
recommended by EPA’s Natural Gas STAR program as a strategy for reducing system emissions of
methane (EPA, 2011c).

Table A-11: Electrically-Powered Centrifugal Compressor Operations

Air Emissions from Electricity Generation
co, 1,784 Ib/MWh 809 kg/MWh | calculated
N,O 2.29E-02 Ib/MWh 1.04E-02 kg/MWh | calculated
CH, 2.36 Ib/MWh 1.07 kg/MWh | calculated
SFe 2.23E-09 Ib/MWh 1.01E-09 kg/MWh | calculated
Energy Inputs and Outputs
Output shaft energy 7.39E-05 MWh/Ib NG 1.63E-04 MWh/kg GE 2005
Heat rate 1.053 MWh/MWh 1.053 MWh/MWh API 2009
Electricity input 7.80E-05 MWh/Ib NG 1.72E-04 MWh/kg NG | calculated
Air Emissions
Cco, 0.139 Ib/lb NG 0.139 kg/kg NG | calculated
N,O 1.78E-06 Ib/Ib NG 1.78E-06 kg/kg NG | calculated
CH, 1.84E-04 Ib/Ib NG 1.84E-04 kg/kg NG | calculated
SFe 1.73E-13 Ib/Ib NG 1.73E-13 kg/kg NG | calculated

Well Decommissioning

This analysis assumes that the de-installation of a natural gas well incurs ten percent of the energy
requirements and emissions as the original installation of the well.

Compilation of Natural Gas Processes

All energy and emissions data for the extraction of natural gas are described above. The compilation
of these data into a model for natural gas extraction involves the connection of all unit processes into
an interdependent network.

To model the extraction of natural gas from different sources (onshore, offshore, unconventional,
etc.) it is necessary to tune each unit process within this network with a set of source-specific
parameters. The assumptions used to adjust the unit processes into profiles of specific natural gas
types are shown in Table A-12.
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Table A-12: Natural Gas Modeling Parameters

. . Tight Barnett Coal Bed
Property Units Onshore | Associated | Offshore Sands Shale Methane
Natural Gas Source
Contribution to 2009 Natural Gas Mix Percent 23% 7% 13% 32% 16% 9%
2009 Production Rate Mcf/day 65.6 121 2,795 110 273 104
Marginal Production Rate Mcf/day 592 398 6,165 110 273 76.2
Natural Gas Extraction Well
Flaring Rate at Extraction Well Location Percent 51% 51% 51% 15% 15% 51%
Well Completion, Production Gas (prior to flaring) Mcf/completion 47 47 47 4,657 11,643 63
Well Workover, Production Gas (prior to flaring) Mcf/workover 3.1 3.1 3.1 4,657 11,643 63
Well Workover, Number per Well Lifetime Workovers/well 1.1 1.1 1.1 3.5 3.5 3.5
Liquids Unloading, Production Gas (prior to flaring) Mcf/episode 23.5 n/a 23.5 n/a n/a n/a
Liquids Unloading, Number per Well Lifetime Episodes/well 930 n/a 930 n/a n/a n/a
Pneumatic Device Emissions, Fugitive Ib CH,/Mcf 0.05 0.05 0.01 0.05 0.05 0.05
Other Sources of Emissions, Point Source (prior to flaring) Ib CH,/Mcf 0.003 0.003 0.002 0.003 0.003 0.003
Other Sources of Emissions, Fugitive Ib CH,/Mcf 0.043 0.043 0.01 0.043 0.043 0.043
Natural Gas Processing Plant
AGR and CO, Removal Unit
Flaring Rate for AGR and CO, Removal Unit Percent 100% 100% 100% 100% 100% 100%
Methane Absorbed into Amine Solution Ib CH,/Mcf 0.04 0.04 0.04 0.04 0.04 0.04
Carbon Dioxide Absorbed into Amine Solution Ib CO,/Mcf 0.56 0.56 0.56 0.56 0.56 0.56
Hydrogen Sulfide Absorbed into Amine Solution Ib H,S/Mcf 0.21 0.21 0.21 0.21 0.21 0.21
NMVOC Absorbed into Amine Solution Ib NMVOC/Mcf 6.59 6.59 6.59 6.59 6.59 6.59
Glycol Dehydrator Unit
Flaring Rate for Dehydrator Unit Percent 100% 100% 100% 100% 100% 100%
Water Removed by Dehydrator Unit Ib H,O/Mcf 0.045 0.045 0.045 0.045 0.045 0.045
Methane Emission Rate for Glycol Pump & Flash Separator Ib CH,/Mcf 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003
Pneumatic Devices and Other Sources of Emissions
Flaring Rate for Other Sources of Emissions Percent 100% 100% 100% 100% 100% 100%
Pneumatic Device Emissions, Fugitive Ib CH,/Mcf 0.05 0.05 0.05 0.05 0.05 0.05
Other Sources of Emissions, Point Source (prior to flaring) Ib CH,/Mcf 0.02 0.02 0.02 0.02 0.02 0.02
Other Sources of Emissions, Fugitive Ib CH,/Mcf 0.03 0.03 0.03 0.03 0.03 0.03
Natural Gas Compression at Gas Plant
Compressor, Gas-powered Combustion, Reciprocating Percent 100% 100% 100% 75% 100%
Compressor, Gas-powered Turbine, Centrifugal Percent 100%
Compressor, Electrical, Centrifugal Percent 25%
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Production Rates for Conventional Onshore Natural Gas Wells

The purpose of this discussion is to describe the data sources and calculations used to determine the
typical production rate of conventional onshore natural gas wells. The population of conventional
onshore wells is a lot more diverse that other types of natural gas wells, and thus it is necessary to
distinguish between the large population of wells with low production rates and the relatively small
population of wells with high production rates.

The Energy Information Administration (EIA) collects production data for oil and gas wells in the
U.S. and organizes it according to production rates. The EIA data for total U.S. production is shown
in Table A-13. The data in Table A-13 are copied directly from EIA (EIA, 2010b) and show 22
production rate brackets. The lowest bracket includes wells that produce less than one barrel of oil
equivalent (BOE) per day, and the highest bracket represents wells that produce more than 12,800
BOE per day. The EIA data have separate groups for oil wells and gas wells; from these data, we
know that in 2009 the U.S. had 363,459 oil wells and 461,388 gas wells. These data also show the
co-production of oil at gas wells as well as the average per well production rate within each
production rate bracket.

The goal of this discussion is to focus on conventional onshore gas extraction. The data in Table A-
13 includes offshore production, and to develop a more accurate representation of onshore gas
production, it is necessary to remove offshore data from the total U.S. profile. The EIA also has data
for offshore production, as shown by Table A-14. By subtracting the offshore data from the total
U.S. well profile, production data exclusive to onshore wells can be determined, as shown in Table
A-15.
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Table A-13: U.S. Total 2009 Distribution of Wells by Production Rate Bracket (EIA, 2010b)

Prod. Rate Oil Wells Gas Wells
. | Annual Oil % of Oil Rate Annual Gas Rate % of Annual % of Gas Rate Annual Oil Rate
Bracket #of Oil | % of Oil " # of Gas .
(BOE/Day) Wells Wells Prod. Oil per Well Gas Prod. per Well Wells Gas Gas Prod. Gas per Well Oil Prod. per Well

(MMbbl) Prod. | (bbl/Day) (Bcf) (Mcf/Day) Wells (Bcf) Prod. (Mcf/Day) (MMbbl) (bbl/Day)
0-1 127,734 35.1 15.4 0.9 0.4 4.8 0.1 91,005 19.7 73.4 0.3 2.4 0.7 0.0
1-2 45,649 12.6 21.8 1.3 14 9.5 0.6 45,034 9.8 131.1 0.5 8.3 1.3 0.1
2-4 47,803 13.2 45.3 2.8 2.7 22.3 1.3 60,930 13.2 358.3 1.5 16.6 3.6 0.2
4-6 27,625 7.6 43.6 2.7 4.4 29.4 3.0 43,009 9.3 428.4 1.8 28.0 4.4 0.3
6-8 21,816 6.0 48.3 2.9 6.2 36.7 4.7 32,564 7.1 457.8 1.9 39.4 4.5 0.4
8-10 15,482 4.3 42.9 2.6 7.7 40.0 7.2 24,829 5.4 451.1 1.9 50.8 4.3 0.5
10-12 12,642 3.5 43.8 2.7 9.7 33.5 7.4 18,967 4.1 420.5 1.8 62.1 4.1 0.6
12-15 11,801 3.2 50.3 3.1 11.9 37.3 8.8 21,718 4.7 591.1 2.5 76.2 5.7 0.7
15-20 13,895 3.8 75.1 4.6 15.2 60.8 12.3 23,974 5.2 841.3 3.5 98.5 7.7 0.9
20-25 8,157 2.2 56.6 3.4 19.6 46.2 16.1 16,539 3.6 744.2 3.1 126.5 7.5 1.3
25-30 6,276 1.7 52.3 3.2 23.7 46.5 211 11,638 2.5 644.9 2.7 156.7 5.1 1.2
30-40 7,207 2.0 75.3 4.6 30.0 69.0 27.5 16,083 3.5 1,122.3 4.7 197.4 9.5 1.7
40-50 3,684 1.0 49.0 3.0 39.1 42.1 33.5 9,959 2.2 895.6 3.7 255.6 7.1 2.0
50-100 7,934 2.2 159.7 9.7 59.4 171.4 63.7 22,546 4.9 3,156.6 13.2 402.7 22.4 2.9
100-200 3,070 0.8 119.1 7.3 118.3 115.9 115.1 13,444 2.9 3,520.4 14.7 782.4 30.8 6.8
200-400 1,469 0.4 109.9 6.7 233.9 122.3 260.3 5,528 1.2 2,572.2 10.7 1,545.1 22.3 13.4
400-800 663 0.2 92.3 5.6 447.9 128.5 623.6 2,038 0.4 1,708.3 7.1 3,007.9 22.2 39.0
800-1,600 264 0.1 77.8 4.7 900.8 114.4 1,325.0 816 0.2 1,342.4 5.6 6,039.3 25.0 112.6
1,600-3,200 145 0.0 86.8 5.3 1,770.4 121.8 2,485.6 460 0.1 1,633.2 6.8 11,907.5 35.8 261.0
3,200-6,400 66 0.0 88.1 5.4 3,950.0 92.9 4,167.6 247 0.1 1,913.3 8.0 22,917.6 46.1 552.0
6,400-12,800 47 0.0 112.4 6.8 7,428.9 132.1 8,729.2 51 0.0 725.3 3.0 46,468.5 9.9 635.0
> 12,800 30 0.0 176.5 10.7 18,162.2 136.8 14,083.1 9 0.0 227.5 0.9 84,081.9 3.3 1,204.3
Total 363,459 100.0 1,642.3 100.0 12.9 1,614.4 12.7 461,388 100.0 23,959.1 100.0 148.5 283.2 1.8

A-19




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

Table A-14: Federal Gulf 2009 Distribution of Wells by Production Rate Bracket (EIA, 2010a)

Prod. Rate Oil Wells Gas Wells
Bracket # of Ol % ?f I}nnual % ?f Oil Rate Annual Gas Rate # of % of Gas Annual Gas % of Gas Rate I}nnual Oil Rate
(BOE/Day) Wells oil Oil Prod. Oil per Well Gas Prod. per Well Gas Wells Prod. Gas per Well Oil Prod. per Well

Wells (Mbbl) Prod. | (bbl/Day) (MMcf) (Mcf/Day) Wells (MMcf) Prod. (Mcf/Day) (Mbbl) (bbl/Day)
0-1 46 1.5 3.1 0.0 0.3 4.8 0.4 116 4.4 52.2 0.0 1.9 0.7 0.0
1-2 23 0.8 6.5 0.0 1.2 10.2 1.9 55 2.1 112.1 0.0 8.2 1.7 0.1
2-4 40 1.3 30.4 0.0 2.5 43.0 3.5 70 2.7 278.2 0.0 15.8 4.2 0.2
4-6 37 1.2 41.6 0.0 4.0 71.0 6.8 74 2.8 538.6 0.0 27.4 8.1 0.4
6-8 43 1.4 66.9 0.0 5.4 108.4 8.8 51 1.9 499.7 0.0 37.8 8.2 0.6
8-10 46 1.5 101.6 0.0 7.0 169.0 11.7 43 1.6 609.0 0.0 50.0 6.4 0.5
10-12 32 1.1 89.2 0.0 9.2 111.5 11.5 35 1.3 547.3 0.0 56.6 14.5 1.5
12-15 65 2.2 229.0 0.0 11.3 267.8 13.2 51 1.9 1,041.6 0.1 69.9 28.1 1.9
15-20 99 3.3 448.9 0.1 14.1 676.8 21.2 89 3.4 2,557.3 0.1 93.8 43.2 1.6
20-25 101 3.4 625.5 0.1 18.6 792.3 23.5 84 3.2 3,023.3 0.2 121.1 56.3 2.3
25-30 111 3.7 856.6 0.2 23.1 937.8 25.3 77 2.9 3,140.6 0.2 146.8 59.5 2.8
30-40 216 7.2 2,107.2 0.4 28.5 2,821.7 38.2 126 4.8 7,456.0 0.4 191.8 109.5 2.8
40-50 189 6.3 2,403.6 0.4 37.1 2,952.2 45.6 108 4.1 7,788.0 0.4 240.3 175.6 5.4
50-100 638 21.3 13,471.4 2.5 60.5 16,722.2 75.1 351 13.3 42,876.5 2.3 394.8 718.7 6.6
100-200 506 16.9 21,060.9 3.9 118.8 23,817.1 134.4 388 14.7 99,838.2 5.3 815.0 1,272.4 10.4
200-400 303 10.1 23,902.4 4.4 234.2 27,232.1 266.9 357 13.5 171,637.2 9.1 1,587.1 2,113.7 19.5
400-800 157 5.2 24,319.8 4.5 465.6 28,928.2 553.8 281 10.6 267,687.1 14.2 3,139.7 3,352.2 39.3
800-1,600 124 4.1 37,018.6 6.8 911.9 51,361.6 1,265.2 155 5.9 297,842.7 15.8 6,179.4 5,209.8 108.1
1,600-3,200 86 2.9 53,804.6 9.9 1,901.4 73,151.5 2,585.1 72 2.7 281,825.9 15.0 12,283.7 5,179.9 225.8
3,200-6,400 58 1.9 79,016.7 14.5 4,001.7 81,878.3 4,146.6 34 1.3 259,606.8 13.8 24,584.0 4,941.2 467.9
6,400-12,800 45 1.5 | 107,626.0 19.8 7,472.5 126,500.1 8,782.9 16 0.6 234,073.5 12.4 53,797.6 909.8 209.1
> 12,800 30 1.0 | 176,482.4 32.5 18,162.2 136,845.3 14,083.1 8 0.3 200,795.6 10.7 85,773.4 2,324.5 992.9
Total 2,995 100.0 | 543,712.9 | 100.0 541.3 575,403.0 572.8 2,641 100.0 | 1,883,827.2 100.0 2,396.7 26,538.1 33.8
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Table A-15: U.S. 2009 Distribution of Onshore Gas Wells (EIA, 2010a, 2010b)

Prod. Rate # of Gas % of Annual % of Gas Gas Rate Annual Oil Rate Gas Energy Oil Energy % of Adjusted Gas
Bracket Wells Gas Gas Prod. Prod. per Well Oil Prod. | per Well Equivalent Equivalent Energy Rate per We.1II,
(BOE/day) Wells (Bcf) (Mcf/day) | (MMbbl) | (bbl/day) | (MMBtu/day) | (MMBtu/day) from Gas (Mcf/Day)

0-1 90,889 19.8% 73.4 0.3% 2.2 0.7 0.0 2.3 0.1 94.9% 2.3
1-2 44,979 9.8% 131.0 0.6% 8.0 1.3 0.1 8.2 0.5 94.7% 8.4
2-4 60,860 13.3% 358.0 1.6% 16.1 3.6 0.2 16.6 0.9 94.6% 17.0
4-6 42,935 9.4% 427.9 1.9% 27.3 4.4 0.3 28.0 1.6 94.5% 29.0
6-8 32,513 7.1% 457.3 2.1% 38.5 4.5 0.4 39.6 2.2 94.7% 41.0
8-10 24,786 5.4% 450.5 2.0% 49.8 4.3 0.5 51.1 2.8 94.9% 52.0
10-12 18,932 4.1% 420.0 1.9% 60.8 4.1 0.6 62.4 3.4 94.8% 64.0
12-15 21,667 4.7% 590.1 2.7% 74.6 5.7 0.7 76.6 4.2 94.9% 79.0
15-20 23,885 5.2% 838.7 3.8% 96.2 7.7 0.9 98.8 5.1 95.1% 101.0
20-25 16,455 3.6% 741.2 3.4% 123.0 7.4 1.2 127.0 7.0 94.6% 130.0
25-30 11,561 2.5% 641.8 2.9% 152.0 5.0 1.2 156.0 7.0 95.8% 159.0
30-40 15,957 3.5% 1,114.8 5.1% 191.0 9.4 1.6 197.0 9.0 95.5% 201.0
40-50 9,851 2.1% 887.8 4.0% 247.0 6.9 1.9 254.0 11.0 95.8% 258.0
50-100 22,195 4.8% 3,113.7 14.1% 384.0 21.7 2.7 395.0 16.0 96.2% 399.0
100-200 13,056 2.8% 3,420.6 15.5% 718.0 29.5 6.2 737.0 36.0 95.4% 753.0
200-400 5,171 1.1% 2,400.6 10.9% 1,272.0 20.2 10.7 1,306.0 62.0 95.5% 1,332.0
400-800 1,757 0.4% 1,440.6 6.5% 2,246.0 18.9 29.4 2,307.0 170.0 93.1% 2,412.0
800-1,600 661 0.1% 1,044.6 4.7% 4,330.0 19.8 82.0 4,446.0 476.0 90.3% 4,793.0
1,600-3,200 388 0.1% 1,351.4 6.1% 9,542.0 30.6 216.0 9,800.0 1,254.0 88.7% 10,763.0
3,200-6,400 213 0.0% 1,653.7 7.5% 21,271.0 41.2 529.0 21,845.0 3,071.0 87.7% 24,261.0
6,400-12,800 35 0.0% 491.2 2.2% 38,452.0 9.0 704.0 39,490.0 4,082.0 90.6% 42,427.0
> 12,800 1 0.0% 26.7 0.1% 73,163.0 1.0 2,673.0 75,138.0 15,501.0 82.9% 88,256.0
Total 458,747 | 100.0% 22,075.4 100.0% 132.0 256.8 1.5 135.0 8.9 93.8% 140.0

! Adjusted by energy-based co-product allocation
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Co-product Allocation of Oil

The EIA data also shows that gas wells produce a small share of oil. On an energy basis, oil
comprises approximately 3.8 to 17 percent of gas well production, depending on the production rate
bracket. Using energy-based, co-product allocation, it is necessary to scale the production rates of the
gas wells so they are representative of 100 percent gas production.

For example, a gas well that has daily production rates of 718 Mcf of natural gas and 6.2 barrels of
oil has a total daily production of 773 MMBtu of energy. This energy equivalency is calculated using
heating values of 1,027 Btu/cf for natural gas and 5.8 MMBtu/bbl for oil. If expressed solely on and
energy-equivalent basis of natural gas, 773 MMBtu of energy is equal to 753 Mcf of natural gas.
Thus, in this instance, accounting for the co-production of oil increases the nominal production rate
of the gas well from 718 Mcf/day to 752 Mcf/day. Note that this nominal rate of 752 Mcf/day does
not represent the actual gas produced by the well, but is an LCA accounting method that uses the
relative energies of produced oil and natural gas to scale the gas production rate so it is representative
of a well that produces only natural gas.

Selection of Representative Production Brackets

The production rates of onshore conventional natural gas wells vary widely and are a function of
reservoir properties, extraction technology, and age. As shown by the EIA data, the production rates
of onshore gas wells range from less than 1 BOE/day to more than 12,800 BOE/day. There are not
enough data to determine the split between conventional and unconventional wells within each
production rate bracket; however, the total production of each bracket and the production rates of
unconventional wells can be used to determine the most likely production rates for onshore
conventional natural gas. The distribution of gas wells by total gas produced is shown in Figure A-2

The production categories in Table A-15 include a large population of wells in the lowest production
rate bracket; 19.8 percent of U.S. onshore natural gas wells produce less than one BOE per day.
Similarly, the production rate bracket for 1 - 2 BOE/day includes 9.8 percent of natural gas wells, the
production rate bracket for 2 - 4 BOE/day includes 13.3 percent of natural gas wells, and the
production rate bracket for 4 - 6 BOE/day includes 9.4 percent of natural gas wells. While these four
production rate brackets account for 52 percent of the total count of natural gas wells, they account
for only 4.5 percent of total natural gas production.

The average production rate for conventional onshore natural gas wells in 2009 was 66 Mcf per day.
This production rate was calculated by dividing the amount of onshore conventional natural gas that
was produced in 2009 by the total number of onshore conventional natural gas wells in 2009.

The marginal production rate for conventional onshore natural gas was calculated by selecting the
most productive region of the production rate brackets. The production rate brackets that include 40
to 800 BOE/day represent 51 percent of total onshore natural gas production. The average production
rate of this range of wells is 592 Mcf/day.
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Figure A-2: Distribution of Onshore Natural Gas Wells
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A.2 Raw Material Acquisition: Coal

Raw material extraction for coal incorporates extraction profiles for coal derived from the PRB,
where sub-bituminous, low-rank coal extracted from thick coal seams (up to approximately 180 feet)
via surface mines located in Montana and Wyoming, and coal derived from the Illinois No. 6 coal
seam, where bituminous coal is extracted from approximately 2 to 15 foot seams via underground
longwall and continuous mining. Each modeling approach is described below.

Powder River Basin Coal

The PRB coal-producing region consists of counties in two states — Big Horn, Custer, Powder River,
Rosebud, and Treasure in Montana, and Campbell, Converse, Crook, Johnson, Natrona, Niobrara,
Sheridan, and Weston in Wyoming (EIA, 2009). PRB coal is advantageous in comparison to
bituminous coals in that it has lower ash and sulfur content. However, PRB coal also has a lower
heating value than higher rank coals (Clyde Bergemann, 2005). In 2007, there were 17 surface mines
extracting PRB coal, which produced over 479 million short tons (EI1A, 2009).

PRB coal is modeled using modern mining methods in practice at the following mines: Peabody
Energy's North Antelope-Rochelle mine (97.5 million short tons produced in 2008), Arch Coal,

Inc.’s Black Thunder Mine (88.5 million short tons produced in 2008), Rio Tinto Energy America’s
Jacobs Ranch (42.1 million short tons produced in 2008), and Cordero Rojo Operation (40.0 million
short tons produced in 2008). These four mines were the largest surface mines in the United States in
2008 according to the National Mining Association’s 2008 Coal Producer Survey (National Mining
Association, 2009).
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Equipment and Mine Site

Much of the equipment utilized for surface coal mining in the PRB is very large. GHG emissions that
result from the production of construction materials required for coal extraction were quantified for
the following equipment, within the model: track loader (10 pieces at 26,373 kg each); rotary drill (3
pieces at 113,400 kg each); walking dragline (3 pieces at 7,146,468 kg each); electric mining shovel
(10 pieces at 1,256,728 kg each); mining truck (11 pieces at 278,690 kg each); coal crusher (1 piece
at 115,212 kg); conveyor (1 piece at 1,064,000 kg); and loading silo (6 pieces at 10,909,569 kg each).

Coal seams are located relatively close to the ground surface in the PRB such that large-scale surface
mining is common. The coal seam ranges in thickness from 42 to 184 feet thick (EPA, 2004a).
Before overburden drilling and cast blasting can be carried out, topsoil and unconsolidated
overburden must be removed from the consolidated overburden that is to be blasted. These
operations use both truck and shovel operations and bulldozing to move these materials to a nearby
stockpile location so that they can be used in post-mining site reclamation. Estimates are made for
topsoil/overburden operations based on requirements reported in the Energy and Environmental
Profile of the U.S. Mining Industry (DOE, 2002) for a hypothetical western surface coal mine.

Overburden Blasting and Removal

Blast holes are drilled into overburden for subsequent ammonium nitrate and fuel oil packing and
detonation using large rotary drills. Drills use electricity to drill 220-270 millimeter diameter holes
through sandstone, siltstone, mudstone and carbonaceous shale that make up the overburden.
Typically this overburden contains water, which controls particulate emission associated with drilling
activities. For the purposes of this assessment it is assumed that drilling operations produce no direct
emissions. Electricity requirements for drilling are taken from the U.S. DOE report Mining Industry
for the Future: Energy and Environmental Profile of the U.S. Mining Industry (DOE, 2002).

Cast blasting is a blasting technique that was developed relatively recently, and has found broad
application in large surface mines. Cast blasting comminutes (breaks into fragments/particles)
overburden, and also moves an estimated 25-35 percent (modeled at 30 percent) of the blasted
overburden to the target fill location (Mining Technology, 2007). The model assumes that blasting
uses ammonium nitrate and fuel oil explosives with a powder factor* of 300 g per m® of overburden
blasted (SME, 1990), and GHG emissions associated with explosive production and the blasting
process are included in the model, based on EPA’s AP-42 report (EPA, 1995).

Overburden removal is achieved primarily through dragline operations, with the remainder moved
using large electric shovels. Dragline excavation systems are among the largest on-land machines,
and utilize a large bucket suspended from a boom, where the bucket is scraped along the ground to
fill the bucket. The bucket is then emptied at a nearby fill location. Electricity requirements for
dragline operation combined with other on site operations, were estimated based on electricity usage
at the North Antelope Rochelle Mine, to be approximately 971 kWh per 1000 tons of coal (Peabody,
2006). During this time dragline operation accounted for approximately 50% of the overburden
energy.

* Powder factor refers to the mass of explosive needed to blast a given mass of material.
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Coal Recovery

Following overburden removal, coal is extracted using truck and shovel-type operations. Because of
the large scale of operations, large electric mining shovels (Bucyrus 495 High Performance Series)
are assumed to be employed, with a bucket capacity of 120 tons, alongside 320-400 ton capacity
mining trucks (Bucyrus International Inc., 2008).

The amount of coal that could be moved by a single shovel per year was determined by using data for
the Black Thunder and Cordero Rojo coal mines (Mining Technology, 2007). A coal hauling
distance of two miles is assumed, with a round-trip distance of four miles, based on evaluation of
satellite imagery of mining operations. The extracted coal is ground and crushed to the necessary size
for transportation. It is assumed that the coal does not require cleaning before leaving the mine site.
The crushed coal is carried from the preparation facility to a loading silo by an overland conveyor
belt. From the loading silo, the coal is loaded into railcars for transportation.

Coal Bed Methane Emissions

During coal acquisition, methane is released during both the coal extraction and post-mining coal
preparation activities. While the PRB has relatively low specific methane content, the large thickness
of the coal deposit (80 feet thick or more in many areas) has a large methane content per square foot
of surface area. As a result the PRB has recently begun to be exploited on a large scale. Extraction of
coal bed methane, prior to mining of the coal seam, results in a net reduction of the total amount of
coal bed methane that is emitted to the atmosphere, since extracted methane is typically sold into the
natural gas market, and eventually combusted.

For the purposes of this assessment, it is assumed that the coal seam in the area of active mining was
previously drilled to extract methane. Based on recent data available from the EPA, coal bed
methane emissions for surface mining, including the PRB, are expected to range from 8 to 98
standard cubic feet per ton (cf/ton) of produced coal, with a typical value of 51 cf/ton (EPA, 2011b).

Illinois No. 6 Coal

Illinois No. 6 coal is part of the Herrin Coal, and is a bituminous coal that is found in seams that
typically range from about 2 to 15 feet in thickness, and is found in the southern and eastern regions
of Illinois and surrounding areas. Illinois No. 6 coal is commonly extracted via underground mining
techniques, including continuous mining and longwall mining. Illinois No. 6 coal seams may contain
relatively high levels of mineral sediments or other materials, and therefore require coal cleaning
(beneficiation) at the mine site. The following sections describe the unit processes modeled for
Illinois No. 6 coal mining.

Equipment and Mine Site

Extraction of Illinois No. 6 coal requires several types of major equipment and mining components,
in order to operate the coal mine. The following components were modeled for use during
underground mining operations: site paving and concrete, conveyor belt, stacker/reclaimer, crusher,
coal cleaning, silo, wastewater treatment, continuous miner, longwall mining systems (including
shear head, roof supports, armored force conveyor, stage loader, and mobile belt tailpiece), and
shuttle car systems with replacement. Overall, when considering materials requirements for the
construction of these systems, the material inputs values shown in Table A-16 were required for
mine and mining system construction, on a per Ib of coal output basis. GHG emissions associated
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with the production of these materials were incorporated into the model and accounted for as
construction related emissions.

Table A-16: Construction Materials Required for lllinois No. 6 Coal Mining

Construction Material Amount Units
Cold-Rolled Steel 1.47E-05 Ib/lb coal produced
Hot-dip Galvanized Steel 1.52E-06 Ib/lb coal produced
Rubber 4.45E-07 Ib/lb coal produced
Steel Plate 1.80E-04 Ib/Ib coal produced
Concrete 6.06E-05 Ib/Ib coal produced
Rebar 1.41E-06 Ib/Ib coal produced
Polyvinylchloride Pipe 1.30E-07 Ib/Ib coal produced
Steel, Stainless, 316 6.77E-08 Ib/Ib coal produced
Stainless Steel Cold Roll 431 6.77E-08 Ib/Ib coal produced
Cast Iron 3.38E-07 Ib/Ib coal produced
Copper Mix 8.11E-09 Ib/Ib coal produced
Asphalt 1.11E-03 Ib/Ib coal produced

Coal Mine Operations

Operations of the coal mine were based on operation of the Galatia Mine, which is operated by the
American Coal Company and located in Saline County, Illinois. Sources reviewed in support of coal
mine operations include Galatia Mine production rates, electricity usage, particulate emissions,
methane emissions, wastewater discharge permit monitoring reports, and communications with
Galatia Mine staff. When data from the Galatia Mine were not available, surrogate data were taken
from other underground mines, as relevant.

Electricity is the main source of energy for coal mine operations. Electricity use for this model was
estimated based on previous estimates made by EPA for electricity use for underground mining and
coal cleaning at the Galatia Mine (EPA, 2008). The life cycle profile for electricity use is based on
eGRID2007. The Emissions and Generation Resource Integrated Database (eGRID) is a
comprehensive inventory of environmental attributes for electric power systems (EPA, 2010).

Although no Galatia Mine data were found that estimated the diesel fuel used during mining
operations, it was assumed that some diesel would be used to operate trucks for moving materials,
workers, and other secondary on-site operations. Therefore, diesel use was estimated for the Galatia
Mine from 2002 U.S. Census data for bituminous coal underground mining operations and associated
cleaning operations (U.S. Census Bureau, 2004). Emissions of GHGs were based on emissions
associated with the use of diesel. EPA Tier 4 diesel standards for non-road diesel engines were used,
since these standards would go into effect within a couple years of commissioning of the mine for
this study (EPA, 2004b).

Coal Bed Methane

During the acquisition of Illinois No. 6 coal, methane is released during both the underground coal
extraction and the post-mining coal preparation activities. Illinois No. 6 coal seams are not nearly as
thick as PRB coals, and as a result are less commonly utilized as a resource for coal bed methane
extraction. Instead, methane capture may be applied during the coal extraction process. Based on
recent data available from the EPA, coal bed methane emissions for underground mining, including
mining within the Illinois No. 6 coal seam, are expected to range from 360 to 500 cf/ton of produced
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coal, with a nominal value of 422 cf/ton (EPA, 2011b). It is assumed that no methane capture is
applied for Illinois No. 6 coal.

A.3 Raw Material Transport: Natural Gas

The boundary of raw material transport begins with receipt of processed natural gas at the extraction
site and ends with the delivery of natural gas to an energy conversion facility. Methane emissions
from pipeline operations are a function of pipeline distance. This analysis uses a pipeline transport
distance of 604 miles (971.4 km), which is the average distance for natural gas pipeline transmission
in the U.S. The data sources and assumptions for calculating the greenhouse gas emissions from
construction and operation of natural gas transmission pipelines are discussed below.

Pipeline Construction and Decommissioning

Carbon steel is the primary material used in the construction of natural gas pipelines. The mass of
pipeline per unit length was determined using an online calculator (Steel Pipes & Tubes, 2009). The
weight of valves and fittings were estimated at an additional 10 percent of the total pipeline weight.
The pipeline was assumed to have a life of 30 years. The mass of pipeline construction per kilogram
of natural gas was determined by dividing the total pipeline weight by the total natural gas flow
through the pipeline for a 30-year period.

The decommissioning of a natural gas pipeline involves cleaning and capping activities. This
analysis assumes that the decommissioning of a natural gas pipeline incurs 10 percent of the energy
requirements and emissions as the original installation of the pipeline.

Pipeline Operations

The U.S. has an extensive natural gas pipeline network that connects natural gas supplies and
markets. Compressor stations are necessary every 50 to 100 miles along the natural gas transmission
pipelines in order to boost the pressure of the natural gas. Compressor stations consist of centrifugal
and reciprocating compressors. Most natural gas compressors are powered by natural gas, but, when
electricity is available, electrically-powered compressors are used.

A 2008 paper published by the Interstate Natural Gas Association of America provides data from its
2004 database, which shows that the U.S. pipeline transmission network has 5,400 reciprocating
compressors and over 1,000 gas turbine compressors (Hedman, 2008). Further, based on written
communication from EIl Paso Pipeline Group, approximately three percent of transmission
compressors are electrically driven (El Paso Pipeline Group, 2011). El Paso Pipeline Group has the
highest transmission capacity of all natural gas pipeline companies in the U.S., and it is thus assumed
that the share of electrically-powered compressors in their fleet is representative of the entire natural
gas transmission network. Based on written communication with El Paso Pipeline Group (El Paso
Pipeline Group, 2011), the share of compressors on the U.S. natural gas pipeline transmission
network is approximately 78 percent reciprocating compressors, 19 percent turbine-powered
centrifugal compressors, and 3 percent electrically-powered compressors.

The use rate of natural gas for fuel in transmission compressors was calculated from the Federal
Energy Regulatory Commission (FERC) Form 2 database, which is based on an annual survey of gas
producers and pipeline companies (FERC, 2010). The 28 largest pipeline companies were pulled
from the FERC Form 2 database. These 28 companies represent 81 percent of NG transmission in
2008. The FERC data for 81 percent of U.S. natural gas transmission is assumed to be a
representative sample of the fuel use rate of the entire transmission network. This data shows that
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0.96 percent of natural gas product is consumed as compressor fuel. This fuel use rate was converted
to a basis of kg of natural gas consumed per kg of natural gas transported by multiplying it by the
total natural gas delivered by the transmission network in 2008 (EIA, 2011) and dividing it by the
annual tonne-km of pipeline transmission in the U.S. (Dennis, 2005). The total delivery of natural gas
in 2008 was 21 Tcf, which is approximately 400 billion kg of natural gas. The annual transport rate
for natural gas transmission was steady from 1995 through 2003, at approximately 380 billion tonne-
km per year. More recent transportation data are not available, and thus this analysis assumes the
same tonne-km rate for 2008 as shown from 1995 through 2003.

The air emissions from the combustion of natural gas by compressors are estimated by applying EPA
emission factors to the natural gas consumption rate of the compressors (EPA, 1995). Specifically,
the emission profile of gas-powered, centrifugal compressors is based on emission factors for gas
turbines; the emission profile of gas-powered, reciprocating compressors is based on emission factors
for 4-stroke, lean burn engines. For electrically-powered compressors, this analysis assumes that the
indirect emissions are representative of the U.S. average fuel mix for electricity generation.

The average power of electrically-driven compressors for U.S. NG transmission is assumed to be the
same as the average power of all compressors on the transmission network. An average compressor
on the U.S. natural gas transmission network has a power rating of 14,055 horsepower (10.5 MW)
and a throughput of 734 million cubic feet of natural gas per day (583,000 kg NG/hour) (EIA, 2007).
Electrically-driven compressors have efficiencies of 95 percent (DOE, 1996; Hedman, 2008). This
efficiency is the ratio of mechanical power output to electrical power input. Thus, approximately 1.05
MWh of electricity is required per MWh of compressor energy output.

In addition to air emissions from combustion processes, fugitive venting from pipeline equipment
results in the methane emissions to air. The fugitive emission rate for natural gas pipeline operations
is based on data published by the Bureau of Transportation Statistics (BTS) and EPA. The transport
data for natural gas transmission is based on ton-mileage estimates by BTS, which calculates 253
billion ton-miles of natural gas transmission in 2003 (Dennis, 2005). The 2003 data are the most
recent data point in the BTS reference, and thus EPA's inventory data for the years 2000 and 2005
were interpolated to arrive at a year 2003 value of 1,985 million kg of fugitive methane emissions per
year (EPA, 2011b). Dividing the EPA emission by the transport requirements and converting to
metric units gives 5.37E-06 kg/kg-km.

Calculation of Average Natural Gas Transmission Distance

The average pipeline distance for natural gas transport is determined by balancing national emission
inventory (EPA, 2011b) and natural gas consumption data (EIA, 2011) with NETL’s unit process
emission factor for fugitive methane emissions from pipeline operations. Equation 5 shows the
national inventory and consumption data on the left-hand side and NETL’s emission factor for
fugitive methane on the right-hand side.

Emetn
methane  _ gy BR (Equation 5)

N Gconsumption

A-28



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

Where,
Enetnane = Total pipeline fugitive methane emissions (default = 2,115E+06 kg CHa/yr)
NGconsumption = consumption of natural gas (default = 21.84 MMBtu/yr)
EFmethane = Emission factor for fugitive methane (default =9.97E-05 kg CH4/MMBtu-km)

The default value for total fugitive emissions of methane from pipeline transmission are based on the
2009 national inventory emissions for natural gas transmission and storage reported by EPA (EPA,
2011b). The value reported by EPA is 2,115 Gg CH,/yr, which is equal to 2,115 million kg CH,/yr.

The default value for annual natural gas consumption is based on annual EIA statistics for natural gas
production and consumption (EIA, 2011). The volume of natural gas transported by pipeline is 21.26
Tcflyear. This value is the midpoint of the volume of processed natural gas injected to the pipeline
transmission network and the volume of natural gas delivered to consumers. In 2009 the volume of
natural gas injected to the natural gas transmission network by NG processing plants was 21.56 Tcf;
this volume was calculated by subtracting the natural gas consumption at the extraction and
processing sites (1.28 Tcf) from total annual consumption (22.84 Tcf) (EIA, 2011). In 2009 the
volume of natural gas delivered to consumers was 20.97 Tcf (EIA, 2011). The average volume of
natural gas transmission was converted to an energy basis using an energy density of 1,027 Btu/cf;
21.26 Tcflyear is equivalent to 21.84 E+09 MMBtu. Converting to an energy basis (using a density
of 0.042 Ibs/cf and energy content of 1,027 Btu/cf) gives 21.84 billion MMBtu.

For Equation 5 it is necessary to convert the emission factor for fugitive emissions from pipeline
operations (calculated above) to an energy basis so that it can be factored with the annual
consumption data for natural gas. The emission factor used by the pipeline unit process is 5.37E-06
kg/kg-km. Converting to an energy basis (using the conversion factors of 0.042 Ib/cf NG and 1,027
Btu/cf) results in an emission factor of 9.97E-05 kg CH,/MMBtu-km.

The unknown d in Equation 5 is the distance (km) that reconciles NETL’s unit process with the
national level data. Solving for d gives the following equation:

Emethane
d=

NGconsumption * EFmethane (Equation 6)

Applying the default values to Equation 6 gives a distance of 971 km (604 miles), as shown in
Equation 7.

_ 2,115x10%kg CH,/yr
T (21.84x10°MMBtu/yr)(9.97x10~5kgCH,/MMBtu km)

d — 971 km (Equation 7)

The pipeline transport of natural gas results in losses of natural gas product to two activities: (1)
fugitive emissions and (2) natural gas used as fuel in pipeline compressors. Based on the data and
assumptions of this unit process, the transmission of natural gas a distance of 971 km results in a 1.45
percent loss of natural gas product (1.0148 kg of natural gas are injected into the pipeline to deliver
1.0 kg of natural gas to the consumer). The annual data for natural gas production and consumption
(EIA, 2011) show a 2.81 percent loss of natural gas for transmission and distribution (natural gas
processing plants produce 21.56 Tcf of natural gas and 20.97 Tcf of natural gas are delivered to
consumers). The 2.81 percentage loss factor includes pipeline distribution in addition to pipeline
transmission, and thus it is expected for the transmission losses (1.45 percent) to be lower than the
transmission and distribution loss (2.81 percent).
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The default values for key variables for NETL’s model of natural gas pipeline transmission are
shown in the Table A-17.

Table A-17: Natural Gas Transport to Large End User

Natural Gas Emissions and Transmission Infrastructure Units Value
Pipeline Transport Distance (national average) Miles 604
Distance Between Compressor Stations Miles 75
Compression, Gas-powered, Reciprocating Engine Percent 78%
Compression, Gas-powered, Centrifugal Engine Percent 19%
Compression, Electrical, Centrifugal Engine Percent 3%

A.4 Raw Material Transport: Coal

Train transport was modeled for the transport of both PRB and Illinois No. 6 coal from mining sites
to energy conversion facilities. Mined coal is presumed to be transported by rail from PRB and
Illinois No. 6 coal mine sources, in support of electricity production. Coal is assumed to be
transported via unit train, where a unit train is defined as one locomotive pulling 100 railcars loaded
with coal. The locomotive is powered by a 4,400 horsepower diesel engine (General Electric, 2008)
and each car has a 100-ton coal capacity (NETL, 2007).

GHG emissions for train transport are evaluated based on typical diesel combustion emissions for a
locomotive engine. Loss of coal during transport is assumed to be equal to the fugitive dust
emissions; loss during loading at the mine is assumed to be included in the coal reject rate and no
loss is assumed during unloading. It is assumed that the majority of the railway connecting the coal
mine and the energy conversion facility is existing infrastructure. An assumed 25-mile rail spur was
constructed between the energy conversion facility and the primary railway.
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