2. Energy

Energy-rel ated activities were the primary sources of U.S. anthropogenic greenhouse gas emissions, accounting
for 85 percent of total emissions on a carbon equivaent basisin 1998. Thisincluded 99, 34, and 18 percent of
the nation’s carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) emissons, respectively. Energy-related CO,
emissions alone congtituted 80 percent of national emissions from al sources on acarbon equivalent basis, while the non-
CO, emissions from energy represented a much smaller portion of total national emissions (4 percent collectively).

Emissions from fossil fuel combustion comprise the vast majority of energy-related emissions, with CO, being the
primary gas emitted (see Figure 2-1). Dueto the relative importance of fossil fuel combustion-related CO, emissions, they
are considered separately from other emissions. Fossil fuel combustion also emits CH, and N, O, as well as criteria pollut-
ants such as nitrogen oxides (NO,), carbon monoxide (CO), and non-methane volétile organic compounds (NMVOCS).
Mobile fossil fuel combustion was the second largest source of N,O emissions in the United States, and overall energy-

related activitieswere collectively thelargest source of crite-

Figure 2-1 ria pollutant emissions.

Energy-related activities other than fuel combustion,
such as the production, transmission, storage, and distribu-
Fossil Fuel Combustion [N B 458 tion of fossil fuels, also emit greenhouse gases. These emis-

Natural Gas Systems ||| N sionsconsist primarily of CH, from natural gas systems, pe-
Mobile Sources - troleum systems, and coal mining. Smaller quantitiesof CO,,

o CO, NMVOCs, and NO, ared so emitted.

Coal Mining - Portion of All . . .
Emissions The combustion of biomass and biomass-based fuels
Stationary Sources . also emitsgreenhouse gases. Carbon dioxide emissionsfrom
Petroleum Systems [ these activities, however, are not included in national emis-

sonstotalsin the Energy chapter because biomass fuels are
0 20 40 60 of biogenic origin. It is assumed that the carbon released

MMTCE when biomass is consumed is recycled as U.S. forests and
Crops regenerate, causing no net addition of CO, to the at-
mosphere. The net impacts of land-useand forestry activities
on the carbon cycle are accounted for in the Land-use change and Forestry chapter. Emissions of other greenhouse gases
from the combustion of biomass and biomass based fuels are included in nationd totals under stationary and mobile
combustion.

Natural Gas Flaring I

Overall, emissions from energy-related activities have increased from 1990 to 1998 due, in part, to the strong
performance of the U.S. economy. Over this period, the U.S. Gross Domestic Product (GDP) grew approximately 23
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Table 2-1: Emissions from Energy (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998

c0, 1,322.6 1,308.6 1,332.8 1,365.2 1,385.7 1,396.6 1,445.8 1,464.9 1,472.1
Fossil Fuel Combustion 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2
Natural Gas Flaring 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9
Biomass-Wood* 55.6 56.2 59.0 58.8 61.4 64.2 66.1 62.9 64.2
International Bunker Fuels* 32.2 32.7 30.0 27.2 26.7 27.5 27.9 29.9 31.3
Biomass-Ethanol* 1.6 1.2 1.5 1.7 1.8 2.0 1.4 1.8 2.0
Fossil Fuel Carbon in Products*  (69.4)  (69.0) (70.7) (73.5) (78.4) (79.2) (80.7) (84.3) (85.6)

CH, 68.2 67.5 67.0 64.6 64.3 64.9 64.0 63.1 61.3
Natural Gas Systems 33.0 33.4 33.9 34.6 34.3 34.0 34.6 341 33.6
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Petroleum Systems 7.4 7.5 7.2 6.9 6.7 6.7 6.5 6.5 6.3
Stationary Combustion 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3
Mobile Combustion 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3
International Bunker Fuels* + + + + + + + + +

N,0 17.6 18.3 19.5 20.4 211 21.4 21.7 215 215
Mobile Combustion 13.8 14.6 15.7 16.5 171 17.4 17.5 17.3 17.2
Stationary Combustion 3.8 3.8 3.9 3.9 4.0 4.0 4.2 4.2 4.3
International Bunker Fuels* 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3

Total 1,408.4 1,3945 1,419.4 1,450.2 1,4711 1,483.0 1,531.5 1,549.5 1,554.8

+ Does not exceed 0.05 MMTCE

* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.

Table 2-2: Emissions from Energy (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998

c0, 4,849.6 4,798.2 4,887.1 5,005.8 5,081.0 5,121.0 5,301.4 5,371.4 5,397.7
Fossil Fuel Combustion 4,840.5 4,787.9 4,876.9 4,992.1 5,067.2 5,103.8 5,284.9 5,355.9 5,383.5
Natural Gas Flaring 9.1 10.3 10.2 13.7 13.8 17.2 16.5 15.5 14.2
Biomass-Wood* 203.8 2059 216.5 2154 2253  235.2 1625 2305 2356
International Bunker Fuels* 118.0 120.0 110.0 99.9 98.0 101.0 102.2 109.8 1147
Biomass-Ethanol* 5.7 4.5 5.5 6.1 6.7 7.2 5.1 6.7 7.3
Fossil Fuel Carbon in Products* (254.5) (253.2)  (259.1) (269.4) (287.4) (290.6) (295.9) (309.0) (313.8)

CH, 11.9 11.8 11.7 113 11.2 113 11.2 11.0 10.7
Natural Gas Systems 5.8 5.8 5.9 6.0 6.0 59 6.0 6.0 59
Coal Mining 4.2 4.0 3.8 3.4 3.4 3.6 3.3 3.3 3.1
Stationary Combustion 0.4 0.4 0.4 0.4 0.4 0.4 04 04 04
Petroleum Systems 1.3 1.3 1.3 1.2 1.2 1.2 1.1 1.1 1.1
Mobile Combustion 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2
International Bunker Fuels* + + + + + + + + +

N,0 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Mobile Combustion 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Stationary Combustion 3 3 3 I I I + + +
International Bunker Fuels* + + + + + + + + +

+ Does not exceed 0.05 Tg

* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.
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percent, or at an average annual rate of 3.1 percent. This
robust economic activity increased the demand for fossil
fuels, with an associated increasein greenhouse gasemis-
sions. Table 2-1 summarizes emissions for the Energy
chapter in units of million metric tons of carbon equiva-
lents (MMTCE), while unweighted gas emissions in
Teragrams (Tg) areprovided in Table 2-2. Overall, emis-
sions due to energy-related activities were 1,554.8
MMTCE in 1998, an increase of 10 percent since 1990.

Carbon Dioxide Emissions from
Fossil Fuel Combustion

Carbon dioxide emissions from fossil fuel com-
bustion grew by 0.5 percent from 1997 to 1998. Excep-
tionally mild winter conditions in 1998 moderated
growth in CO, emissions from fossil fuel combustion
bel ow what would have been expected given the strength
of the economy and continued low fuel prices. Overall,
CO, emissions from fossil fuel combustion have in-
creased by 11.2 percent since 1990.

Eighty-five percent of the energy consumed in the
United States was produced through the combustion of
fossil fuels such as coal, natural gas, and petroleum (see
Figure 2-2 and Figure 2-3). Of the remaining portion, 8
percent was supplied by nuclear electric power and 7
percent by renewable energy (EIA 1999a).

Asfossil fuelsare combusted, the carbon stored in
thefuelsisemitted as CO, and smaller amounts of other
gases, including methane (CH,), carbon monoxide (CO),
and non-methane volatile organic compounds
(NMVOCs). These other gases are emitted as a by-prod-
uct of incomplete fuel combustion.!

The amount of carbon in fuels varies significantly
by fuel type. For example, coal contains the highest
amount of carbon per unit of useful energy. Petroleum
has roughly 75 percent of the carbon per unit of energy
as coal, and natural gas has only about 55 percent.? Pe-
troleum supplied the largest share of U.S. energy de-
mands, accounting for an average of 39 percent of total

energy consumption over the period of 1990 through
1998. Natural gas and coal followed in order of impor-
tance, accounting for an average of 24 and 22 percent of
total consumption, respectively. Most petroleum was
consumed in the transportation end-use sector, while the
vast majority of coal was used by electric utilities, with
natural gas consumed largely in the industrial and resi-
dential end-use sectors (see Figure 2-4) (EIA 1999a).

Emissions of CO, from fossil fuel combustion in-
creased at an average annual rate of 1.3 percent from

Figure 2-2
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1 See the sections entitled Stationary Combustion and Mobile Combustion for information on non-CO, gas emissions from fossil fuel

combustion.

2 Based on national aggregate carbon content of all coal, natural gas, and petroleum fuels combusted in the United States.
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1990 to 1998. The major factor behind this trend was a
robust domestic economy, combined with relatively low
energy prices (see Figure 2-5). For example, petroleum
pricesreached historic lowsin 1998, with pricesin many
cases less than those seen in the 1970s before the ail

Figure 2-4
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crisis. After 1990, when CO, emissions from fossil fuel
combustion were 1,320.1 MMTCE (4,840.5 Tg), there
was a dlight decline of emissions in 1991 due to a na-
tional economic downturn, followed by an increase to
1,468.2 MMTCE (5,383.5 Tg) in 1998 (see Figure 2-5,
Table 2-3, and Table 2-4).

Since 1990, overall fossil fuel consumption in-
creased significantly. Higher coal consumption during
the period accounted for about 36 percent of the change
in total CO, emissions from fossil fuel combustion, pe-
troleum accounted for 42 percent, and natural gasfor 21
percent.

In regard to annual changes from 1997 to 1998,
absol ute emissions from petroleum and coal increased by
11.5 and 5.1 MMTCE, respectively. Increased demand
for transportation fuels and by electric utilities were the
primary causes of the growth in emissionsfrom petroleum
combustion, while record electricity demand drove most
of theincrease in emissions from coal combustion. Emis-
sions from natural gas combustion, however, decreased

Table 2-3: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (MMTCE)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Coal 480.9 4752 4775 4939 4952 4981 520.5 5345 539.6
Residential 1.6 1.4 1.5 1.5 1.4 1.4 1.4 1.5 1.5
Commercial 2.4 2.2 2.2 2.2 2.1 2.1 2.1 2.2 2.2
Industrial 67.7 64.1 61.8 61.4 61.9 61.4 59.2 58.7 58.4
Transportation + + + + + + + + +
Electric Utilities 409.0 407.2 411.8  428.7 4295 433.0 4575 4718 4773
U.S. Territories 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Natural Gas 2728 2777 286.0 2964 3014 3136 319.2 3188 309.7
Residential 65.1 67.5 69.4 73.4 7.7 7.7 77.5 73.7 66.3
Commerecial 38.8 40.4 415 431 42.9 44.8 46.7 47.6 449
Industrial 117.9 119.7 125.6 131.1 132.6 139.5 144.2 142.8 139.9
Transportation 9.8 8.9 8.8 9.3 10.2 10.4 10.6 11.2 10.8
Electric Utilities 41.2 411 40.7 39.5 44.0 47.2 40.3 43.6 47.8
U.S. Territories - - - - - - - - -
Petroleum 566.4 5529 566.5 571.1 585.4 580.3 601.7 607.3 618.9
Residential 23.9 24.4 24.8 26.2 25.3 25.7 27.2 27.0 27.0
Commercial 18.0 171 16.1 14.9 14.9 15.0 14.6 13.8 13.8
Industrial 100.0 942 104.2 98.0 102.0 97.5 103.3 105.8 101.8
Transportation 389.1 3819 3916 399.2 4115 4167 4305 4316  438.8
Electric Utilities 26.4 24.9 20.2 22.3 20.5 13.9 15.3 17.5 24.8
U.S. Territories 9.0 10.5 9.6 10.5 11.2 11.5 10.8 11.7 12.8
Geothermal* 0.1 0.1 0.1 0.1 + + + + +

Total

1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3

1,460.7 1,468.2

- Not applicable

+ Does not exceed 0.05 MMTCE

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.

Note: Totals may not sum due to independent rounding.
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Figure 2-5

Crude Oil

Anthracite Coal

Dollars per Million Btu (Real 1992)

2 —— ~
O
Natural Gas Other Coal
0-
1975 1979 1983 1987 1991 1995

Source: DOE/EIA-0384(97), Annual Energy Review 1999,
Table 3.1, July 1999

by 9.1 MMTCE (2.9 percent), again due in large part to
the mild winter conditions and lower heating demands.

An analysis was performed by the EIA (1999c) to
examine the effects of weather conditions on U.S. fuel
consumption patterns. The analysis—using the EIA’'s
Short-Term Forecasting System—found that if normal
weather conditions had existed in 1998, overal CO,
emissions from fossil fuel combustion would have in-
creased by about 1.2 percent above weather-adjusted
emissions in 1997, instead of the actual 0.5 percent in-
crease.® See also Box 2-1 and Table 2-11 for additional
discussion on overall emission trends and Figure 2-9 for
data on heating degree days.*

Table 2-4: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (Tg)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Coal 1,763.3 1,7423 1,750.9 1,811.1 1,815.7 1,826.2 1,908.3 1,959.9 1,978.7
Residential 5.8 5.3 54 5.3 5.2 5.1 5.2 5.5 5.4
Commercial 8.7 8.0 8.1 8.1 7.8 7.6 7.8 8.2 8.1
Industrial 248.4 235.0 226.6 2251 2271 225.0 2170 2153  214.0
Transportation + + + + + + + + +
Electric Utilities 1,499.7 1,493.2 1,510.0 1,571.7 15747 15875 1,677.4 1,730.0 1,750.2
U.S. Territories 0.6 0.7 0.8 0.9 0.9 0.9 0.9 1.0 1.0
Natural Gas 1,000.3 1,018.1 1,048.6 1,086.7 1,105.0 1,149.7 1,170.4 1,168.9 1,135.4
Residential 238.5 247.3 254.5 269.1 262.9 263.0 2842 2702 2431
Commercial 142.4 148.2 152.3 158.2  157.2 164.3 1712 1745  164.5
Industrial 432.2 439.0 460.4 480.6  486.3 511.4 528.6  523.6  512.9
Transportation 36.0 32.8 321 33.9 37.2 38.1 38.7 41.0 39.6
Electric Utilities 151.1 150.6 149.3 1449 161.4 173.0 147.7 159.7  175.3
U.S. Territories - - - - - - - - -
Petroleum 2,076.7 2,027.4 2,077.2 2,0941 2,146.4 2,127.8 2,206.1 2,226.9 2,269.2
Residential 87.7 89.4 90.9 96.1 92.8 94.4 99.7 98.9 99.1
Commercial 66.1 62.6 59.1 54.7 54.7 54.9 53.6 50.8 50.5
Industrial 366.5 345.5 382.1 359.5 373.8 357.4 378.9 387.8 3732
Transportation 1,426.5 1,400.2 1,436.0 1,463.7 1,508.9 1,527.8 1,578.4 1,582.4 1,608.9
Electric Utilities 96.8 91.2 73.9 81.8 75.0 51.0 56.0 64.1 90.8
U.S. Territories 33.1 38.6 35.2 38.3 411 42.3 39.5 42.9 46.9
Geothermal* 0.2 0.2 0.2 0.2 0.2 0.1 + 0.1 0.1
Total 48405 4,7879 4,876.9 49921 5,067.2 5,103.8 5,284.9 5,355.9 5,383.5

- Not applicable
+ Does not exceed 0.05 Tg

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.

Note: Totals may not sum due to independent rounding.

3 The 1.2 percent growth rate in EIA’'s weather adjusted model is actually the average annual growth rate between 1990 and 1998. The
EIA goes on to state that given the high rate of economic growth in 1998, the increase in weather adjusted emissions between 1997 and

1998 would likely have been even greater.

4 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F, while cooling degree days are deviations of the mean daily temperature above 65° F. Excludes Alaska and Hawaii. Normals

are based on data from 1961 through 1990.
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For the purpose of international reporting the IPCC
(IPCC/UNEP/OECD/IEA 1997) requires that particular
adjustments be made to national fuel consumption sta-
tistics. Certain fossil fuel-based products are used for
manufacturing plastics, asphalt, or lubricants. A portion
of the carbon consumed for these non-energy products
can be sequestered for long periods of time. To account
for the fact that the carbon in these fuels ends up in
products instead of being combusted (i.e., oxidized and
released into the atmosphere), the fraction of fossil fuel-
based carbon in manufactured productsis subtracted from
emission estimates. The IPCC (1997) also requires that
CO, emissions from the consumption of fossil fuels for
aviation and marine international transport activities
(i.e., international bunker fuels) be reported separately,
and not included in national emission totals. Both esti-
mates of carbon in products and international bunker
fuel emissionsfor the United Statesare provided in Table
2-5 and Table 2-6.

End-Use Sector Consumption

When analyzing CO, emissions from fossil fuel
combustion, four end-use sectors were defined: indus-
trial, transportation, residential, and commercial. Elec-
tric utilities also emit CO,; however, these emissions
occur as they combust fossil fuels to provide electricity
to one of the four end-use sectors. For the discussion
below, electric utility emissions have been distributed
to each end-use sector based upon their share of national
electricity consumption. This method of distributing
emissions assumes that each sector consumes electricity
from an equally carbon-intensive electricity source. In
reality, sources of electricity vary widely in carbon in-
tensity. By giving equal carbon-intensity weight to each
sector’s el ectricity consumption, for example, emissions
attributed to the industrial end-use sector may be over-
estimated, while emissions attributed to the residential
end-use sector may be underestimated. After the end-use
sectors are discussed, emissions from electric utilities
are addressed separately. Emissionsfrom U.S. territories

Table 2-5: Fossil Fuel Carbon in Products and CO, Emissions from International Bunker Fuel Combustion (MMTCE)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Fossil Fuel Carbon in Products 69.4 69.0 70.7 73.5 78.4 79.2 80.7 84.3 85.6
Industrial 67.5 67.2 68.9 71.6 76.5 774 78.7 82.2 83.3
Transportation 1.8 1.6 1.6 1.7 1.7 1.7 1.6 1.7 1.8
Territories 0.2 0.3 0.1 0.2 0.2 0.2 0.3 0.4 0.4
International Bunker Fuels* 32.2 32.7 30.0 27.2 26.7 215 27.9 29.9 31.3
Aviation* 12.7 12.7 12.9 13.0 13.2 13.9 14.2 15.2 15.5
Marine* 19.4 20.0 171 14.3 13.6 13.6 13.7 14.7 15.8

* See International Bunker Fuels for additional detail.
Note: Totals may not sum due to independent rounding.

Table 2-6: Fossil Fuel Carbon in Products and GO, Emissions from International Bunker Fuel Combustion (Tg C0,)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Fossil Fuel Carbon in Products 25645 2532 259.1 2694 2874 290.6 2959 309.0 313.8
Industrial 2473 2464 2526 2626 280.4 283.6 288.6  301.3 3055
Transportation 6.5 5.8 6.0 6.1 6.3 6.2 6.0 6.4 6.7
Territories 0.7 0.9 0.5 0.7 0.6 0.7 1.2 1.4 1.6
International Bunker Fuels* 118.0 120.0 110.0 99.9 98.0 101.0 1022 109.8 1147
Aviation* 46.7 46.7 471 47.6 48.3 51.1 52.1 55.9 56.9
Marine* 71.2 73.3 62.8 52.3 49.7 49.9 50.1 53.9 57.8

* See International Bunker Fuels for additional detail.
Note: Totals may not sum due to independent rounding.
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Table 2-7: CO, Emissions from Fossil Fuel Gombustion by End-Use Sector (MMTCE)*

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Industrial 451.7 440.3  458.0 458.0 466.2 464.4 4713 4825 478.9
Combustion 285.6 2781 2916 290.5 296.5 298.3 306.7  307.3 300.0
Electricity 166.2 162.2  166.4 167.5 169.7 166.0 170.6  175.3 178.9
Transportation 399.6 391.5 4011 409.1 4223 421.7 441.7 4434 450.3
Combustion 398.9 390.8 4004 408.5 421.7 4271 4411 4427 449.6
Electricity 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Residential 252.9 257.0  255.8 271.6 268.2 269.8 2854  284.7 286.8
Combustion 90.6 93.3 95.7 101.0 98.4 98.8 1061 102.2 94.8
Electricity 162.4 163.7  160.1 170.5 169.8 170.9 179.3  182.6 192.0
Commercial 206.7 206.3  205.4 212.0 213.8 218.3 225.9 238.0 239.3
Combustion 59.2 59.7 59.9 60.2 59.9 61.9 63.4 63.7 60.9
Electricity 147.4 146.7  145.5 151.8 153.9 156.4 162.5 174.4 178.4
U.S. Territories 9.2 10.7 9.8 10.7 11.5 11.8 11.0 12.0 13.0
Total 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2

* Emissions from fossil fuel combustion by electric utilities are allocated based on electricity consumption by each end-use sector.

Note: Totals may not sum due to independent rounding.
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are also calculated separately due to alack of end-use-
specific consumption data. Table 2-7 and Figure 2-6 sum-
marize CO, emissionsfrom direct fossil fuel combustion
and pro-rated emissions from electricity consumption
by end-use sector.

Theoverall demand for energy inthe United States
and other countriesfluctuatesin responseto general eco-
nomic conditions, energy prices, and weather. For ex-
ample, ayear with strong economic growth, low energy
prices, and severe summer and winter weather condi-
tions would be expected to have proportionally greater
emissions from fossil fuel combustion than a year with
poor economic performance, high energy prices, and mild

averagetemperatures. Except for 1991, economic growth
in the United States during the 1990s has fluctuated but
overall been robust, and energy prices have been low
and declining. Average U.S. temperatures, however have
fluctuated more significantly, with hotter summer tem-
peratures in 1998 stimulating electricity demand and
warmer winter temperatures reducing demand for heat-
ing fuels.

L onger-term changes in energy consumption pat-
terns are a function of variables that affect the scale of
consumption (e.g., population, number of cars, and size
of houses) and the efficiency with which energy is used
in equipment (e.g., cars, power plants, steel mills, and
light bulbs) and consumer behavior (e.g., bicycling or
tele-commuting to work instead of driving).

Carbon dioxide emissions, however, arealso afunc-
tion of the type fuel combusted and its carbon intensity.
Producing heat or electricity using natural gas or wind
energy instead of coal, for example, can reduce or even
eliminate the CO, emissions associ ated with energy con-
sumption (see Box 2-1).

Industrial End-Use Sector

The industrial end-use sector accounted for ap-
proximately one-third of CO, emissionsfrom fossil fuel
combustion. On average, nearly 63 percent of these emis-
sions resulted from the direct consumption of fossil fu-
els in order to meet industrial demand for steam and
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process heat. The remaining 37 percent resulted from
their consumption of electricity for uses such as motors,
electric furnaces, ovens, and lighting.

The industrial end-use sector includes activities
such as manufacturing, construction, mining, and agri-
culture. Thelargest of these activitiesin terms of energy
consumption is manufacturing, which was estimated in
1994 to have accounted for 80 percent of industrial en-
ergy consumption (EIA 1997). Therefore, in general
emissions from the industrial end-use are fairly corre-
lated with economic growth, however, certain activities
within the sector, such as heating of industrial buildings
and agriculture, are also affected by weather conditions.

According to current EIA sectoral definitions, the
industrial sector also includes emissions from nonutility
generators (e.g., independent power producers) who pro-
duce electricity for their own use, to sell to large con-
sumers, or to sell on the wholesale electricity market.
The number and quantity of electricity generated by
nonutilities has increased significantly as many states
have begun deregulating their electricity markets. In
future inventories, these nonutility generators will be
removed from theindustrial sector and incorporated into
a single sector with electric utilities.

Although thelargest share of emissionswas attrib-
uted to the industrial end-use sector, from 1990 to 1998,
its emissions grew the least in percentage terms (6 per-
cent). From 1997 to 1998, emissions actually declined
dlightly (1 percent), likely duein part to lower output by
some energy intensive industries—such as primary met-
als—and weather-related changes in agricultural activi-
ties.

Theindustry was also the largest user of fossil fu-
elsfor non-energy applications. Fossil fuels can be used
for producing products such as fertilizers, plastics, as-
phalt, or lubricantsthat can sequester or store carbon for
long periods of time. Asphalt used in road construction,
for example, stores carbon essentially indefinitely. Simi-
larly, fossil fuels used in the manufacture of materials
like plastics can also store carbon, if the material is not
burned. The amount of carbon contained in industrial
products made from fossil fuelsrose 24 percent between
1990 and 1998, to 85.6 MMTCE (313.8 Tg CO,).

Transportation End-Use Sector

Transportation was second to the industrial end-
use sector intermsof U.S. CO, emissionsfrom fossil fuel
combustion, accounting for slightly over 30 percent—
excluding international bunker fuels. Almost all of the
energy consumed in this end-use sector came from pe-
troleum-based products, with nearly two-thirds due to
gasoline consumption in automobiles and other high-
way vehicles. Other uses, including diesel fuel for the
trucking industry and jet fuel for aircraft, accounted for
the remainder.

Following the overall trend in U.S. energy con-
sumption, fossil fuel combustion for transportation grew
steadily after declining in 1991, resulting in an increase
in CO, emissions of 33 percent from 1990 to 454.9
MMTCE (1,668.0 Tg) in 1998. Thisincrease was prima-
rily the result of greater motor gasoline and jet fuel con-
sumption. It was dlightly offset by decreases in the con-
sumption of residual fuel.

Overall, motor vehicle fuel efficiency stabilized
in the 1990s after increasing steadily since 1977 (EIA
1999a). Thistrend was due, in part, to adecline in gaso-
line prices and new motor vehicle sales being increas-
ingly dominated by less fuel-efficient light-duty trucks
and sport-utility vehicles (see Figure 2-7 and Figure 2-8).
Moreover, declining petroleum prices during the 1990s,
combined with a strong economy and a growing popul a-
tion, were largely responsible for an overall increase in
vehicle milestraveled (EIA 1999a).
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Table 2-8 provides a detailed breakdown of CO,
emissions by fuel category and vehicle type for the
transportation end-use sector. Fifty-eight percent of
the emissions from this end-use sector were the result
of the combustion of motor gasoline in passenger cars
and light-duty trucks. Diesel highway vehicles and
jet aircraft were also significant contributors, each ac-
counting for 14 percent of CO, emissions from the
transportation end-use sector.

Residential and Commercial End-Use Sectors

From 1990 to 1998, the residential and commer-
cial end-use sectors, on average, accounted for 20 and 16
percent, respectively, of CO, emissions from fossil fuel
combustion. Both end-use sectors were heavily reliant
on electricity for meeting energy needs, with about two-
thirds of their emissions attributable to electricity con-
sumption for lighting, air conditioning, and operating
appliances. Theremaining emissionswerelargely dueto
thedirect consumption of natural gasand petroleum prod-
ucts, primarily for heating and cooking needs. Coal con-
sumption was a minor component of energy use in both
the residential and commercial end-use sectors.

Unlike in other major end-use sectors, emissions
from residences and commercial buildings did not de-
cline during the economic downturn in 1991, but in-
stead decreased in 1994, then grew steadily through
1998. Thisdifferencein overall trends compared to other

end-use sectors is because energy consumption in resi-
dencesand commercial buildingsisaffected proportion-
ately more by the weather than by prevailing economic
conditions. Both end-use sectors are also affected by
population and regional migration trends.

In 1998, winter conditions in the United States
were extremely warm, with heating degree days 12 per-
cent below normal (see Figure 2-9). Due primarily to
these warm winter conditions, emissions from natural
gas consumption in residences and commercial estab-
lishments declined by an impressive 10 and 6 percent,
respectively.

In 1998, electricity consumption in the residential
and commercial end-use sectors increased by 4.5 and
1.7 percent, respectively. Theseincreaseswere partly the
result of air conditioning related demand and the hotter
than normal summer in 1998, with cooling degree days
12 percent above normal (see Figure 2-10). U.S. tem-
peratures during June, July, and August of 1998 were on
average 10 percent higher than normal levels.® In the
month of June, alone, residential customers increased
their consumption of electricity by 17 percent above
that for the same period the previous year (EIA 1999D).

Electric Utilities
The United States relied on electricity to meet a
significant portion of its energy requirements. Electric-

Figure 2-8 Figure 2-9
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Highway Statistics 1996, Highway Statistics 1997, 1998. Source: DOE/EIA-0384(97), Annual Energy Review 1998, July,
1999, Table 1.7 and 1.8.

5 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F. Excludes Alaska and Hawaii. Normals are based on data from 1961 through 1990.

6 Measured in terms of cooling degree days. Normals defined by the average between 1961 and 1990.
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Table 2-8: CO, Emissions from Fossil Fuel Combustion in Transportation End-Use Sector (MMTCE)

Fuel/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Motor Gasoline 2606 259.2  263.1 269.0 2733 2789 2841 286.5 294.6
Passenger Cars 167.1 165.8 169.8 1712 1702 1729 176.4 1779 182.9
Light-Duty Trucks 74.8 74.6 74.5 7.7 84.1 85.7 87.4 88.1 90.6
Other Trucks 11.3 11.2 11.2 11.7 10.4 10.9 11.1 11.0 11.4
Motorcycles 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5
Buses 0.6 0.6 0.6 0.7 0.9 0.8 0.6 0.6 0.6
Construction Equipment 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.7
Agricultural Machinery 1.2 1.2 1.2 2.0 2.1 2.2 2.1 2.2 2.3
Boats (Recreational) 4.6 4.7 4.7 4.6 4.5 5.3 5.4 5.5 5.6
Distillate Fuel Qil (Diesel) 75.7 72.6 75.3 713 82.5 83.8 89.8 93.5 94.0
Passenger Cars 1.9 1.9 2.0 2.0 2.0 2.0 2.1 2.2 2.1
Light-Duty Trucks 2.4 2.4 2.4 2.6 2.8 3.0 3.6 3.9 3.9
Other Trucks 44.8 42.9 445 47.2 51.4 52.4 56.5 58.9 58.8
Buses 2.1 2.2 2.2 2.3 2.3 2.7 2.4 2.5 2.5
Construction Equipment 2.9 2.8 2.9 2.9 2.9 2.8 3.0 3.0 3.0
Agricultural Machinery 6.3 6.2 6.3 6.3 6.3 6.2 6.5 6.7 6.7
Boats (Freight) 4.9 4.8 5.0 4.6 4.5 4.3 5.0 5.0 5.0
Locomotives 7.2 6.6 7.2 6.5 7.8 7.9 8.6 8.8 8.8
Marine Bunkers 3.1 2.9 2.9 2.9 2.4 2.5 2.2 2.5 3.1
Jet Fuel 60.1 58.1 57.6 58.1 60.4 60.0 62.7 63.3 64.2
General Aviation 1.7 1.5 1.3 1.1 1.2 1.4 1.6 1.7 1.7
Commercial Air Carriers 32.2 29.8 30.6 31.3 32.0 33.1 341 35.3 35.8
Military Vehicles 9.8 9.7 7.5 7.2 6.2 5.8 54 4.8 5.0
Aviation Bunkers 12.7 12.7 12.9 13.0 13.2 13.9 14.2 15.2 15.5
Other" 3.6 4.3 5.3 5.5 7.8 5.6 7.4 6.3 6.2
Aviation Gasoline 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7
General Aviation 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7
Residual Fuel 0il 21.9 22.0 23.0 19.4 19.1 18.5 19.2 15.5 145
Boats (Freight) 5.6 49 8.8 8.1 79 7.4 7.7 3.2 1.9
Marine Bunkers 16.4 17.1 14.3 11.4 11.2 111 11.4 12.2 12.7
Natural Gas 9.8 8.9 8.8 9.3 10.2 104 10.6 11.2 10.8
Passenger Cars + + + + + + + + +
Light-Duty Trucks I I I I I I + + +
Buses + + + + + + + + +
Pipeline 9.8 8.9 8.8 9.2 10.1 10.4 10.5 11.1 10.7
LPG 0.4 0.3 0.3 0.3 0.5 0.5 0.3 0.2 0.2
Light-Duty Trucks 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1
Other Trucks 0.2 0.2 0.2 0.2 0.3 0.3 0.1 0.1 0.1
Buses + + + + + + + + +
Electricity 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Buses + + + + + + + + +
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Pipeline 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lubricants 1.8 1.6 1.6 1.6 1.7 1.7 1.6 1.7 1.8
Total (including bunkers) 431.8 4242 4311 436.4 4491 455.3 469.6 4734 4815

Note: Totals may not sum due to independent rounding. Estimates include emissions from the combustion of both aviation and marine

international bunker fuels.

* Including but not limited to fuel blended with heating oils and fuel used for chartered aircraft flights.

+ Does not exceed 0.05 MMTCE
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ity was consumed primarily in the residential, commer-
cial, and industrial end-use sectorsfor uses such aslight-
ing, heating, electric motors, appliances, el ectronics, and
air conditioning (see Figure 2-11).

In 1998, retail sales by electric utilities increased
in all end-use sectors due largely to robust economic
growth and the year’'s summer weather conditions. The
summer of 1998 for the United States was exceptionally
warm, with cooling degree days 14 percent above nor-
mal (see Figure 2-10).” Asaresult, in part, of increased
demand for electricity, especially for air conditioning,

emissionsfrom electric utilitiesrose by 3.2 percent from
1997 to 1998.

To generate the majority of this electricity, utili-
tiescombusted fossil fuels, especially coal. In 1998, elec-
tric utilitieswere thelargest producers of CO, emissions
from fossil fuel combustion, accounting for 37 percent.
Electric utilities were responsible for such alarge share
of emissions partly because they rely on more carbon
intensive coal for a majority of their primary energy.
Some of the electricity consumed in the United States
was generated using low or zero CO, emitting technol o-
gies such as hydroelectric or nuclear energy. In 1998,
however, coal, natural gas, and petroleum were used to
produce the majority—52, 15, and 4 percent, respec-
tively—of the electricity generated by utilities in the
United States (EIA 1999b).

Electric utilities were the dominant consumer of
coal in the United States, accounting for 88 percent in
1998. Conseguently, changesin electricity demand have
a significant impact on coa consumption and associ-
ated CO, emissions. In fact, electric utilities consumed
record amounts of coal (18,717 TBtu) in 1998. Overall,
emissionsfrom coal burned at electric utilitiesincreased
by 17 percent from 1990 to 1998. Thisincreasein coal-
related emissions from was al one responsiblefor 46 per-
cent of the overall risein CO, emissionsfrom fossil fuel
combustion.

In addition to this rise in consumption of coal,
consumption of both natural gasand petroleum also rose
in 1998 by 10 and 42 percent, respectively (EIA 1999f).
This dramatic change in petroleum consumption was
due mainly to adrop in petroleum prices (26 percent or
the lowest price in 20 years) and the increased electric-
ity demand which required the use of idle or
underutilized petroleum units (EIA 1999b).

Demand for fossil fuels by electric utilitiesis also
affected by the supply of electricity from other energy
sources. In 1998, there was a significant decline in hy-
droelectric generation (8.5 percent) due mainly to re-
duced snowfall in the Northwest (EIA 1999b). This de-

7 Cooling degree days in 1998 were approximately 3 standard deviations above the normal value (i.e., average of 1961 to 1990).

Energy 2-11



Box 2-1: Sectoral Carhon Intensity Trends Related to Fossil Fuel and Overall Energy Consumption

Fossil fuels are the predominant source of energy in the United States, and carbon dioxide (CO,) is emitted as a product from their
complete combustion. Useful energy, however, can be generated from many other sources that do not emit CO, in the energy
conversion process.® In the United States, useful energy is also produced from renewable (i.e., hydropower, biofuels, geothermal,
solar, and wind) and nuclear sources.

Energy-related CO, emissions can be reduced by not only lowering total energy consumption (e.g., through conservation
measures) but also by lowering the carbon intensity of the energy sources employed (e.g., fuel switching from coal to natural gas).
The amount of carbon emitted—in the form of CO,—from the combustion of fossil fuels is dependent upon the carbon content of
the fuel and the fraction of that carbon that is oxidized. Fossil fuels vary in their average carbon content, ranging from about 13.7
MMTCE/EJ for natural gas to 26.4 MMTCE/EJ for coal and petroleum coke.® In general, the carbon intensity of fossil fuels is the
highest for coal products, followed by petroleum and then natural gas. Other sources of energy, however, may be directly or indirectly
carbon neutral (i.e., 0 MMTCE/EJ). Energy generated from nuclear and many renewable sources do not result in direct emissions of
CO,. Biofuels such as wood and ethanol are also considered to be carbon neutral, as the CO, emitted during combustion is assumed
to be offset by the carbon sequestered in the growth of new biomass.'® The overall carbon intensity of the U.S. economy is thus
dependent upon the quantity and combination of fuels and other energy sources employed to meet demand.

Table 2-9 provides a time series of the carbon intensity for each sector of the U.S. economy. The time series incorporates only the
energy consumed from the direct combustion of fossil fuels in each sector. For example, the carbon intensity for the residential sector
does not include the energy from or emissions related to the consumption of electricity for lighting or wood for heat. Looking only at
this direct consumption of fossil fuels, the residential sector exhibited the lowest carbon intensity, which was related to the large
percentage of energy derived from natural gas for heating. The carbon intensity of the commercial sector was greater than the
residential sector for the period from 1990 to 1996, but then declined to an equivalent level as commercial businesses shifted away
from petroleum to natural gas. The industrial sector was more dependent on petroleum and coal than either the residential or
commercial sectors, and thus had higher carbon intensities over this period. The carbon intensity of the transportation sector was
closely related to the carbon content of petroleum products (e.g., motor gasoline and jet fuel), which were the primary sources of
energy. Lastly, the electric utility sector had the highest carbon intensity due to its heavy reliance on coal for generating electricity.

Table 2-9: Carbon Intensity from Direct Fossil Fuel Combustion by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Residential? 147 147 14.6 14.6 14.6 14.6 14.6 14.7 14.7
Commercial? 152 151 15.0 14.9 14.9 14.8 14.8 14.7 14.8
Industrial® 169 16.8 16.7 16.6 16.6 16.5 16.4 16.4 16.4
Transportation? 183 183 18.3 18.3 18.3 18.2 18.2 18.2 18.2
Electric Utilities® 224 224 22.4 225 22.4 22.4 22.6 22.6 22.5
All Sectors® 18.7 18.7 18.6 18.7 18.6 18.6 18.6 18.6 18.7

2 Does not include electricity or renewable energy consumption.

b Does not include electricity produced using nuclear or renewable energy.

¢ Does not include nuclear or renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Exajoule (EJ) = 108 joules = 0.9479 QBtu.

8 CO, emissions, however, may be generated from upstream activities (e.g., manufacture of the equipment).
° One exajoule (EJ) is equal to 108 joules or 0.9478 QBtu.

10 This statement assumes that there is no net loss of biomass-based carbon associated with the land use practices used to produce these
biomass fuels.
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In contrast to Table 2-9, Table 2-10 presents carbon intensity values that incorporate energy consumed from all sources (i.e., fossil
fuels, renewables, and nuclear). In addition, the emissions related to the generation of electricity have been attributed to both electric
utilities and the sector in which that electricity was eventually consumed.!! This table, therefore, provides a more complete picture of
the actual carbon intensity of each sector per unit of energy consumed. The transportation sector in Table 2-10 emerges as the most
carbon intensive when all sources of energy are included, due to its almost complete reliance on petroleum products and relatively
minor amount of biomass based fuels such as ethanol. The “other end-use sectors” (i.e. the residential, commercial, and industrial
sectors) use significant quantities of biofuels such as wood, thereby lowering the overall carbon intensity. The carbon intensity of
electric utilities differs greatly from the scenario in Table 2-9 where only the energy consumed from the direct combustion of fossil fuels
was included. This difference is due almost entirely to the inclusion of electricity generation from nuclear and hydropower sources,
which do not emit carbon dioxide.

Table 2-10: Carbon Intensity from Energy Consumption by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Transportation? 18.2 18.2 18.2 18.2 18.2 18.1 18.1 18.1 18.1
Other End-Use SectorsaP 14.9 14.7 14.7 14.8 14.7 14.4 14.5 14.7 14.7
Electric Utilities® 15.3 15.0 15.2 15.3 15.2 14.8 14.9 15.4 15.4
All Sectors® 15.8 15.6 15.7 15.7 15.7 15.5 15.5 15.7 15.7

2 Includes electricity (from fossil fuel, nuclear, and renewable sources) and direct renewable energy consumption.

b Other End-Use Sectors include the residential, commercial, and industrial sectors.

¢ Includes electricity generation from nuclear and renewable sources.

4 Includes nuclear and renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Assumed that residential consumed all of the biofuel-based energy and 50
percent of the solar energy in the combined EIA residential/commercial sector category. Exajoule (EJ) = 1018 joules = 0.9479 QBtu.

By comparing the values in Table 2-9 and Table 2-10, a Figure 2-12
couple of observations can be made. The usage of renewable
and nuclear energy sources has resulted in a significantly lower

carbon intensity of the U.S. economy. However, over the nine Dark shaded columns relate to changes in emissions from

year period of 1990 through 1998, the carbon intensity of electricity consumption. Lightly shaded columns relate to
. . . changes in emissions from direct fossil fuel combustion.
U.S. fossil fuel consumption has been fairly constant, as the
proportion of renewable and nuclear energy technologies has 60 §
o 2
not changed significantly. " ]
&
Figure 2-12 and Table 2-11 present the detailed CO, emis- w 30 = 3
sion trends underlying the carbon intensity differences and £
= 15

changes described in Table 2-9. In Figure 2-12, changes over
time in both overall end-use sector-related emissions and elec- 0 ,‘
tricity-related emissions for each year since 1990 are high-
lighted. In Table 2-11 changes in emissions since 1990 are
presented by sector and fuel type to provide more detail on
these changes.

1992

Residential Commercial Industrial Transportation

1 In other words, the emissions from the generation of electricity are intentionally double counted by attributing them both to utilities
and the sector in which electricity consumption occurred.
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Table 2-11: Change in CO, Emissions from Direct Fossil Fuel Combustion Since 1990 (MMTCE)

Sector/Fuel Type 1991 1992 1993 1994 1995 1996 1997 1998
Residential 2.7 5.1 10.5 7.9 8.3 15.5 11.6 4.2
Coal (0.1) (0.1) (0.1) (0.2) (0.2) (0.2) (0.1) (0.1)
Natural Gas 2.4 4.4 8.3 6.6 6.7 12.4 8.6 1.2
Petroleum 0.5 0.9 2.3 1.4 1.8 3.3 3.1 3.1
Commercial 0.4 0.6 1.0 0.7 2.6 4.2 4.4 1.6
Coal (0.2) (0.2) (0.2) (0.3) (0.3) (0.3) (0.1) (0.2)
Natural Gas 1.6 2.7 4.3 4.0 6.0 79 8.7 6.0
Petroleum (0.9) (1.9) (3.1) (3.1) (3.0) (3.4) (4.2) (4.3)
Industrial (7.5) 6.0 49 10.9 12.7 211 21.7 14.5
Coal (3.6) (5.9) (6.3) (5.8) (6.4) (8.6) (9.0 (9.4)
Natural Gas 1.9 7.7 13.2 14.7 21.6 26.3 24.9 22.0
Petroleum (5.7) 4.2 (1.9) 2.0 (2.5) 3.4 5.8 1.8
Transportation (8.1) 1.5 9.6 22.8 28.2 421 43.9 50.7
Coal - - - - - - - -
Natural Gas (0.9) (1.1) (0.6) 0.3 0.6 0.7 1.4 1.0
Petroleum (7.2) 2.6 10.1 22.5 27.3 41.4 42.5 49.7
Electric Utility (3.4) (3.9) 13.9 17.3 17.4 36.4 56.2 73.3
Coal (1.8) 2.8 19.7 20.5 24.0 48.5 62.8 68.3
Natural Gas (0.1) (0.5) (1.7 2.8 6.0 (0.9) 2.4 6.6
Petroleum (1.5) (6.2) (4.1) (6.0) (12.5) (11.1) (8.9) (1.6)
U.S. Territories 15 0.6 15 2.3 2.6 1.8 2.8 3.9
Coal + + 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas - - - - - - - -
Petroleum 1.5 0.6 1.4 2.2 2.5 1.8 2.7 3.8
All Sectors (14.3) 9.9 1.4 61.8 71.8 121.2 140.6 148.1

+ Does not exceed 0.05 MMTCE
- Not applicable
Note: Totals may not sum due to independent rounding.

cline, however, offset by a slightly larger increase in
electricity generation at huclear power plants (7 percent)
after seven generating units, that had previously been
idle, were brought back into service (EIA 1999b).

It is important to note that the electric utility sec-
tor includes only regulated utilities. According to cur-
rent EIA sectoral definitions, nonutility generators of
electricity (e.g., independent power producers, qualify-
ing cogenerators, and other small power producers) are
included in the industrial sector. These nonutility gen-
erators produce electricity for their own use, to sell to
large consumers, or to sell on the wholesale electricity
market. The number and quantity of electricity gener-
ated by nonutilities has increased significantly as many
states have begun deregulating their electricity markets.

A recent report by the U.S. Department of Energy
and the EPA (DOE and EPA 1999) estimated emissions
from the entire electric power industry, including regu-

lated utilities and nonutilities. According to this report
CO, emissions from nonutilities in 1998 were 56
MMTCE, bringing combined emissions from electricity
generation up to 41 percent (605.5 MMTCE) of total
U.S. CO, emissions from fossil fuel combustion, versus
37 percent from utilities alone. In other words,
nonutilitieswereresponsiblefor 10 percent of emissions
from electricity generation. The growth in nonutility
emissions from 1997 to 1998 was 9 percent. In future
inventories, these nonutility generators will be removed
from the industrial sector and incorporated into a single
sector with electric utilities.

Methodology

The methodology used by the United States for
estimating CO, emissionsfrom fossil fuel combustionis
conceptually similar to the approach recommended by
the IPCC for countries that intend to develop detailed,
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sectoral-based emission estimates (IPCC/UNEP/OECD/
IEA 1997). A detailed description of the U.S. methodol-
ogy ispresented in Annex A, and is characterized by the
following steps:

1. Determine fuel consumption by fuel type and
sector. By aggregating consumption data by sector (e.g.,
commercia, industrial, etc.), primary fuel type (e.g., coal,
petroleum, gas), and secondary fuel category (e.g., mo-
tor gasoline, distillate fuel oil, etc.), estimates of total
U.S. fossil fuel consumption for a particular year were
made. The United States does not include territories in
its national energy statistics; therefore, fuel consump-
tion data for territories was collected separately. 12

2. Determine the total carbon content of fuels
consumed. Total carbon was estimated by multiplying
the amount of fuel consumed by the amount of carbonin
each fuel. This total carbon estimate defines the maxi-
mum amount of carbon that could potentially be rel eased
to the atmosphere if all of the carbon in each fuel were
converted to CO,,. The carbon content coefficients used
by the United States are presented in Annex A.

3. Subtract the amount of carbon stored in prod-
ucts. Non-energy uses of fossil fuels can result in storage
of some or all of the carbon contained in the fuel for
some period of time, depending on the end-use. For ex-
ample, asphalt made from petroleum can sequester up to
100 percent of the carbon for extended periods of time,
while other fossil fuel products, such as lubricants or
plastics, lose or emit some carbon when they are used
and/or burned as waste. Aggregate U.S. energy statistics
include consumption of fossil fuelsfor non-energy uses,
therefore, the portion of carbon that remainsin products
after they are manufactured was subtracted from poten-
tial carbon emission estimates. The amount of carbon
remaining in products was based on the best available
dataon the end-uses and fossil fuel products. These non-
energy uses occurred in the industrial and transporta-
tion sectorsand U.S. territories.’

4. Adjust for carbon that does not oxidize during
combustion. Because combustion processes are not 100
percent efficient, some of the carbon contained in fuels
is not emitted to the atmosphere. Rather, it remains be-
hind as soot and ash. The estimated amount of carbon
not oxidized due to inefficiencies during the combus-
tion process was assumed to be 1 percent for petroleum
and coal and 0.5 percent for natural gas (see Annex A).

5. Subtract emissions from international bunker
fuels. According to the IPCC guidelines (IPCC/UNEP/
OECD/IEA 1997) emissionsfrom international transport
activities, or bunker fuels, should not be included in
national totals. Because U.S. energy consumption sta-
tistics include these bunker fuels—distillate fuel ail, re-
sidual fuel oil, and jet fuel—as part of consumption by
the transportation sector, emissions from international
transport activities were calculated separately and sub-
tracted from emission estimates for the transportation
sector. The calculations for emissions from bunker fuels
follow the same procedures used for emissionsfrom con-
sumption of all fossil fuels (i.e., estimation of consump-
tion, determination of carbon content, and adjustment
for the fraction of carbon not oxidized).

6. Allocate transportation emissions by vehicle
type. Because the transportation end-use sector was the
largest direct consumer of fossil fuels in the United
States,* a more detailed accounting of carbon dioxide
emissions is provided. For fuel types other than jet fuel,
fuel consumption data by vehicle type and transporta-
tion mode were used to allocate emissions by fuel type
calculated for the transportation end-use sector. Specific
data by vehicle type were not available for 1998; there-
fore, the 1997 percentage allocations were applied to
1998 fuel consumption data in order to estimate emis-
sionsin 1998. Military vehicle jet fuel consumption was
provided by the Defense Energy Support Center, under
Department of Defense’s(DoD) Defense L ogisticsAgency
and the Office of the Undersecretary of Defense (Envi-

2 Fuel consumption by U.S. territories (i.e. American Samoa, Guam, Puerto Rico, U.S. Virgin Islands, Wake Island, and other U.S.
Pacific Islands) is included in this report and contributed emissions of13 MMTCE in 1998.

13 See Waste Combustion section of Waste chapter for discussion of emissions from the combustion of plastics in the municipal solid

waste steam.

4 Electric utilities are not considered a final end-use sector, because they consume energy solely to provide electricity to the other

sectors.
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ronmental Security). The difference between total U.S.
jet fuel consumption (as reported by DOE/EIA) and ci-
vilian air carrier consumption for both domestic and in-
ternational flights (as reported by DOT/BTS and BEA)
plus military jet fuel consumption is reported as “ other”
under the jet fuel category in Table 2-8, and includes
such fuel uses as blending with heating oils and fuel
used for chartered aircraft flights.

Data Sources

Data on fuel consumption for the United States
and itsterritories, carbon content of fuels, and percent of
carbon sequestered in non-energy uses were obtained
directly from the Energy Information Administration
(EIA) of the U.S. Department of Energy (DOE). Fuel con-
sumption datawere obtained primarily from the Monthly
Energy Review (EIA 1999f) and various EIA databases.
Data on military jet fuel use was supplied by the Office
of the Under Secretary of Defense (Environmental Secu-
rity) and the Defense Energy Support Center (Defense
Logistics Agency) of the U.S. Department of Defense
(DoD). Estimates of international bunker fuel emissions
are discussed in the section entitled International Bun-
ker Fuels.

IPCC (IPCC/UNEP/OECD/IEA 1997) provided
combustion efficiency rates for petroleum and natural
gas. Bechtel (1993) provided the fraction oxidation val-
ues for coal. Vehicle type fuel consumption data for the
allocation of transportation sector emissions were pri-
marily taken from the Transportation Energy Databook
prepared by the Center for Transportation Analysis at
Oak Ridge National Laboratory (DOE 1993, 1994, 1995,
1996, 1997, 1998). All jet fuel and aviation gasoline
was assumed to have been consumed in aircraft. Densi-
tiesfor each military jet fuel type were obtained from the
Air Force (1998).

Carbon intensity estimates were developed using
nuclear and renewable energy data from EIA (1998a)
and fossil fuel consumption data as discussed above and
presented in Annex A.

For consistency of reporting, the IPCC has recom-
mended that national inventories report energy data (and
emissions from energy) using the International Energy
Agency (IEA) reporting convention and/or | EA data. Data

in the IEA format are presented “top down”—that is,
energy consumption for fuel types and categories are
estimated from energy production data (accounting for
imports, exports, stock changes, and losses). The result-
ing quantities arereferred to as “ apparent consumption.”
The data collected in the United States by EIA, and used
in this inventory, are, instead, “bottom up” in nature. In
other words, they are collected through surveys at the
point of delivery or use and aggregated to determine
national totals.

It is aso important to note that EIA uses gross
calorific values (GCV) (i.e., higher heating values) asits
reporting standard for energy statistics. Fuel consump-
tion activity data presented here have not been adjusted
to correspond to international standard, which areto re-
port energy statistics in terms of net calorific values
(NCV) (i.e., lower heating values).

Uncertainty

For estimates of CO, from fossil fuel combustion,
the amount of CO, emitted, in principle is directly re-
lated to the amount of fuel consumed, the fraction of the
fuel that is oxidized, and the carbon content of the fuel.
Therefore, a careful accounting of fossil fuel consump-
tion by fuel type, average carbon contents of fossil fuels
consumed, and consumption of products with long-term
carbon storage should yield an accurate estimate of CO,
emissions.

There are uncertainties, however, concerning the
consumption data sources, carbon content of fuels and
products, and carbon oxidation efficiencies. For example,
given the same primary fuel type (e.g., petroleum), the
amount of carbon contained in the fuel per unit of useful
energy can vary. Non-energy uses of the fuel can also
create situations where the carbon is not emitted to the
atmosphere (e.g., plastics, asphalt, etc.) or isemitted at a
delayed rate. The proportions of fuelsused in these non-
energy production processes that result in the sequestra-
tion of carbon have been assumed. Additionally, ineffi-
ciencies in the combustion process, which can result in
ash or soot remaining unoxidized for long periods, were
also assumed. These factors all contribute to the uncer-
tainty in the CO, estimates.
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Other sources of uncertainty are fuel consumption
by U.S. territories and bunker fuels consumed by the
military. The United States does not collect as detailed
energy statistics for its territories as for the fifty states
and the District of Columbia. Therefore estimating both
emissions and bunker fuel consumption by these territo-
riesisdifficult.

For Table 2-8, uncertainties also exist as to the
data used to allocate CO, emissions from the transporta-
tion end-use sector to individual vehicletypesand trans-
port modes. In many cases, bottom up estimates of fuel
consumption by vehicle type do not match top down
estimatesfrom EIA. Further research is planned to better
allocate detail ed transportati on end-use sector emissions.

For the United States, however, these uncertainties
impact on overall CO, emission estimates are believed
to berelatively small. For the United States, CO, emis-
sion estimates from fossil fuel combustion are consid-
ered accurate within one or two percent. See, for example,
Marland and Pippin (1990).

Stationary Combustion
(excluding CO,)

Stationary combustion encompasses all fuel com-
bustion activities except those related to transportation
(i.e., mobile combustion). Other than carbon dioxide
(CO,), which was addressed in the previous section, gases
from stationary combustion include the greenhouse gases
methane (CH,) and nitrous oxide (N,O) and the criteria
pollutants nitrogen oxides (NO,), carbon monoxide (CO),
and non-methane volatile organic compounds
(NMVOCs).'> Emissions of these gases from stationary
sources depend upon fuel characteristics, technology
type, usage of pollution control egquipment, and ambi-
ent environmental conditions. Emissions also vary with
the size and vintage of the combustion technology as
well as maintenance and operational practices.

Nitrous oxide and NO, emissions from stationary
combustion are closely related to air-fuel mixesand com-

bustion temperatures, as well as the characteristics of
any pollution control equipment that is employed. Car-
bon monoxide emissions from stationary combustion
are generally afunction of the efficiency of combustion
and the use of emission controls; they are highest when
lessoxygenispresent in the air-fuel mixturethanisnec-
essary for complete combustion. These conditions are
most likely to occur during start-up and shut-down and
during fuel switching (e.g., the switching of coal grades
at a coal-burning electric utility plant). Methane and
NMVOC emissions from stationary combustion are pri-
marily a function of the CH, content of the fuel, com-
bustion efficiency, and post-combustion controls.

Emissions of CH, increased slightly from 1990 to
1996, but fell to just below the 1990 level in 1998 to 2.3
MMTCE (395 Gg). This decrease in emissions was pri-
marily due to lower wood consumption in the residen-
tial sector. Nitrous oxide emissionsrose 12 percent since
1990t0 4.3 MMTCE (50 Gg) in 1998. Thelargest source
of N,O emissions was coal combustion by electric utili-
ties, which alone accounted for 54 percent of total N,O
emissions from stationary combustion in 1998. Overall,
though, stationary combustion is a small source of CH,
and N,,O in the United States.

In contrast, stationary combustion was a signifi-
cant source of NO, emissions, but asmaller source of CO
and NMVOCs. In 1998, emissions of NO, from station-
ary combustion represented 44 percent of national NO,
emissions, while CO and NMVOC emissions from sta-
tionary combustion contributed approximately 6 and 5
percent, respectively, to the national totals. From 1990
to 1998, emissions of NO, were fairly constant, while
emissions of CO and NMVOCs decreased by 10 and 15
percent, respectively.

The decrease in CO and NMVOC emissions from
1990 to 1998 can largely be attributed to decreased resi-
dential wood consumption, which is the most signifi-
cant source of these pollutants from stationary combus-
tion. Overall, NO, emissions from energy varied due to
fluctuations in emissions from electric utilities. Table
2-12 through Table 2-15 provide CH, and N,O emission

15 Sulfur dioxide (SO,) emissions from stationary combustion are addressed in Annex M.
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Table 2-12: CH, Emissions from Stationary Combustion (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Qil + + + + + + + + +
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 0.8 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9
Coal 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Wood 0.3 0.3 0.3 0.3 04 04 04 04 04

Commercial/Institutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + + +
Fuel Qil 0.1 + + + + + + + +
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood" NA NA NA NA NA NA NA NA NA

Residential 1.3 1.3 1.4 1.3 1.3 1.4 1.4 1.1 1.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 09 1.0 1.1 1.0 09 1.0 1.1 0.8 0.8

Total 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.

Table 2-13: N,0 Emissions from Stationary Combustion (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3 2.3
Coal 1.9 1.9 1.9 2.0 2.0 2.0 2.1 2.2 2.2
Fuel Oil 0.1 0.1 + 0.1 + + + + 0.1
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 1.4 1.4 1.5 1.5 1.5 1.5 1.6 1.6 1.6
Coal 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fuel Qil 04 04 04 0.4 0.5 0.4 0.5 0.5 0.5
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 0.6 0.6 0.7 0.7 0.7 0.7 0.8 0.8 0.8

Commercial/Institutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + + +
Fuel Qil + + + + + + + + +
Natural Gas + + + + + + + + +
Wood" NA NA NA NA NA NA NA NA NA

Residential 0.3 0.3 0.3 0.3 03 0.3 03 0.3 03
Coal + + + + + + + + +
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas + + + + + + + + +
Wood 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Total 3.8 3.8 3.9 3.9 4.0 4.0 4.2 4.2 4.3

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.
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Table 2-14: CH, Emissions from Stationary Combustion (Gg)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 23 23 22 23 23 23 23 24 26
Coal 16 16 16 17 17 17 18 19 19
Fuel Oil 4 4 3 3 3 2 2 2 4
Natural Gas 3 3 3 3 3 3 3 3 3
Wood 1 1 1 1 1 + 1 1 1

Industrial 140 138 143 145 151 155 159 159 160
Coal 27 26 25 25 25 24 24 23 23
Fuel Qil 17 16 17 17 18 17 18 19 18
Natural Gas 40 41 43 45 45 48 49 49 48
Wood 55 55 58 59 63 65 68 68 70

Commercial/Institutional 23 23 23 23 23 23 24 24 23
Coal 1 1 1 1 1 1 1 1 1
Fuel Oil 9 9 8 8 8 8 7 7 7
Natural Gas 13 13 14 14 14 15 15 16 15
Wood" NA NA NA NA NA NA NA NA NA

Residential 218 227 237 224 219 236 240 191 187
Coal 19 17 17 17 17 16 17 17 17
Fuel Oil 13 13 13 14 13 14 14 14 14
Natural Gas 21 22 23 24 24 24 26 24 22
Wood 166 175 184 169 166 183 183 135 133

Total 404 410 425 415 416 437 446 399 395

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.

Table 2-15: N,0 Emissions from Stationary Combustion (Gg)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 24 24 24 25 25 25 26 27 27
Coal 23 22 23 24 24 24 25 26 26
Fuel Qil 1 1 1 1 1 + + + 1
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 17 17 17 17 18 18 19 19 19
Coal 4 4 3 3 3 3 3 3 3
Fuel Oil 5 5 5 5 5 5 5 6 6
Natural Gas 1 1 1 1 1 1 1 1 1
Wood 7 7 8 8 8 9 9 9 9

Commercial/Institutional 1 1 1 1 1 1 1 1 1
Coal + + + + + + + + +
Fuel Qil 1 1 + + + + + + +
Natural Gas + + + + + + + + +
Wood" NA NA NA NA NA NA NA NA NA

Residential 3 4 4 4 4 4 4 3 3
Coal + + + + + + + + +
Fuel Oil 1 1 1 1 1 1 1 1 1
Natural Gas + + + + + + 1 + +
Wood 2 2 2 2 2 2 2 2 2

Total 45 45 46 46 47 48 49 50 50

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.
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Table 2-16: NO,, CO, and NMVOC Emissions
from Stationary Combustion in 1998 (Gg)

Sector/Fuel Type NO, CO NMvOC
Electric Utilities 5,535 377 48
Coal 4,894 231 26
Fuel Oil 189 16 4
Natural Gas 310 78 8
Wood NA NA NA
Internal Combustion 141 53 9
Industrial 2,997 1,090 166
Coal 613 91 5
Fuel Qil 209 52 6
Natural Gas 1,141 314 46
Wood NA NA NA
Other Fuels? 115 314 40
Internal Combustion 918 319 69
Commercial/Institutional 364 134 23
Coal 33 12 1
Fuel Oil 85 17 3
Natural Gas 219 55 12
Wood NA NA NA
Other Fuels? 27 90 8
Residential 823 2,891 539
Coal NA NA NA
Fuel QilP NA NA NA
Natural Gas® NA NA NA
Wood 32 2,636 500
Other Fuels¢ 791 255 39
Total 9,719 4,491 776

NA (Not Available)

Note: Totals may not sum due to independent rounding.
See Annex B for emissions in 1990 through 1998.

& “Other Fuels” include LPG, waste oil, coke oven gas,
coke, and non-residential wood (EPA 1999).

b Coal, fuel oil, and natural gas emissions are included
in the “Other Fuels” category (EPA 1999).

¢ “Other Fuels” include LPG, waste oil, coke oven gas,
and coke (EPA 1999).

estimates from stationary sources by sector and fuel type.
Estimates of NO,, CO, and NMVOC emissionsin 1998
are given in Table 2-16.16

Methodology

Methane and nitrous oxide emissions were esti-
mated by multiplying emission factors (by sector and
fuel type) by fossil fuel and wood consumption data.
National coal, natural gas, fuel oil, and wood consump-
tion datawere grouped into four sectors—industrial, com-
mercial/institutional, residential, and electric utilities.

For NO,, CO, and NMVOCs, the major source cat-
egories included in this section are those used in EPA
(1999): coal, fuel oil, natural gas, wood, other fuels (in-
cluding L PG, coke, coke oven gas, and others), and sta-
tionary internal combustion. The EPA estimates emis-
sionsof NO,, CO, and NMVOCsby sector and fuel source
using a“ bottom-up” estimating procedure. In other words,
emissions were calculated either for individual sources
(e.g., industrial boilers) or for multiple sources combined,
using basic activity data as indicators of emissions. De-
pending on the source category, these basic activity data
may include fuel consumption, fuel deliveries, tons of
refuse burned, raw material processed, etc.

The EPA derived the overall emission control effi-
ciency of a source category from published reports, the
1985 National Acid Precipitation and Assessment Pro-
gram (NAPAP) emissionsinventory, and other EPA data-
bases. The U.S. approach for estimating emissionsof NO,,
CO, and NMVOCsfrom stationary source combustion, as
described above, is consistent with the methodol ogy rec-
ommended by thel PCC (IPCC/UNEP/OECD/IEA 1997).

More detailed information on the methodology
for calcul ating emissions from stationary sources, includ-
ing emission factors and activity data, is provided in
Annex B.

Data Sources

Emissionsestimatesfor NO,, CO, and NMVOCsin
this section were taken directly from the EPA’s National
Air Pollutant Emissions Trends: 1900 - 1998 (EPA 1999).
Fuel consumption data were provided by the U.S. En-
ergy Information Administration’s Annual Energy Re-
view (EIA 1999a) and Monthly Energy Review (EIA
1999b). Emission factors were provided by the Revised
1996 IPCC Guidelines for National Greenhouse Gas
Inventories (IPCC/UNEP/OECD/IEA 1997).

Uncertainty

Methane emission estimates from stationary
sources are highly uncertain, primarily due to difficul-
tiesin cal cul ating emissionsfrom wood combustion (i.e.,
fireplaces and wood stoves). The estimates of CH, and

16 See Annex B for a complete time series of criteria pollutant emission estimates for 1990 through 1998.
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N,O emissions presented are based on broad indicators
of emissions (i.e., fuel use multiplied by an aggregate
emission factor for different sectors), rather than specific
emission processes (i.e., by combustion technology and
type of emission control). The uncertainties associated
with the emission estimates of these gases are greater
than with estimates of CO, from fossil fuel combustion,
which mainly rely on the carbon content of the fuel com-
busted. Uncertaintiesin both CH, and N,O estimatesare
due to the fact that emissions are estimated based on
emission factors representing only a limited subset of
combustion conditions. For the criteria pollutants, un-
certainties are partly due to assumptions concerning
combustion technology types, age of equipment, emis-
sion factors used, and activity data projections.

Mobile Combustion (excluding CO,)

M obile combustion emits greenhouse gases other
than CO,, including methane (CH,), nitrous oxide (N,0),
and the criteria pollutants carbon monoxide (CO), nitro-
gen oxides (NO,), and non-methane volatile organic
compounds (NMVOCs).

Aswith stationary combustion, N,O and NO, emis-
sions are closely related to fuel characteristics, air-fuel
mixes, combustion temperatures, aswell as usage of pol-
lution control equipment. Nitrous oxide, in particular,
can be formed by the catalytic processes used to control
NO, and CO emissions. Carbon monoxide emissionsfrom
mobile source combustion are significantly affected by
combustion efficiency and presence of post-combustion
emission controls. Carbon monoxide emissionsare high-
est when air-fuel mixtures have less oxygen than required
for complete combustion. Thisoccurs especially inidle,
low speed and cold start conditions. Methane and
NMVOC emissionsfrom motor vehiclesareafunction of
the CH, content of the motor fuel, the amount of hydro-
carbons passing uncombusted through the engine, and
any post-combustion control of hydrocarbon emissions,
such as catalytic converters.

Emissionsfrom mobile combustion were estimated
by transport mode (e.g., highway, air, rail, and water) and
fuel type—motor gasoline, diesel fuel, jet fuel, aviation
gas, natural gas, liquefied petroleum gas (LPG), and re-
sidual fuel oil—and vehicle type. Road transport ac-
counted for the majority of mobile sourcefuel consump-
tion, and hence, the magjority of mobile combustion emis-
sions. Table 2-17 through Table 2-20 provide CH, and
N,O emission estimates from mobile combustion by ve-
hicle type, fuel type, and transport mode. Estimates of
NO,, CO, and NMVOC emissions in 1998 are given in
Table 2-21.17

Mobile combustion was responsible for a small
portion of national CH, emissions but were the second
largest source of N,O in the United States. From 1990 to
1998, CH, emissions declined by 10 percent, to 1.3
MMTCE (232 Gg). Nitrous oxide emissions, however,
rose 25 percent to 17.2 MMTCE (203 Gg) (see Figure
2-13). The reason for this conflicting trend was that the
control technologies employed on highway vehicles in
the United States lowered CO, NO,, NMVOC, and CH,
emissions, but resulted in higher average N,O emission
rates. Fortunately, since 1994 improvementsin the emis-
sion control technologiesinstalled on new vehicles have
reduced emission rates of both NO, and N,O per vehicle
miletraveled. Overall, CH, and N,O emissionsweredomi-

Figure 2-13
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17 See Annex C for a complete time series of criteria pollutant emission estimates for 1990 through 1998.
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Table 2-17: CH, Emissions from Mobile Combustion (MMTCE)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 1.3 1.3 1.3 1.3 1.3 1.2 1.2 1.2 1.2
Passenger Cars 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.5
Light-Duty Trucks 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Motorcycles + + + + + + + + +
Diesel Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 I I I I I + + +
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Non-Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ships and Boats I I I I I I + + +
Locomotives + + + + + + + + +
Farm Equipment I I I I I I + + +
Construction Equipment 3 I I I 3 + + + +
Aircraft + + + + + + + + +
Other* + + + + + + + + +
Total 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.

Table 2-18: N,0 Emissions from Mobile Combustion (MMTCE)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 12.5 13.3 14.4 15.2 15.7 16.0 16.0 15.9 15.8
Passenger Cars 8.0 8.0 8.3 8.6 8.8 8.9 8.9 8.7 8.6
Light-Duty Trucks 4.2 5.1 5.8 6.4 6.6 6.8 6.8 6.8 6.8
Heavy-Duty Vehicles 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4
Motorcycles + + + + + + + + +
Diesel Highway 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 3 I I I I + + +
Heavy-Duty Vehicles 0.4 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6
Non-Highway 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Ships and Boats 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Farm Equipment 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Construction Equipment 3 I I I I + + + +
Aircraft 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Other* + + + + + + + + +
Total 13.8 14.6 15.7 16.5 171 174 17.5 17.3 17.2

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-19: CH, Emissions from Mohile Combustion (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 226 224 225 223 221 218 213 207 201
Passenger Cars 124 114 109 104 102 100 98 95 94
Light-Duty Trucks 82 91 96 99 98 97 94 92 88
Heavy-Duty Vehicles 16 15 15 16 17 17 16 16 16
Motorcycles 4 4 4 4 4 4 4 4 3
Diesel Highway 10 10 10 11 11 12 12 12 12
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 3 i i I I + + +
Heavy-Duty Vehicles 10 10 10 10 11 11 11 12 12
Non-Highway 21 21 21 21 21 22 22 20 19
Ships and Boats 3 4 4 4 4 4 4 3 3
Locomotives 3 2 3 2 2 3 3 2 2
Farm Equipment 6 5 6 5 6 6 6 6 5
Construction Equipment 1 1 1 1 1 1 1 1 1
Aircraft 8 7 7 7 7 7 7 7 7
Other* 1 1 1 1 1 1 1 1 1
Total 257 255 257 255 253 251 246 239 232

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.

Table 2-20: N, 0 Emissions from Mobile Combustion (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 148 157 170 179 186 189 190 188 187
Passenger Cars 95 95 99 101 104 106 105 103 102
Light-Duty Trucks 50 60 68 75 78 80 81 81 80
Heavy-Duty Vehicles 2 2 3 3 3 4 4 4 4
Motorcycles + + + + + + + + +
Diesel Highway 6 6 6 6 7 7 7 7 8
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 i i I I I + + +
Heavy-Duty Vehicles 5 5 6 6 6 6 7 7 7
Non-Highway 10 9 10 9 10 10 10 9 9
Ships and Boats 1 1 1 1 1 2 1 1 1
Locomotives 1 1 1 1 1 1 1 1 1
Farm Equipment 1 1 1 1 1 1 1 1 1
Construction Equipment 3 I I I I + + + 1
Aircraft 6 6 5 5 6 6 6 6 6
Other* + + + + + + + + +
Total 163 172 185 195 202 206 207 205 203

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-21: NO,, CO, and NMVOC Emissions from
Mobile Combustion in 1998 (Gg)

Fuel Type/Vehicle Type NO, CO NMVOCs
Gasoline Highway 4,617 44,300 4,630
Passenger Cars 2,574 24,357 2,534
Light-Duty Trucks 1,739 16,988 1,828
Heavy-Duty Vehicles 293 2,783 233
Motorcycles 11 173 35
Diesel Highway 1,736 1,410 201
Passenger Cars 31 27 11
Light-Duty Trucks 11 10 5
Heavy-Duty Vehicles 1,694 1,374 186
Non-Highway 4832 18,069 2,234
Ships and Boats 971 2,085 742
Locomotives 903 110 47
Farm Equipment 913 973 120
Construction Equipment 1,120 1,166 208
Aircraft? 152 865 160
Otherd 773 13,271 956
Total 11,184 63,780 7,065

2 Aircraft estimates include only emissions related to LTO cycles,
and therefore do not include cruise altitude emissions.

b “Other” includes gasoline powered recreational, industrial, lawn
and garden, light commercial, logging, airport service, other
equipment; and diesel powered recreational, industrial, lawn and
garden, light construction, airport service.

Note: Totals may not sum due to independent rounding. See
Annex C for emissions in 1990 through 1998.

nated by gasoline-fueled passenger cars and light-duty
gasoline trucks.

Emissions of criteria pollutants generally in-
creased from 1990 through 1994, after which there were
decreases of 3 (NO,) to 14 (CO) percent by 1998. A
drop in gasoline prices combined with a strengthening
U.S. economy caused theinitial increase. Thesefactors
pushed the vehiclemilestraveled (VMT) by road sources
up, resulting in increased fuel consumption and higher
emissions. Some of thisincreased activity was|later off-
set by an increasing portion of the U.S. vehicle fleet
meeting established emissions standards.

Fossil-fueled motor vehicles comprise the single
largest source of CO emissionsin the United States and
areasignificant contributor to NO, and NMVOC emis-
sions. In 1998, CO emissions from mobile combustion
contributed 74 percent of national CO emissions and
51 and 38 percent of NO, and NMVOC emissions, re-
spectively. Since 1990, emissions of CO and NMVOCs
from mobile combustion decreased by 8 and 12 per-
cent, respectively, while emissions of NO, increased by
4 percent.

Methodology

Estimates for CH, and N,O emissions from mo-
bile combustion were calculated by multiplying emis-
sion factors by measures of activity for each category.
Depending upon the category, activity data included
such information as fuel consumption, fuel deliveries,
and vehicle milestraveled (VMT). Emission estimates
from highway vehicles were based on VMT and emis-
sion factors by vehicle type, fuel type, model year, and
control technology. Fuel consumption data was em-
ployed as a measure of activity for non-highway ve-
hicles and then fuel-specific emission factors were ap-
plied.’® A complete discussion of the methodology
used to estimate emissions from mobile combustion is
provided in Annex C.

The EPA (1999) provided emissions estimates of
NO,, CO, and NMVOCsfor eight categories of highway
vehicles,'9 aircraft, and seven categories of off-high-
way vehicles.?°

Data Sources

Emission factors used in the calculations of CH,
and N,O emissions are presented in Annex C. The Re-
vised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA
1997) provided emission factors for CH,, and were de-
veloped using MOBILESa, a model used by the Envi-

8 The consumption of international bunker fuels is not included in these activity data, but are estimated separately under the

International Bunker Fuels source category.

19 These categories included: gasoline passenger cars, diesel passenger cars, light-duty gasoline trucks less than 6,000 pounds in weight,
light-duty gasoline trucks between 6,000 and 8,500 pounds in weight, light-duty diesel trucks, heavy-duty gasoline trucks and buses,

heavy-duty diesel trucks and buses, and motorcycles.

20 These categories included: gasoline and diesel farm tractors, other gasoline and diesel farm machinery, gasoline and diesel
construction equipment, snowmobiles, small gasoline utility engines, and heavy-duty gasoline and diesel general utility engines.
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ronmental Protection Agency (EPA) to estimate exhaust
and running loss emissions from highway vehicles. The
MOBILE5amodel usesinformation on ambient tempera-
ture, vehicle speeds, national vehicle registration distri-
butions, gasoline volatility, and other variables in order
to produce these factors (EPA 1997).

Emission factors for N,O from gasoline highway
vehicles came from EPA (1998). This report contains
emission factors for older passenger cars—roughly pre-
1992 in Californiaand pre-1994 in the rest of the United
States—from published references, and for newer cars
from arecent testing program at EPA’s National Vehicle
and Fuel Emissions Laboratory (NVFEL). These emis-
sion factorsfor gasoline highway vehiclesarelower than
theU.S. default valuesin the Revised 1996 | PCC Guide-
lines, but are higher than the European default values,
both of which were published before the more recent
testsand literature review conducted by theNVFEL. The
U.S. default values in the Revised 1996 IPCC Guide-
lines were based on three studies that tested a total of
five cars using European rather than U.S. test protocols.
More details may be found in EPA (1998).

Emission factors for gasoline vehicles other than
passenger carswere scaled from those for passenger cars
with the same control technology, based on their rela-
tive fuel economy. This scaling was supported by lim-
ited data showing that light-duty trucks emit more N,O
than passenger cars with equivalent control technology.
The use of fuel-consumption ratios to determine emis-
sion factors is considered a temporary measure only, to
be replaced as additional testing data are available. For
more details, see EPA (1998). Nitrous oxide emission
factorsfor diesel highway vehicles were taken from the
European default valuesfound in the Revised 1996 IPCC
Guidelines (IPCC/UNEP/OECD/IEA 1997). Thereislittle
data addressing N,O emissions from U.S. diesel-fueled
vehicles, and in general, European countries have had
more experience with diesel-fueled vehicles. U.S. de-
fault values in the Revised 1996 IPCC Guidelines were
used for non-highway vehicles.

Activity datawere gathered from several U.S. gov-
ernment sources including EIA (1999a), EIA (1999b),
FHWA (1998), BEA (1999), DESC (1999), DOC (1999),

FAA (1999), and DOT/BTS (1999). Control technology
datafor highway vehicleswere obtained from the EPA’s
Office of Mobile Sources. Annual VMT data for 1990
through 1998 were obtained from the Federal Highway
Administration’s (FHWA) Highway Performance Moni-
toring System database, as noted in EPA (1999).

Emissions estimatesfor NO,, CO, NMVOCswere
taken directly from the EPA’s National Air Pollutant
Emissions Trends, 1900 - 1998 (EPA 1999).

Uncertainty

Mobile source emission estimates can vary sig-
nificantly due to assumptions concerning fuel type and
composition, technology type, average speeds, type of
emission control equipment, equipment age, and oper-
ating and maintenance practices. Fortunately, detailed
activity data for mobile combustion were available, in-
cluding VMT by vehicle type for highway vehicles. The
alocation of this VMT to individual model years was
done using the profile of U.S. vehicle usage by vehicle
agein 1990 as specifiedin MOBILE 5a. Datato develop
atemporally variable profile of vehicle usage by model
year instead of age was not available.

Average emission factors were developed based
on numerous assumptions concerning the age and model
of vehicle; percent driving in cold start, warm start, and
cruise conditions; average driving speed; ambient tem-
perature; and maintenance practices. Thefactorsfor regu-
lated emissionsfrom mobile combustion—CO, NO,,, and
hydrocarbons—have been extensively researched, and
thus involve lower uncertainty than emissions of un-
regul ated gases. Although methane has not been singled
out for regulation in the United States, overall hydrocar-
bon emissions from mobile combustion—a component
of which is methane—are regulated.

Compared to methane, CO, NO,, and NMVOCs,
thereisrelatively little data available to estimate emis-
sion factors for nitrous oxide. Nitrous oxide is not a
criteria pollutant, and measurements of it in automo-
bile exhaust have not been routinely collected. Re-
search data has shown that N,O emissions from vehicles
with catalytic converters are greater than those without
emission controls, and that vehicles with aged cata-
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lysts emit more than new ones. The emission factors
used were, therefore, derived from aged cars (EPA
1998b). The emission factors used for Tier 0 and older
carswere based on tests of 28 vehicles; those for newer
vehicleswere based on tests of 22 vehicles. Thissample
is small considering that it is being used to character-
izethe entire U.S. fleet, and the associated uncertainty
is therefore large. Currently, N,O gasoline highway
emission factors for vehicles other than passenger cars
are scaled based on those for passenger cars and their
relative fuel economy. Actual measurements should be
substituted for this procedure when they become avail-
able. Further testing is needed to reduce the uncertainty
in emission factors for all classes of vehicles, using
realistic driving regimes, environmental conditions, and
fuels.

Although aggregate jet fuel and aviation gaso-
line consumption data has been used to estimate emis-
sions from aircraft, the recommended method for esti-
mating emissions in the Revised 1996 |PCC Guidelines
is to use data by specific aircraft type (IPCC/UNEP/
OECD/IEA 1997). The IPCC also recommends that
cruise altitude emissions be estimated separately using
fuel consumption data, whilelanding and take-off (LTO)
cycle data be used to estimate near-ground level emis-
sions. The EPA is attempting to develop revised esti-
mates based on this more detailed activity data, and
these estimates are to be presented in future inventories.

Overall, uncertainty for N,O emissions esti-
matesis considerably higher than for CH,, CO, NO,,
or NMVOC,; however, all these gases involve far
more uncertainty than CO, emissions from fossil fuel
combustion.

U.S. jet fuel and aviation gasoline consumption is
currently all attributed to the transportation sector by
ElA, and it is assumed here that it is all used to fuel
aircraft. However it islikely that somefuel purchased by
airlinesis not necessarily be used in aircraft, but instead
used to power auxiliary power units, in ground equip-
ment, and to test engines. Somejet fuel may also be used
for other purposes such as blending with diesel fuel or
heating oil.

Lastly, in EPA (1999), U.S. aircraft emission esti-

mates for CO, NOx, and NMVOCs are based upon land-
ing and take-off (LTO) cycles and consequently only
capture near ground-level emissions, which are morerel-
evant for air quality evaluations. These estimates also
include both domestic and international flights. There-
fore, estimates presented here overestimate | PCC-defined
domestic CO, NO,, and NMVOC emissionsby including
LTO cycles by aircraft on international flights but un-
derestimate because they do not include emissions from
aircraft on domestic flight segmentsat cruising altitudes.

Coal Mining

All underground and surface coal mining liberates
(i.e., releases) methane as part of normal operations. The
amount of methane liberated during mining is primarily
dependent upon the amount of methane stored in the
coal and the surrounding strata. This in situ methane
content is a function of the quantity of methane gener-
ated during the coal formation process and its ability to
migrate through the surrounding strata over time. The
degree of coalification—defined by the rank or quality
of the coal formed—determines the amount of methane
generated; higher ranked coals generate more methane.
The amount of methane remaining in the coal and sur-
rounding strata depends upon geologic characteristics
such as pressure within a coal seam. Deeper coal depos-
its tend to retain more of the methane generated during
coalification. Accordingly, deep underground coal seams
generally have higher methane contents than shallow
coal seams or surface deposits.

Underground coal mines contribute the largest
share of methane emissions. All underground coal mines
employ ventilation systems to ensure that methane lev-
elsremain within safe concentrations. These systems can
exhaust significant amounts of methane to the atmo-
sphere in low concentrations. Additionally, over twenty
gassy U.S. coal mines supplement ventilation systems
with degasification systems. Degasification systems are
wellsdrilled from the surface or boreholes drilled inside
the mine that remove large volumes of methane before,
during or after mining. In 1998, 12 coal mines collected
methane from degasification systems and sold this gas
to apipeline, thus reducing emissionsto the atmosphere.
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Table 2-22: CH, Emissions from Coal Mining (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
Underground Mining 17.1 16.4 15.6 13.3 13.1 14.2 12.6 12.3 11.4
Liberated 18.8 18.1 17.8 16.0 16.3 17.7 16.5 16.8 16.1
Recovered & Used (1.6) (1.7) (2.1) 2.7 (3.2) (3.4) (3.8) (4.6) (4.8)
Surface Mining 2.8 2.6 2.6 2.5 2.6 2.4 2.5 2.6 2.6
Post- Mining (Underground) 3.6 3.4 3.3 3.0 3.3 3.3 3.4 3.5 3.4
Post-Mining (Surface) 0.5 04 04 04 04 04 0.4 0.4 0.4
Total 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Note: Totals may not sum due to independent rounding.
Table 2-23: CH, Emissions from Coal Mining (Gg)
Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
Underground Mining 2,991 2,863 2,731 2,328 2289 2487 2204 2,141 1,983
Liberated 3279 3,152 3,102 2,795 2,848 3,086 2,875 2,938 2,814
Recovered & Used (288) (289) (372) (468) (559) (599) (671) (797)  (831)
Surface Mining 488 450 449 434 455 425 436 451 450
Post- Mining (Underground) 626 589 582 523 572 567 590 609 598
Post-Mining (Surface) 79 73 73 71 74 69 71 73 73
Total 4184 3975 3,835 3,356 3,390 3,550 3,301 3,274 3,104

Note: Totals may not sum due to independent rounding.

Surface coal mines al so release methane as the overbur-
den is removed and the coal is exposed; however, the
level of emissions is much lower than underground
mines. Additionally, after coal has been mined, small
amounts of methane retained in the coal are released
during processing, storage, and transport.

Total methane emissions in 1998 were estimated
to be 17.8 MMTCE (3,104.2 Gg), declining 26 percent
since 1990 (see Table 2-22 and Table 2-23). Of this
amount, underground mines accounted for 64 percent,
surface mines accounted for 15 percent, and post-min-
ing emissions accounted for 22 percent. With the excep-
tion of 1994 and 1995, total methane emissions declined
in each successive year during thisperiod. In 1993, meth-
ane generated from underground mining dropped to a
low of 2,327.7 Gg, primarily dueto labor strikes at many
large underground mines. In 1995, there was an increase
in methane emissions from underground mining due to
particularly increased emissions at the highest-emitting
coa mine in the country. The decline in methane emis-
sionsfrom underground minesisthe result of the mining

of less gassy coal, and an increase in gas recovery and
use. Surface mine emissions and post-mining emissions
remained relatively constant from 1990 to 1998.

In 1994, EPA’'s Coal bed M ethane Outreach Program
(CMOP) began working with the coal industry and other
stakeholders to identify and remove obstacles to invest-
ments in coal mine methane recovery and use projects.
Reductions attributed to CM OP were estimated to be 0.7,
0.8, 1.0, 1.3, and 1.7 MMTCE in 1994 through 1998,
respectively, compared to business-as-usual emissions.

Methodology

The methodology for estimating methane emis-
sions from coal mining consists of two steps. The first
step involves estimating methane emissions from under-
ground mines. Because of the availability of ventilation
system measurements, underground mine emissions can
be estimated on a mine-by-mine basis and then summed
to determine total emissions. The second step involves
estimating emissions from surface mines and post-min-
ing activities by multiplying basin-specific coal pro-
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duction by basin-specific emissions factors.

Underground mines. Total methane emitted from
underground minesis estimated to be the quantity of meth-
ane liberated from ventilation systems, plus methane lib-
erated from degasification systems, minus methane re-
covered and used. The Mine Safety and Heath Adminis-
tration (MSHA) samples methane emissionsfrom ventila-
tion systemsfor all mineswith detectable’ methane con-
centrations. These mine-by-mine measurements are used
to estimate methane emissions from ventilation systems.

Some of the higher-emitting underground mines
also use degasification systems (e.g., wells or boreholes)
that remove methane before, during, or after mining.
This methane can then be collected for use or vented to
the atmosphere. Various approaches are employed to
estimate the quantity of methane collected by each of
the more than twenty mines using these systems, de-
pending on available data. For example, some mines
report to EPA the amounts of methane liberated from
their degasification systems. For mines that sell recov-
ered methane to a pipeline, pipeline sales data are used
to estimate degasification emissions. Finally, for those
mines for which no other data are available, default
recovery efficiency values are developed, depending
on the type of degasification system employed.

Finally, the amount of methane recovered by
degasification systems and then used (i.e., not vented)
is estimated. This calculation is complicated by the
fact that methane is rarely recovered and used during
the sameyear in which the particular coal seamismined.
In 1998, 12 active coal mines sold recovered methane
to pipelines. Emissions avoided for these projects are
estimated using gas sal es data reported by various state
agencies, and information supplied by coal mine op-
erators regarding the number of years in advance of
mining that gas recovery occurs. Additionally, some of
the state agencies provide individual well production
information, which is used to assign gas salesto a par-
ticular year.

Surface Mines and Post-Mining Emissions. Sur-
face mining and post-mining methane emissions are

estimated by multiplying basin-specific coal produc-
tion by basin-specific emissions factors. For surface
mining, emissions factors are developed by assuming
that surface mines emit from oneto three times as much
methane as the average in situ methane content of the
coal. Thisaccountsfor methane released from the strata
surrounding the coal seam. For this analysis, it is as-
sumed that twice the average in-situ methane content
isemitted. For post-mining emissions, the emission fac-
tor is assumed to be from 25 to 40 percent of the aver-
age in situ methane content of coals mined in the ba-
sin. For thisanalysis, it is assumed that 32.5 percent of
the average in-situ methane content is emitted.

Data Sources

The Mine Safety and Health Administration pro-
vides mine-specific information on methane liberated
from ventilation systems at underground mines. EPA
develops estimates of methane liberated from
degasification systems at underground mines based on
available data for each of the mines employing these
systems. The primary sources of data for estimating
emissions avoided at underground mines are gas sales
data published by state petroleum and natural gas agen-
cies, information supplied by mine operators regarding
the number of years in advance of mining that gas re-
covery occurred, and reports of gas used on-site. An-
nual coal production data are taken from the Energy
Information Agency’s Coal Industry Annual (see Table
2-24) (EIA 1991, 1992, 1993, 1994, 1995, 1996, 1997,
1998, 1999). Data on in situ methane content and emis-
sions factors are taken from EPA (1993).

Uncertainty

The emission estimates from underground venti-
lation systems are based upon actual measurement data
for mines with detectabl e methane emissions. Accord-
ingly, the uncertainty associated with these measure-
mentsis estimated to be low. Estimates of methane lib-
erated from degasification systems are less certain be-
cause EPA assigns default recovery efficiencies for a
subset of U.S. mines. Compared to underground mines,

21 MSHA records coal mine methane readings with concentrations of greater than 50 ppm (parts per million) methane. Readings below

this threshold are considered non-detectable.
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Table 2-24: Coal Production (Thousand Metric Tons)

Year Underground Surface Total

1990 384,250 546,818 931,068
1991 368,635 532,656 901,291
1992 368,627 534,290 902,917
1993 318,478 539,214 857,692
1994 362,065 575,529 937,594
1995 359,477 577,638 937,115
1996 371,816 593,315 965,131
1997 381,620 607,163 988,783
1998* 377,397 636,972 1,014,369

*Total production for 1998 provided by EIA. Underground and
surface proportions are estimated based on 1997 EIA data.

there is considerably more uncertainty associated with
surface mining and post-mining emissions because of
the difficulty in developing accurate emissions factors
from field measurements. Because underground emis-
sions comprise the majority of total coal mining emis-
sions, the overall uncertainty is estimated to be only
+15 percent.?? Currently, the estimate does not include
emissions from abandoned coal mines because of lim-
ited data. The EPA is conducting research on the feasi-
bility of including an estimate in future years.

Natural Gas Systems

Methane emissions from natural gas systems are
generally process related, with normal operations, rou-
tine maintenance, and system upsets being the primary
contributors. Emissions from normal operations in-
clude: natural gas combusting engine and turbine ex-
haust, bleed and discharge emissions from pneumatic
devices, and fugitive emissions from system compo-
nents. Routine maintenance emissions originate from
pipelines, equipment, and wellsduring repair and main-
tenance activities. Pressure surge relief systems and
accidents can lead to system upset emissions.

The U.S. natural gas system encompasses hun-
dreds of thousands of wells, hundreds of processing
facilities, hundreds of thousands of miles of transmis-
sion pipeline, and over a million miles of distribution
pipeline. The system, though, can be divided into four
stages, each with different factors affecting methane

22 preliminary estimate

emissions, as follows:

Field Production. In this initial stage, wells are
used to withdraw raw gas from underground formations.
Emissions arise from the wells themselves, treatment
facilities, gathering pipelines, and process units such
as dehydrators and separators. Fugitive emissions and
emissions from pneumatic devices account for the ma-
jority of emissions. Emissions from field production
accounted for approximately 24 percent of methane
emissions from natural gas systems between 1990 and
1998. Emissions rose between 1990 and 1996 due to
an increased number of producing gas wells and re-
lated equipment, but returned to the 1990 level of 8.0
MMTCE in 1998 due to a decrease in domestic pro-
duction and improvements in technology coupled with
the normal replacement of older equipment.

Processing. In this stage, processing plants re-
move various constituents from the raw gas beforeitis
injected into the transmission system. Fugitive emis-
sions from compressors, including compressor seals,
were the primary contributor from this stage. Process-
ing plants accounted for about 12 percent of methane
emissions from natural gas systems during the period
of 1990 through 1998.

Transmission and Storage. Natural gastransmis-
sion involves high pressure, large diameter pipelines
that transport gas long distances from field produc-
tion areas to distribution centers or large volume cus-
tomers. Throughout the transmission system, compres-
sor stations pressurize the gas to move it through the
pipeline. Fugitive emissions from compressor stations
and metering and regulating stations accounted for
the majority of the emissions from transmission. Pneu-
matic devices and engine exhaust were smaller sources
of emissions from transmission facilities. A gradual
increase in transmission pipeline mileage has in-
creased methane emissions from natural gastransmis-
sion. Methane emissions from transmission and stor-
age accounted for approximately 40 percent of the
emissions from natural gas systems during the period
of 1990 through 1998.

Natural gasisalso injected and stored in under-
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Table 2-25: CH, Emissions from Natural Gas Systems (MMTCE)

Stage 1990 1991 1992 1993 1994 1995 1996 1997 1998
Field Production 8.0 8.2 8.5 8.7 8.3 8.4 8.5 8.2 8.0

Processing 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.1 4.0

Transmission and Storage 12.7 12.9 12.9 13.1 13.3 13.0 13.1 13.2 13.5
Distribution 8.3 8.4 8.6 8.8 8.6 8.5 8.9 8.6 8.1

Total 33.0 33.4 33.9 34.6 34.3 34.0 34.6 34.1 33.6
Note: Totals may not sum due to independent rounding.

Table 2-26: CH, Emissions from Natural Gas Systems (Gg)

Stage 1990 1991 1992 1993 1994 1995 1996 1997 1998
Field Production 1,404 1,427 1,478 1513 1,450 1,469 1,489 1,435 1,388
Processing 702 693 698 704 724 712 708 710 698
Transmission and Storage 2,223 2,250 2,252 2,290 2,314 2,273 2,291 2,313 2,357
Distribution 1,441 1,470 1,496 1,535 1,499 1477 1,553 1,504 1,416
Total 5770 5,840 5923 6,042 5987 5931 6,041 5,961 5,860

Note: Totals may not sum due to independent rounding.

ground formations during periods of low demand, and
withdrawn, processed, and distributed during peri-
ods of high demand. Compressors and dehydrators
were the primary contributors to emissions from these
storage facilities. L ess than one percent of total emis-
sions from natural gas systems can be attributed to
storage facilities.

Distribution. The distribution of natural gas re-
quires the use of low-pressure pipelines to deliver gas
to customers. There were 955,000 miles of distribution
pipelines (i.e., main) in 1997 (the latest year for which
distribution pipeline mileage datais avail able), increas-
ing from a 1990 figure of just over 837,000 miles (AGA,
1998). Distribution system emissions, which account
for approximately 24 percent of emissionsfrom natural
gas systems, resulted mainly from fugitive emissions
from gate stations and non-plastic piping. An increased
use of plastic piping, which has lower emissions than
other pipe materials, has reduced the growth in emis-
sions from this stage.

Overall, natural gas systems emitted 33.6
MMTCE (5,860 Gg) of methane in 1998, a slight in-
crease over 1990 emissions of 33.0 MMTCE (5,770) in
1990 (see Table 2-25 and Table 2-26). Even though
transmission and distribution pipeline mileage and
natural gas production have increased from 1990 to

1998, emissions over that period have remained rela-
tively constant. Improvements in management prac-
tices and technology, along with the normal replace-
ment of older equipment, hel ped to stabilize emissions.
Inaddition, EPA’s Natural Gas STAR Program, initiated
in 1993, is working with the gas industry to promote
profitable practices that reduce methane emissions. The
program is estimated to have reduced emissions by 0.7,
1.2,1.3, 1.8 and 2.2 MMTCE in 1994 through 1998,
respectively. In Table 2-25 and Table 2-26, Natural Gas
STAR reductions areincluded in the emission estimates
for each sector of the natural gas industry and are also
reflected in the total emission estimate.

Methodology

The foundation for the estimate of methane emis-
sions from the U.S. natural gas industry is a detailed
study by the Gas Research Institute and EPA (GRI/EPA
1996). The GRI/EPA study developed over 100 detailed
emission factors and activity levelsthrough site visitsto
selected gas facilities, and arrived at a national point
estimate for 1992. Since publication of this study, EPA
conducted additional analysisto update the activity data
for some of the components of the system, particularly
field production equipment. Summing emissions across
individual sources in the natural gas system provided a
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1992 baseline emission estimate from which the emis-
sions for the period 1990 through 1998 were derived.

Apart from the year 1992, detailed statistics on
each of the over 100 activity levels were not available
for the time series 1990 through 1998. To estimate these
activity levels, aggregate annual statistics were ob-
tained on select driving variables, including: number
of producing wells, number of gas plants, milesof trans-
mission pipeline, miles of distribution pipeline, and
miles of distribution services. By assuming that the
relationships among these variables remained constant
(e.g., the number of heaters per well remained the same),
the statistics on these variables formed the basis for
estimating other activity levels.

For the period 1990 through 1995, the emission
factors were held constant. A gradual improvement in
technology and practicesis expected to reduce the emis-
sion factors slightly over time. To reflect thistrend, the
emission factors were reduced by about 0.2 percent per
year starting with 1996, arate that, if continued, would
lower the emission factors by 5 percent in 2020. See
Annex E for more detailed information on the method-
ology and data used to calculate methane emissions
from natural gas systems.

Data Sources

Activity data were taken from the American Gas
Association (AGA 1991, 1992, 1993, 1994, 1995, 1996,
1997, 1998, 1999), Natural Gas Annual (EIA 1998),
and Natural Gas Monthly (EIA 1998), Independent Pe-
troleum Association of America (IPAA 1990, 1991,
1992, 1993, 1994, 1995, 1996, 1997, 1998), and the
Department of Transportation’s Office of Pipeline Safety
(OPS 2000). The U.S. Department of Interior (DOI 1997,
1998, 1999) supplied offshore platform data. All emis-
sion factors were taken from GRI/EPA (1996).

Uncertainty

The heterogeneous nature of the natural gas in-
dustry makes it difficult to sample facilities that are
completely representative of the entire industry. Be-
cause of this, scaling up from model facilities intro-
duces adegree of uncertainty. Additionally, highly vari-
able emission rates were measured among many system

components, making the calculated average emission
rates uncertain. Despite the difficulties associated with
estimating emissions from this source, the uncertainty
in the total estimated emissions are believed to be on
the order of +40 percent.

Petroleum Systems

Methane emissions from petroleum systems are
primarily associated with crude oil production, trans-
portation, and refining operations. During each of these
activities, methane is released to the atmosphere as fu-
gitive emissions, vented emissions, operational upset
emissions, and emissions from the combustion of fuels.
These activities and associated methane emissions are
detailed below.

Production Field Operations. Production field
operations account for approximately 97 percent of to-
tal methane emissionsfrom petroleum systems. The ma-
jor sources of methane from production operations are
venting from storage tanks and pneumatic devices, well-
head fugitives, combustion products, and process up-
sets. Vented methane from oil wells, storage tanks, and
related production field processing equipment was the
primary contributor to emissions from the oil industry,
accounting for, on average, 89 percent. Field storage
tanks and natural -gas-powered pneumatic devices used
to operate valves and small pumps were the dominant
contributors to venting emissions. Oil wells and off-
shore platforms accounted for most of the remaining
venting emissions.

Fugitive and combustion emissions from produc-
tion field operations accounted for three percent and
two percent, respectively, of total methane emissions
from the oil industry. Most fugitive methane emissions
in the field were from oil wellheads and the equipment
used to separate natural gas and water from the crude
oil. Nearly all of the combustion emissionsin the field
were from engine exhaust. The EPA expectsfutureemis-
sions from production fields to decline as the number
of oil wells declines and crude production slows.

Crude Oil Transportation. Crude transportation
activities accounted for less than one half percent of
total methane emissions from the oil industry. Venting
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Table 2-27: CH, Emissions from Petroleum Systems (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998

Production Field Operations 7.2 73 71 6.7 6.6 6.5 6.4 6.4 6.2
Tank venting 3.2 3.3 3.1 3.0 2.9 2.8 2.8 2.8 2.7
Pneumatic device venting 3.2 3.2 3.1 3.0 2.9 2.9 2.8 2.8 2.7
Wellhead fugitives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Combustion & process upsets 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Misc. venting & fugitives 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Crude Oil Transportation + + + + + + + + +

Refining 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2

Total 1.4 1.5 1.2 6.9 6.7 6.7 6.5 6.5 6.3

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

Table 2-28: CH, Emissions from Petroleum Systems (Gg)

Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998

Production Field Operations 1,263 1,276 1,232 1,175 1,144 1,136 1,111 1,109 1,075
Tank venting 564 570 548 519 502 493 485 484 466
Pneumatic device venting 559 564 945 521 506 507 491 490 475
Wellhead fugitives 24 26 25 24 25 25 25 24 24
Combustion & process upsets 46 46 45 45 45 45 45 46 45
Misc. venting & fugitives 70 70 69 67 66 66 65 65 64

Crude Oil Transportation 7 6 6 6 6 6 6 6 6

Refining 25 24 24 25 25 25 26 27 27

Total 1,294 1,307 1,262 1,206 1,175 1,168 1,143 1,142 1,108

Note: Totals may not sum due to independent rounding.

from tanks and marine vessel loading operations ac-
counted for the majority of methane emissionsfrom crude
oil transportation. Fugitive emissions, almost entirely
from floating roof tanks, accounted for the remainder.

Crude Oil Refining. Crude oil refining processes
and systems accounted for only two percent of total
methane emissions from the oil industry because most
of the methane in crude oil is removed or escapes be-
fore the crude oil is delivered to the refineries. Within
refineries, vented emissions accounted for 86 percent,
while fugitive and combustion emissions were seven
percent each. Refinery system blowdowns for mainte-
nance and the process of asphalt blowing—with air to
harden it—were the primary venting contributors. M ost

of thefugitive emissionsfrom refinerieswere from leaks
in the fuel gas system. Refinery combustion emissions
accumulate from small amounts of unburned methane
in process heater stack emissions and from unburned
methane in engine exhausts and flares.

The EPA estimates total methane emissions from
petroleum systems in 1998 were 6.3 MMTCE (1,108
Gg). Since 1990, emissions declined gradualy prima-
rily due to a decline in domestic oil production. Emis-
sion estimates are provided below in Table 2-27 and
Table 2-28.

Methodology

The EPA’s methodology for estimating methane
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emissionsfrom petroleum systemsis based on acompre-
hensive study of methane emissionsfrom U.S. petroleum
systems, Estimates of Methane Emissions from the U.S.
Qil Industry (Draft Report) (EPA 1999). The study esti-
mated emissions from 70 activities occurring in petro-
leum systems from the oil wellhead through crude oil
refining, including 39 activities for crude oil production
field operations, 11 for crude oil transportation activi-
ties, and 20 for refining operations. Annex F explainsthe
emission estimates for these 70 activities in greater de-
tail. The estimate of methane emissions from petroleum
systems does not include emissions downstream from oil
refineries because these emissions are very small com-
pared to methane emissions upstream from oil refineries.

The methodology for estimating methane emis-
sions from the 70 oil industry activities employs emis-
sion factors and activity factors initially developed in
EPA (1999). The EPA estimates emissionsfor each activ-
ity by multiplying emission factors (e.g., emission rate
per equipment item or per activity) by their correspond-
ing activity factor (e.g., equipment count or frequency
of activity). The report (EPA 1999) provides emission
factors and activity factorsfor all activities except those
related to offshore oil production. For offshore oil pro-
duction, the EPA cal culated an emission factor by divid-
ing an emission estimate from the Minerals Manage-
ment Service (MMS) by the number of platforms (the
activity factor).

The EPA collected activity factorsfor 1990 through
1998 from a wide variety of historical resources. For
1995, data on activity factors were available; however,
some activity factor dataare not reported for other years.
When activity factor data were not available, the EPA
employed one of three options. Where appropriate, the

activity factor was assumed to be directly proportional
to annual oil production. (Proportionality constantswere
calculated by dividing the activity factor for 1995 by
the annual oil production for 1995. The resulting pro-
portionality constants were then multiplied by the an-
nual oil production in years for which activity factors
must be estimated.) In other cases, the activity factor was
kept constant between 1990 and 1998. L astly, 1997 data
was used when 1998 data were not yet available.

Emission factors were held constant for the period
1990 through 1998, with the exception of engine emis-
sions. Over time, more efficient enginesare used to drive
pumps, compressors, and generators. The emission fac-
tor for these engines was adjusted accordingly.

Data Sources

Nearly all emission factorsweretaken from earlier
work performed by Radian International LLC (Radian
1996€). Other emission factorswere taken from API pub-
lication 4638 (API 1996), EPA default values, MMS re-
ports (MMS 1995 and 1999), the Exploration and Pro-
duction (E& P) Tank model (API and GRI), reports by the
Canadian Association of Petroleum Producers (CAPP
1992 and 1993), and consensus of industry peer review
panels.

The EPA uses many references to obtain activity
factors. Among the more important references are En-
ergy Information Administration annual and monthly
reports (EIA 1995, 1996, 1997, 1998), the API Basic
Petroleum Data Book (APl 1997 and 1999), the GRI/
EPA report (Radian 1996a-d), Methane Emissions from
the Natural Gas Industry, consensus of industry peer
review panels, MM Sreports (MM S 1995 and 1999), and
the Oil & Gas Journal (OGJ1990-1998a,b). Appendix F

Tahle 2-29: Uncertainty in CH, Emissions from Production Field Operations (Gg)

Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
Tank venting (point estimate) 564 570 548 519 502 493 485 484 466
Low 423 427 411 389 377 370 364 363 349
High 705 712 685 649 628 617 606 605 582
Pneumatic devices (point estimate) 559 564 545 521 506 507 491 490 475
Low 372 376 363 347 338 338 328 327 317
High 698 705 681 651 633 634 614 613 594
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provides a complete list of references.

Uncertainty

The detailed, bottom-up analysis used to evaluate
U.S. petroleum systemsfor the current Inventory reduces
the uncertainty related to the methane emission estimates
compared to previous estimates. However, a number of
uncertainties remain. Because published activity factors
are not available every year for all 70 activities ana-
lyzed for petroleum systems, the EPA must estimate some
of them. For example, there is uncertainty associated
with the estimate of annual venting emissions in pro-
duction field operations because arecent census of tanks
and other tank battery equipment, such as separatorsand
pneumatic devices, is not available. These uncertainties
are important because the production sector accounted
for 97 percent of total 1998 methane emissions from
petroleum systems. Uncertainties are al so associated with
emission factors because highly variable emission rates
are summarized in one emission factor. The majority of
methane emissions occur during production field opera-
tions, where methane can first escape crude oil, so a bet-
ter understanding of tank battery equipment and tanks
would reduce the uncertainty associated with the esti-
mate of methane emissionsfrom petroleum systems. Table
2-29 provides emission estimate ranges given the uncer-
tainty in the estimates of vented emissions from produc-
ing field tanks and pneumatic devices.

Natural Gas Flaring and Criteria
Pollutant Emissions from
0il and Gas Activities

Theflaring of natural gasfrom oil wellsisasmall
source of carbon dioxide (CO,). In addition, oil and gas
activities also release small amounts of nitrogen oxides
(NQ,), carbon monoxide (CO), and nonmethane volatile
organic compounds (NMVOCs). This source accounts
for only asmall proportion of overall emissions of each
of these gases. Emissions of CO,, NO,, and CO from
petroleum and natural gas production activities were all

less than 1 percent of national totals, while NMVOC
emissions were roughly 2 percent of national totals.

Carbon dioxide emissionsfrom petroleum produc-
tion result from natural gasthat isflared (i.e., combusted)
at the production site. Barns and Edmonds (1990) noted
that of total reported U.S. venting and flaring, approxi-
mately 20 percent may be vented, with the remaining 80
percent flared; however, it is now believed that flaring
accounts for an even greater proportion, although some
venting still occurs. Methane emissions from venting
are accounted for under Petroleum Systems. For 1998,
the CO, emissions from the flaring were estimated to be
approximately 3.4 MMTCE (12,296 Gg), an increase of
148 percent since 1990 (see Table 2-30).

Criteria pollutant emissions from oil and gas pro-
duction, transportation, and storage, constituted a rela-
tively small and stable portion of the total emissions of
these gases from the 1990 to 1998 (see Table 2-31).

Methodology

The estimates for CO, emissions were prepared
using an emission factor of 14.92 MMTCE/QBtu of flared
gas, and an assumed flaring efficiency of 100 percent.
The quantity of flared gas was estimated as the total
reported vented and flared gas minus a constant 12,031
million cubic feet, which was assumed to be vented.?

Criteriapollutant emission estimatesfor NO,,, CO,
and NMVOCswere determined using industry-published
production data and applying average emission factors.

Data Sources

Activity datain terms of total natural gas vented
and flared for estimating CO, emissionsfrom natural gas
flaring were taken from EIA’s Natural Gas Annual (EIA
1998). The emission and thermal conversion factorswere
also provided by EIA (see Table 2-32).

EPA (1999) provided emission estimates for NO,,
CO, and NMVOCs from petroleum refining, petroleum
product storage and transfer, and petroleum marketing
operations. Included are gasoline, crude oil and distil-
late fuel oil storage and transfer operations, gasoline
bulk terminal and bulk plants operations, and retail gaso-

23 See the methodological discussion under Petroleum Systems for the basis of the portion of natural gas assumed vented.
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Table 2-30: CO, Emissions from Natural Gas Flaring

Year MMTCE Gg
1990 2.5 9,097
1991 2.8 10,295
1992 2.8 10,169
1993 3.7 13,716
1994 3.8 13,800
1995 4.7 17,164
1996 4.5 16,506
1997 4.2 15,521
1998 3.9 14,214

Table 2-31: NO,, NMVOCs, and CO Emissions
from Qil and Gas Activities (Gg)

Year NO, co NMVOCs
1990 139 302 555
1991 110 313 581
1992 134 337 574
1993 111 337 588
1994 106 307 587
1995 100 316 582
1996 121 287 459
1997 121 292 461
1998 122 296 464

line service stations operations.

Uncertainty

Uncertaintiesin CO, emission estimates primarily
arise from assumptions concerning what proportion of
natural gasis flared and the flaring efficiency. The por-
tion assumed vented as methane in the methodol ogy for
Petroleum Systems is currently held constant over the
period 1990 through 1998 due to the uncertainties in-
volved in the estimate. Uncertainties in criteria pollut-
ant emission estimates are partly due to the accuracy of
the emission factors used and projections of growth.

International Bunker Fuels

Table 2-32: Total Natural Gas Reported
Vented and Flared (Million Ft3) and
Thermal Conversion Factor (Btu/Ft?)

Thermal

Vented Conversion

Year and Flared Factor
1990 150,415 1,106
1991 169,909 1,108
1992 167,519 1,110
1993 226,743 1,106
1994 228,336 1,105
1995 283,739 1,106
1996 272,117 1,109
1997 263,819 1,107
1998 261,000 1,107

Emissions resulting from the combustion of fuels
used for international transport activities, termed inter-
national bunker fuels under the United Nations Frame-
work Convention on Climate Change (UNFCCC), are
currently not included in national emission totals, but
arereported separately based upon location of fuel sales.
The decision to report emissionsfrom international bun-
ker fuels separately, instead of allocating them to a par-
ticular country, was made by the Intergovernmental Ne-
gotiating Committee in establishing the Framework
Convention on Climate Change.?* These decisions are
reflected in the Revised 1996 | PCC Guidelines, inwhich
countries are requested to report emissionsfrom shipsor
aircraft that depart from their ports with fuel purchased
within national boundaries and are engaged in interna-
tional transport separately from national totals (IPCC/
UNEP/OECD/IEA 1997). The Parties to the UNFCCC
have yet to decide on amethodology for allocating these
emissions.?®

Greenhouse gases emitted from the combustion of
international bunker fuels, like other fossil fuels, include
carbon dioxide (CO,), methane (CH,), nitrous oxide
(N,,0), carbon monoxide (CO), oxides of nitrogen (NO, ),
nonmethane volatile organic compounds (NMVOCs),
particul ate matter, and sulfur dioxide (SO,).?® Two trans-
port modes are addressed under the IPCC definition of

24 See report of the Intergovernmental Negotiating Committee for a Framework Convention on Climate Change on the work of its ninth
session, held at Geneva from 7 to 18 February 1994 (A/AC.237/55, annex |, para. 1c) (contact secretariat@unfccc.de).

2 See FCCC/SBSTA/1996/9/Add.1 and Add.2 for a discussions of allocation options for international bunker fuels (see http://

www.unfccc.de/fcce/docs/1996/sbsta/09a01.pdf and /09a02.pdf).
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international bunker fuels: aviation and marine. Emis-
sionsfrom ground transport activities—by road vehicles
and trains—even when crossing international borders
are alocated to the country where the fuel was loaded
into the vehicle and, therefore, are not counted as bun-
ker fuel emissions.

The IPCC Guidelines distinguish between differ-
ent modes of air traffic. Civil aviation comprises aircraft
used for the commercial transport of passengers and
freight, military aviation comprises aircraft under the
control of national armed forces, and general aviation
applies to recreational and small corporate aircraft. The
IPCC Guidelinesfurther defineinternational bunker fuel
use from civil aviation as the fuel combusted for civil
(e.g., commercial) aviation purposes by aircraft arriving
or departing on international flight segments. However,
as mentioned above, and in keeping with the IPCC
Guidelines, only the fuel purchased in the United States
and used by aircraft taking-off (i.e., departing) from the
United States are reported here. The standard fuel used
for civil aviation iskerosene-typejet fuel, while thetypi-
cal fuel used for general aviation is aviation gasoline.?’

Emissions of CO, from aircraft are a function of
fuel use, whereas emissions per flight or ton-milein the
case of cargo, are a function of flight path, fuel effi-
ciency of the aircraft and its engines, occupancy, and
load factor. Methane, N,O, CO, NO,, and NMVOC emis-
sions depend upon engine characteristics, flight condi-
tions, and flight phase (i.e., take-off, climb, cruise, de-
cent, and landing). Methane, CO, and NMVOCs are the
product of incomplete combustion and occur mainly
during the landing and take-off phases. In jet engines,
N,O and NO, are primarily produced by the oxidation of
atmospheric nitrogen, and the majority of emissions oc-
cur during the cruise phase. Theimpact of NO, on atmo-
spheric chemistry depends on the altitude of the actual
emission. The cruising altitude of supersonic aircraft,

near or in the ozone layer, is higher than that of subsonic
aircraft. At this higher altitude, NO, emissions contrib-
ute to ozone depletion.?® At the cruising altitudes of
subsonic aircraft, however, NO, emissions contribute to
theformation of ozone. At these lower altitudes, the posi-
tive radiative forcing effect of ozone is most potent.?®
Thevast majority of aircraft NO, emissionsoccur at these
lower cruising altitudes of commercial subsonic aircraft
(NASA 1996).%°

International marine bunkers comprise emissions
from fuels burned by ocean-going ships of all flags that
areengaged in international transport. Ocean-going ships
aregenerally classified as cargo and passenger carrying,
military (i.e., navy), fishing, and miscellaneous support
ships(e.g., tugboats). For the purpose of estimating green-
house gas emissions, international bunker fuelsare solely
related to cargo and passenger carrying vessels, whichis
the largest of the four categories, and military vessels.
Two main types of fuels are used on sea-going vessels:
distillate diesel fuel and residual fuel oil. Carbon diox-
ide is the primary greenhouse gas emitted from marine
shipping. In comparison to aviation, the atmospheric
impacts of NO, from shipping are relatively minor, as
the emissions occur at ground level.

Overall, aggregate greenhouse gas emissions in
1998 from the combustion of international bunker fuels
from both aviation and marine activities decreased by 3
percent since 1990, to 31.6 MMTCE (see Table 2-33).
Although emissions from international flights depart-
ing from the United States have increased significantly
(22 percent), emissionsfrom international shipping voy-
agesdeparting the United States appear to have decreased
by 19 percent since 1990. Increased military activity
during the Persian Gulf War resulted in anincreased level
of military marine emissionsin 1990 and 1991; civilian
marine emissions during this period exhibited a similar
trend.3! Since 1994, marine emissions have steadily in-

26 sulfur dioxide emissions from jet aircraft and marine vessels, although not estimated here, are mainly determined by the sulfur
content of the fuel. In the U.S,, jet fuel, distillate diesel fuel, and residual fuel oil average sulfur contents of 0.05, 0.3, and 2.3 percent,
respectively. These percentages are generally lower than global averages.

27 Naphtha-type jet fuel is used primarily by the military in turbojet and turboprop aircraft engines.

28 1n 1996, there were only around a dozen civilian supersonic aircraft in service around the world which flew at these altitudes,

however.

2% However, at this lower altitude, ozone does little to shield the earth from ultraviolet radiation.
30 Cruise altitudes for civilian subsonic aircraft generally range from 8.2 to 12.5 km (27,000 to 41,000 feet).
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creased. Themajority of these emissionswereintheform
of carbon dioxide; however, small amounts of CH, and
N,O were also emitted. Of the criteria pollutants, emis-
sions of NO, by aircraft at cruising altitudes are of pri-
mary concern because of their effects on ozone forma-
tion (see Table 2-34).

Emissions from both aviation and marine interna-
tional transport activities are expected to grow in the
future as both air traffic and trade increase, although
emission rates should decrease over time due to techno-

logical changes.®?

Methodology

Emissions of CO, were estimated through the ap-
plication of carbon content and fraction oxidized fac-
tors to fuel consumption activity data. This approach is
analogous to that described under CO, from Fossil Fuel
Combustion. A complete description of the methodol-
ogy and a listing of the various factors employed can
befoundin Annex A. See Annex G for aspecific discus-

Table 2-33: Emissions from International Bunker Fuels (MMTCE)

Gas/Mode 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 32.2 32.7 30.0 27.2 26.7 21.5 217.9 29.9 31.3
Aviation 12.7 12.7 12.9 13.0 13.2 13.9 14.2 15.2 15.5
Marine 19.4 20.0 17.1 14.3 13.6 13.6 13.7 14.7 15.8
CH, + + + + + + + + +
Aviation + + + + + + + + +
Marine + + + + + + + + +
N,0 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
Aviation 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
Marine 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total 32.5 33.0 30.3 21.5 217.0 217.8 28.1 30.2 31.6
+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding. Includes aircraft cruise altitude emissions.
Table 2-34: Emissions from International Bunker Fuels (Gg)
Gas/Mode 1990 1991 1992 1993 1994 1995 1996 1997 1998
c0, 117,965 120,019 109,965 99,886 98,017 101,014 102,197 109,788 114,700
Aviation 46,728 46,682 47,143 47,615 48,327 51,093 52,135 55,899 56,917
Marine 71,237 73,337 62,822 52,270 49,690 49,921 50,062 53,889 57,783
CH, 2 2 2 2 2 2 2 2 2
Aviation 1 1 1 1 1 1 1 2 2
Marine 1 1 1 0 0 0 0 0 1
N,0 3 3 3 3 3 3 3 3 3
Aviation 1 1 1 2 2 2 2 2 2
Marine 2 2 2 1 1 1 1 1 1
co 118 120 114 109 109 113 115 124 128
Aviation 77 77 77 78 80 84 86 92 94
Marine 42 43 37 31 29 29 29 32 34
NO, 2,093 2,148 1,870 1,591 1,523 1,541 1,548 1,665 1,776
Aviation 184 184 186 188 191 202 207 221 225
Marine 1,908 1,964 1,683 1,403 1,332 1,339 1,341 1,444 1,550
NMVOC 62 64 56 49 47 48 49 52 55
Aviation 12 11 12 12 12 13 13 14 14
Marine 51 52 45 37 35 36 36 38 41

Note: Totals may not sum due to independent rounding. Includes aircraft cruise altitude emissions.

3! See Uncertainty section for a discussion of data quality issues.

%2 Most emission related international aviation and marine regulations are under the rubric of the International Civil Aviation
Organization (ICAO) or the International Maritime Organization (IMO), which develop international codes, recommendations, and
conventions, such as the International Convention of the Prevention of Pollution from Ships (MARPOL).
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sion on the methodol ogy used for estimating emissions
frominternational bunker fuel use by the U.S. military.
Emission estimates for CH,, N,O, CO, NO,, and
NMVOCswere cal culated by multiplying emission fac-
tors by measures of fuel consumption by fuel type and
mode. Activity data for aviation included solely jet
fuel consumption statistics, while the marine mode in-
cluded both distillate diesel and residual fuel oil.

Data Sources

Carbon content and fraction oxidized factors for
kerosene-type and naptha-type jet fuel, distillate fuel
oil, and residual fuel oil were taken directly from the
Energy Information Administration (EIA) of the U.S.
Department of Energy and are presented in Annex A.
Heat content and density conversions were taken from
EIA (1998) and USAF (1998). Emission factorsusedin
the calculations of CH,, N,O, CO, NO,, and NMVOC
emissions were taken from the Revised 1996 IPCC
Guidelines (IPCC/UNEP/OECD/IEA 1997). For aircraft
emissions, the following values, in units of grams of
pollutant per kilogram of fuel consumed (g/kg), were
employed: 0.09 for CH,, 0.1 for N,O, 5.2 for CO, 12.5
for NO,, and 0.78 for NMVOCs. For marine vessels con-
suming either distillate diesel or residual fuel oil the
following values, in the same units, except where noted,
were employed: 0.03 for CH,4, 0.08 for N,O, 1.9 for CO,
87 for NO,, and 0.052 g/MJfor NMVOC:s.

Activity data on aircraft fuel consumption were
collected from three government agencies. Jet fuel con-
sumed by U.S. flag air carriers for international flight
segments was supplied by the Bureau of Transporta-
tion Statistics (DOT/BTS 1999). It was assumed that 50
percent of the fuel used by U.S. flagged carriers for
international flights—both departing and arriving in

the United States—was purchased domestically for
flights departing from the United States. In other words,
only one-half of the total annual fuel consumption es-
timate was used in the calculations. Data on jet fuel
expenditures by foreign flagged carriers departing U.S.
airports was taken from unpublished data collected by
the Bureau of Economic Analysis (BEA) under the U.S.
Department of Commerce (BEA 1999). Approximate
average fuel prices paid by air carriers for aircraft on
international flights was taken from DOT/BTS (1999)
and used to convert the BEA expenditure data to gal-
lons of fuel consumed. Dataon jet fuel expenditures by
the U.S. military was supplied by the Office of the Un-
der Secretary of Defense (Environmental Security), U.S.
Department of Defense (DoD). Estimates of the percent-
age of each services' total operationsthat wereinterna-
tional operations were developed by DoD. Military
aviation bunkers included international operations,
operations conducted from naval vessels at sea, and
operations conducted from U.S. installations principally
over international water in direct support of military
operations at sea. Data on fuel delivered to the military
within the United States was provided from unpublished
data by the Defense Energy Support Center, under DoD’s
Defense Logistics Agency (DESC 1999). Together, the
data allow the quantity of fuel used in military interna-
tional operations to be estimated. Jet fuel densities for
each fuel type were obtained from a report from the
U.S. Air Force (USAF 1998). Final jet fuel consumption
estimates are presented in Table 2-35. See Annex G for
additional discussion of military data.

Activity data on distillate diesel and residua fuel
oil consumption by cargo or passenger carrying marine
vessels departing from U.S. ports were taken from un-
published data collected by the Foreign Trade Division

Table 2-35: Aviation Jet Fuel Consumption for International Transport (Million Gallons)

Nationality 1990 1991 1992 1993 1994 1995 1996 1997 1998
U.S. Carriers 1,982 1,970 2,069 2,078 2,155 2,256 2,329 2,482 2,363
Foreign Carriers 2,062 2,075 2185 2,252 2,326 2,549 2,629 2918 3,138
U.S. Military 862 855 700 677 608 581 540 496 502
Total 4,905 4900 4954 5007 5090 5,385 5497 5,895 6,003

Note: Totals may not sum due to independent rounding.
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of the U.S. Department of Commerce’s Bureau of the
Census (DOC 1998). Activity data on distillate diesel
consumption by military vessels departing from U.S.
portswere provided by the Defense Energy Support Cen-
ter (DESC). The total amount of fuel provided to naval
vessels was reduced by 13 percent to account for fuel
used while the vessel s were not-underway (i.e., in port).
Data on the percentage of steaming hours underway ver-
sus not-underway were provided by the U.S. Navy. These
fuel consumption estimates are presented in Table 2-36.

Uncertainty

Emission estimates related to the consumption of
international bunker fuels are subject to the same uncer-
tainties as those from domestic aviation and marine mo-
bile combustion emissions; however, additional uncer-
tainties result from the difficulty in collecting accurate
fuel consumption activity data for international trans-
port activities separate from domestic transport activi-
ties.3® For example, smaller aircraft on shorter routes
often carry sufficient fuel to complete several flight seg-
ments without refueling in order to minimize time spent
at the airport gate or take advantage of lower fuel prices
at particular airports. This practice, called tankering,
when done on international flights, complicates the use
of fuel sales data for estimating bunker fuel emissions.
Tankering is less common with the type of large, long-
range aircraft that make many international flights from

the United States, however. Similar practices occur in
the marine shipping industry where fuel costs represent
a significant portion of overall operating costs and fuel
prices vary from port to port, leading to some tankering
from portswith low fuel costs.

Particularly for aviation, the DOT/BTS (1998) in-
ternational flight segment fuel dataused for U.S. flagged
carriersdoes not include smaller air carriersand unfortu-
nately defines flights departing to Canada and some
flights to Mexico as domestic instead of international.
Asfor the BEA (1998) data on foreign flagged carriers,
there is some uncertainty as to the average fuel price,
and to the completeness of the data. It was also hot pos-
sible to determine what portion of fuel purchased by
foreign carriersat U.S. airports was actually used on do-
mestic flight segments; this error, however, is believed
to be small.3

Although aggregate fuel consumption data has
been used to estimate emissions from aviation, the rec-
ommended method for estimating emissions of gases
other than CO, in the Revised 1996 |PCC Guidelinesis
to usedataby specific aircraft type (IPCC/UNEP/OECD/
IEA 1997). The IPCC also recommends that cruise alti-
tude emissions be estimated separately using fuel con-
sumption data, while landing and take-off (LTO) cycle
data be used to estimate near-ground level emissions of
gases other than CO,.*® The EPA is developing revised

Table 2-36: Marine Fuel Consumption for International Transport (Million Gallons)

Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Residual Fuel Oil 5,137 5,354 4475 3,567 3,504 3,495 3,583 3,843 3,974
Distillate Diesel Fuel & Other 598 595 561 609 510 573 456 421 627
U.S. Military Naval Fuels 522 481 491 448 364 334 362 477 506
Total 6,257 6,431 5,527 4,624 4,378 4402 4,402 4,740 5,107

Note: Totals may not sum due to independent rounding.

33 See uncertainty discussions under CO, from Fossil Fuel Combustion and Mobile Combustion.

34 Although foreign flagged air carriers are prevented from providing domestic flight services in the United States, passengers may be
collected from multiple airports before an aircraft actually departs on its international flight segment. Emissions from these earlier
domestic flight segments should be classified as domestic, not international, according to the IPCC.
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estimates based on this more detailed activity data, and
these estimates are to be presented in future inventories.

There is also concern as to the reliability of the
existing DOC (1998) data on marine vessel fuel con-
sumption reported at U.S. customs stations due to the
significant degree of inter-annual variation. Of note is
that fuel consumption data were not available for the
year 1990; therefore, an average of 1989 and 1991 data
was employed.

Wood Biomass and Ethanol
Consumption

The combustion of biomass fuels—such as wood,
charcoal, and wood waste—and biomass-based fuels—
such as ethanol from corn and woody crops—generates
carbon dioxide (CO,). However, in the long run the car-
bon dioxide emitted from biomass consumption does
not increase atmospheric carbon dioxide concentrations,
assuming the biogenic carbon emitted is offset by the
uptake of CO, resulting from the growth of new biom-

ass. Asaresult, CO, emissionsfrom biomass combustion
have been estimated separately from fossil fuel-based
emissions and are not included in the U.S. totals. Net
carbon fluxes from changes in biogenic carbon reser-
voirs in wooded or crop lands are accounted for in the
Land-Use Change and Forestry chapter.

In 1998, CO, emissions due to burning of woody
biomass within the industrial and residential/commer-
cial sectors and by electric utilities were about 64.2
MMTCE (235,554 Gg) (see Table 2-37 and Table 2-38).
As the largest consumer of woody biomass, the indus-
trial sector in 1998 was responsible for 83 percent of the
CO, emissions from this source. The combined residen-
tial/commercial®® sector was the second largest emitter,
making up 16 percent of total emissions from woody
biomass. The commercial end-use sector and electric
utilities accounted for the remainder.

Biomass-derived fuel consumption in the United

States consisted mainly of ethanol use in the transporta-
tion sector. Ethanol is primarily produced from corn

Table 2-37: CO, Emissions from Wood Consumption by End-Use Sector (MMTCE)

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Electric Utility 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4
Industrial 42.4 42.3 445 45.4 48.3 49.8 51.6 521 53.6
Residential/Commercial 12.7 13.4 14.1 12.9 12.7 14.0 14.0 10.4 10.2
Total 55.6 56.2 59.0 58.8 61.4 64.2 66.1 62.9 64.2
Note: Totals may not sum due to independent rounding.
Table 2-38: CO, Emissions from Wood Consumption by End-Use Sector (Gg)

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Electric Utility 1,715 1,698 1,725 1,636 1,635 1,356 1,580 1,542 1,598
Industrial 155,614 155,232 163,195 166,480 177,145 182,658 189,370 190,968 196,561
Residential/Commercial 46,424 48,981 51,537 47,303 46,504 51,218 51,440 37,959 37,395
Total 203,753 205,910 216,457 215,419 225,284 235,232 242,390 230,470 235,554

Note: Totals may not sum due to independent rounding.

35 |t should be noted that in the EPA’'s National Air Pollutant Emissions Trends, 1900 - 1998 (EPA 1999), U.S. aviation emission

estimates for CO, NOx, and NMVOCs are based solely upon LTO

cycles and consequently only capture near ground-level emissions,

which are more relevant for air quality evaluations. These estimates also include both domestic and international flights. Therefore,
estimates given under Mobile Source Fossil Fuel Combustion overestimate |PCC-defined domestic CO, NO,, and NMVOC emissions by
including landing and take-off (LTO) cycles by aircraft on international flights but underestimate because they do not include
emissions from aircraft on domestic flight segments at cruising altitudes. EPA (1998) is also likely to include emissions from ocean-

going vessels departing from U.S. ports on international voyages.

36 For this emissions source, data are not disaggregated into residential and commercial sectors.
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Table 2-39: CO, Emissions from

Ethanol Consumption

Year MMTCE Gg

1990 1.6 5,701
1991 1.2 4,519
1992 1.5 5,492
1993 1.7 6,129
1994 1.8 6,744
1995 2.0 7,230
1996 1.4 5,145
1997 1.8 6,744
1998 2.0 7,300

grown in the Midwest, and was used mostly in the Mid-
west and South. Pure ethanol can be combusted, or it can
be mixed with gasoline as a supplement or octane-en-
hancing agent. The most common mixture is a 90 per-
cent gasoline, 10 percent ethanol blend known as gaso-
hol. Ethanol and ethanol blends are often used to fuel
public transport vehicles such as buses, or centrally fu-
eled fleet vehicles. Ethanol and ethanol blends are be-
lieved to burn “cleaner” than gasoline(i.e., lower in NO,
and hydrocarbon emissions), and have been employed
in urban areas with poor air quality. However, because
ethanol isahydrocarbon fuel, its combustion emits CO,,

In 1998, the United States consumed an estimated
105 trillion Btus of ethanol. Emissions of CO, in 1998

Table 2-40: Woody Biomass Consumption
by Sector (Trillion Btu)

Residential/ Electric
Year Industrial Commercial Utility
1990 1,948 581 21
1991 1,943 613 21
1992 2,042 645 22
1993 2,084 592 20
1994 2,217 582 20
1995 2,286 641 17
1996 2,370 644 20
1997 2,390 475 19
1998 2,460 468 20

due to ethanol fuel burning were estimated to be ap-
proximately 2.0 MMTCE (6,744 Gg) (see Table 2-39).

Ethanol production dropped sharply in the middle
of 1996 because of short corn supplies and high prices.
Plant output began to increase toward the end of the
growing season, reaching close to normal levels at the
end of the year. However, total 1996 ethanol production
fell far short of the 1995 level (EIA 1997). Productionin
1998 returned to normal historic levels.

Methodology

Woody biomass emissionswere estimated by con-
verting U.S. consumption datain energy units(17.2 mil-
lion Btu per short ton) to megagrams (Mg) of dry matter
using EIA assumptions. Once consumption datafor each
sector were converted to megagrams of dry matter, the
carbon content of the dry fuel was estimated based on
default values of 45 to 50 percent carbon in dry biomass.
The amount of carbon released from combustion was
estimated using 87 percent for the fraction oxidized (i.e.,
combustion efficiency). Ethanol consumption data in
energy units were also multiplied by a carbon coeffi-
cient (18.96 mg C/Btu) to produce carbon emission esti-
mates.

Data Sources

Woody biomass consumption data were provided

Table 2-41: Ethanol Consumption

Year Trillion Btu
1990 82
1991 65
1992 79
1993 88
1994 97
1995 104
1996 74
1997 97
1998 105
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by EIA (1999) (see Table 2-40). The factor for convert-
ing energy units to mass was supplied by EIA (1994).
Carbon content and combustion efficiency values were
taken from the Revised 1996 IPCC Guidelines (IPCC/
UNEP/OECD/IEA 1997).

Emissionsfrom ethanol were estimated using con-
sumption data from EIA (1999) (see Table 2-41). The
carbon coefficient used was provided by OTA (1991).

Uncertainty
The combustion efficiency factor used is believed
to under estimate the efficiency of wood combustion

processesin the United States. The | PCC emission factor
has been used because better data are not yet available.
Increasing the combustion efficiency would increase
emission estimates. In addition, according to EIA (1994)
commercial wood energy use is typically not reported
because there are no accurate data sources to provide
reliable estimates. Emission estimates from ethanol pro-
duction are more certain than estimates from woody bio-
mass consumption due to better activity data collection
methods and uniform combustion techniques.
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