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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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 Lake Distance to Everett, 2003 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 4398 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 is also 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 1bs/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| -\, | 155 | 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: 1bs 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.
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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 (IbssMWh) 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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