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Preface

Title XVI, Section 1605(a) of the Energy Policy Act of
1992 (enacted October 24, 1992) provides:

Not later than one year after the date of the enactment of
this Act, the Secretary, through the Energy Information
Administration, shall develop, based on data available
to, and obtained by, the Energy Information Adminis-
tration, an inventory of the national aggregate emis-
sions of each greenhouse gas for each calendar year of the
baseline period of 1987 through 1990. The Administra-
tor of the Energy Information Administration shall

annually update and analyze such inventory using
available data. This subsection does not provide any new
data collection authority.

The first report in this series, Emissions of Greenhouse
Gases 1985-1990, was published in September 1993. This
report—the ninth annual report, as required by law—
presents the Energy Information Administration’s latest
estimates of emissions for carbon dioxide, methane,
nitrous oxide, and other greenhouse gases.
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The estimates of greenhouse gas emissions contained in this report are based on energy consumption data from the
Energy Information Administration’s (EIA’s) July 2001 Monthly Energy Review. Those estimates may differ from
other EIA data series prepared after July 2001. Future revisions to the Monthly Energy Review, or other EIA data
series, will be represented in the next annual report of Emissions of Greenhouse Gases in the United States.
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Executive Summary

Introduction

U.S. emissions of greenhouse gases in 2000 totaled 1,906
million metric tons carbon equivalent, 2.5 percent more
than in 1999 (1,860 million metric tons carbon equiva-
lent). The increase from 1999 to 2000 is nearly double the
1.3-percent average annual growth rate of total U.S.
greenhouse gas emissions from 1990 to 2000 and the
1.3-percent increase from 1998 to 1999. The increase
from 1999 to 2000 is attributed to strong growth in

carbon dioxide emissions due to a return to more normal
weather, decreased hydroelectric power generation that
was replaced by fossil-fuel power generation, and
strong economic growth (a 4.1-percent increase in gross
domestic product).

U.S. greenhouse gas emissions in 2000 were about 14
percent higher than 1990 emissions (1,678 million metric
tons carbon equivalent). Since 1990, U.S. emissions have
increased slightly faster than the average annual growth
in population (1.2 percent) but more slowly than the
growth in energy consumption (1.6 percent), electric
power generation (2.3 percent), or gross domestic prod-
uct (3.2 percent).

Table ES1 shows trends in emissions of the principal
greenhouse gases, measured in million metric tons of
gas. In Table ES2, the value shown for each gas is
weighted by its global warming potential (GWP), which
is a measure of “radiative forcing.” This concept, devel-
oped by the Intergovernmental Panel on Climate
Change (IPCC), provides a comparative measure of the
impacts of different greenhouse gases on global warm-
ing, with the effect of carbon dioxide being equal to one.1

In 2001, the IPCC Working Group I released its Third
Assessment Report, Climate Change 2001: The Scientific
Basis.2 Among other things, the Third Assessment
Report updated a number of the GWP estimates that
appeared in the IPCC’s Second Assessment Report.3
The GWPs published in the Third Assessment Report
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Table ES1.  Summary of Estimated U.S. Emissions of Greenhouse Gases, 1990-2000
(Million Metric Tons of Gas)

Gas 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Carbon Dioxide . . . . . . . 4,969.4 4,917.7 5,013.0 5,130.4 5,224.4 5,273.5 5,454.8 5,533.0 5,540.0 5,630.7 5,805.5

Methane . . . . . . . . . . . . . 31.7 31.9 31.8 31.0 31.0 31.1 29.9 29.6 28.9 28.7 28.2

Nitrous Oxide . . . . . . . . . 1.2 1.2 1.2 1.2 1.3 1.3 1.2 1.2 1.2 1.2 1.2

HFCs, PFCs, and SF6 . . * * * * * * * * * * *

*Less than 0.05 million metric tons of gas.
P = preliminary data.
Note: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the

United States 1999, DOE/EIA-0573(99) (Washington, DC, October 2000).
Source: Estimates presented in this report.

U.S. Anthropogenic Greenhouse Gas
Emissions, 1990-2000

Carbon Equivalent

Estimated 2000 Emissions
(Million Metric Tons) 1,906.3

Change Compared to 1999
(Million Metric Tons) 46.1

Change from 1999
(Percent) 2.5%

Change Compared to 1990
(Million Metric Tons) 228.4

Change from 1990
(Percent) 13.6%

Average Annual Increase,
1990-2000 (Percent) 1.3%

1See “Units for Measuring Greenhouse Gases” on page 2, and Intergovernmental Panel on Climate Change, Climate Change 2001: The Sci-
entific Basis (Cambridge, UK: Cambridge University Press, 2001).

2Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001).

3Intergovernmental Panel on Climate Change, Climate Change 1995: The Science of Climate Change (Cambridge, UK: Cambridge University
Press, 1996).



were used for the calculation of carbon-equivalent emis-
sions for this report. For a discussion of GWPs and a
comparison of U.S. carbon-equivalent emissions calcu-
lated using the GWPs from the IPCC’s Third and Second
Assessment Reports, see Chapter 1, page 12. Generally,
total U.S. carbon-equivalent emissions are 0.6 percent
higher when the GWPs from the Third Assessment
Report are used.

During 2000, 81.2 percent of total U.S. greenhouse gas
emissions consisted of carbon dioxide from the combus-
tion of fossil fuels such as coal, petroleum, and natural
gas. U.S. emissions trends are driven largely by trends in
fossil energy consumption. In recent years, national
energy consumption, like emissions, has grown rela-
tively slowly, with year-to-year deviations from trend
growth caused by weather-related phenomena, fluctua-
tions in business cycles, changes in the fuel mix for elec-
tric power generation, and developments in domestic
and international energy markets.

Other 2000 U.S. greenhouse gas emissions include car-
bon dioxide from non-combustion sources (1.9 percent
of total U.S. greenhouse gas emissions), methane
(9.3 percent), nitrous oxide (5.3 percent), and other gases
(2.5 percent) (Figure ES1). Methane and nitrous oxide
emissions are caused by the biological decomposition of
various waste streams and fertilizer, fugitive emissions
from chemical processes, fossil fuel production and
combustion, and many smaller sources. The other gases
include hydrofluorocarbons (HFCs), used primarily as
refrigerants; perfluorocarbons (PFCs), released as fugi-
tive emissions from aluminum smelting and also used in
semiconductor manufacture; and sulfur hexafluoride
(SF6), used as an insulator in utility-scale electrical
equipment.

The Kyoto Protocol, drafted in December 1997 under the
auspices of the United Nations Framework Convention
on Climate Change, raised the public profile of climate
change issues in the United States in general, and of
emissions estimates in particular. This report, required
by Section 1605(a) of the Energy Policy Act of 1992,

provides estimates of U.S. emissions of greenhouse
gases, as well as information on the methods used to
develop the estimates.

Carbon Dioxide
The preliminary estimate of U.S. carbon dioxide emis-
sions in 2000 is 1,583 million metric tons carbon equiva-
lent—3.1 percent higher than in 1999 and accounting for
83 percent of total U.S. greenhouse gas emissions. The
3.1-percent growth rate in 2000 is the second highest for
the 1990 to 2000 period, with only the 3.4-percent growth
rate in 1996 being higher. Although short-term changes
in carbon dioxide emissions can result from temporary
variations in weather, power generation fuel mixes, and
the economy, in the longer term their growth is driven
by population, energy use, and income, as well as the
“carbon intensity” of energy use (carbon dioxide emis-
sions per unit of energy consumed).

Figure ES2 illustrates some recent U.S. trends in carbon
dioxide emissions and energy consumption. Although
annual carbon dioxide emissions per dollar of GDP have
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Table ES2.  U.S. Emissions of Greenhouse Gases, Based on Global Warming Potential, 1990-2000
(Million Metric Tons Carbon Equivalent)

Gas 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Carbon Dioxide . . . . . . . 1,355 1,341 1,367 1,399 1,425 1,438 1,488 1,509 1,511 1,536 1,583

Methane . . . . . . . . . . . . . 199 200 200 194 194 195 188 186 181 180 177

Nitrous Oxide . . . . . . . . . 94 96 98 98 106 101 101 99 99 100 99

HFCs, PFCs, and SF6 . . 30 28 29 30 32 35 39 42 46 45 47

Total. . . . . . . . . . . . . . . 1,678 1,665 1,694 1,722 1,757 1,770 1,815 1,836 1,836 1,860 1,906

P = preliminary data.
Note: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the

United States 1999, DOE/EIA-0573(99) (Washington, DC, October 2000).
Sources: Emissions: Estimates presented in this report. Global Warming Potentials: Intergovernmental Panel on Climate

Change, Climate Change 1995: The Science of Climate Change (Cambridge, UK: Cambridge University Press, 1996).

Energy-Related
Carbon Dioxide
1,547.4 (81.2%)

Other Carbon Dioxide
35.9 (1.9%)

Methane
176.8 (9.3%)

Nitrous Oxide
99.4 (5.3%)

HFCs, PFCs, and SF 6

46.8 (2.5%)

(Million Metric Tons
Carbon Equivalent)

Figure ES1.  U.S. Greenhouse Gas Emissions
by Gas, 2000

Source: EIA estimates presented in this report.



fallen by 15 percent since 1990, carbon dioxide emissions
per capita have risen by 3 percent. The combination of
increasing population growth and rising carbon dioxide
emissions per capita results in increased aggregate car-
bon dioxide emissions per year during the 1990 to 2000
time frame. Carbon dioxide emissions per unit of net
electricity generation, after initially falling during the
early to mid-1990s, have increased to above the 1990
level. The upturn in this measure from 1999 to 2000
helps explain the high 2000 growth rate in carbon diox-
ide emissions.

Figure ES3 illustrates trends in carbon dioxide emissions
by energy consumption sector. In general, emissions
have increased in each of the four sectors since 1990. An
exception to the general upward trend was 1990-1991,
when economic recession and higher oil prices follow-
ing the Iraqi invasion of Kuwait led to a 1.0-percent
decrease in national carbon dioxide emissions in 1991.
Average annual growth rates in carbon dioxide emis-
sions by sector during the 1990-2000 period were 2.4 per-
cent for the commercial sector, 2.0 percent for the
residential sector and 1.8 percent for the transportation
sector, all higher than the 1.6-percent average for total
U.S. carbon dioxide emissions during the 1990-2000
period. For the industrial sector, however, annual
growth in carbon dioxide emissions has averaged only
0.3 percent. Industrial sector carbon dioxide emissions,
which are relatively sensitive to economic fluctuations,
declined by 2.5 percent in 1991 during the economic

recession and dipped again in 1998 in the wake of the
Asian economic slowdown.

Carbon dioxide emissions from the U.S. electric power
sector (which includes cogeneration) in 2000 are esti-
mated at 642 million metric tons carbon equivalent, 4.7
percent higher than the 1999 level. The 2000 increase is
almost double the 1990-2000 average increase of 2.4 per-
cent per year. Contributing to the relatively large
increase in 2000 was a 4.2-percent increase in fossil fuel
use for electricity generation, including a 4.3-percent
increase in coal-fired generation and a 7.1-percent
increase in natural-gas-fired generation. Electricity gen-
eration from renewable fuels was down by 11 percent,
including a 14-percent drop in hydroelectric generation.
On the demand side, electricity-related emissions in the
residential sector were 5.6 percent higher in 2000 than in
1999, and in the commercial sector they were 4.9 percent
higher.4 Although summer cooling degree-days were
4.4 percent above normal in 2000, air conditioning usage
was lower than in 1999, when cooling degree-days were
7.3 percent above normal.

In addition to electricity-related emissions, direct use of
energy fuels in the residential, commercial, industrial,
and transportation sectors produces carbon dioxide
emissions. In the residential and commercial sectors,
consumption of winter heating fuels, particularly natu-
ral gas, was higher in 2000 than in 1999 as a result of win-
ter weather that was 7.0 percent colder than in 1999.5
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4The sectoral shares of electricity-related carbon dioxide emissions are based on the shares of total electric utility power sales purchased
in each sector.

5Population-weighted heating degree-days in 2000 were 7.0 percent higher than in 1999. See Energy Information Administration, Annual
Energy Review 2000, DOE/EIA-0384(2000) (Washington, DC, August 2000), Table 1.7.



Carbon dioxide emissions from the direct combustion of
fuels (primarily natural gas) increased by 3.5 percent in
the residential sector and by 8.8 percent in the commer-
cial sector. Overall, carbon dioxide emissions in the resi-
dential and commercial sectors, at a combined 581
million metric tons carbon equivalent and 37.2 percent
of total carbon dioxide emissions, grew by 5.3 percent in
2000.

Energy-related carbon dioxide emissions in the indus-
trial sector in 2000 are estimated at 466 million metric
tons carbon equivalent—which is equal to the level of
emissions in 1999. The lack of growth in industrial emis-
sions is noteworthy because, historically, industrial
energy consumption and carbon dioxide emissions have
been more sensitive to economic growth than to the
weather, and 2000 was a year of solid economic growth
(4.1 percent). Industrial energy consumption and emis-
sions are concentrated in a few industries, however, and
their performance may have more influence on emis-
sions than does the performance of the industrial sector
as a whole. Six industry groups—petroleum refining,
chemicals and related products, primary metals, paper,
food, and stone, clay and glass—collectively account for
79.6 percent of carbon dioxide emissions from manufac-
turing and 68.2 percent of carbon dioxide emissions
from the industrial sector.

In 2000 the six energy-intensive industry groups
appeared to be still recovering from downturns from
their 1997 growth rates. Their 2000 annual growth rates
were lower than those for the overall economy (4.1 per-
cent), the industrial sector (5.6 percent), and the manu-
facturing component of industrial production (6.1
percent). For the six energy-intensive industries, 2000
growth rates were 2.5 percent (primary metals), 1.8 per-
cent (chemicals), -0.9 percent (paper), 2.3 percent (stone,
clay and glass), 1.6 percent (petroleum products), and
1.9 percent (food). The industries that grew rapidly in
2000 were primarily those with lower energy intensities,
including computer equipment, which grew by 43 per-
cent, and semiconductors and related components,
which grew by 76 percent.6

Carbon dioxide emissions in the transportation sector,
at 515 million metric tons carbon equivalent, were 3.1
percent higher in 2000 than in 1999. Gasoline consump-
tion, which accounted for 59 percent of transportation
sector emissions, grew by 0.6 percent. Emissions from jet
fuel use grew by 3.4 percent, and emissions from resid-
ual fuel (used mostly by oceangoing ships) grew by 35.9
percent. Emissions from distillate use increased by 4.6

percent, as a healthy U.S. economy led to greater con-
sumption of diesel fuel by freight trucks.

Methane
U.S. emissions of methane in 2000 were 1.6 percent
lower than in 1999, at 28.2 million metric tons of meth-
ane or 177 million metric tons carbon equivalent. The
decline resulted primarily from an increase in methane
recovery for energy use at landfills and, to a lesser
extent, from reductions in emissions from coal mining
and petroleum systems.

Methane emissions come from four categories of
sources, three major and one minor. The major sources
are energy, waste management, and agriculture, and the
minor source is industrial processes. The three major
sources accounted for 39, 28, and 32 percent, respec-
tively, of total 2000 U.S. emissions of methane, or
approximately 9 percent of the Nation’s total car-
bon-equivalent greenhouse gas emissions. The major
sources of anthropogenic methane emissions are illus-
trated in Figure ES4. Methane emissions from the anaer-
obic decomposition of municipal solid waste in landfills,
part of the waste management source category, had been
declining slowly before 2000 as a consequence of a
reduction in the volume of waste landfilled and a grad-
ual increase in the volumes of landfill gas captured.
Emissions of methane resulting from waste manage-
ment decreased by 7.0 percent in 2000.
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Sources: Estimates presented in this report.

6All industrial and manufacturing growth rates are taken from U.S. Federal Reserve Board, “G17 Historical Data: Industrial Production
and Capacity Utilization.” Although the Federal Reserve Board, in calculating indexes, bases its estimates on two main types of source data,
output measured in physical units and data on inputs to the production process, it also adjusts its indexes on the basis of technological
improvements in factor productivity and outputs. This could be particularly important for indexes related to computers and semiconduc-
tors, for which productivity and quality of outputs have improved dramatically over time.



Methane recovery for energy at U.S. landfills rose from
2.2 million metric tons in 1999 to 2.5 million metric tons
in 2000 due to the lingering effects of Section 29 of the
Windfall Profits Tax Act of 1980. To be eligible for the tax
credit, methane recovery systems at landfills must have
been operational by June 30, 1998. The last recovery pro-
jects installed by the tax credit deadline continued to
ramp up in 2000. Additionally, for the first time in 40
years, U.S. coal production fell for a second consecutive
year as coal imports increased by 37 percent and electric
utilities drew down stocks to meet increasing demand,7
lowering methane emissions from coal mining and
post-mining activities by about 0.1 million metric tons.
Domestic oil production also declined in 2000, and
methane emissions from petroleum systems decreased
accordingly.

Methane is also emitted as a byproduct of fossil energy
production and transport. Methane can leak from natu-
ral gas production and distribution systems and is also
emitted during coal production. Energy-related meth-
ane emissions were essentially unchanged in 2000 at 11.0
million metric tons. Agricultural emissions have several
sources but are dominated by emissions from domestic
livestock, including the animals themselves and the
anaerobic decomposition of their waste. Agricultural
emissions increased by about 0.8 percent in 2000.

The estimates for methane emissions are more uncertain
than those for carbon dioxide. U.S. methane emissions
do not necessarily increase with growth in energy
consumption or the economy. Energy-related methane
emissions are strongly influenced by coal production
from a relatively restricted number of mines; agricul-
tural emissions are influenced in part by the public’s
consumption of milk and beef and in part by animal hus-
bandry practices; and livestock and municipal waste
emissions are influenced by husbandry and waste man-
agement practices.

Nitrous Oxide
U.S. nitrous oxide emissions decreased by 0.6 percent
from 1999 to 2000, to 99 million metric tons carbon
equivalent. Nitrous oxide accounts for 5 percent of U.S.
GWP-weighted greenhouse gas emissions. Emissions
estimates for nitrous oxide are more uncertain than
those for either carbon dioxide or methane, because
nitrous oxide is not systematically measured and many
sources of nitrous oxide emissions, including nitrogen
fertilization of soils and motor vehicles, require a signifi-
cant number of assumptions to arrive at estimated
emissions.

U.S. nitrous oxide emissions include one large class of
sources and two small classes (Figure ES5). Agricultural
sources account for about 70 percent of nitrous oxide
emissions, and emissions associated with nitrogen fertil-
ization of soils account for 73 percent of agricultural
emissions. In 2000, estimated nitrous oxide emissions
from nitrogen fertilization of soils increased by 0.2 per-
cent from 1999. Emissions associated with fossil fuel use
account for another 23 percent of nitrous oxide emis-
sions, of which about 83 percent comes from mobile
sources, principally motor vehicles equipped with cata-
lytic converters. The balance of nitrous oxide emissions
are caused by certain chemical manufacturing and
wastewater treatment processes. The most striking
trend in U.S. nitrous oxide emissions has been a
52-percent decline from 1996 levels of industrial emis-
sions of nitrous oxide after the implementation of emis-
sions controls at an adipic acid plant operated by the
DuPont Corporation.

Other Gases:
Hydrofluorocarbons,

Perfluorocarbons, and Sulfur
Hexafluoride

HFCs, PFCs, and SF6 are three classes of engineered
gases that account for 2.5 percent of U.S. GWP-weighted
emissions of greenhouse gases. At 46.8 million metric
tons carbon equivalent in 2000, their emissions were 4.5
percent higher than in 1999. The 2000 increase in emis-
sions of the engineered gases was caused almost entirely
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7Energy Information Administration, U.S. Coal Supply and Demand: 2000 Review, web site http://www.eia.doe.gov/cneaf/coal/page/
special/feature.html.



by an increase in emissions of HFCs (8.3 percent) as
emissions of PFCs and SF6 fell by 3.7 percent and 4.3 per-
cent, respectively. The increase in HFC emissions in 2000
may be attributable in part to maturing markets for
chlorofluorocarbon substitutes and increasing aware-
ness of the potential for recycling these gases.

At 28.1 million metric tons carbon equivalent, emissions
of HFCs make up the majority of this category, followed
by PFCs at 8.7 million metric tons carbon equivalent and
SF6 at 5.5 million metric tons carbon equivalent. Another
group of engineered gases, consisting of other HFCs,
other PFCs, and perfluoropolyethers (PFPEs), includes
HFC-152a, HFC-227ea, HFC-4310mee, and a variety of
PFCs and PFPEs. They are grouped together in this
report to protect confidential data. In 2000, their com-
bined emissions totaled 4.4 million metric tons carbon
equivalent. Emissions in this “other” group in 2000 were
10.5 percent higher than in 1999. Since 1990, HFC emis-
sions from U.S. sources have increased by 181.4 percent,
PFC emissions have decreased by 14.4 percent, and SF6
emissions have decreased by 41.4 percent.

Emissions of the high-GWP gases specified in the Kyoto
Protocol are very small (at most a few thousand metric
tons). On the other hand, some of the gases (including
PFCs and SF6) have atmospheric lifetimes measured in
the hundreds or thousands of years, and consequently
they are potent greenhouse gases with GWPs hundreds
or thousands of times higher than that of carbon dioxide
per unit of molecular weight. Some of the commercially
produced HFCs (134a, 152a, 4310, 227ea), which are
used as chlorofluorocarbon replacements, have shorter
atmospheric lifetimes, ranging from 1 to 36 years.

Land Use and Forestry
Forest lands in the United States are net absorbers of car-
bon dioxide from the atmosphere. According to U.S.
Forest Service researchers, U.S. forest land absorbs
about 270 million metric tons of carbon annually, equiv-
alent to 17.1 percent of U.S. carbon dioxide emissions.
Absorption is enabled by the reversal of the extensive
deforestation of the United States that occurred in the
late 19th and early 20th centuries. Since then, millions of
acres of formerly cultivated land have been abandoned
and have returned to forest, with the regrowth of forests
sequestering carbon on a large scale. The process is
steadily diminishing, however, because the rate at
which forests absorb carbon slows as the trees mature,
and because the rate of reforestation has slowed.

Over the past several years there has been increasing
interest in the United States regarding carbon sequestra-
tion in agricultural soils through changes in agricultural
practices. Proponents suggest that changes in tillage
practices can cause agricultural soils to move from being
net sources to net sinks of carbon dioxide, and that the
amounts of carbon that might be absorbed by these
changes could be significant at the national level. At
present, the Energy Information Administration does
not have sufficient information to permit reliable estima-
tion of national-level emissions or sequestration from
this source. As more reliable information becomes avail-
able, estimates will be included in future reports.
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1. U.S. Emissions of Greenhouse Gases in Perspective

About This Report
The Energy Information Administration (EIA) is
required by the Energy Policy Act of 1992 to prepare a
report on aggregate U.S. national emissions of green-
house gases for the period 1987-1990, with annual
updates thereafter. This report is the eighth annual
update, covering national emissions over the period
1990-1999, with preliminary estimates of emissions for
2000. The methods used by EIA to estimate national
emissions of greenhouse gases are subject to continuing
review. As better methods and information become
available, EIA revises both current and historical emis-
sions estimates (see “What’s New in This Report,” page
3). Emissions estimates for carbon dioxide are reported
in metric tons carbon equivalent; estimates for other
gases are reported in metric tons of gas (see “Units for
Measuring Greenhouse Gases,” page 2). Total national
emissions estimates measured in carbon equivalents are
shown in Table ES2.

Chapter 1 of this report briefly summarizes some back-
ground information about global climate change and the
greenhouse effect and discusses important recent devel-
opments in global climate change activities. Chapters 2
through 4 cover emissions of carbon dioxide, methane,
and nitrous oxide, respectively. Chapter 5 focuses on
emissions of engineered gases, including hydrofluoro-
carbons, perfluorocarbons, and sulfur hexafluoride.
Chapter 6 describes potential sequestration and emis-
sions of greenhouse gases as a result of land use changes.

The Greenhouse Effect and
Global Climate Change

The Earth is warmed by radiant energy from the Sun.
Over time, the amount of energy transmitted to the
Earth’s surface is equal to the amount of energy
re-radiated back into space in the form of infrared

radiation, and the temperature of the Earth’s surface
stays roughly constant; however, the temperature of the
Earth is strongly influenced by the existence, density,
and composition of its atmosphere. Many gases in the
Earth’s atmosphere absorb infrared radiation re-
radiated from the surface, trapping heat in the lower
atmosphere. Without the natural greenhouse effect, it is
likely that the average temperature of the Earth’s surface
would be on the order of -19o Celsius, rather than the
+14o Celsius actually observed.1 The gases that help trap
the Sun’s heat close to the Earth’s surface are referred to
as “greenhouse gases.” All greenhouse gases absorb
infrared radiation (heat) at particular wavelengths.

The most important greenhouse gases are water vapor
(H2O), carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O), and several engineered gases, such as
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs)
and sulfur hexafluoride (SF6 ). Water vapor is by far the
most common, with an atmospheric concentration of
nearly 1 percent, compared with less than 0.04 percent
for carbon dioxide. The effect of human activity on
global water vapor concentrations is considered negligi-
ble, however, and anthropogenic emissions of water
vapor are not factored into national greenhouse gas
emission inventories for the purposes of meeting the
requirements of the United Nations Framework Con-
vention on Climate Change (UNFCCC) or the Kyoto
Protocol.2 Concentrations of other greenhouse gases,
such as methane and nitrous oxide, are a fraction of that
for carbon dioxide (Table 1).

Scientists recognized in the early 1960s that concentra-
tions of carbon dioxide in the Earth’s atmosphere were
increasing every year. Subsequently, they discovered
that atmospheric concentrations of methane, nitrous
oxide, and many engineered chemicals also were rising.
Because current concentrations of greenhouse gases
keep the Earth at its present temperature, scientists
began to postulate that increasing concentrations of
greenhouse gases would make the Earth warmer.
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1Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 89-90. See also web site www.ipcc.ch.

2The United Nations Framework Convention on Climate Change, which “entered into force” in 1994, calls on Annex I countries, includ-
ing the United States, to return their greenhouse gas emissions to 1990 levels by the year 2000. The Kyoto Protocol, adopted in December
1997, is a set of quantified greenhouse gas emissions targets for Annex I countries for the 2008 to 2012 commitment period that are collec-
tively about 5 percent lower than the 1990 emissions of those countries. The Protocol has not yet “entered into force,” which would require
55 countries and Annex I signatories with carbon dioxide emissions totaling 55 percent of total 1990 Annex I emissions to ratify the Protocol.
The United States, at UNFCCC negotiations at Bonn, Germany, in July 2001, indicated that it considers the Kyoto Protocol to be flawed and
stated that it has no plans, at this time, to ratify the Protocol.



In computer-based simulation models, rising concentra-
tions of greenhouse gases nearly always produce an
increase in the average temperature of the Earth. Rising
temperatures may, in turn, produce changes in weather

and in the level of the oceans that might prove
disruptive to current patterns of land use and human
settlement, as well as to existing ecosystems. To date,
however, it has proven difficult to disentangle the
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Units for Measuring Greenhouse Gases
In this publication, EIA reports information in forms
that are most likely to be familiar to users of the docu-
ment. Therefore, energy and industrial data are
reported in their native units. For example, oil produc-
tion is reported in thousand barrels per day, and
energy production and sales are reported in British
thermal units (Btu). For readers familiar with metric
units, Btu can be a relatively intuitive unit because an
exajoule is only 5 to 6 percent larger in energy content
than a quadrillion Btu.

Emissions data are reported in metric units. This report
uses the familiar “million metric tons” common in
European industry instead of “gigagram,” which is
equal to 1,000 metric tons and is the term favored by
the scientific community. Metric tons are also relatively
intuitive for users of English units, because a metric ton
is only about 10 percent heavier than an English short
ton.

Emissions of most greenhouse gases are reported here
in terms of the full molecular weight of the gas (as in
Table ES1). In Table ES2, however, and subsequently
throughout the report, carbon dioxide is reported in
carbon units, defined as the weight of the carbon con-
tent of carbon dioxide (i.e., just the “C” in CO2). Carbon
dioxide units at full molecular weight can be converted
into carbon units by dividing by 44/12, or 3.6667. This
approach has been adopted for two reasons:

• Carbon dioxide is most commonly measured in
carbon units in the scientific community. Scientists

argue that not all carbon from combustion is, in
fact, emitted in the form of carbon dioxide. Because
combustion is never perfect, some portion of the
emissions consists of carbon monoxide, methane,
other volatile organic compounds, and particu-
lates. These other gases (particularly carbon mon-
oxide) eventually decay into carbon dioxide, but it
is not strictly accurate to talk about “tons of carbon
dioxide” emitted.

• Carbon units are more convenient for comparisons
with data on fuel consumption and carbon seques-
tration. Because most fossil fuels are 75 percent to
90 percent carbon by weight, it is easy and conve-
nient to compare the weight of carbon emissions
(in carbon units) with the weight of the fuel
burned. Similarly, carbon sequestration in forests
and soils is always measured in tons of carbon, and
the use of carbon units makes it simple to compare
sequestration with emissions.

While carbon dioxide emissions can be measured in
tons of carbon, emissions of other gases (such as meth-
ane) can also be measured in “carbon dioxide equiva-
lent” units by multiplying their emissions (in metric
tons) by their global warming potentials (GWPs).
GWPs are discussed later in this chapter and
delineated in Table 3. For comparability, carbon diox-
ide equivalent units can be converted to “carbon equiv-
alent” by multiplying by 12/44 (as in Table ES2) to
provide a measure of the relative effects of various
gases on climate.

Table 1.  Global Atmospheric Concentrations of Selected Greenhouse Gases

Item

Carbon
Dioxide Methane

Nitrous
Oxide

Sulfur
Hexafluoride

Perfluoro-
methane

(parts per million) (parts per trillion)

Pre-industrial (1750) Atmospheric Concentration. . 278 0.700 0.270 0 40

1998 Atmospheric Concentration . . . . . . . . . . . . . . 365 1.745 0.314 4.2 80

Average Annual Change, Recent Yearsa . . . . . . . . 1.5b 0.007b 0.0008 0.2 1.0

Atmospheric Lifetime (Years) . . . . . . . . . . . . . . . . . 50–200c 12d 114d 3,200 >50,000
aRate is calculated over the period 1990 to 1999.
bRate has fluctuated between 0.9 and 2.8 parts per million per year for CO2 and between 0 and 0.013 parts per million per year for

methane over the 1990 to 1999 period.
cNo single lifetime can be defined for CO2 because uptake rates differ for different removal processes.
dThis lifetime has been defined as an “adjustment time” that takes into account the indirect effect of the gas on its own residence

time.
Source: Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge

University Press, 2001), pp. 38 and 244.



human impact on climate from normal temporal and
spatial variations in temperature on a global scale. The
most recent report of the IPCC, an international assem-
blage of scientists commissioned by the United Nations
to assess the scientific, technical, and socioeconomic
information relevant for the understanding of the risk of
human-induced climate change, estimates that the
global average surface temperature has increased by
0.6o ± 0.2oC since the late 19th century3 (see box on page
4). The IPCC goes on to conclude that: “There is new and
stronger evidence that most of the warming observed

over the last 50 years is attributable to human activi-
ties.”4

In the aftermath of the IPCC report, the Bush Adminis-
tration, in May 2001, as part of its review of U.S. policy
on climate change, requested that the National Acad-
emy of Sciences identify areas of uncertainty in the sci-
ence of climate change, as well as review the IPCC report
and summaries. The National Academy of Sciences
commissioned the National Research Council to carry
out this review. The National Research Council in
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What’s New in This Report
All Chapters

• The Intergovernmental Panel on Climate Change
(IPCC) has updated a number of the 100-year
greenhouse gas global warming potential (GWP)
coefficients,a including methane (increased from
21 to 23), nitrous oxide (decreased from 310 to 296),
sulfur hexafluoride (decreased from 23,900 to
22,200), and perfluoromethane (decreased from
6,500 to 5,700) that were reported in an earlier
IPCC report.b The greenhouse gas emissions esti-
mates in this report are based on the new IPCC-
updated GWPs (see box on page 12 for a compari-
son of U.S. emissions calculated with the earlier
and revised GWPs).

Chapter 1

• In keeping with the 1996 Revised IPCC Guidelines for
the Preparation of National Inventories and an IPCC
Expert Working Group Meeting on Good Practices
in Inventory Preparation held in the United King-
dom in October 1999, a study of the uncertainty in
greenhouse gas emissions data was conducted
using Monte Carlo simulations. This analysis sup-
plements the results presented in last year’s report
for a study of uncertainty strictly in energy-related
carbon dioxide emissions. A summary of the cur-
rent results is included in Chapter 1.

Chapter 2

• In this year’s report, carbon dioxide emissions
attributed to nonutility power producers have
been removed from the industrial sector and
placed in a combined electric power sector, where
they have been shared out to end-use sectors in

proportion to the amount of electricity purchased
by each sector.

• In 1998, EIA conducted a Manufacturing Energy
Consumption Survey. The results of the 1998 sur-
vey have been used to calculate emissions from the
manufacturing subsector, which makes up 85 per-
cent of the U.S. industrial sector.

Chapter 5

• The data presented in Chapter 5 for HFCs, PFCs,
SF6, and other gases are provided by the U.S. Envi-
ronmental Protection Agency (EPA). This year, the
EPA updated a number of its methodologies in
order to improve the accuracy and comprehen-
siveness of the emissions estimates. The Voluntary
SF6 Emissions Reduction Partnership, launched by
the EPA in 1999, provided new information on SF6
emissions from electric power systems and the
magnesium industry. In addition, PFC emissions
estimates have been revised on the basis of new
data from the EPA’s Voluntary Aluminum Indus-
trial Partnership Program and from its Global Pro-
grams Division, which have resulted in revised
emission factors for emissions from aluminum
production. The EPA revised the methodology for
estimating emissions from semiconductor manu-
facturing to include production data for 1990-1994
and data reported directly by semiconductor man-
ufacturers for other years. For the substitution of
ozone-depleting substances, revisions to chemical
substitution trends and new information from
industry representatives have led to revised
assumptions for the EPA Vintaging Model.

aIntergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University
Press, 2001), pp. 388-390.

bIntergovernmental Panel on Climate Change, Climate Change 1995: The Science of Climate Change (Cambridge, UK: Cambridge Uni-
versity Press, 1996), p. 121.

3Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 26.

4Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 10.
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Key Findings from the Third Assessment Report
by the International Panel on Climate Change

The IPCC is an international assemblage of scientists
commissioned by the United Nations to assess the
scientific, technical, and socioeconomic information
relevant for the understanding of the risk of human-
induced climate change. The Third Assessment Report
by the IPCC, published in 2001, includes the following
key findings:

• The global average surface temperature has
increased over the 20th century by about 0.6oC.

- The global average surface temperature (the aver-
age of near-surface air temperature over land and
sea surface temperature) has increased since 1861.
Over the 20th century the increase has been 0.6
±0.2°C.

• Temperatures have risen during the past four
decades in the lowest 8 kilometers of the
atmosphere.

- Since the late 1950s (the period of adequate obser-
vations from weather balloons), the overall global
temperature increases in the lowest 8 kilometers of
the atmosphere and in surface temperature have
been similar at 0.1oC per decade.

• Snow cover and ice extent have decreased.

- Satellite data show that there are very likely to
have been decreases of about 10 percent in the
extent of snow cover since the late 1960s, and
ground-based observations show that there is very
likely to have been a reduction of about 2 weeks in
the annual duration of lake and river ice cover in
the mid- and high latitudes of the Northern Hemi-
sphere over the 20th century.

• Global average sea level has risen and ocean heat
content has increased.

- Tide gauge data show that global average sea level
rose by between 0.1 and 0.2 meters during the 20th
century. Global ocean heat content has increased
since the late 1950s, the period for which adequate
observations of subsurface ocean temperatures
have been available.

• Concentrations of atmospheric greenhouse gases
and their radiative forcing have continued to
increase as a result of human activities.

- The atmospheric concentration of carbon dioxide
(CO2) has increased by 31 percent since 1750. The
present CO2 concentration has not been exceeded
during the past 420,000 years and probably not
during the past 20 million years. The current rate of
increase is unprecedented during at least the past
20,000 years.

- The atmospheric concentration of methane (CH4)
has increased by 1,060 parts per billion (151 per-
cent) since 1750 and continues to increase. The
present CH4 concentration has not been exceeded
during the past 420,000 years.

- The atmospheric concentration of nitrous oxide
(N2O) has increased by 46 parts per billion (17 per-
cent) since 1750 and continues to increase. The
present N2O concentration has not been exceeded
during at least the past 1,000 years.

- Since 1995, the atmospheric concentrations of
many of those halocarbon gases that are both
ozone-depleting and greenhouse gases (e.g., CFCl3
and CF2Cl2) are either increasing more slowly or
decreasing, both in response to reduced emissions
under the regulations of the Montreal Protocol and
its amendments. Their substitute compounds (e.g.,
CHF2Cl and CF3CH2F) and some other synthetic
compounds (e.g., perfluorocarbons [PFCs] and
sulfur hexafluoride [SF6]) are also greenhouse
gases, and their concentrations are currently
increasing.

- The radiative forcing due to increases of the well-
mixed greenhouse gases from 1750 to 2000 is esti-
mated to be 2.43 watts per square meter: 1.46 watts
per square meter from CO2; 0.48 watts per square
meter from CH4; 0.34 watts per square meter from
the halocarbons; and 0.15 watts per square meter
from N2O.

• Natural factors have made small contributions to
radiative forcing over the past century.

- The radiative forcing due to changes in solar
irradiance for the period since 1750 is estimated to
be about +0.3 watts per square meter, most of
which occurred during the first half of the 20th cen-
tury. Since the late 1970s, satellite instruments
have observed small oscillations due to the 11-year
solar cycle. Mechanisms for the amplification of
solar effects on climate have been proposed but
currently lack a rigorous theoretical or observa-
tional basis.

- Stratospheric aerosols from explosive volcanic
eruptions lead to negative forcing, which lasts a
few years. Several major eruptions occurred in the
periods 1880 to 1920 and 1960 to 1991. The com-
bined change in radiative forcing of the two major
natural factors (solar variation and volcanic aero-
sols) is estimated to be negative for the past two,
and possibly the past four, decades.

(continued on page 5)



issuing its findings appeared to agree with some of the
IPCC conclusions, but also seemed to suggest that fur-
ther work needs to be done in identifying the impacts of
natural climatic variability and reducing the uncertainty
inherent in climate change modeling. Among the
National Research Council findings are the following:5

Greenhouse gases are accumulating in Earth ’s atmo-
sphere as a result of human activities, causing surface
air temperatures and subsurface ocean temperatures to
rise. Temperatures are, in fact, rising. The changes
observed over the last several decades are likely mostly
due to human activities, but we cannot rule out that
some significant part of these changes is also a reflection
of natural variability.

Because there is considerable uncertainty in current
understanding of how the climate system varies natu-
rally and reacts to emissions of greenhouse gases and
aerosols, current estimates of the magnitude of future
warming should be regarded as tentative and subject to
future adjustments (either upward or downward).

The committee generally agrees with the assessment of
human-caused climate change presented in the IPCC
Working Group I (WGI) scientific report, but seeks here
to articulate more clearly the level of confidence that can
be ascribed to those assessments and the caveats that
need to be attached to them.

While both the extent and consequences of human-
induced global climate change remain uncertain, the
threat of climate change has put in motion an array of
efforts by the United States and other governments to
find some mechanism for limiting the risk of climate
change and ameliorating possible consequences. To
date, efforts have focused on identifying levels and
sources of emissions of greenhouse gases and on possi-
ble mechanisms for reducing emissions or increasing
sequestration of greenhouse gases.

Global Sources of Greenhouse Gases

Most greenhouse gases have both natural and human-
made emission sources. There are, however, significant
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Key Findings from the Third Assessment Report
by the International Panel on Climate Change (Continued)

• There is new and stronger evidence that most of
the warming observed over the past 50 years is
attributable to human activities.

- The warming over the past 50 years due to anthro-
pogenic greenhouse gases can be identified despite
uncertainties in forcing due to anthropogenic sul-
fate aerosol and natural factors (volcanos and solar
irradiance).

• Human influences will continue to change atmo-
spheric composition throughout the 21st century.

- For the IPCC Special Report on Emission Scenarios
(SRES) illustrative scenarios, relative to the year
2000, the global mean radiative forcing due to
greenhouse gases continues to increase through
the 21st century, with the fraction due to CO2 pro-
jected to increase from slightly more than one-half
to about three-quarters.

• Global average temperature and sea level are pro-
jected to rise under all IPCC SRES scenarios.

- The globally averaged surface temperature is pro-
jected to increase by 1.4 to 5.8oC over the period

1990 to 2100. These results are for the full range of
35 SRES scenarios, based on a number of climate
models.

- Global mean sea level is projected to rise by 0.09 to
0.88 meters between 1990 and 2100, for the full
range of SRES scenarios.

• Anthropogenic climate change will persist for
many centuries.

- Emissions of long-lived greenhouse gases (i.e.,
CO2, N2O, PFCs, and SF6) have a lasting effect on
atmospheric composition, radiative forcing, and
climate. For example, several centuries after CO2
emissions occur, about one-quarter of the increase
in CO2 concentration caused by these emissions is
still present in the atmosphere.

- After greenhouse gas concentrations have stabi-
lized, global average surface temperatures would
rise at a rate of only a few tenths of a degree per
century rather than several degrees per century as
projected for the 21st century without stabilization.

Source: Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge,
UK: Cambridge University Press, 2001).

5National Research Council, Climate Change Science, An Analysis of Some Key Questions (Washington, DC: National Academy Press 2001),
p. 1.



natural mechanisms (land-based or ocean-based sinks)
for removing them from the atmosphere. However,
increased levels of anthropogenic (human-made) emis-
sions have pushed the total level of greenhouse gas
emissions (both natural and anthropogenic) above the
natural absorption rates for these gases. This positive
imbalance between emissions and absorption has
resulted in the continuing growth in atmospheric con-
centrations of these gases. Table 2 illustrates the relation-
ship between anthropogenic (human-made) and natural
emissions and absorption of the principal greenhouse
gases.

Water Vapor. Water vapor, as noted above, is the most
common greenhouse gas present in the atmosphere. It is
emitted into the atmosphere in enormous volumes
through natural evaporation from oceans, lakes, and
soils and is returned to Earth in the form of rain and
snow. As a natural emission generally beyond human
control, water vapor has not been included in climate
change options under the United Nations Framework
Convention on Climate Change. The recent IPCC report,
however, cites a possible positive feedback from
increased water vapor formation due to increased
warming caused by increased atmospheric CO2 concen-
trations.6 Increased atmospheric temperatures increase
the water-holding capability of the atmosphere. Accord-
ing to some of the IPCC emission scenarios, increased

water vapor content could double the predicted atmo-
spheric warming above what it would be if water vapor
concentration stayed constant. These scenarios, how-
ever, have an element of uncertainty due to the possible
countervailing effect of increased cloud formation,
which can act to cool the planet by absorbing and
reflecting solar radiation or warm the planet through the
emission of long-wave radiation. According to the IPCC,
increases in atmospheric temperatures would not
necessarily result in increased concentrations of water
vapor, because most of the atmosphere today is
undersaturated.

Carbon Dioxide. Carbon is a common element on the
planet, and immense quantities can be found in the
atmosphere, in soils, in carbonate rocks, and dissolved
in ocean water. All life on Earth participates in the “car-
bon cycle,” by which carbon dioxide is extracted from
the air by plants and decomposed into carbon and oxy-
gen, with the carbon being incorporated into plant bio-
mass and the oxygen released to the atmosphere. Plant
biomass, in turn, ultimately decays (oxidizes), releasing
carbon dioxide back into the atmosphere or storing
organic carbon in soil or rock. There are vast exchanges
of carbon dioxide between the ocean and the atmo-
sphere, with the ocean absorbing carbon from the atmo-
sphere and plant life in the ocean absorbing carbon from
water, dying, and spreading organic carbon on the sea
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Table 2.  Global Natural and Anthropogenic Sources and Absorption of Greenhouse Gases

Gas

Sources

Absorption
Annual Increase in Gas

in the AtmosphereNatural Human-Made Total

Carbon Dioxide
(Million Metric Tons Carbon Equivalent)a. . 210,000 6,300 216,300 213,100 3,200

Methane
(Million Metric Tons of Gas)b . . . . . . . . . . . 239 359 598 576 22

Nitrous Oxide
(Million Metric Tons of Gas)c . . . . . . . . . . . 9.5 6.9 16.4 12.6 3.8

aCarbon dioxide natural source and absorption of 210,000 million metric tons carbon equivalent, based on balanced flux of
120,000 million metric tons carbon equivalent between land and atmosphere and 90,000 million metric tons carbon equivalent
between oceans and atmosphere, from Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis
(Cambridge, UK: Cambridge University Press, 2001), Figure 3.1, p. 188. Human-made emissions of 6,300 million metric tons carbon
equivalent and distribution of those emissions (atmospheric absorption 3,200 million metric tons carbon equivalent, ocean absorp-
tion 1,700 million metric tons carbon equivalent, and land absorption 1,400 million metric tons carbon equivalent), taken from Inter-
governmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 39.

bMethane total sources, absorption, and annual atmospheric increases from Intergovernmental Panel on Climate Change, Cli-
mate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press, 2001), Table 4.2, p. 250. Distinction between
natural and human-made sources based on the assumption that 60 percent of total sources are anthropogenic, from Intergovern-
mental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press, 2001),
p. 248.

cNitrous oxide total and human-made sources, absorption, and atmospheric increases from Intergovernmental Panel on Climate
Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press, 2001), Table 4.4, p. 252. Nitrous
oxide natural sources (9.5 million metric tons of gas) derived by subtracting human-made sources from total sources.

Source: Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge
University Press, 2001).

6Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-
bridge University Press, 2001), p. 49.



bottom, where it is eventually incorporated into carbon-
ate rocks such as limestone.

Records from Antarctic ice cores indicate that the carbon
cycle has been in a state of imbalance for the past 200
years, with emissions of carbon dioxide to the atmo-
sphere exceeding absorption. Consequently, carbon
dioxide concentrations in the atmosphere have been
steadily rising. According to the IPCC, before 1750,
atmospheric carbon dioxide concentration was around
280 ± 10 parts per million for several thousand years.
The IPCC goes on to say that the present carbon dioxide
concentration has not been exceeded during the past
420,000 years, and likely not during the past 20 million
years.7

The most important natural sources of carbon dioxide
are releases from the oceans (90 billion metric tons car-
bon equivalent per year) and land (120 billion metric
tons carbon equivalent annually), including 60 billion
metric tons carbon equivalent from plant respiration,
55 billion metric tons carbon equivalent from non-plant
respiration (bacteria, fungi, and herbivores) and 4 billion
metric tons carbon equivalent from combustion of natu-
ral and human-made fires.8 Known anthropogenic
sources (including deforestation) were estimated to
account for about 7.9 billion metric tons of carbon
per year during the 1989 to 1998 time period.9 The prin-
cipal anthropogenic source is the combustion of fossil
fuels, which accounts for about 80 percent of total
anthropogenic emissions of carbon worldwide. Natural
processes—primarily, uptake by the ocean and photo-
synthesis—absorb substantially all the naturally pro-
duced carbon dioxide and some of the anthropogenic
carbon dioxide, leading to an annual net increase in car-
bon dioxide in the atmosphere of 3.1 to 3.3 billion metric
tons.10

Methane. Methane is also a common compound. The
methane cycle is less well understood than the carbon
cycle. Natural methane is released primarily by anaero-
bic decay of vegetation in wetlands, by the digestive
tracts of termites in the tropics, by the ocean, and by
leakage from methane hydrate deposits. The principal
anthropogenic sources are leakages from the production

of fossil fuels, human-promoted anaerobic decay in
landfills, and the digestive processes of domestic ani-
mals. Anthropogenic sources are estimated to be 60 per-
cent of total methane emissions.11 The main sources of
absorption are thought to be tropospheric reactions with
hydroxyl(OH) radicals that break down methane into
CH3 and water vapor (506 million metric tons), strato-
spheric reactions with hydroxyl radicals and chlorine
(40 million metric tons), and decomposition by bacteria
in soils (30 million metric tons). Known and unknown
sources of methane are estimated to total 598 million
metric tons annually; known sinks (i.e., absorption by
natural processes) total about 576 million metric tons.
The annual increase in methane concentration in the
atmosphere accounts for the difference of 22 million
metric tons.12

Nitrous Oxide. The sources and absorption of nitrous
oxide are much more speculative than those for other
greenhouse gases. The principal natural sources are
thought to be bacterial breakdown of nitrogen com-
pounds in soils, particularly forest soils, fluxes from
ocean upwellings, and stratospheric photo dissociation
and reaction with electronically excited oxygen atoms.
The primary human-made sources are enhancement of
natural processes through application of nitrogen fertil-
izers, combustion of fuels (in fossil-fueled power plants
and from the catalytic converters in automobiles), cer-
tain industrial processes (nylon and nitric acid produc-
tion), biomass burning, and cattle and feedlots.
Worldwide, estimated known sources of nitrous oxide
total 16.4 million metric tons annually (6.9 million metric
tons from anthropogenic sources), and known sinks
total 12.6 million metric tons. The annual increase in con-
centrations in the atmosphere is thought to total 3.8 mil-
lion metric tons.13

Halocarbons and Other Gases. During the 20th century,
human ingenuity created an array of “engineered”
chemicals, not normally found in nature, whose special
characteristics render them particularly useful. A partic-
ular family of engineered gases is the halocarbons. A
halocarbon is a compound containing either chlorine,
bromine, or fluorine and carbon. Halocarbons are
powerful greenhouse gases. Halocarbons that contain
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7Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-
bridge University Press, 2001), p. 185.

8Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), pp. 188, 191.

9Intergovernmental Panel on Climate Change, Land Use, Land-Use Change, and Forestry. A Special Report to the IPCC (Cambridge, UK:
Cambridge University Press, 2000).

10Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis, (Cambridge, UK: Cambridge University Press,
2001), p. 208.

11Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis, (Cambridge, UK: Cambridge University Press,
2001), p. 248.

12Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis, (Cambridge, UK: Cambridge University Press,
2001), Table 4.2, p. 250.

13Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), Table 4.4, p. 252.



bromine or chlorine also deplete the Earth’s ozone layer.
One of the best known groups of halocarbons is the
chlorofluorocarbons (CFCs), particularly CFC-12, often
known by its trade name, “Freon-12.” CFCs have many
desirable features: they are relatively simple to manufac-
ture, inert, nontoxic, and nonflammable. Because CFCs
are chemically stable, once emitted, they remain in the
atmosphere for hundreds or thousands of years.
Because they are not found in nature, these molecules
absorb reflected infrared radiation at wavelengths that
otherwise would be largely unabsorbed, and they are
potent greenhouse gases, with a direct radiative forcing
effect hundreds or thousands of times greater, gram-
per-gram, than that of carbon dioxide.

Because of their long atmospheric lives, a portion of the
CFCs emitted into the atmosphere eventually find their
way into the stratosphere, where they can be destroyed
by sunlight. This reaction, however, releases free chlo-
rine atoms into the stratosphere, and the free chlorine
atoms tend to combine with stratospheric ozone, which
protects the surface of the Earth from certain wave-
lengths of potentially damaging solar ultraviolet radia-
tion (ultraviolet radiation, for example, causes human
and animal skin cancers).

The threat posed by CFCs to the ozone layer has caused
the United States and many other countries to commit
themselves to phasing out the production of CFCs
and their chemical cousins, hydrochlorofluorocarbons
(HCFCs), pursuant to an international treaty, the 1987
Montreal Protocol. As use of CFCs has declined, many
related chemicals have emerged as alternatives, includ-
ing HCFCs and hydrofluorocarbons (HFCs). HCFCs are
similar to CFCs, but they are more reactive and conse-
quently have shorter atmospheric lives, with less effect
on the ozone layer and smaller direct global warming
effects. HCFCs are also being phased out, but over a lon-
ger time scale. The ozone-depleting substances with the
most potential to influence climate, CFC-11, CFC-12 and
CFC-113, are beginning to show reduced growth rates in
atmospheric concentrations in the aftermath of the Mon-
treal Protocol. The present radiative forcing of CFC-11 is
about 0.065 watts per square meter, and that of CFC-12 is
around 0.2 watts per square meter.14

HFCs have no chlorine and consequently have no effect
on the ozone layer, but they are powerful greenhouse
gases. The three most prominent HFCs in the atmo-
sphere today are HFC-23, HFC-134a, and HFC-152a.

HFC-23 is formed as a byproduct of HCFC-22
production, which is being phased out under the Mon-
treal Protocol. Although HFC-23 is very long-lived (260
years), the growth rate in its atmospheric concentration
has begun to level off in accordance with reductions in
HCFC-22 production. HFC-134a production was rare
before 1990, but in 1994 HFC-134a was adopted as the
standard motor vehicle air conditioning refrigerant in
virtually all new cars made in America. HFC-134a has a
lifetime of 13.8 years, and emissions have grown rapidly
from near zero in 1990 to 0.032 million metric tons in
1996.15 HFC-152a emissions have risen steadily since
about 1995, but its short lifetime of 1.4 years has kept
concentration levels below 1 part per trillion.

Another new class of engineered halocarbons are the
perfluorocarbons (PFCs), which include perfluoro-
methane (CF4) and perfluoroethane (C2F6). PFCs are
emitted as byproducts of aluminum smelting and are
increasingly being used in the manufacture of semicon-
ductors. They are powerful greenhouse gases and
extremely long-lived. Perfluoromethane has 100-year
global warming potential (GWP) of 5,700 and a lifetime
in excess of 50,000 years. Perfluoroethane has a GWP of
11,900 and a lifetime of 10,000 years. Perfluoromethane
is a naturally occurring compound in fluorites, and
emissions from this source create a natural abundance of
40 parts per trillion in the atmosphere. Increases in
anthropogenic emissions, growing at about 1.3 percent
annually, have raised atmospheric concentrations to 80
parts per trillion.16 Perfluoroethane does not occur natu-
rally in the atmosphere and current concentrations (3.0
parts per trillion) are attributable to anthropogenic emis-
sions, which are growing by 3.2 percent annually. Sinks
for PFCs are photolysis and ion reactions in the
mesosphere.

Sulfur hexafluoride (SF6) is used as an insulator in util-
ity-scale electrical equipment and as a cover gas in mag-
nesium smelting. It is not a halocarbon, but it is a
powerful greenhouse gas. SF6 has a 100-year GWP of
22,200 and a lifetime of 3,200 years. Like perfluoro-
methane, SF6 occurs naturally in fluorites, which pro-
duce a natural abundance of 0.01 parts per trillion in the
atmosphere. Current atmospheric concentrations (3.0
parts per trillion) can be traced to anthropogenic emis-
sions, which grew by approximately 7 percent annually
during the 1980s and 1990s. Also like PFCs, sinks for SF6
are photolysis and ion reactions in the mesosphere.17
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14Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), Figures 4.6 and 4.7, p. 255.

15Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 254.

16Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 254.

17Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), p. 254.



There may be other chemicals not yet identified that
exhibit radiative properties similar to those of the halo-
carbons and other gases described above. One recent
discovery identified trifluoromethyl sulfur penta-
fluoride (SF5CF3) as a new anthropogenic greenhouse
gas in the atmosphere.18 It is believed that SF5CF3 is cre-
ated by the breakdown of SF6 in high-voltage equip-
ment, which produces CF3 that reacts with SF5 radicals
resulting from high-voltage discharges. Its atmospheric
concentration has grown from near zero in 1960 to 0.12
parts per trillion in 1999. To date, SF5CF3 has the largest
radiative forcing on a per-molecule basis of any gas
found in the atmosphere.19 This gas is not yet specifi-
cally addressed by the United Nations Framework Con-
vention on Climate Change.

A number of chemical solvents are also strong green-
house gases. The solvents carbon tetrachloride (GWP of
1,800 and lifetime of 35 years) and methyl chloroform
(GWP of 140 and lifetime of 4.8 years), however, are reg-
ulated in the United States both as ozone depleters and
for toxicity. All these gases have direct radiative forcing
effects, which are offset to some degree by their
ozone-depleting effects.

With the advent of the United Nations Framework Con-
vention and the Kyoto Protocol, the halocarbon and
other industrial chemicals can be grouped into two
categories:

• Ozone-depleting chemicals regulated under the
Montreal Protocol but excluded from the Frame-
work Convention (CFCs, HCFCs, and others)

• “Kyoto gases” (HFCs, PFCs, and SF6).

The “Kyoto gases” are deemed to “count” for the pur-
poses of meeting national obligations under the Frame-
work Convention. The ozone depleters, however, are
excluded from the Framework Convention because they
are regulated by the Montreal Protocol.

Other Important Radiative Gases. There are a number
of additional gases, resulting in part from human
sources, that produce radiative forcing of the Earth’s cli-
mate but are not included under the Framework Con-
vention or the Montreal Protocol. In general, these gases
are short-lived, they have only indirect climate effects,
or there is a fair amount of uncertainty about their
climatic impacts. They can be broken down into three

general classes: (1) ozone, both tropospheric and strato-
spheric; (2) criteria pollutants that are indirect green-
house gases; and (3) aerosols, including sulfates and
black soot.

Ozone (O3) is present in both the troposphere and the
stratosphere. Tropospheric ozone is not directly emitted
into the atmosphere but instead forms via the photo-
chemical reactions of various ozone precursors (primar-
ily nitrogen oxides and volatile organic compounds). In
the troposphere, ozone acts as a direct greenhouse gas.
The lifetime of ozone in the atmosphere varies from
weeks to months, which imparts an element of uncer-
tainty in estimating tropospheric ozone’s radiative forc-
ing effects. The IPCC estimates that the radiative forcing
of tropospheric ozone is 0.35 ± 0.2 watts per square
meter.20 The depletion of stratospheric ozone due to the
emission of halocarbons, on the other hand, has tended
to cool the planet. The IPCC estimates that the cooling
due to stratospheric ozone depletion is on the order of
-0.15 ± 0.1 watts per square meter.21 As the ozone layer
recovers, however, due to the impacts of the Montreal
Protocol, it is expected that stratospheric ozone will
exert a positive radiative forcing effect on the Earth’s
climate.

There are also a number of compounds (carbon monox-
ide, nitrogen oxides, and volatile organic compounds)
that are indirect greenhouse gases. These gases are regu-
lated in the United States pursuant to the Clean Air Act,
and they are often referred to as “criteria pollutants.”
They are emitted primarily as byproducts of combustion
(both of fossil fuels and of biomass), and they influence
climate indirectly through the formation of ozone and
their effects on the lifetime of methane emissions in
the atmosphere. Carbon monoxide, via its affects on
hydroxyl radicals, can help promote the abundance of
methane, a powerful greenhouse gas, in the atmosphere,
as well as increase ozone formation. Some IPCC model
calculations indicate that 100 metric tons of carbon mon-
oxide emissions is equivalent to the emissions of about 5
metric tons of methane.22

Nitrogen oxides, including NO and NO2, influence cli-
mate by their impacts on other greenhouse gases. Nitro-
gen oxides not only promote ozone formation, they also
impact (negatively) methane and HFC concentrations in
the atmosphere. The deposition of nitrogen oxides could

U.S. Greenhouse Gas Emissions in Perspective

Energy Information Administration / Emissions of Greenhouse Gases in the United States 2000 9

18W.T. Sturges et al., “A Potent Greenhouse Gas Identified in the Atmosphere: SF5CF3,” Science, Vol. 289 (July 28, 2000), pp. 611-613.
19Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 254.
20Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-

bridge University Press, 2001), p. 43.
21Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-

bridge University Press, 2001), p. 43.
22Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-

bridge University Press, 2001), p. 44.



also reduce atmospheric carbon dioxide concentrations
by fertilizing the biosphere.23

Volatile organic compounds (VOCs), although they
have some short-lived direct radiative-forcing proper-
ties, primarily influence climate indirectly via their pro-
motion of ozone formation and production of organic
aerosols. The main sources of global VOC emissions are
vegetation (primarily tropical) (377 million metric tons
carbon equivalent), fossil fuels (161 million metric tons
carbon equivalent), and biomass burning (33 million
metric ton carbon equivalent).24

Aerosols, which are small airborne particles or droplets,
also affect the Earth’s climate. Aerosols have both direct
effects, through their ability to absorb and scatter solar
and thermal radiation, and indirect effects, through their
ability to modify the physical properties and amount of
clouds. In terms of climate change, the most prominent
aerosols are sulfates, fossil fuel black carbon aerosols
(sometimes called “black soot”), fossil fuel organic car-
bon aerosols, and biomass-burning aerosols.

One of the primary precursors of sulfates is sulfur diox-
ide (SO2), which is emitted largely as a byproduct from
the combustion of sulfur-containing fossil fuels, particu-
larly coal. Sulfur dioxide reacts in the air to form sulfate
compounds. The major source of anthropogenic black
soot and organic carbon aerosols is the burning of fossil
fuels, primarily coal and diesel fuels. Biomass-burning
aerosols are formed by the incomplete combustion of
forest products. The IPCC estimates the direct radiative
forcing for aerosols as follows: sulfates, -0.4 watts per
square meter; black soot, +0.2 watts per square meter;
fossil fuel organic carbon, -0.1 watts per square meter;
and biomass-burning aerosols, -0.2 watts per square
meter.25 Although the indirect climate effects of aerosols
are uncertain, some preliminary evidence points to an
indirect cooling effect due to cloud formation.26

Relative Forcing Effects of Various Gases

The ability of a greenhouse gas to affect global tempera-
tures depends not only on its radiative or heat-trapping
properties but also on its lifetime or stability in the atmo-
sphere. Because the radiative properties and lifetimes of
greenhouse gases vary greatly, comparable increases in
the concentrations of different greenhouse gases can
have vastly different heat-trapping effects. For example,
among the “Kyoto gases,” carbon dioxide is the most
prominent in terms of emissions, atmospheric concen-
tration, and radiative forcing, but it is among the least
effective as a greenhouse gas. Other compounds, on a
gram-per-gram basis, appear to have much greater
effects.

There has been extensive study of the relative
effectiveness of various greenhouse gases in trapping
the Earth’s heat. Such research has led to the
development of the concept of a “global warming
potential,” or GWP. The GWP is intended to illustrate
the relative impacts on global warming of a given gas
relative to carbon dioxide over a specific time horizon.
Over the past decade, the IPCC has conducted an
extensive research program aimed at summarizing the
effects of various greenhouse gases through a set of
GWPs. The results of that work were originally released
in 1995 in an IPCC report, Climate Change 1994,27 and
subsequently updated in Climate Change 199528 and
Climate Change 2001.29

The calculation of a GWP is based on the radiative effi-
ciency (heat-absorbing ability) of the gas relative to the
radiative efficiency of the reference gas (carbon dioxide),
as well as the removal process (or decay rate) for the gas
relative to the reference gas over a specified time hori-
zon. The IPCC, however, has pointed out that there are
elements of uncertainty in calculating GWPs.30 The
uncertainty takes several forms:
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23Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis. Summary for Policymakers (Cambridge, UK: Cam-
bridge University Press, 2001), p. 44.
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2001).
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• The radiative efficiencies of greenhouse gases do not
necessarily stay constant over time (as calculated in
GWPs), particularly if the abundance of a gas in the
atmosphere increases. Each gas absorbs radiation in
a particular set of wavelengths, or “window,” in the
spectrum. In some cases, where concentrations of
the gas are low and no other gases block radiation in
the same window, small emissions of the gas will
have a disproportionate absorptive effect. However,
if concentrations of the gas rise over time, a larger
and larger portion of the total light passing through
the “window” will already have been captured, and
the marginal effects of additional emissions will not
be as large. Therefore, the effect of an additional unit
of emission of a gas that is relatively plentiful in the
atmosphere, such as water vapor or carbon dioxide,
tends to be less than that of a rare gas, such as sulfur
hexafluoride. This “diminishing return” effect
implies that increasing the concentration of a partic-
ular gas reduces the impact of additional quantities
of that gas. Thus, the relative impacts of various
gases will change as their relative concentrations in
the atmosphere change.

• The lifetime of a greenhouse gas (used in GWP cal-
culations), particularly carbon dioxide, is also sub-
ject to uncertainty. Various natural processes cause
many greenhouse gases to decompose into other
gases or to be absorbed by the ocean or ground.
These processes can be summarized in terms of the
“atmospheric lifetime” of a particular gas, or the
period of time it would take for natural processes to
remove a unit of emissions from the atmosphere.

Some gases, such as CFCs, have very long atmo-
spheric lifetimes, in the hundreds of years. Others,
such as carbon monoxide, have lives measured in
hours or days. Methane, which decays into carbon
dioxide over a period of a few years, has a much
larger short-run effect on global warming than does
an equivalent amount of carbon dioxide; however,
over longer and longer periods—from 10 years to
100 years to 500 years, for example—the differences
between the GWPs of methane and carbon dioxide
become less significant, because carbon dioxide has
a longer atmospheric lifetime than methane.

Table 3 summarizes the consensus results of the most
recent studies by scientists working on behalf of the
IPCC, showing estimates of atmospheric lifetimes and
global warming potentials across various time scales.
For the purposes of calculating “CO2 equivalent” units
for this report, 100-year GWPs are used.

The GWPs discussed above are direct GWPs in that they
consider only the direct impact of the emitted gas. The
IPCC has also devoted effort to the study of indirect
GWPs. Indirect GWPs are based on the climatic impacts
of the atmospheric decomposition of a gas into other
gases. A number of gases—including methane, carbon
monoxide, halocarbons, and nitrogen oxides—are
thought to have indirect climatic effects. Methane indi-
rectly influences the climate through ozone formation
and the production of carbon dioxide. Carbon monoxide
can promote ozone formation and extend the lifetime of
methane in the atmosphere, which results in a positive
indirect GWP. Some halocarbons, such as CFCs and
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Table 3.  Numerical Estimates of Global Warming Potentials Compared With Carbon Dioxide
(Kilogram of Gas per Kilogram of Carbon Dioxide)

Gas
Lifetime
(Years)

Direct Effect for Time Horizons of

20 Years 100 Years 500 Years

Carbon Dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 – 200a 1 1 1

Methane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 62 23 7

Nitrous Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 275 296 156

HFCs, PFCs, and Sulfur Hexafluoride . . . . . . . . . .

HFC-23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260 9,400 12,000 10,000

HFC-125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 5,900 3,400 1,100

HFC-134a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13.8 3,300 1,300 400

HFC-152a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 410 120 37

HFC-227ea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 5,600 3,500 1,100

Perfluoromethane (CF4). . . . . . . . . . . . . . . . . . . . 50,000 3,900 5,700 8,900

Perfluoroethane (C2F6) . . . . . . . . . . . . . . . . . . . . 10,000 8,000 11,900 18,000

Sulfur Hexafluoride (SF6) . . . . . . . . . . . . . . . . . . . 3,200 15,100 22,200 32,400
aNo single lifetime can be defined for carbon dioxide due to different rates of uptake by different removal processes.
Note: The typical uncertainty for global warming potentials is estimated by the Intergovernmental Panel on Climate Change at

±35 percent.
Source: Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge

University Press, 1996), pp. 38 and 388-389.
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Comparison of Global Warming Potentials
from the IPCC’s Second and Third Assessment Reports

Global warming potentials (GWPs) are used to com-
pare the abilities of different greenhouse gases to trap
heat in the atmosphere. GWPs are based on the radia-
tive efficiency (heat-absorbing ability) of each gas rela-
tive to that of carbon dioxide (CO2), as well as the decay
rate of each gas (the amount removed from the atmo-
sphere over a given number of years) relative to that of
CO2. The GWP provides a construct for converting
emissions of various gases into a common measure,
which allows climate analysts to aggregate the radia-
tive impacts of various greenhouse gases into a uni-
form measure denominated in carbon or carbon
dioxide equivalents. The table at the right compares the
GWPs published in the Second and Third Assessment
Reports of the Intergovernmental Panel on Climate
Change (IPCC).

In compiling its greenhouse gas emission estimates,
EIA attempts to employ the most current data sources.
For that reason, and because the IPCC is generally con-
sidered the authoritative source for GWPs, the GWP
values from the IPCC’s Third Assessment Report are
used in this report. It is important to point out, how-
ever, that countries reporting to the United Nations
Framework Convention on Climate Change
(UNFCCC), including the United States, have been
compiling estimates based on the GWPs from the
IPCC’s Second Assessment Report. The UNFCCC
Guidelines on Reporting and Review, adopted before
the publication of the Third Assessment Report,
require emission estimates to be based on the GWPs in
the IPCC Second Assessment Report. This will proba-
bly continue in the short term, until the UNFCCC
reporting rules are changed. The U.S. Environmental
Protection Agency (EPA), which compiles the official
U.S. emissions inventory for submission to the
UNFCCC, intends to present estimates based on the
GWPs published in the Second Assessment Report in

Comparison of 100-Year GWP Estimates
from the IPCC’s Second (1996) and Third (2001)
Assessment Reports

Gas
1996

IPCC GWP
2001

IPCC GWP

Methane. . . . . . . . . . . . . . . . 21 23

Nitrous Oxide . . . . . . . . . . . . 310 296

HFC-23 . . . . . . . . . . . . . . . . 11,700 12,000

HFC-125 . . . . . . . . . . . . . . . 2,800 3,400

HFC-134a . . . . . . . . . . . . . . 1,300 1,300

HFC-143a . . . . . . . . . . . . . . 3,800 4,300

HFC-152a . . . . . . . . . . . . . . 140 120

HFC-227ea . . . . . . . . . . . . . 2,900 3,500

HFC-236fa . . . . . . . . . . . . . . 6,300 9,400

Perfluoromethane (CF4). . . . 6,500 5,700

Perfluoroethane (C2F6) . . . . 9,200 11,900

Sulfur Hexafluoride (SF6). . . 23,900 22,200

its Inventory of U.S. Greenhouse Gas Emissions and Sinks:
1990-2000 for release in April 2002.

The table below shows 2000 U.S. carbon-equivalent
greenhouse gas emissions calculated using the IPCC’s
1996 and 2001 GWPs. The estimate for total U.S. emis-
sions in 2000 is 0.7 percent higher when the revised
GWPs are used. The estimates for earlier years gener-
ally follow the same pattern. Using the 2001 GWPs,
estimates of carbon-equivalent methane emissions are
9.5 percent higher, and carbon-equivalent nitrous
oxide emissions are 4.5 percent lower. Carbon-
equivalent emissions of HFCs, PFCs, and SF6 are lower
for some years and higher for others, depending on the
relative shares of the three gases.

Gas

IPCC GWP

Annual GWP-Weighted Emissions

1990 1999 2000

1996 2001
1996
GWP

2001
GWP

Percent
Change

1996
GWP

2001
GWP

Percent
Change

1996
GWP

2001
GWP

Percent
Change

Carbon Dioxide. . . . . . . 1 1 1,355 1,355 0.0 1,536 1,536 0.0 1,583 1,583 0.0

Methane . . . . . . . . . . . . 23 21 181 199 9.5 164 180 9.5 161 177 9.5

Nitrous Oxide . . . . . . . . 296 310 99 94 -4.5 105 100 -4.5 104 99 -4.5

HFCs, PFCs, and SF6. . — — 31 30 -2.4 44 45 2.9 45 47 3.5

Total . . . . . . . . . . . . . . — — 1,666 1,678 0.6 1,848 1,860 0.6 1,894 1,906 0.7



HCFCs, produce an indirect cooling effect by removing
ozone from the stratosphere. The indirect cooling effect
leads to lower net GWPs in a number of cases, but in
most cases their net GWPs are still positive. Nitrogen
oxides promote the formation of tropospheric ozone
and, thus, have a positive indirect GWP—on the order of
5 for surface emissions and 450 for aircraft emissions.31

International Developments in
Global Climate Change

Rising concentrations of carbon dioxide in the atmo-
sphere were first detected in the late 1950s, and observa-
tions of atmospheric concentrations of methane, nitrous
oxide, and other gases began in the late 1970s. Concern
about the effects of rising atmospheric concentrations of
greenhouse gases remained largely the province of
atmospheric scientists and climatologists, however,
until the mid-1980s, when a series of international scien-
tific workshops and conferences began to move the topic
onto the agenda of United Nations specialized agencies,
particularly, the World Meteorological Organization
(WMO).

The IPCC was established under the auspices of the
United Nations Environment Program and the WMO in
late 1988, to accumulate available scientific research on
climate change and to provide scientific advice to
policymakers. A series of international conferences pro-
vided impetus for an international treaty aimed at limit-
ing the human impact on climate. In December 1990, the
United Nations established the Intergovernmental
Negotiating Committee (INC) for a Framework Conven-
tion on Climate Change. Beginning in 1991, the INC
hosted a series of negotiating sessions that culminated in
the adoption, by more than 160 countries, including the
United States, of the Framework Convention on Climate
Change (FCCC), opened for signature at the “Earth
Summit” in Rio de Janeiro, Brazil, on June 4, 1992.32

From the Framework Convention to the
Kyoto Protocol

The objective of the Framework Convention is stated as
follows:

The ultimate objective of this Convention and any
related legal instruments that the Conference of the
Parties may adopt is to achieve, in accordance with the
relevant provisions of the Convention, stabilization of
greenhouse gas concentrations in the atmosphere at a
level that would prevent dangerous anthropogenic
interference with the climate system.33

The Framework Convention divided its signatories into
two groups: the countries listed in Annex I to the Proto-
col, and all others. The Annex I countries include the 24
original members of the Organization for Economic
Cooperation and Development (OECD) (including the
United States), the European Union, and 14 countries
with economies in transition (Russia, Ukraine, and East-
ern Europe).34

The Convention requires all parties to undertake “poli-
cies and measures” to limit emissions of greenhouse
gases, and to provide national inventories of emissions
of greenhouse gases (Article 4.1a and b). Annex I parties
are further required to take actions “with the aim of
returning . . . to their 1990 levels these anthropogenic
emissions of carbon dioxide and other greenhouse
gases” (Article 4.2a and b). The signatories subsequently
agreed that Annex I parties should provide annual
inventories of greenhouse gas emissions.

In April 1993, President Clinton committed to stabilizing
U.S. emissions of greenhouse gases at the 1990 level by
2000, using an array of voluntary measures. In the fol-
lowing years, however, greenhouse gas emissions in the
United States and many other Annex I countries contin-
ued to increase. The climate negotiators, continuing to
meet as “the Conference of the Parties [to the Frame-
work Convention]” (COP), took up the question of how
to limit emissions in the post-2000 period, a topic on
which the Framework Convention was silent. In 1995,
COP-1, held in Berlin, Germany, agreed to begin negoti-
ating a post-2000 regime. In 1996, COP-2, held in
Geneva, Switzerland, agreed that the regime would
encompass binding limitations on emissions for the par-
ties, to be signed at COP-3, which was to be held in
Kyoto, Japan, in December 1997.
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31Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001), pp. 387-390.

32The Framework Convention was “adopted” by a vote of the conference of the parties on May 9th, while the signatures and ratifications
of member states flowed in over a period of years. The treaty “entered into force” in 1994. There is a discussion of the development of the
Convention in D. Bodanzky, “Prologue to the Climate Convention,” in I. Mintzer and J.A. Leonard (eds.), Negotiating Climate Change: The
Inside Story of the Rio Convention (Cambridge, UK: Cambridge University Press, 1994), pp. 49-66.

33The official text of the Framework Convention can be found at web site www.unfccc.de/index.html.
34The Annex I nations include Australia, Austria, Belgium, Bulgaria, Canada, Croatia, Czech Republic, Denmark, European Union, Esto-

nia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Latvia, Liechtenstein, Lithuania, Luxembourg, Monaco,
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Ukraine, United Kingdom, United States of America. Belarus initially participated in the Framework Convention but did not join the Kyoto
Protocol. Turkey initially joined the Convention but subsequently asked to withdraw from Annex I status and did not join the Kyoto Proto-
col. In June 1999, Kazakhstan applied for Annex I status but subsequently withdrew its application in June 2000.



The Kyoto Protocol

The most fundamental feature of the Kyoto Protocol to
the Framework Convention, adopted on December 11,
1997, is a set of quantified greenhouse gas emissions tar-
gets for Annex I countries, which collectively are about 5
percent lower than the 1990 emissions of those countries
taken as a group.35 Developing country signatories do
not have quantified targets. Some of the key features of
the Protocol are summarized below:

• Differentiated Targets. Each Annex I signatory has
a “quantified emissions reduction limitation com-
mitment,” which limits the signatory to some frac-
tion, ranging from 90 to 110 percent, of its 1990
greenhouse gas emissions.36 Both the European
Union (EU) and the individual members of the EU
signed the Protocol and are responsible for meeting
their commitments.

• Commitment Period. Each target is defined as the
average of the signatory’s emissions over the 5-year
period 2008-2012, called “the commitment period.”

• Six Gases. Participants are to limit their emissions of
carbon dioxide, methane, nitrous oxide, HFCs,
PFCs, and sulfur hexafluoride, weighted by the
GWP of each gas. HFCs and PFCs are actually
classes of gases with multiple members, but the term
“six gases” has stuck. Participants may use 1995 as
the baseline for HFCs, PFCs, and sulfur
hexafluoride, instead of 1990.

• Demonstrable Progress. Annex I countries are
required to have made “demonstrable progress”
toward achieving their commitments by 2005.

• Land Use and Forestry. The Protocol includes com-
plicated provisions on forestry, the implication
being that some emissions and sequestration arising
from changes in land use and forestry since 1990 can
be counted against the target.

• Flexibility Mechanisms. The Protocol includes an
array of methods by which Annex I countries can
spread and reduce the cost of emissions limitations.
The flexibility mechanisms include:

- Emissions Trading. Annex I countries can trans-
fer portions of their quotas to one another.

- Joint Implementation. Annex I countries can
undertake emissions reduction projects in other
Annex I countries and receive a negotiated share
of the emissions reductions generated by the
projects.

- Joint Fulfillment. Like-minded Annex I countries
(such as the EU) may band together to reallocate
national targets within the group, so long as the
collective target is met.

- Clean Development Mechanism. Annex I coun-
tries may undertake emissions reduction projects
in non-Annex I countries and receive credits
countable against national targets.

• Entry into Force. The Protocol enters into force
when 55 countries and Annex I signatories with car-
bon dioxide emissions totaling 55 percent of total
Annex I emissions “have deposited their instru-
ments of ratification, acceptance, approval, or acces-
sion.” As of September 28, 2001, 84 countries
(including 36 Annex I countries) had signed (not rat-
ified) the Protocol. To date, 40 countries, including a
number of Central and South American nations,
several small island states, and some Central Asia
nations, have ratified the Protocol. Only one Annex I
country, Romania, has ratified the Protocol.37

The Kyoto Protocol and the United States

The U.S. Government formally signed the Kyoto Proto-
col on November 12, 1998. Under the U.S. Constitution,
however, the Government may adhere to treaties only
with the “advice and consent” of the Senate.38 In 2001,
President Bush indicated that he does not intend to sub-
mit the Protocol to the Senate for ratification and that the
United States will not agree to the Kyoto Protocol
because “it exempts 80 percent of the world, including
major population centers such as China and India, from
compliance, and would cause serious harm to the U.S.
economy.”39 The United States, instead, plans to
develop a National Climate Change Technology Initia-
tive that would develop innovative, long-term technolo-
gies to address the issue of climate change.40

Beyond the Kyoto Protocol

Since the signing of the Kyoto Protocol, the signatories
have continued to shape the “work in progress.” At the
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35The text of the Kyoto Protocol can also be found at web site www.unfccc.de/index.html.
36Several Eastern European states have been permitted to use emissions from the late 1980s, rather than 1990, as their baseline. All signa-
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2001).
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fourth session of the Conference of the Parties (COP-4)
in Buenos Aires, Argentina, in November 1998, a plan of
action was adopted to finalize a number of the imple-
mentation issues of the Protocol. Negotiations at the fifth
Conference of the Parties (COP-5) in Bonn, Germany,
from October 25 through November 5, 1999, focused on
developing rules and guidelines for emissions trading,
joint implementation, and a Clean Development Mecha-
nism (CDM), negotiating the definition and use of for-
estry activities and additional sinks, and understanding
the basics of a compliance system, with an effort to com-
plete this work at the sixth Conference of the Parties
(COP-6) at The Hague, Netherlands, in November 2000.

The major goals of the COP-6 negotiations were to
develop the concepts in the Protocol in sufficient detail
that the Protocol could be ratified by enough Annex I
countries to be put into force, and to encourage signifi-
cant action by the non-Annex I countries to meet the
objectives of the Framework Convention.41 The COP-6
negotiations focused on a range of technical issues,
including emissions reporting and review, communica-
tions by non-Annex I countries, technology transfer, and
assessments of capacity needs for developing countries
and countries with economies in transition.

The COP-6 negotiations were suspended in November
2000 without agreement on a number of issues, includ-
ing the appropriate amount of credit for carbon sinks,
such as forests and farmlands, and the use of flexible
mechanisms, such as international emissions trading
and the CDM, to reduce the cost of meeting the global
emissions targets.42 COP-6 was rescheduled to resume
in the Spring/Summer of 2001 in Bonn, Germany.43

The COP-6 negotiations resumed in Bonn, Germany, on
July 16, 2001 (COP-6 Part 2), again to focus on develop-
ing the concepts in the Protocol in sufficient detail that it
could be ratified by enough Annex I countries to be put

into force. On July 23, 2001, 178 members/nations of the
United Nations Framework Convention on Climate
Change reached an agreement (the “Bonn Agreement”)
on the operational rulebook for the Kyoto Protocol.

The “Bonn Agreement” creates a Special Climate
Change Fund and a Protocol Adaptation Fund to help
developing countries adapt to climate change impacts,
obtain clean technologies, and limit the growth in their
emissions; allows developed nations to use carbon sinks
to comply, in part, with their Kyoto Protocol emission
reduction commitments; and establishes rules for the
CDM, emissions trading, and Joint Implementation pro-
jects. The Bonn Agreement also emphasizes that domes-
tic actions shall constitute a significant element of
emission reduction efforts made by each Party and, also,
establishes a Compliance Committee with a facilitative
branch and an enforcement branch. In terms of compli-
ance, for every ton of gas that a country emits over its
target, it will be required to reduce an additional 1.3 tons
during the Protocol’s second commitment period, which
starts in 2013.

The Bonn Agreement will be forwarded for official
adoption at the Seventh Session of the Conference of the
Parties (COP-7), which is to be held in Marrakech,
Morocco, from October 29 to November 9, 2001. COP-7
is intended to set up the institutions necessary to make
the Bonn Agreement and the Kyoto Protocol operational
once ratification is achieved.

The Bush Administration has indicated that it has no
objection to the participation of other countries in the
Kyoto Protocol or the Bonn Agreement, even without
U.S. participation. The Administration has indicated
that it intends to develop U.S. alternatives to the Kyoto
Protocol, including the National Climate Change Tech-
nology Initiative.44
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41See U.N. Framework Convention on Climate Change, web site http://cop6.unfccc.int/media/press.html.
42“U.N. Conference Fails to Reach Accord on Global Warming,” New York Times (November 26, 2000).
43“Odd Culprits in Collapse of Climate Talks,” New York Times (November 28, 2000).
44Remarks by President Bush on Global Climate Change, Office of the Press Secretary, The White House (June 11, 2001).
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Analysis of Uncertainty in Greenhouse Gas Emissions
The Revised 1996 IPCC Guidelines for National Green-
house Gas Inventories, as established at the UNFCCC 4th
Conference of the Parties in Kyoto, Japan in December
1997, recommend that nations carry out analyses to
estimate the uncertainty in their national greenhouse
gas emissions inventories. According to the guidelines,
nations should construct 95 percent confidence inter-
vals for their greenhouse gas emission estimates using
classical sampling techniques, Monte Carlo tech-
niques, or assessments by national experts. The United
Nations Framework Convention on Climate Change
(UNFCCC) subsequently requested that the IPCC com-
plete its work on uncertainty and prepare a report on
good practice in inventory management. In 2000, the
IPCC issued its report establishing Tier 1 and Tier 2
methods of estimating uncertainty in greenhouse gas
inventories as follows:a

• Tier 1: Estimation of uncertainties by source cate-
gory using error propagation equations . . . and
simple combination of uncertainties by source cat-
egory to estimate overall uncertainty for one year
and the uncertainty in the trend.

• Tier 2: Estimation of uncertainties by source cate-
gory using Monte Carlo analysis, followed by the
use of Monte Carlo techniques to estimate overall
uncertainty for one year and the uncertainty in the
trend.

In response to the IPCC’s good practices guidelines,
EIA in 1998 carried out a Tier 1 uncertainty analysis of
U.S. greenhouse gas emissions for carbon dioxide,
methane, nitrous oxide, and other gases. The results of
that analysis can be found in Appendix C of this report.
The Tier 1 approach, however, as pointed out by the
IPCC may be inappropriate when combining non-
normal distributions, as may be the case with some of
the distributions for emissions factors and activities.

EIA recently undertook a Tier 2 uncertainty analysis
of U.S. carbon dioxide, methane, and nitrous oxide
emission estimates to augment its previous Tier 1
uncertainty analysis. The Tier 2 uncertainty analysis
involves Monte Carlo simulations that facilitate the
combination of various types of probability density
functions. Through repeated iterations, points inside
the relevant probability density functions for both the
activity data and the emissions factors are sampled.

In order to carry out a Monte Carlo analysis, estimates
of minimum, maximum, and random bias in emission
factors and activity data must be established. The table
on pages 17 and 18 shows the estimated bias and ran-
dom uncertainties in activity data and emissions fac-
tors for carbon dioxide, methane, and nitrous oxide,
delineated by fuel type and activity, that was used in
the Monte Carlo analysis. For petroleum, the activity
data are divided into the following sectors: residential,
commercial, and transportation (R,C,T); industrial;
electric utility; and nonfuel use. For coal, the division is
between electricity and other sectors (industrial com-
bined with residential, commercial, and transporta-
tion). For natural gas the division is the same as for
coal, plus flared gas. Methane and nitrous oxide are
divided by source categories. For each source category,
bias and random errors are aggregated by assuming an
aggregate emission factor and a single scaling factor for
activity data.

Because the underlying data are obtained from various
EIA surveys, they have different levels of associated
uncertainty. For example, the maximum bias error for
coal activity associated with the electric power sector is
estimated to be 4 percent, whereas the maximum bias
error for coal activity associated with the other sectors
is estimated to be 7 percent. This is because fuel use
among the reporting electricity generators is well
known, but for the other sectors (especially residential
and commercial) the data are less reliable.

The table on page 18 outlines preliminary results from
the Monte Carlo simulations. Monte Carlo simulations
were carried out for each greenhouse gas separately, as
well as all greenhouse gases as a group. Each column of
the table denotes a separate simulation. Uncertainty
about the simulated mean varies by type of gas. There
is less uncertainty around the carbon dioxide simu-
lated mean (-1.4 to 1.3 percent) than for methane (-15.6
to 16.0 percent) or nitrous oxide (-53.5 to 54.2 percent).

When uncertainty is expressed as a percentage of esti-
mated 1999 emissions, the uncertainty becomes more
skewed in the positive direction. This follows from the
bias error assumptions above, which generally assume
that emissions are underestimated. Denominating
uncertainty as a percentage of estimated 1999 emis-
sions yields the following uncertainty bands: carbon

(continued on page 17)

aIntergovernmental Panel on Climate Change, Good Practice Guidance and Uncertainty Management in National Greenhouse Gas Inven-
tories (Oxford, UK: Oxford University Press, May 2000), p. 6.12.

bTotal 1999 emissions of carbon dioxide, methane and nitrous oxide as estimated in EIA, Emissions of Greenhouse Gases in the United
States 1999, DOE/EIA-0573(99) (Washington, DC, October 2000).
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Analysis of Uncertainty in Greenhouse Gas Emissions (Continued)
Bias and Random Uncertainties Associated with EIA’s Reported Greenhouse Gas Inventory Data, 1999

Source Category

Activity Data Emissions Factors

Bias (Uniform)

Random

Bias (Uniform)

RandomMinimuma Maximumb Minimuma Maximumb

Carbon Dioxide

Natural Gas

Other Sectors (R,C,I,T) . . . . . . . . . . . . . . . . . . . . . . . . . 0.5% 3.0% 0.5% 0.0% 0.0% 0.4%

Electric Utility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5% 2.0% 0.5% 0.0% 0.0% 0.4%

Flared . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.0% 25.0% 2.0% 10.0% 10.0% 5.0%

Coal

Other Sectors (R,C,I,T) . . . . . . . . . . . . . . . . . . . . . . . . . 1.0% 7.0% 0.7% 1.0% 1.0% 0.5%

Electric Utility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5% 4.0% 0.6% 1.0% 1.0% 0.5%

Petroleum

R,C,T Sectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.0% 2.5% 0.5% 1.0% 1.0% 0.5%

Industrial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.0% 3.0% 0.6% 4.0% 4.0% 0.6%

Electric Utility (Heavy Oil, Light Oil, Petroleum Coke). . 0.5% 2.0% 0.5% 3.0% 3.0% 0.6%

Nonfuel Use. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.0% 4.0% 0.6% 3.0% 3.0% 0.6%

U.S. Territories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 10.0% 5.0% 1.0% 1.0% 0.5%

CO2 in Natural Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 5.0% 5.0% 30.0% 30.0% 5.0%

Bunkers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.0% 10.0% 0.2% 1.0% 1.0% 2.0%

Cement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.0% 4.0% 1.0% 3.0% 3.0% 1.0%

Other Industrial Sources . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 10.0% 3.0% 5.0% 5.0% 5.0%

Methane

Coal

Underground Coal Mines: Very Gassy . . . . . . . . . . . . . 5.0% 10.0% 20.0% 0.0% 0.0% 0.0%

Degasification and Underground Mines . . . . . . . . . . . . 5.0% 10.0% 20.0% 35.0% 25.0% 5.0%

Surface Mines and Post-Mining Emissions . . . . . . . . . . 10.0% 10.0% 10.0% 40.0% 100.0% 10.0%

Oil and Gas Systems

Natural Gas Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 40.0% 40.0% 5.0%

Petroleum Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 50.0% 60.0% 5.0%

Combustion

Residential and Commercial Wood . . . . . . . . . . . . . . . . 10.0% 30.0% 5.0% 90.0% 200.0% 15.0%

Other Stationary and Mobile Combustion . . . . . . . . . . . 0.5% 2.8% 0.5% 30.0% 30.0% 15.0%

Waste Handling

Landfills: Recovery Systems (Modeled) . . . . . . . . . . . . 5.0% 20.0% 10.0% 25.0% 25.0% 10.0%

Landfills: Recovery Systems in Place (1992) . . . . . . . . 10.0% 10.0% 7.0% 0.0% 0.0% 0.0%

Landfills: No Recovery Systems . . . . . . . . . . . . . . . . . . 10.0% 30.0% 5.0% 50.0% 10.0% 10.0%

Wastewater Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0% 3.0% 5.0% 55.0% 200.0% 10.0%

Agricultural Sources

Livestock: Enteric Fermentation . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 10.0% 10.0% 10.0%

Livestock: Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 30.0% 40.0% 10.0%

Rice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 5.0% 3.0% 60.0% 60.0% 20.0%

Crop Residues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 5.0% 3.0% 60.0% 60.0% 20.0%

Industrial Processes

Chemicals and Steel and Iron . . . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 60.0% 60.0% 10.0%

See notes at end of table.

(continued on page 18)



U.S. Greenhouse Gas Emissions in Perspective

18 Energy Information Administration / Emissions of Greenhouse Gases in the United States 2000

Analysis of Uncertainty in Greenhouse Gas Emissions (Continued)

dioxide, -0.7 to 2.0 percent; methane, -2.8 to 33.7 per-
cent; and nitrous oxide, -35.1 to 115.3 percent. When
the uncertainty bands are expressed as a percentage of
total estimated 1999 emissions,c the following uncer-
tainty bands are derived: carbon dioxide, -0.6 to 1.7
percent; methane, -0.3 to 3.4 percent; and nitrous oxide,
-1.9 to 6.3 percent.

The final column in the table below shows the Monte
Carlo results when all the gases are simulated together.
This simulations shows that total uncertainty about the
simulated mean is -4.4 to 4.6 percent. Expressed as a
percentage of total emissions, the uncertainty is -0.4 to
9.0 percent.

cTotal 1999 emissions of carbon dioxide, methane and nitrous oxide as estimated in EIA, Emissions of Greenhouse Gases in the United
States 1999, DOE/EIA-0573(99) (Washington, DC, October 2000).

Bias and Random Uncertainties Associated with EIA’s Reported Greenhouse Gas Inventory Data, 1999

Source Category

Activity Data Emissions Factors

Bias (Uniform)

Random

Bias (Uniform)

RandomMinimuma Maximumb Minimuma Maximumb

Nitrous Oxide

Agricultural Sources

Nitrogen Fertilization . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 10.0% 5.0% 90.0% 200.0% 10.0%

Animal Waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.0% 5.0% 3.0% 90.0% 100.0% 10.0%

Crop Residues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.0% 10.0% 3.0% 60.0% 60.0% 20.0%

Energy Combustion

Residential and Commercial Wood . . . . . . . . . . . . . . . . 10.0% 30.0% 5.0% 90.0% 200.0% 15.0%

Other Stationary Combustion . . . . . . . . . . . . . . . . . . . . 0.5% 2.8% 0.5% 55.0% 200.0% 10.0%

Waste Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.0% 30.0% 10.0% 90.0% 200.0% 15.0%

Mobile Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.0% 2.5% 0.5% 1.0% 1.0% 0.5%

Waste Management . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.0% 5.0% 5.0% 55.0% 200.0% 10.0%

Industrial Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.0% 10.0% 3.0% 55.0% 200.0% 10.0%
aThe minimum bias is the relative change below the mean value.
bThe maximum bias is the relative change above the mean value.
R,C,T,I = residential, commercial, transportation, and industrial. GHG = greenhouse gases.
Source: Energy Information Administration, annual data for 1999.

Preliminary Results of Tier 2 Monte Carlo Uncertainty Analysis of EIA’s Reported Greenhouse Gas
Inventory Data, 1999
(Million Metric Tons Carbon Equivalent)

Gas Carbon Dioxide Methane Nitrous Oxide Totala

Estimated 1999 Valueb . . . . . . . . . . . . . . . . . . . . . . . . . . 1,526.8 180.7 98.8 1,806.3

Monte Carlo Simulated 1999 Meanc . . . . . . . . . . . . . . . . 1,536.4 208.2 138.0 1,882.2

5th Percentile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,515.5 175.6 64.2 1,799.5

95th Percentile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,556.8 241.5 212.8 1,969.6

Total Uncertainty Around Simulated Mean . . . . . . . . . . . 41.3 65.9 148.6 170.1

Uncertainty as Percent of Simulated Mean . . . . . . . . . . . -1.4% - 1.3% -15.6% - 16.0% -53.5% - 54.2% -4.4% - 4.6%

Uncertainty as Percent of Estimated Value. . . . . . . . . . . -0.7% - 2.0% -2.8% - 33.7% -35.1% - 115.3% -0.4% - 9.0%

Uncertainty as Percent of Total Estimated Emissionsd . . -0.6% - 1.7% -0.3% - 3.4% -1.9% - 6.3% -0.4% - 9.0%
aNote that, with the exception of estimated 1999 values, columns will not sum to total because each individual column denotes a separate sim-

ulation. Monte Carlo simulations were carried out for all the gases separately and as a group.
bEstimated 1999 emissions from Energy Information Administration, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000).
cMonte Carlo simulations using 1999 EIA data from Science Applications International Corporation, prepared for the Energy Information

Administration, Monte Carlo Simulations of Uncertainty in U.S. Greenhouse Gas Emissions and Related Support Work (Washington, DC, May
2001).

dExpressed as a percentage of total carbon dioxide, methane, and nitrous oxide emissions in 1999. Note that this excludes HFC, PFC and SF6
emissions, which were not included in the uncertainty analysis.



2. Carbon Dioxide Emissions

Overview

Total emissions of carbon dioxide in the United States
and its territories were 1,583.3 million metric tons car-
bon equivalent in 2000—47.7 million metric tons carbon
equivalent (3.1 percent) more than the 1999 total (Table
4). The increase in emissions from 1999 to 2000 was the
highest since 1996, when demand for heating fuels
related to abnormally cold weather resulted in a 3.4-
percent increase from the 1995 level. The large growth in
carbon dioxide emissions in 2000 can be attributed to a
return to more normal weather, a reduction in hydro-
electric power generation (which was replaced with
generation from fossil fuels), and strong economic
growth. The average annual growth in emissions since
1990 has been about 1.6 percent (Figure 1).

In the United States, most carbon dioxide (98 percent) is
emitted as the result of the combustion of fossil fuels;
consequently, carbon dioxide emissions and energy use
are highly correlated. Historically, economic growth, the
weather, the carbon and energy intensity of the econ-
omy, and movements in energy prices have caused
year-to-year fluctuations in energy consumption and
resulting carbon dioxide emissions. After several years
of warmer-than-normal winters, the winter weather in
2000 was close to normal, and energy consumption for
heating was an important factor in the increase from the
1999 level of carbon dioxide emissions.

The increased use of heating fuels can be seen in the resi-
dential and commercial sectors, where energy consump-
tion is dominated by electricity use for air conditioning
and fuel use for winter heating. Emissions for these sec-
tors combined increased by 5.3 percent (Table 5). In the
residential sector, emissions of carbon dioxide rose by
4.9 percent (from 298.8 million metric tons carbon equiv-
alent in 1999 to 313.4 million metric tons carbon equiva-
lent in 2000), while commercial sector emissions
increased by 5.8 percent (from 253.1 million metric tons
carbon equivalent in 1999 to 267.8 million metric tons
carbon equivalent in 2000).

Industrial energy consumption, particularly in the man-
ufacturing subsector, is much less affected by the
weather and more strongly affected by economic fluctu-
ations than are the buildings sectors (i.e., residences and
commercial establishments). In 2000, however, energy-
related carbon dioxide emissions from the industrial
sector were essentially unchanged from 1999, at 465.7
million metric tons carbon equivalent.

In 2000, the six energy-intensive industry groups
appeared to be still recovering from downturns in their
1997 growth rates. Their 2000 annual growth rates were
lower than those for the overall economy (4.1 percent),
the industrial sector (5.6 percent), and the manufactur-
ing component of industrial production (6.1 percent).
For the six energy-intensive industries, 2000 growth
rates were 2.5 percent (primary metals), 1.8 percent
(chemicals), -0.9 percent (paper), 2.3 percent (stone, clay
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U.S. Anthropogenic Carbon Dioxide
Emissions, 1990-2000

Carbon
Dioxide

Carbon
Equivalent

Estimated 2000 Emissions
(Million Metric Tons) 5,806.1 1,583.3

Change Compared to 1999
(Million Metric Tons) 174.8 47.7

Change from 1999
(Percent) 3.1% 3.1%

Change Compared to 1990
(Million Metric Tons) 836.2 228.0

Change from 1990
(Percent) 16.8% 16.8%

Average Annual Increase,
1990-2000 (Percent) 1.6% 1.6%
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Figure 1.  Annual Change in U.S. Carbon Dioxide
Emissions, 1990-2000

Source: Estimates presented in this chapter.



and glass), 1.6 percent (petroleum products), and 1.9
percent (food). The industries that grew rapidly in 2000
were primarily those with lower energy intensities,
including computer equipment, which grew by 43 per-
cent, and semiconductors and related components,
which grew by 76 percent.45

In this year’s report, for the first time, energy-related car-
bon dioxide emissions for the industrial sector do not
include emissions from nonutility power producers,

including cogenerators. Removing nonutility power
production from the industrial sector gives a more
clearly defined split between industrial carbon dioxide
emissions and those from the electric power sector.
When emissions from this rapidly growing source are
subtracted from the total for the industrial sector, the
reported growth in industrial-sector emissions is lower
than it would be if emissions from nonutility power pro-
ducers were included. See the box below and Appendix
A for a discussion of the methodology employed.
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Method Used for Reallocation of Nonutility Power Producers’ Emissions
to Energy End-Use Sectors

For this report a methodology was developed that not
only estimates emissions for the electric power sector
(as was done last year) but also reallocates the non-
utility power producer portion of those emissions to
the end-use sectors based on their shares of total elec-
tricity sales and removes the appropriate portion from
industrial sector emissions (which was not done last
year). This means that, going back to 1990, emissions
reported for the industrial sector are lower, and emis-
sions reported for the other end-use sectors are higher,
than those in previous editions of this report (see
Appendix A for further details on the new methodol-
ogy). There is little change in the emissions reported for
the transportation sector, where only a small amount of
electricity is used.

The reallocation process has four steps:

Step One: Estimate and separate the electrical energy com-
ponent from the thermal energy component of the fuel con-
sumed by nonutility power producers (NUPPs). For recent
years (1999 and 2000), EIA has separated the thermal
and electrical components of NUPP energy consump-
tion data. As a result, it is possible to derive a heat rate
(the amount of input energy used per kilowatthour of
electricity produced) by comparing the amount of
energy consumed with the amount of electricity gener-
ated. Using this heat rate as a proxy for heat rates previ-
ous to 1999, the thermal energy component of NUPP
energy use is separated from the energy used to gener-
ate electricity by multiplying kilowatthours of NUPP
generation (a number that is available for all years from
1989 to the present) by the proxy heat rate.

Step Two: Subtract the energy value of the fuel used by
NUPPs for electricity generation from total fuel use in the
industrial sector. The value calculated for the electrical

energy component of industrial energy consumption
by fuel is subtracted from industrial sector fuel use,
leaving only the energy that is consumed directly in the
industrial sector for process heat and other applica-
tions not related to electricity generation.

Step Three: Apply the appropriate emissions factors to the
energy values of the fuels reallocated from the industrial sec-
tor to the electric power sector. When the energy value of
the fossil fuel used to generate electricity has been real-
located from the industrial sector to the electric power
sector, the emissions associated with that energy con-
sumption can be estimated. The reallocated amounts of
energy are multiplied times the appropriate emissions
factors for the electric power sector. Because fuel-
specific emissions factors for the electric power sector
may vary from those for the industrial sector, this part
of the reallocation can cause small changes in the esti-
mates of total emissions, in the range of 0.1 to 0.2 mil-
lion metric tons carbon equivalent out of total
energy-related emissions of more than 1,500 million
metric tons carbon equivalent in recent years.

Step Four: Combine all the electricity-related emissions and
share them out to the end-use sectors for the estimation of
total emissions by sector. To complete the process, the
total emissions for the electric power sector—including
electric utilities, NUPPs, and the electricity component
of industrial cogenerators—are shared out to the four
end-use sectors (residential, commercial, industrial,
and transportation) according to each sector=s share of
total electricity sales. It is assumed that all NUPP direct
sales to end users are to other large industrial entities,
because no data are available to indicate how much of
that electricity may be going to large commercial
customers.

45All industrial and manufacturing growth rates are taken from U.S. Federal Reserve Board, “G17 Historical Data: Industrial Production
and Capacity Utilization.” Although the Federal Reserve Board, in calculating indexes, bases its estimates on two main types of source data,
output measured in physical units and data on inputs to the production process, it also adjusts its indexes on the basis of technological
improvements in factor productivity and outputs. This could be particularly important for indexes related to computers and semiconduc-
tors, for which productivity and quality of outputs have improved dramatically over time.



Industrial sector emissions grew by only 2.9 percent
from 1990 to 2000, and were essentially unchanged from
1999 to 2000 (465.8 and and 465.7 million metric tons car-
bon equivalent, respectively). It is difficult to discern at
this point whether industrial emissions are being sup-
pressed by increases in energy efficiency, by changes in
industrial processes (such as less coal use in the metals
industry), or by the changing mix of production activity
in the industrial sector.46

Transportation sector energy demand is driven largely
by income growth, fuel prices, and fuel economy trends.
Propelled by gross domestic product (GDP) growth of
4.1 percent in 2000 and real disposable income growth of
3.3 percent, transportation energy-related carbon diox-
ide emissions increased by 3.1 percent, from 499.4 mil-
lion metric tons carbon equivalent in 1999 to 514.8
million metric tons carbon equivalent in 2000.

Net generation of electricity increased by 3.4 percent in
2000, and total carbon dioxide emissions from the elec-
tric power sector increased by 4.7 percent (from 612.6
million metric tons carbon equivalent in 1999 to 641.6
million metric tons carbon equivalent in 2000). In this
report, the electric power sector includes all generators
and cogenerators.

Nonfuel uses of fossil fuels, principally petroleum,
sequestered 87.9 million metric tons carbon equivalent
in 2000, down by 2.0 million metric tons carbon equiva-
lent (2.3 percent) from 1999. The major fossil fuel prod-
ucts that sequester carbon include liquefied propane gas
(LPG), feedstocks for plastics and other petrochemicals,
and asphalt and road oils. It is estimated that of the
amount of carbon sequestered in the form of plastic,
about 7.1 million metric tons carbon equivalent was

emitted as carbon dioxide from the burning of the plastic
components of municipal solid waste as well as other
waste burning.

Emissions of carbon dioxide from non-energy-consum-
ing industrial processes contributed 1.1 million metric
tons carbon equivalent to the increase in emissions from
1999 to 2000 (Table 4). Emissions from cement produc-
tion processes (excluding the energy portion) rose from
10.9 to 11.3 million metric tons carbon equivalent, while
emissions from natural gas flaring rose from 4.0 to 4.5
million metric tons carbon equivalent.

Energy Consumption
The consumption of energy in the form of fossil fuel
combustion is the largest single contributor to green-
house gas emissions in the United States and the world.
Of total 2000 U.S. carbon dioxide emissions (adjusting
for U.S. Territories and bunker fuels), 98 percent, or
1,547.4 million metric tons carbon equivalent, resulted
from the combustion of fossil fuels. This figure repre-
sents a 3.1-percent increase over 1999 levels. In the short
term, year-to-year changes in energy consumption and
carbon dioxide emissions tend to be dominated by
weather, economic fluctuations, and movements in
energy prices. Over longer time spans, changes in
energy consumption and emissions are influenced by
other factors such as population shifts and energy con-
sumers’ choice of fuels, appliances, and capital equip-
ment (e.g., vehicles, aircraft, and industrial plant and
equipment). The energy-consuming capital stock of the
United States—cars and trucks, airplanes, heating and
cooling plants in homes and businesses, steel mills, alu-
minum smelters, cement plants, and petroleum refiner-
ies—changes slowly from one year to the next, because
capital stock is retired only as it begins to break down or
becomes obsolete.

The Energy Information Administration (EIA) divides
energy consumption into four general end-use catego-
ries: residential, commercial, industrial and transporta-
tion. Emissions from electricity generators, which
provide electricity to the end-use sectors, are allocated in
proportion to the electricity consumed in each sector
(Table 5). Electricity-related emissions from independ-
ent power producers and industrial cogenerators are
included in the electric power sector estimates along
with emissions from integrated electric utilities. EIA is in
the process of reclassifying the data in the integrated
data reports on fuel consumed for electricity generation
in the industrial sector into total fuel consumption for
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Energy End-Use Sector Sources of
U.S. Carbon Dioxide Emissions, 1990-2000

Sector

Million Metric
Tons Carbon
Equivalent

Percent
Change

1990 2000
1990-
2000

1999-
2000

Transportation 431.8 514.8 19.2% 3.1%

Industrial 452.7 465.7 2.9% 0.0%

Commercial 210.3 267.8 27.4% 5.8%

Residential 257.0 313.4 21.9% 4.9%

Note: Electric utility emissions are distributed across
sectors.

46Because assumptions made in the reallocation of industrial emissions to electric power generators may change, industrial sector emis-
sions may be adjusted in future estimates.



electricity generation. In the interim, this report pro-
vides, below, a preliminary estimate of the entire electric
power sector for the 1990 to 2000 time period.47

In last year’s report, emissions for nonutility power pro-
ducers were not reallocated from the industrial sector. In
this year’s report a method was applied to the underly-
ing data that removed the emissions attributable to
nonutility power producers from the industrial sector
and shared them out to the end-use sectors in proportion
to the electricity consumed by those sectors. Although
there is a small amount of electricity production in the
commercial sector, this adjustment was made only for
the industrial sector.

Residential Sector

At 313.4 million metric tons carbon equivalent, residen-
tial carbon dioxide emissions represented 20 percent of
U.S. energy-related carbon dioxide emissions in 2000.
The residential sector’s pro-rated share of electric power
sector emissions accounts for about two-thirds of that
amount (211.5 million metric tons carbon equivalent).48

Since 1990, residential electricity-related emissions have
grown by 2.4 percent annually. In contrast, emissions
from the direct combustion of fuels in the residential sec-
tor have grown by 1.3 percent annually since 1990.

Total carbon dioxide emissions from the residential sec-
tor increased by 4.9 percent in 2000 (Table 6).
Year-to-year, residential sector emissions are heavily
influenced by weather. For example, in 1996, a relatively
cold year, carbon dioxide emissions from the residential
sector grew by 5.8 percent over 1995. In 1997, they
declined by 0.4 percent due to warmer winter weather.

Since 1990, the growth in carbon dioxide emissions
attributable to the residential sector has averaged 2.0
percent per year. As a result, residential sector emissions
in 2000 were 56.3 million metric tons carbon equivalent
higher than in 1990, representing 27 percent of the total
increase in U.S. energy-related carbon dioxide emissions
since 1990. Long-term trends in residential carbon diox-
ide emissions are heavily influenced by demographic
factors, living space attributes, and building shell and
appliance efficiency choices. For example, the move-
ment of population into the Sunbelt tends to increase
summer air conditioning consumption and promote the
use of electric heat pumps, which increases indirect
emissions from electricity use. Growth in the number of
households, resulting from increasing population and

immigration, contributes to more residential energy
consumption.

Commercial Sector

Commercial sector carbon dioxide emissions, at 267.8
million metric tons carbon equivalent, account for about
17 percent of total energy-related carbon dioxide emis-
sions, of which almost three-quarters (202.5 million met-
ric tons carbon equivalent) is the sector’s pro-rated share
of electricity-related emissions. Although commercial
sector emissions largely have their origin in the space
heating and cooling requirements of structures such as
office buildings, lighting is a more important component
of commercial energy demand than it is in the residen-
tial sector. Thus, although commercial sector emissions
are strongly affected by the weather, they are affected
less than residential sector emissions. In the longer run,
because commercial activity is a factor of the larger econ-
omy, emissions from the commercial sector are more
affected by economic trends and less affected by popula-
tion growth than are emissions from the residential
sector.

Emissions attributable to the commercial sector’s pro-
rated share of electric consumption increased by 3.1 per-
cent in 2000, while emissions from the direct combustion
of fuels (dominated by natural gas, as in the residential
sector) increased by 8.8 percent. Overall, carbon dioxide
emissions related to commercial sector activity
increased by 5.8 percent—from 253.1 to 267.8 million
metric tons carbon equivalent—between 1999 and 2000
(Table 7). Since 1990, commercial emissions growth has
averaged 2.4 percent per year—the largest growth of
any energy-use sector. Commercial sector carbon diox-
ide emissions have risen by 57.6 million metric tons car-
bon equivalent since 1990, accounting for 27 percent of
the total increase in U.S. energy-related carbon dioxide
emissions.

Transportation Sector

Transportation sector emissions, at 514.8 million metric
tons carbon equivalent, accounted for one-third of total
energy-related carbon dioxide emissions in 2000.
Almost all (98 percent) of transportation sector emis-
sions result from the consumption of petroleum prod-
ucts, particularly motor gasoline at 59 percent of total
transportation sector emissions; middle distillates (die-
sel fuel) at 21 percent; jet fuel at 13 percent of the total;

Carbon Dioxide Emissions

22 Energy Information Administration / Emissions of Greenhouse Gases in the United States 2000

47Note that Table 12.6 of the Annual Energy Review 2000 includes thermal energy in the data for 1996 and earlier, and some thermal
energy for Other Power Producers is included in all years, whereas the numbers in this report do not include thermal energy.

48Sectoral (residential, commercial, and industrial) energy-related carbon dioxide emissions are based on the share of total electric
power sector carbon dioxide emissions that can be attributed to each end-use sector. The share is based on the percentage of total electricity
sales purchased by the sector. All carbon dioxide emissions associated with nonutility power production that is not sold into the grid are
allocated to the industrial sector as either direct use or sales to end users. It is assumed for this estimate that all direct sales of nonutility
power production to end users are from one industrial entity to another.



and residual oil (i.e., heavy fuel oil, largely for maritime
use) at 4 percent of the sector’s total emissions. Motor
gasoline is used primarily in automobiles and light
trucks, and middle distillates are used in heavy trucks,
locomotives, and ships.

Emissions attributable to the transportation sector grew
by 3.1 percent in 2000, from 499.4 to 514.8 million metric
tons carbon equivalent (Table 8). The fuel-use patterns
and related emissions sources in the transportation sec-
tor are different from those in the other energy-use sec-
tors. By far the largest single source of emissions, motor
gasoline, at 301.5 million metric tons carbon equivalent,
grew by 0.6 percent. The highest rates of growth were for
residual fuel emissions (which grew by 35.9 percent,
from 17.0 to 23.1 million metric tons carbon equivalent)
and distillate fuel emissions (which grew by 4.6 percent,
from 101.9 to 106.6 million metric tons carbon equiva-
lent). Since 1990, carbon dioxide emissions related to the
transportation sector have grown at an average annual
rate of 1.8 percent. The growth since 1990 has meant that
transportation emissions have increased by a total of
83.1 million metric tons carbon equivalent, representing
39.5 percent of the growth in energy-related carbon
dioxide emissions from all sectors. Transportation sector
emissions have grown almost as rapidly as commercial
sector emissions, but from a larger base. Transportation
is the largest contributing sector to total emissions.

Industrial Sector

Industrial sector emissions, at 465.7 million metric tons
carbon equivalent, accounted for about 30 percent of
total U.S. energy-related carbon dioxide emissions in
2000. In terms of fuel shares, electricity consumption
was responsible for 48.7 percent of total industrial sector
emissions (226.7 million metric tons carbon equivalent),
natural gas for 22.3 percent (104.0 million metric tons
carbon equivalent), petroleum for 18.8 percent (87.6 mil-
lion metric tons carbon equivalent), and coal for 9.8 per-
cent (45.7 million metric tons carbon equivalent).

Estimated carbon dioxide emissions related to energy
consumption in the industrial sector were 465.7 million
metric tons carbon equivalent (Table 9) in 2000,
compared with 465.8 million metric tons carbon
equivalent in 1999. For this year’s calculation, the energy
allocated to nonutility power producers has been reallo-
cated from the industrial sector total to the end-use sec-
tors for which the electricity is generated.49 When these
emissions are reallocated, growth in carbon dioxide
emissions attributable to industrial sector energy

consumption has averaged 0.3 percent per year since
1990. Because of this low growth rate, total energy-
related industrial emissions in 2000 were only 2.9 per-
cent (13.1 million metric tons carbon equivalent) higher
than in 1990, despite a much larger economy. The
increase in industrial sector emissions from 1990 to 2000
represents 6.2 percent of the total growth in U.S.
energy-related carbon dioxide emissions over the same
period.

A contributing factor to the low growth in industrial sec-
tor carbon dioxide emissions is the erosion of the older
energy-intensive (and specifically coal-intensive) indus-
trial base. For example, coke plants consumed 38.9 mil-
lion short tons of coal in 1990, as compared with 28.9
million short tons in 2000. Additionally, other industrial
coal consumption has declined from 76.3 million short
tons in 1990 to 65.1 million short tons in 2000. When the
increase in coal for electricity generation in the indus-
trial sector is accounted for, the remaining industrial
coal consumption for thermal energy production is
reduced even further. Nonutility power producers con-
sumed 131.6 million short tons of coal in 2000, compared
with 32.3 million short tons in 1990.

Electric Power Sector

In last year’s report, Emissions of Greenhouse Gases in the
United States 1999, Table 10 (U.S. Carbon Dioxide Emis-
sions from Electricity Generation, 1990-1999) showed
estimates of carbon dioxide emissions for both electric
utilities and nonutility power producers (NUPPs),
including cogenerators. This was a “standalone” table,
in that the emissions estimates shown were not inte-
grated with the rest of the report, where all fuel inputs to
NUPPs were counted in the industrial sector—with
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Electric Power Sector Carbon Dioxide
Emissions by Fuel Input, 1990-2000

Fuel

Million Metric
Tons Carbon
Equivalent

Percent
Change

1990 2000
1990-
2000

1999-
2000

Petroleum 28.2 26.0 -7.9% -11.6%

Natural Gas 58.3 93.2 59.9% 10.2%

Coal 420.4 522.4 24.3% 4.8%

Total 507.0 641.6 26.5% 4.7%

49Because this report is the first time that energy consumption (and related emissions) from nonutility power producers and
cogenerators has been subtracted from the industrial sector total, the estimates should be viewed as preliminary. It is possible that some of
the assumptions made in order to perform the calculation may be reconsidered for future reports, and that the results may be revised
accordingly.
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Energy-Related Carbon Dioxide Emissions in Manufacturing
Manufacturing is the single largest source of carbon
dioxide emissions in the U.S. industrial sector. This
industrial subsector, which excludes agriculture, min-
ing, and construction, accounts for 85 percent of indus-
trial energy-related carbon dioxide emissions and also
accounts for approximately 84 percent of industrial
energy consumption. The figure below shows the latest
estimate of energy-related carbon dioxide emissions
from the manufacturing subsector, based on energy
consumption statistics from EIA’s 1998 Manufacturing
Energy Consumption Survey (MECS).

The carbon intensity of energy use is the amount of car-
bon emitted per unit of energy used. Both the mix of
energy sources and the uses of energy affect carbon
intensity. Overall, manufacturing industries had car-
bon intensities of 17.16 and 16.90 million metric tons
per quadrillion Btu in 1994 and 1998, respectively;
however, the carbon intensities of the various indus-
tries differed markedly.

The petroleum industry and the chemical industry
both transform energy sources into products such as
petrochemical feedstocks, asphalt, and plastics. Only a
part of the carbon content of the energy inputs for such
products is emitted into the atmosphere; the remainder
is sequestered in the products (see Table A2 in Appen-
dix A). Because both industries use energy for nonfuel
purposes, the petroleum and chemical industries have
lower carbon intensities than the manufacturing aver-
age: 12.91 and 11.95 million metric tons per quadrillion
Btu for the petroleum industry in 1994 and 1998,

respectively, and 14.69 and 14.40 million metric tons
per quadrillion Btu for the chemicals industry.

The paper industry uses wood byproducts extensively,
yielding carbon intensities of 11.87 and 11.54 million
metric tons per quadrillion Btu in 1994 and 1998,
respectively. The carbon dioxide emissions from wood
consumption are considered to be zero, because the
carbon emitted has been recently sequestered and the
regrowing of trees will re-sequester the emitted car-
bon. The primary metals industry, however, is a heavy
user of energy sources with relatively high carbon con-
tent, such as coal. As a result, the overall carbon inten-
sities for the primary metals industry were 26.19 and
26.62 million metric tons per quadrillion Btu in 1994
and 1998, respectively.

The 1994 MECS estimated carbon dioxide emissions
from the manufacturing subsector as a whole at 371.7
million metric tons carbon equivalent. The correspond-
ing estimate for 1998 is 402.1 million metric tons carbon
equivalent—an increase of 30.4 million metric tons car-
bon equivalent, or 8.2 percent. Over the same interval,
real manufacturing output increased by 20.1 percent.

From 1994 to 1998, carbon dioxide emissions associ-
ated with electricity use by manufacturing industries
increased by 19.4 million metric tons carbon equivalent
(15 percent), and emissions associated with natural gas
use increased by 8.5 million metric tons carbon equiva-
lent (9 percent). Electricity use continues to account for
the largest share of manufacturers’ carbon dioxide
emissions—36 percent (131.1 million metric tons car-
bon equivalent) and 38 percent (150.4 million metric
tons carbon equivalent) in 1994 and 1998, respectively.
Smaller changes, which are not statistically significant,
are estimated for emissions associated with manufac-
turing use of coal (a slight decrease) and petroleum and
other fuels (a slight increase).

It should be noted that statistical comparisons of the
1994 and 1998 estimates of carbon dioxide emissions by
industry based on MECS data are imperfect, because
the 1994 data are categorized by industry under the
Standard Industrial Classification (SIC) system,
whereas the 1998 data re-categorized under the North
American Industry Classification System (NAICS), in
accordance with the practice of the U.S. Office of Man-
agement and Budget. One relevant example is the
reclassification of Coke Ovens, Not Integrated With Steel
Mills, which was moved from Primary Metals (SIC
3312) to Petroleum and Coal Products (NAICS 324110).
Details on the two classification systems are available
on web site www.eia.doe.gov/emeu/mecs/mecs98/
naics/naics8.html.
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Source: Energy Information Administration, Form EIA-846,
“1998 Manufacturing Energy Consumption Survey,” and
Form EIA-810, “Monthly Refinery Report” (1998).



the exception of coal consumed by “Other Power
Producers.”50

The data in Table 10 represent estimates of carbon diox-
ide emissions for the entire electric power industry.
These emissions when taken as a whole account for 41
percent of total U.S. energy-related carbon dioxide emis-
sions. This year’s report is the first to show these emis-
sions as an integrated whole, with the estimated
emissions from NUPPs reallocated from the industrial
sector in Table 9. Appendix A includes a discussion of
the method employed for that calculation.

Carbon dioxide emissions from the electric power
industry increased by 4.7 percent (29.0 million metric
tons carbon equivalent) from 612.6 million metric tons
carbon equivalent in 1999 to 641.6 million metric tons
carbon equivalent in 2000 (Table 10). Emissions from
natural-gas-fired generation increased by 10.2 percent,
emissions from coal-fired generation increased by 4.8
percent, and emissions from petroleum-fired generation
fell by 11.6 percent. Carbon dioxide emissions from the
electric power industry have grown by 26.5 percent
since 1990, while total carbon dioxide emissions have
grown by 15.5 percent.

Nonfuel Use of Energy Inputs

In 2000, 87.9 million metric tons carbon equivalent was
sequestered through nonfuel uses of fossil fuels (Table
11). A small amount of this was coal-based (less than 0.5
million metric tons carbon equivalent), about 5.3 million
metric tons carbon equivalent was natural-gas-based,
and the remainder (82.1 million metric tons carbon
equivalent) was petroleum-based. The products that
sequester carbon include feedstocks for plastics and
other petrochemicals, asphalt and road oil, liquefied
petroleum gas, lubricants, and waxes. The amount
sequestered in 2000 was 2.3 percent lower than in 1999,
when 89.9 million metric tons carbon equivalent was
sequestered. Since 1990 sequestration of carbon in this
manner has increased by 19.1 million metric tons carbon
equivalent or 27.8 percent. This translates to an annual
average growth rate of 2.1 percent.

Carbon Dioxide Emissions and
Economic Growth

The United States experienced a prosperous period
between 1990 and 2000, with economic growth that

averaged 3.2 percent per year, despite a recession early
in the decade. Energy-related carbon dioxide emissions,
however, grew by an average of 1.6 percent annually. As
shown in Figure 2, U.S. energy intensity (energy con-
sumed per dollar of GDP) fell by an average of 1.6 per-
cent per year from 1990 to 2000. The carbon dioxide
intensity of energy use (carbon-equivalent emissions per
unit of energy consumed) has remained slightly below
the 1990 level, declining by an average of 0.1 percent per
year. Thus, it is primarily the use of less energy per unit
of economic output, not the use of low-carbon fuels, that
has kept the growth rate of carbon dioxide emissions at
about half the GDP growth rate.

The decrease in the energy intensity of the U.S. economy
has resulted, in part, from an increase in the non-
energy-intensive sectors of the economy relative to the
traditional energy-intensive manufacturing industries,
as well as energy efficiency improvements. For example,
economic growth in 2000, while robust, occurred for the
most part in industries that are less energy-intensive
than the traditional basic industries: for example, com-
puter equipment manufacturing grew by 43 percent,
and the manufacture of semiconductors and related
components grew by 76 percent in 2000. This growth in
the so-called “new economy” means that less energy is
used and less carbon dioxide is emitted per dollar of
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Figure 2.  Growth in U.S. Carbon Dioxide
Emissions and GDP, Energy Intensity
of GDP, and Carbon Dioxide Intensity
of Energy Use, 1990-2000

Sources: Energy Information Administration, Annual Energy
Review 2000, DOE/EIA-0384(2000) (Washington, DC, July
2001), Tables 1.1 and E1; and estimates presented in this
chapter.

50The terms “nonutility generators” (NUGs) and “nonutility power producers” (NUPPs) are synonymous. Independent power produc-
ers (IPPs) are NUPPs engaged only in the generation of electricity. Cogenerators, also classified as NUPPs, are further divided into conven-
tional cogenerators, which produce industrial process heat for their own use and produce electricity as a co-product or byproduct, and
cogenerators that produce both heat and electricity but sell both to other parties. These are also called “Other Power Producers.” Currently
the coal inputs for both the heat and electricity generation of Other Power Producers are counted as inputs to the electric power sector in
EIA’s integrated data.



GDP. The production of computer software takes little
additional energy as compared to an industrial process
such as steelmaking.

As long as U.S. economic growth continues to be led by
industries that use relatively little energy per unit of out-
put, it will have little direct effect on energy consumption
and related carbon dioxide emissions. Economic growth
of this kind does, however, have an indirect effect on
emissions as consumers with more disposable income
use more energy services (such as travel) and tend to live
in larger houses. On the other hand, such income effects
can be offset somewhat by more energy-efficient vehi-
cles, building shells, appliances and heating and cooling
equipment.

Adjustments to
Energy Consumption

Total energy consumption and the carbon dioxide emis-
sions upon which they are based correspond to EIA’s
coverage of energy consumption, which includes the 50
States and the District of Columbia. Under the United
Nations Framework Convention on Climate Change
(UNFCCC), however, the United States is also responsi-
ble for counting emissions emanating from its territo-
ries, and their emissions are added to the U.S. total.
Conversely, because the Intergovernmental Panel on
Climate Change (IPCC) definition of energy consump-
tion excludes international bunker fuels from the statis-
tics of all countries, emissions from international bunker
fuels are subtracted from the U.S. total. Additionally,
military bunker fuels are subtracted because they are
also excluded by the IPCC from the national total. These
sources and subtractions are enumerated and described
as “adjustments to energy.”

U.S. Territories

Energy-related carbon dioxide emissions for the U.S. ter-
ritories are added as an adjustment in keeping with
IPCC guidelines for national emission inventories. The
territories included are Puerto Rico, the U.S. Virgin
Islands, American Samoa, Guam, the U.S. Pacific Islands
and Wake Island. Most of these emissions are from
petroleum products; however, Puerto Rico and the Vir-
gin Islands consume coal in addition to petroleum prod-
ucts. For 2000, total carbon dioxide emissions from the
U.S. Territories are estimated at 13.6 million metric tons
carbon equivalent (Table 4).

International Bunker Fuels

In keeping with the IPCC guidelines for estimating
national greenhouse gas emissions, carbon dioxide
emissions from international bunker fuels are sub-
tracted from the estimate of total U.S. energy-related
emissions of carbon dioxide. The estimate for bunker
fuels is based on purchases of distillate and residual
fuels by foreign-bound ships at U.S. seaports, as well as
jet fuel purchases by international air carriers at U.S. air-
ports. Additionally, U.S. military operations that con-
sume fuel originally purchased in the United States are
subtracted from the total, because they are also consid-
ered international bunker fuels under this definition.

For 1999, the most recent year for which data are avail-
able, the carbon dioxide emissions estimate for bunker
fuels is 2.7 million metric tons carbon equivalent.51 In
2000, approximately 27.8 million metric tons carbon
equivalent was emitted in total from international
bunker fuels (25.1 million metric tons carbon equivalent)
and military bunker fuels (assuming the latter was close
to the 1999 estimate). This amount is subtracted from the
U.S. total in Table 4. Just over half of the carbon dioxide
emissions associated with international bunker fuels are
from the combustion of jet fuels; residual and distillate
fuels account for the other half, with most coming from
residual fuel.

Other Carbon Dioxide
Emissions

Energy Production

In addition to emissions resulting from fossil energy
consumed, oil and gas production leads to emissions of
carbon dioxide from sources other than the combustion
of those marketed fossil fuels. The two energy produc-
tion sources estimated for this report are:

• Flared natural gas, which is flared either because the
cost of bringing the gas to market is prohibitive or
because the gas is of insufficient quality to sell

• Carbon dioxide scrubbed from natural gas to
improve its heat content and quality and subse-
quently vented to the atmosphere.

Because many States require flaring of natural gas, EIA
assumes that all gas reported under the category
“Vented and Flared” is actually flared and therefore is a
carbon dioxide emissions rather than a methane emis-
sion. In 2000, about 4.5 million metric tons carbon equiv-
alent was emitted in this way (Table 4).
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51Military bunker fuels decreased steadily from 1990 (4.9 million metric tons carbon equivalent) to 1994 and appear to have stabilized at
the 1994 level of 2.5 ± 0.2 million metric tons carbon equivalent.



By computing the difference between the estimated car-
bon dioxide content of raw gas and the carbon dioxide
content of pipeline gas, the amount of carbon dioxide
that has been removed (scrubbed) in order to improve
the heat content and quality of natural gas can be calcu-
lated. This amount was about 5.0 million metric tons car-
bon equivalent in 2000 (Table 4). Appendix D contains
additional energy production sources that are excluded
from this report.

Industrial Process Emissions

Industrial emissions of carbon dioxide not caused by the
combustion of fossil fuels accounted for only 1.2 percent
(19.38 million metric tons carbon equivalent) of total
U.S. carbon dioxide emissions in 2000 (Table 4). Pro-
cess-related emissions from industrial sources depend
largely on the level of activity in the construction indus-
tries and on production at oil and gas wells. These
sources include limestone and dolomite calcination,
soda ash manufacture and consumption, carbon dioxide
manufacture, cement manufacture, and aluminum
production.

Estimated industrial process emissions of carbon diox-
ide in 2000 were 3.02 million metric tons carbon equiva-
lent (18.5 percent) higher than in 1990 and 0.52 million
metric tons carbon equivalent (2.8 percent) higher than
in 1999 (Table 12). Fifty-eight percent of the carbon diox-
ide emissions from industrial processes are from cement
manufacture. When calcium carbonate is heated (cal-
cined) in a kiln, it is converted to lime and carbon diox-
ide. The lime is combined with other materials to
produce clinker (an intermediate product from which
cement is made), and the carbon dioxide is released to
the atmosphere. In 2000, the United States manufactured

an estimated 90.60 million metric tons of cement, result-
ing in the direct release of carbon dioxide containing
11.30 million metric tons carbon equivalent into the
atmosphere. This calculation is independent of the car-
bon dioxide released by the production of energy con-
sumed in making cement. This represents an increase in
carbon dioxide emissions of 2.21 million metric tons car-
bon equivalent (24.3 percent) compared with 1990 and
an increase of about 0.37 million metric tons carbon
equivalent (3.4 percent) compared with 1999.

There are numerous other industrial processes in which
carbonate minerals are used in ways that release carbon
dioxide into the atmosphere, including the use of lime-
stone in the production of lime and in flue gas
desulfurization and the manufacture and some uses of
soda ash. Carbon dioxide is also released during alumi-
num smelting, when carbon anodes (with the carbon
derived from nonfuel use of fossil fuels) are vaporized in
the presence of aluminum oxide. Approximately 8.08
million metric tons carbon equivalent was released in
emissions from these other industrial process sources in
2000.

Municipal solid waste that is combusted contains, on
average, a portion that is composed of plastics, synthetic
rubber, synthetic fibers, and carbon black. The carbon in
these plastics has normally been accounted for as
sequestered carbon, as reported in Table 11. However,
according to the IPCC, to properly account for that car-
bon, emissions from the plastics portion of the munici-
pal solid waste must be counted in total national
emissions inventories. These emissions produce about
7.09 million metric tons carbon equivalent, as calculated
by the U.S. EPA, with the most recent estimate being for
1999. The 1999 value has been used as an estimate for
2000.
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Table 4.  U.S. Carbon Dioxide Emissions from Energy and Industry, 1990-2000
(Million Metric Tons Carbon Equivalent)

Fuel Type or Process 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Energy Consumption

Petroleum . . . . . . . . . . . . . . . . . 590.4 576.1 586.6 587.7 600.3 596.3 618.7 624.6 634.4 649.3 657.7

Coal. . . . . . . . . . . . . . . . . . . . . . 487.9 482.0 486.0 501.9 507.1 510.3 532.6 547.4 550.4 552.6 572.8

Natural Gas. . . . . . . . . . . . . . . . 273.2 278.1 286.3 295.5 301.5 314.5 320.4 321.5 310.5 315.3 331.2

Geothermal . . . . . . . . . . . . . . . . 0.1 0.1 0.1 0.1 * * * * * * *

Energy Subtotal . . . . . . . . . . 1,351.6 1,336.2 1,359.0 1,385.1 1,409.0 1,421.1 1,471.7 1,493.4 1,495.4 1,517.2 1,561.7

Adjustments to Energy

U.S. Territories (+) . . . . . . . . . . 8.4 9.7 9.7 10.8 10.9 11.4 10.0 10.9 12.3 12.8 13.6

Military Bunker Fuels (-) . . . . . . 4.9 3.6 3.3 3.0 2.6 2.4 2.5 2.6 2.7 2.7 2.7

International Bunker Fuels (-) . . 27.3 29.1 26.7 24.2 24.1 25.1 25.4 27.3 28.6 26.6 25.1

Total Energy Adjustments . . -23.8 -23.0 -20.3 -16.4 -15.8 -16.1 -17.9 -19.0 -19.0 -16.4 -14.3

Adjusted Energy Total . . . . . . . 1,327.9 1,313.1 1,338.7 1,368.7 1,393.2 1,405.0 1,453.8 1,474.4 1,476.4 1,500.8 1,547.4

Other Sources

Gas Flaring . . . . . . . . . . . . . . . . 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9 4.0 4.5

CO2 in Natural Gas . . . . . . . . . . 3.8 4.0 4.2 4.4 4.6 4.6 4.8 4.9 4.9 4.9 5.0

Cement Production . . . . . . . . . . 9.1 8.9 8.9 9.5 10.0 10.1 10.1 10.5 10.7 10.9 11.3

Other Industrial . . . . . . . . . . . . . 7.3 7.2 7.2 7.1 7.2 7.6 7.9 8.0 8.1 7.9 8.1

Waste Combustion . . . . . . . . . . 4.8 5.3 5.4 5.7 6.0 6.3 6.5 7.0 6.9 7.1 7.1

Total Other Sources . . . . . . . 27.4 28.0 28.5 30.5 31.7 33.2 33.8 34.6 34.5 34.9 35.9

Total . . . . . . . . . . . . . . . . . . . . . . 1,355.3 1,341.2 1,367.2 1,399.2 1,424.8 1,438.2 1,487.7 1,509.0 1,510.9 1,535.7 1,583.3

*Less than 50,000 metric tons carbon equivalent.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding. Adjusted energy total
includes U.S. Territories.

Sources: EIA estimates presented in this chapter.

Table 5.  U.S. Carbon Dioxide Emissions from Energy Consumption by End-Use Sector, 1990-2000
(Million Metric Tons Carbon Equivalent)

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Residential . . . . . . . . . . . . . . . . . 257.0 261.6 261.8 278.4 275.8 277.9 293.9 292.8 293.7 298.8 313.4

Commercial. . . . . . . . . . . . . . . . . 210.3 210.4 210.8 217.2 220.4 224.6 233.1 245.4 250.4 253.1 267.8

Industrial . . . . . . . . . . . . . . . . . . . 452.7 439.8 455.1 452.9 463.3 461.1 476.1 481.5 469.5 465.8 465.7

Transportation. . . . . . . . . . . . . . . 431.8 424.2 431.1 436.4 449.3 457.8 468.9 473.6 481.5 499.4 514.8

Total . . . . . . . . . . . . . . . . . . . . . 1,351.7 1,336.0 1,358.7 1,384.8 1,408.8 1,421.3 1,471.9 1,493.3 1,495.2 1,517.1 1,561.7

Electric Power . . . . . . . . . . . . . . . 507.0 506.0 512.0 532.4 540.7 542.5 562.1 583.1 607.2 612.6 641.6

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding. Electric power sector
emissions are distributed across the end-use sectors. Emissions allocated to sectors are unadjusted. Adjustments are made to total emissions only
(Table 4).

Sources: EIA estimates presented in this chapter.
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Table 6.  U.S. Carbon Dioxide Emissions from Residential Sector Energy Consumption, 1990-2000
(Million Metric Tons Carbon Equivalent)

Fuel 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Petroleum

Liquefied Petroleum Gas . . . . . 6.3 6.7 6.6 6.8 6.8 6.9 7.5 7.5 7.4 9.1 9.3

Distillate Fuel . . . . . . . . . . . . . . 16.5 16.4 17.1 18.0 17.4 17.4 18.4 17.8 15.4 16.0 16.2

Kerosene. . . . . . . . . . . . . . . . . . 1.2 1.4 1.3 1.5 1.3 1.5 1.7 1.8 2.1 2.2 2.0

Petroleum Subtotal . . . . . . . . 24.0 24.5 24.9 26.3 25.4 25.8 27.6 27.1 25.0 27.3 27.5

Coal. . . . . . . . . . . . . . . . . . . . . . . 1.6 1.4 1.5 1.5 1.4 1.4 1.4 1.5 1.1 1.2 1.2

Natural Gas. . . . . . . . . . . . . . . . . 65.1 67.5 69.4 73.4 71.7 71.8 77.6 73.8 67.2 69.9 73.2

Electricitya . . . . . . . . . . . . . . . . . . 166.4 168.2 166.0 177.2 177.3 178.9 187.3 190.4 200.4 200.3 211.5

Total . . . . . . . . . . . . . . . . . . . . . . 257.0 261.6 261.8 278.4 275.8 277.9 293.9 292.8 293.7 298.8 313.4
aShare of total electric power sector carbon dioxide emissions weighted by sales to the residential sector.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.

Table 7.  U.S. Carbon Dioxide Emissions from Commercial Sector Energy Consumption, 1990-2000
(Million Metric Tons Carbon Equivalent)

Fuel 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Petroleum

Motor Gasoline . . . . . . . . . . . . . 2.1 1.6 1.5 0.6 0.5 0.4 0.5 0.8 0.8 0.9 0.9

Liquefied Petroleum Gas . . . . . 1.1 1.2 1.2 1.2 1.2 1.2 1.3 1.3 1.3 1.6 1.6

Distillate Fuel . . . . . . . . . . . . . . 9.6 9.5 9.2 9.2 9.2 9.1 9.4 8.8 8.3 8.2 8.6

Residual Fuel . . . . . . . . . . . . . . 5.0 4.5 4.1 3.7 3.7 3.1 3.0 2.4 1.9 1.9 2.6

Kerosene. . . . . . . . . . . . . . . . . . 0.2 0.2 0.2 0.3 0.4 0.4 0.4 0.5 0.6 0.5 0.5

Petroleum Subtotal . . . . . . . . 18.0 17.1 16.1 14.9 14.9 14.1 14.6 13.9 13.0 13.1 14.2

Coal. . . . . . . . . . . . . . . . . . . . . . . 2.4 2.2 2.2 2.2 2.1 2.1 2.1 2.2 1.7 1.8 1.8

Natural Gas. . . . . . . . . . . . . . . . . 38.8 40.4 41.5 42.4 42.9 44.9 46.8 47.7 44.6 45.1 49.3

Electricitya . . . . . . . . . . . . . . . . . . 151.0 150.7 150.9 157.7 160.5 163.5 169.5 181.6 191.1 193.1 202.5

Total . . . . . . . . . . . . . . . . . . . . . . 210.3 210.4 210.8 217.2 220.4 224.6 233.1 245.4 250.4 253.1 267.8
aShare of total electric power sector carbon dioxide emissions weighted by sales to the commercial sector.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.
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Table 8.  U.S. Carbon Dioxide Emissions from Transportation Sector Energy Consumption, 1990-2000
(Million Metric Tons Carbon Equivalent)

Fuel 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Petroleum

Motor Gasoline . . . . . . . . . . . . . 260.5 259.2 263.0 268.9 273.3 279.0 284.0 286.5 292.5 299.7 301.5

Liquefied Petroleum Gas . . . . . 0.4 0.3 0.3 0.3 0.6 0.3 0.3 0.2 0.3 0.2 0.2

Jet Fuel . . . . . . . . . . . . . . . . . . . 60.1 58.1 57.6 58.1 60.4 60.0 62.7 63.3 64.2 66.3 68.5

Distillate Fuel . . . . . . . . . . . . . . 75.7 72.6 75.3 77.3 82.5 85.1 89.7 93.5 96.4 101.9 106.6

Residual Fuel . . . . . . . . . . . . . . 21.9 22.0 23.0 19.4 19.1 19.7 18.4 15.5 15.2 17.0 23.1

Lubricants . . . . . . . . . . . . . . . . . 1.8 1.6 1.6 1.6 1.7 1.7 1.6 1.7 1.8 1.8 1.8

Aviation Gasoline . . . . . . . . . . . 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Petroleum Subtotal . . . . . . . . 421.2 414.6 421.6 426.4 438.2 446.5 457.4 461.5 471.2 487.6 502.5

Coal . . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Natural Gas . . . . . . . . . . . . . . . . 9.8 9.0 8.8 9.3 10.2 10.4 10.6 11.3 9.5 11.0 11.4

Electricitya . . . . . . . . . . . . . . . . . 0.7 0.7 0.7 0.7 0.9 0.8 0.8 0.8 0.9 0.9 0.9

Total . . . . . . . . . . . . . . . . . . . . . . 431.8 424.2 431.1 436.4 449.3 457.8 468.9 473.6 481.5 499.4 514.8

*Less than 50,000 metric tons carbon equivalent.
aShare of total electric power sector carbon dioxide emissions weighted by sales to the transportation sector.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.

Table 9.  U.S. Carbon Dioxide Emissions from Industrial Sector Energy Consumption, 1990-2000
(Million Metric Tons Carbon Equivalent)

Fuel 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Petroleum

Motor Gasoline . . . . . . . . . . . . . 3.6 3.7 3.7 3.5 3.7 3.9 3.9 4.1 3.8 2.9 2.9

Liquefied Petroleum Gas . . . . . 12.0 12.1 12.7 12.1 12.9 12.7 13.7 14.0 13.0 13.7 13.7

Distillate Fuel . . . . . . . . . . . . . . 23.0 22.2 22.2 21.2 21.3 20.6 21.7 21.8 21.9 20.0 20.8

Residual Fuel . . . . . . . . . . . . . . 7.5 5.5 6.4 7.4 6.7 4.9 4.9 3.8 2.5 0.1 0.5

Asphalt and Road Oil . . . . . . . . * * * * * * * * * * *

Lubricants . . . . . . . . . . . . . . . . . 1.9 1.7 1.7 1.7 1.8 1.8 1.7 1.8 1.9 1.9 1.9

Kerosene. . . . . . . . . . . . . . . . . . 0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.3 0.2

Other Petroleum . . . . . . . . . . . . 50.8 47.7 54.3 48.3 50.8 48.1 53.9 54.9 52.6 53.0 47.6

Petroleum Subtotal . . . . . . . . 98.9 93.1 101.2 94.4 97.5 92.3 100.1 100.8 96.2 91.8 87.6

Coal . . . . . . . . . . . . . . . . . . . . . . 63.4 59.3 56.1 55.6 55.8 55.9 54.2 54.5 50.4 49.6 45.7

Coal Coke Net Imports . . . . . . . 0.1 0.2 0.9 0.7 1.5 1.5 0.6 1.2 1.7 1.5 1.7

Natural Gas . . . . . . . . . . . . . . . . 101.2 101.0 102.7 105.5 106.6 111.9 116.5 115.0 106.5 104.7 104.0

Electricitya . . . . . . . . . . . . . . . . . 189.0 186.2 194.2 196.6 201.9 199.4 204.6 210.1 214.7 218.2 226.7

Electricity Sales to Grid (-) . . . . 7.7 4.8 4.9 7.4 8.4 7.0 6.8 8.2 12.8 13.2 13.2

Total . . . . . . . . . . . . . . . . . . . . . . 452.7 439.8 455.1 452.9 463.3 461.1 476.1 481.5 469.5 465.8 465.7

*Less than 50,000 metric tons carbon equivalent.
aShare of total electric power sector carbon dioxide emissions weighted by sales to the industrial sector.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.
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Table 10.  U.S. Carbon Dioxide Emissions from Electric Power Sector Energy Consumption, 1990-2000
(Million Metric Tons Carbon Equivalent)

Generator Type and Fuel 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Petroleum

Heavy Fuel Oil . . . . . . . . . . . . . 24.9 23.6 19.3 21.4 19.7 13.3 14.6 16.5 22.9 20.8 17.6

Light Fuel Oil . . . . . . . . . . . . . . . 2.0 1.8 1.7 2.0 2.4 2.3 2.5 2.3 3.1 3.8 3.9

Petroleum Coke . . . . . . . . . . . . 1.3 1.3 1.8 2.2 2.1 2.0 1.9 2.6 3.0 4.8 4.4

Petroleum Subtotal . . . . . . . . 28.2 26.8 22.8 25.6 24.1 17.6 18.9 21.4 29.0 29.4 26.0

Coal. . . . . . . . . . . . . . . . . . . . . . . 420.4 418.8 425.3 441.9 446.3 449.4 474.3 487.9 495.5 498.6 522.4

Natural Gas. . . . . . . . . . . . . . . . . 58.3 60.3 63.9 64.9 70.2 75.5 68.9 73.7 82.6 84.7 93.2

Geothermal . . . . . . . . . . . . . . . . . 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total . . . . . . . . . . . . . . . . . . . . . . 507.0 506.0 512.0 532.4 540.7 542.5 562.1 583.1 607.2 612.6 641.6

P = preliminary data.
Notes: Estimates differ from those contained in Energy Information Administration, Annual Energy Review 2000, DOE/EIA-0384(2000) (Washing-

ton, DC, July 2001), Table 12.7, because of the removal of the thermal energy component. Totals may not equal sum of components due to independ-
ent rounding.

Sources: EIA estimates presented in this chapter.

Table 11.  U.S. Carbon Sequestered by Nonfuel Use of Energy Fuels, 1990-2000
(Million Metric Tons Carbon Equivalent)

End Use and Type 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Industrial

Petroleum

Liquefied Petroleum Gases. . . 16.2 18.6 18.7 18.2 20.9 21.4 22.3 22.6 21.6 24.4 25.1

Distillate Fuel . . . . . . . . . . . . . 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Residual Fuel . . . . . . . . . . . . . 0.5 0.7 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Asphalt and Road Oil . . . . . . . 24.1 22.2 22.7 23.7 24.2 24.3 24.2 25.2 26.0 27.3 26.3

Lubricants . . . . . . . . . . . . . . . . 1.9 1.7 1.7 1.8 1.8 1.8 1.7 1.8 1.9 2.0 1.9

Other (Subtotal) . . . . . . . . . . . 19.7 19.3 20.5 22.6 23.3 23.5 24.1 25.6 27.5 28.1 26.4

Pentanes Plus. . . . . . . . . . . . 1.2 0.7 0.9 4.0 3.8 4.4 4.6 4.4 3.9 4.8 4.6

Petrochemical Feed . . . . . . . 12.6 12.6 13.4 13.6 14.1 13.6 13.8 15.9 16.1 15.1 15.7

Petroleum Coke . . . . . . . . . . 2.6 2.2 3.4 2.3 2.5 2.7 2.9 2.5 4.3 5.2 3.1

Waxes and Miscellaneous . . 3.4 3.7 2.7 2.7 2.9 2.7 2.7 2.8 3.2 3.0 3.0

Coal. . . . . . . . . . . . . . . . . . . . . . 0.4 0.4 0.8 0.6 0.5 0.6 0.6 0.5 0.5 0.5 0.5

Natural Gas. . . . . . . . . . . . . . . . 4.1 3.9 3.5 3.9 5.0 4.7 4.7 5.0 5.0 5.2 5.3

Transportation

Lubricants . . . . . . . . . . . . . . . . . 1.8 1.6 1.6 1.7 1.7 1.7 1.6 1.7 1.8 1.8 1.8

Total . . . . . . . . . . . . . . . . . . . . . . 68.7 68.3 70.2 73.0 78.1 78.6 79.9 83.1 85.0 89.9 87.9

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.
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Table 12.  U.S. Carbon Dioxide Emissions from Industrial Processes, 1990-2000
(Million Metric Tons Carbon Equivalent)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Cement Manufacture

Clinker Production. . . . . . . . . . . 8.90 8.66 8.75 9.25 9.82 9.85 9.91 10.24 10.48 10.69 11.05

Masonry Cement. . . . . . . . . . . . 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03

Cement Kiln Dust . . . . . . . . . . . 0.18 0.17 0.18 0.19 0.20 0.20 0.20 0.20 0.21 0.21 0.22

Cement Subtotal . . . . . . . . . . 9.09 8.85 8.94 9.46 10.04 10.07 10.13 10.47 10.72 10.93 11.30

Other Industrial

Limestone Consumption
Lime Manufacture . . . . . . . . . . 3.39 3.36 3.47 3.58 3.73 3.96 4.11 4.22 4.30 4.20 4.30

Iron Smelting. . . . . . . . . . . . . . 0.47 0.44 0.37 0.31 0.30 0.31 0.30 0.31 0.30 0.29 0.31

Steelmaking . . . . . . . . . . . . . . 0.08 0.09 0.07 0.13 0.15 0.14 0.11 0.09 0.10 0.07 0.12

Copper Refining . . . . . . . . . . . 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.04

Glass Manufacture . . . . . . . . . 0.03 0.03 0.04 0.05 0.08 0.09 0.05 0.02 0.05 0.05 0.05

Flue Gas Desulfurization. . . . . 0.18 0.19 0.19 0.18 0.19 0.24 0.26 0.28 0.27 0.29 0.29

Dolomite Manufacture. . . . . . . 0.13 0.10 0.08 0.07 0.07 0.06 0.09 0.09 0.09 0.04 0.04

Limestone Subtotal. . . . . . . 4.33 4.24 4.27 4.36 4.57 4.85 4.98 5.05 5.15 4.98 5.16
Soda Ash Manufacture . . . . . . . 0.92 0.92 0.94 0.91 0.92 1.04 1.03 1.08 1.04 1.00 0.99

Soda Ash Consumption
Glass Manufacture . . . . . . . . . * * * * * * * * * * *

Flue Gas Desulfurization. . . . . 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02

Sodium Silicate . . . . . . . . . . . . 0.05 0.05 0.05 0.06 0.06 0.07 0.06 0.07 0.07 0.06 0.07

Sodium Tripolyphosphate . . . . 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.01 0.01

Soda Ash Subtotal . . . . . . . 0.10 0.10 0.10 0.11 0.11 0.13 0.12 0.14 0.12 0.10 0.11
Carbon Dioxide Manufacture . . 0.24 0.25 0.26 0.26 0.27 0.29 0.30 0.31 0.32 0.34 0.35

Aluminum Manufacture . . . . . . . 1.62 1.65 1.62 1.48 1.32 1.35 1.43 1.44 1.48 1.51 1.48

Shale Oil Production . . . . . . . . . 0.05 * * * * * * * * * *

Other Industrial Subtotal . . . 7.27 7.16 7.19 7.12 7.19 7.65 7.86 8.02 8.12 7.93 8.08

Total . . . . . . . . . . . . . . . . . . . . . . 16.36 16.02 16.14 16.58 17.23 17.72 17.99 18.49 18.84 18.86 19.38

*Less than 50,000 metric tons carbon equivalent.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter.



3. Methane Emissions

Overview

U.S. anthropogenic methane emissions totaled 28.2 mil-
lion metric tons in 2000, a decline of about 0.5 million
metric tons from 1999 levels (Table 13). The decline is
primarily the result of increased methane recovery at
U.S. landfills, and to a lesser extent reductions in emis-
sions from coal mining. Methane recovery for energy at
U.S. landfills rose from 2.2 to 2.5 million metric tons due
to the lingering effects of the expiration of Section 29 of
the Windfall Profits Tax Act of 1980. To be eligible for the
tax credit included in that section, methane recovery
systems at landfills must have been operational by June
30, 1998. The last recovery projects installed by the tax
credit deadline continued to ramp up in 2000. Mean-
while, methane recovered and flared at landfills rose
from 2.0 million metric tons to 2.4 million metric tons.
This increase is likely the result of attempts by landfill
owners and operators to comply with the New Source
Performance Standards and Emissions Guidelines
issued by the U.S. Environmental Protection Agency

(EPA). In addition, for the first time in 40 years, U.S. coal
production fell for a second consecutive year, as coal
imports increased by 37 percent and electric utilities
drew down stocks to meet increasing demand.52

Estimated U.S. emissions of methane in 2000 were 3.5
million metric tons below the 1990 level, a decrease
equivalent to almost 22 million metric tons of carbon, or
roughly 1.1 percent of total U.S. anthropogenic green-
house gas emissions.53 In addition to a 3.4 million metric
ton decrease in methane emissions from landfills since
1990, there has also been a 1.3 million metric ton
decrease in methane emissions from coal mines during
the same period (Table 13). The 32-percent decline in
emissions from coal mining is the result of a threefold
increase in methane recovery from coal mines and a shift
in production away from gassy mines. Overall, methane
emissions account for about 8.5 percent of total U.S.
greenhouse gas emissions weighted by global warming
potential.

Methane emissions estimates are much more uncertain
than carbon dioxide emissions estimates. Methane emis-
sions usually are accidental or incidental to biological
processes and may not be metered in any systematic
way.54 Thus, methane emission estimates must often
rely on proxy measurements. Considerable effort has
been devoted to improving estimation methods. How-
ever, with very little additional sample or activity data
being gathered, the marginal improvements associated
with revised methods are severely limited.

Estimated U.S. anthropogenic methane emissions for
2000 also include preliminary data for several key
sources; thus, the overall estimate is preliminary. Emis-
sions from three of these sources—coal mining, natural
gas systems, and landfills—represent more than
three-fifths of all U.S. methane emissions. Thus, compar-
isons between 1999 and 2000 numbers are more likely to
be valid in the context of directional change rather than
magnitude of change. For example, because 2000 data on
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U.S. Anthropogenic Methane Emissions,
1990-2000

Methane
Carbon

Equivalent

Estimated 2000 Emissions
(Million Metric Tons) 28.2 176.8

Change Compared to 1999
(Million Metric Tons) -0.5 -3.0

Change from 1999
(Percent) -1.6% -1.6%

Change Compared to 1990
(Million Metric Tons) -3.5 -21.8

Change from 1990
(Percent) -11.0% -11.0%

52Energy Information Administration, U.S. Coal Supply and Demand: 2000 Review, web site www.eia.doe.gov/cneaf/coal/page/spe-
cial/feature.html.

53Using the new estimated global warming potential of 23 for methane. For an expanded discussion of global warming potentials, see
Chapter 1.

54Wherever possible, estimates of methane emissions are based on measured data. In some cases, however, measured data are incom-
plete or unavailable. In the absence of measured data, emissions are calculated by multiplying some known activity data, such as coal pro-
duction or natural gas throughput, by an emissions factor derived from a small sample of the relevant emissions source or through
laboratory experiments. For a more detailed discussion of where measured data were used and how emissions factors were developed, see
Appendix A, “Estimation Methods.” The absence of measured emissions data for most sources of methane emissions and the reliance on
emissions factors represent a source of uncertainty (further details are available in Appendix C, “Uncertainty in Emissions Estimates”).



waste generation are not yet available, waste generation
has been scaled to economic output as a proxy. Less criti-
cal but still important data are also unavailable for coal
mines and natural gas systems, such as emissions from
coal mine degasification systems and miles of gas trans-
mission and distribution pipeline.

Energy Sources

U.S. methane emissions from energy sources were esti-
mated at 11.0 million metric tons in 2000, nearly
unchanged from 1999 levels and 0.9 million metric tons
below 1990 levels (Figure 3). In 2000, an estimated
decline of 0.14 million metric tons in emissions from coal
mines was offset by a increase of 0.2 million metric tons
in emissions from natural gas systems. The drop in
methane emissions from energy sources since 1990 can
be traced primarily to decreased emissions from coal
mines and, to a lesser extent, to lower emissions from
petroleum systems and stationary combustion.

Methane emissions from coal mines dropped by 32 per-
cent (1.3 million metric tons) between 1990 and 2000.
This decline resulted from the increased capture and use
of methane from coal mine degasification systems and a
shift in production away from some of the Nation’s gas-
siest underground mines in Central Appalachia.
Between 1990 and 2000, the share of coal production rep-
resented by underground mines declined from 41 per-
cent to 35 percent. Methane emissions from petroleum
systems dropped from 1.29 million metric tons in 1990 to
1.03 million metric tons in 2000. A decrease of 0.12 mil-
lion metric tons in estimated emissions from stationary
combustion made a smaller contribution to the overall

drop in emissions from energy sources between 1990
and 2000. Together, the declines in emissions from coal
mining, petroleum systems and stationary combustion
more than compensated for the increase of 0.82 million
metric tons in emissions from the natural gas system,
attributed to increasing U.S. consumption of natural gas
between 1990 and 2000.

Coal Mining

The preliminary estimate of methane emissions from
coal mines for 2000 is 2.89 million metric tons (Table 14),
a decrease of 4.5 percent from the 1999 level.55 This
decrease can be traced to coal production levels, which
fell for a second consecutive year for the first time in 40
years. U.S. coal production dropped from 1.12 billion
short tons in 1998 to 1.07 billion short tons in 2000. The
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Figure 3.  U.S. Emissions of Methane by Source,
1990-2000

Source: Estimates presented in this chapter.

U.S. Methane Emissions from Coal Mining,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 2.9

Change Compared to 1999
(Million Metric Tons Methane) -0.1

Change from 1999 (Percent) -4.5%

Change Compared to 1990
(Million Metric Tons Methane) -1.3

Change from 1990 (Percent) -31.5%

Principal Sources of U.S. Anthropogenic
Methane Emissions, 1990-2000

Source

Million Metric
Tons Methane

Percent
Change

1990 2000
1990-
2000

1999-
2000

Energy 11.9 11.0 -7.5% 0.6%

Waste
Management 11.4 8.0 -29.7% -7.0%

Agriculture 8.3 9.1 9.3% 0.8%

Industrial
Processes 0.1 0.1 15.2% 1.2%

55Further details on emissions from abandoned coal mines are available in Appendix D “Emissions Sources Excluded.”



decline was due primarily to a 41 million ton drawdown
of coal stocks and the use of 12.5 million tons of
imported low-sulfur coal to meet stricter environmental
regulations.56

Between 1990 and 2000, methane emissions from coal
mines dropped by 32 percent from the 1990 level of 4.22
million metric tons. The decline is attributed to three
important trends: (1) methane recovery from active coal
mines for use as an energy resource increased from 0.29
million metric tons in 1990 to about 0.83 million metric
tons in 2000; (2) methane drainage from degasification in
active mines decreased by more than 0.33 million metric
tons between 1990 and 2000; and (3) methane emissions
from ventilation systems at gassy mines dropped by
about 0.46 million metric tons between 1990 and 2000
(Table 14).57

Natural Gas Production, Processing, and
Distribution

At 6.4 million metric tons, 2000 estimated methane emis-
sions from natural gas production, processing, and dis-
tribution were up from the revised estimate of 6.2
million metric tons for 1999 (Table 15). The 3.2-percent
increase in emissions levels can be traced to a 3.7-percent
rise in gross withdrawals of natural gas and a 24-percent
jump in withdrawals from storage; however, the 2000
estimate is preliminary, because gas processing and
pipeline data for 2000 had not been finalized as of the
publication of this report. The estimated 2000 emissions
level is 14.7 percent above 1990 levels, with about
two-fifths of the increase attributable to increased

mileage of distribution pipelines and one-third attribut-
able to increases in gas withdrawals.58

Petroleum Systems

Approximately 97 percent of all emissions from petro-
leum systems occur during exploration and production.
Of the 1.0 million metric tons of emissions annually from
this source, 91 percent can be traced to venting, of which
nearly half is attributable to venting from oil tanks
(Table 16). A much smaller portion of methane emis-
sions from petroleum systems can be traced to refineries
and transportation of crude oil. Overall, methane emis-
sions from petroleum systems are estimated at 1.03 mil-
lion metric tons in 2000, down slightly from 1.04 million
metric tons in 1999 and more significantly from 1.29 mil-
lion metric tons in 1990. Domestic oil production in 2000
was approximately 79 percent of the 1990 level, account-
ing for the decline in methane emissions from this
source.

Stationary Combustion

U.S. methane emissions from stationary combustion in
2000 were 0.44 million metric tons, up by 4.5 percent
from the 1999 level but 22 percent below 1990 levels
(Table 17). Residential wood consumption typically
accounts for about 87 percent of methane emissions
from stationary combustion. Methane emissions are the
result of incomplete combustion, and residential
woodstoves and fireplaces provide much less efficient
combustion than industrial or utility boilers. Estimates
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U.S. Methane Emissions from Natural Gas
Systems, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 6.4

Change Compared to 1999
(Million Metric Tons Methane) 0.2

Change from 1999 (Percent) 3.2%

Change Compared to 1990
(Million Metric Tons Methane) 0.8

Change from 1990 (Percent) 14.7%

U.S. Methane Emissions from Petroleum
Systems, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 1.0

Change Compared to 1999
(Million Metric Tons Methane) *

Change from 1999 (Percent) -1.0%

Change Compared to 1990
(Million Metric Tons Methane) -0.3

Change from 1990 (Percent) -20.5%

*Less than 0.05 million metric tons.

56Energy Information Administration, U.S. Coal Supply and Demand: 2000 Review, web site www.eia.doe.gov/cneaf/coal/page/spe-
cial/feature.html.

57The EPA believes that a significant portion of methane recovery from coal mines should not be deducted from current-year emissions,
because the gas is being drained from coal seams that will be mined only in future years, if at all. The relationship between estimates of emis-
sions from degasification and estimates of gas recovery is under review and may be revised in the future.

58The EPA estimates that the companies participating in the Natural Gas STAR program together avoided more than 575,000 metric tons
in 1999 and 729,000 metric tons in 2000. Program participants report annually on emissions reductions achieved through such activities as
equipment replacement, enhanced inspection and maintenance, and improved operations management. Participating companies may
either use their own techniques to estimate reductions achieved or employ default values developed by the EPA and the Gas Technology
Institue (formerly the Gas Research Institute).



of residential wood combustion are, however, very
uncertain (for further details, see Appendix C). The uni-
verse of wood consumers is large and heterogeneous,
and wood for residential consumption is typically
obtained from sources outside the documented econ-
omy. EIA relies on its Residential Energy Consumption
Survey (RECS) to estimate residential wood consump-
tion. Residential wood consumption data are derived
from the 1990, 1994, and 1997 RECS. Intervening and
subsequent years are scaled to heating degree-days. For
the first time in 4 years, U.S. winter temperatures were
near average rather than warmer than normal. As a
result, the estimated level of residential wood consump-
tion in 2000 was higher than in previous years, although
it was well below the levels seen between 1990 and 1996.

Mobile Combustion

Estimated U.S. methane emissions from mobile combus-
tion in 2000 were 0.25 million metric tons, down by 3.9
percent from 1999 levels but 1.6 percent higher than the
1990 level (Table 18). Emissions from passenger cars
have declined since 1990 as older cars with catalytic con-
verters that are less efficient at destroying methane have

been taken off the road. However, from 1993 to 1999,
rapid growth in the fleet of light-duty trucks and the
related increase in methane emissions offset the declines
from passenger cars. In 2000, emissions from passenger
cars and light-duty trucks declined simultaneously, if
only incrementally, as overall vehicle miles traveled
dropped in both classes for the first time since 1995.

Waste Management
Methane emissions from waste management account for
28 percent of U.S. anthropogenic methane emissions
(Figure 3). This portion has been declining from its 1990
level of 36 percent due to a 3.4 million metric ton drop in
emissions from landfills. Landfills represent 98 percent
of the 8.0 million metric tons of methane emissions from
waste management and remain the single largest source
of U.S. anthropogenic methane emissions (Table 13). The
remainder of emissions from waste management are
associated with domestic wastewater treatment. Esti-
mated emissions from waste management would
increase if sufficient information were available to esti-
mate emissions from industrial wastewater treatment
(for further details, see Appendix D).

Landfills

Despite a record level of municipal solid waste reaching
U.S. landfills in 2000 (Figure 4),59 estimated methane
emissions from landfills dropped to 7.82 million metric
tons, 7.2 percent below the 1999 level of 8.42 million met-
ric tons and 3.4 million metric tons or 30 percent below
1990 levels (Table 19). This dramatic decrease is directly
attributable to a 3.9 million metric ton increase in meth-
ane captured that otherwise would have been emitted to
the atmosphere. Of the 4.9 million metric tons of meth-
ane believed to be captured from this source, 2.5 million
metric tons were recovered for energy use, and 2.4
million metric tons were recovered and flared. While
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U.S. Methane Emissions from Stationary
Combustion, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 0.44

Change Compared to 1999
(Million Metric Tons Methane) 0.02

Change from 1999 (Percent) 4.5%

Change Compared to 1990
(Million Metric Tons Methane) -0.12

Change from 1990 (Percent) -21.9%

U.S. Methane Emissions from Mobile
Combustion, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 0.25

Change Compared to 1999
(Million Metric Tons Methane) -0.01

Change from 1999 (Percent) -3.9%

Change Compared to 1990
(Million Metric Tons Methane) *

Change from 1990 (Percent) 1.6%

*Less than 0.05 million metric tons.

U.S. Methane Emissions from Landfills,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 7.8

Change Compared to 1999
(Million Metric Tons Methane) -0.6

Change from 1999 (Percent) -7.2%

Change Compared to 1990
(Million Metric Tons Methane) -3.4

Change from 1990 (Percent) -30.2%

59“Nationwide Survey: The State of Garbage in America, 1999,” Biocycle (April 2000) for years before 2000. Waste generation for 2000
estimated on the basis of annual economic growth.



estimates of methane recovered and disposed of in both
manners are drawn from data collected by the EPA’s
Landfill Methane Outreach Program,60 there is less
uncertainty in the estimate of methane recovered and
used for energy. It is likely that estimates of methane
flared are biased downward due to a lack of comprehen-
sive industry data.

The rapid growth in methane recovery has resulted from
a combination of regulatory and tax policy. The Federal
Section 29 (of the Internal Revenue Code) tax credit for
alternative energy sources, added to the tax code as part
of the Crude Oil Windfall Profits Act of 1980, provided a
subsidy roughly equivalent to 1 cent per kilowatthour
for electricity generated from landfill gas. However, this
tax credit expired on June 30, 1998, and, absent a similar
subsidy, the number of additional landfill gas-to-energy
projects that are commercially viable is limited. The
energy policy proposed by President George W. Bush
and recently passed by the U.S. House of Representa-
tives includes provisions for resurrecting the Section 29
tax credit under Section 45 of the Internal Revenue Code,
which currently contains a provision for a tax credit, val-
ued at approximately 1.7 cents per kilowatthour, for
electricity generated from wind, closed-loop biomass, or
poultry waste. The ultimate outcome of this initiative is
uncertain.61

Increases in methane recovery have also resulted from
the implementation of the EPA’s New Source Perfor-
mance Standards and Emission Guidelines. These regu-
lations require all landfills with more than 2.5 million
metric tons of waste in place and annual emissions of

nonmethane volatile organic compounds (NMVOCs)
exceeding 50 metric tons to collect and burn their landfill
gas, either by flaring or as an energy resource.

Domestic and Commercial Wastewater
Treatment

Methane emissions from domestic and commercial
wastewater treatment are a function of the share of
organic matter in the wastewater stream and the condi-
tions under which it decomposes. Wastewater may be
treated aerobically or anaerobically. If it is treated aero-
bically, methane emissions will be low. Under anaerobic
conditions, methane emissions will be high. There is lit-
tle information available on wastewater treatment meth-
ods. Data on flaring or energy recovery from methane
generated by wastewater are also sparse. EIA believes
that emissions from this source are relatively small, rep-
resenting on the order of 0.6 percent of all U.S. methane
emissions. Thus, emissions are estimated using a default
per-capita emissions factor and U.S. population data.

With the U.S. population growing slowly, methane
emissions from domestic and commercial wastewater
treatment are estimated to have grown by 0.8 percent
between 1999 and 2000 to 0.17 million metric tons. This is
about 10.2 percent above the 1990 level of 0.15 million
metric tons (Table 13). The EPA is conducting research
in this area. If additional information becomes available,
EIA will review it and revise the estimation method
accordingly.

Agricultural Sources
At an estimated 9.1 million metric tons, methane emis-
sions from agricultural activities represent 32 percent
of total U.S. anthropogenic methane emissions (Table
13). Ninety-five percent of methane emissions from
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Figure 4.  U.S. Solid Waste Generated and
Landfilled, 1990-2000

Source: “Nationwide Survey: The State of Garbage in Amer-
ica, 1999,” Biocycle (April 2000) for years before 2000. Waste
generation for 2000 estimated on the basis of annual economic
growth.

U.S. Methane Emissions from Domestic and
Commercial Wastewater Treatment, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 0.17

Change Compared to 1999
(Million Metric Tons Methane) *

Change from 1999 (Percent) 0.8%

Change Compared to 1990
(Million Metric Tons Methane) 0.02

Change from 1990 (Percent) 10.2%

*Less than 0.05 million metric tons.

60See web site www.epa.gov/lmop.
61See web site www.swana.org/whypolicy.asp.



agricultural activities result from livestock manage-
ment. About 65 percent of these emissions can be traced
to enteric fermentation in ruminant animals, and the
remainder is attributable to the anaerobic decomposi-
tion of livestock wastes. A small portion of U.S. methane
emissions result from crop residue burning and wetland
rice cultivation. Estimated agricultural methane emis-
sions increased slightly between 1999 and 2000 due
mainly to an increase in emissions from enteric fermen-
tation associated with continued growth in average cat-
tle size.

Enteric Fermentation in Domesticated
Animals

In 2000, estimated methane emissions from enteric fer-
mentation in domesticated animals rose by 1.9 percent
to 5.5 million metric tons (Table 20). Because cattle
account for about 96 percent of all emissions from
enteric fermentation, trends in emissions correlate with
trends in cattle populations. While cattle populations
were flat or somewhat declining in 2000 (with the excep-
tion of cattle on feed), average cattle size (excluding
calves) reached a 21-year high in 2000. Animal size is a
principal determinant of energy intake requirements,
which relate directly to methane emissions. Emissions
remain 7.3 percent above 1990 levels, principally due to
7.3-percent growth in average cattle size between 1990
and 2000.62 Meanwhile, cattle populations have fluctu-
ated in a cyclical pattern, settling in 2000 at levels very
similar to those seen in 1990.

Solid Waste of Domesticated Animals

Estimated methane emissions from the solid waste of
domesticated animals increased from 3.03 million metric
tons in 1999 to 3.05 million metric tons in 2000 (Table 21).
This small increase was the result of a small increase in

the populations of cattle on feed and dairy cattle in
several States, combined with a return of calve sizes to
levels not seen since 1997. In the absence of these factors,
general decreases in animal populations would have
resulted in a small drop in overall methane emissions
from the waste of domesticated animals. There has also
been a shift of swine populations to larger livestock
operations, which are believed to be more likely to man-
age waste using liquid systems that tend to promote
methane generation.63 EIA does not have sufficient data
to substantiate that belief at this time. If true, however, it
would likely change the trend in emissions from this
source from flat to slightly positive. Estimated 2000
emission levels were approximately 0.36 million metric
tons above 1990 levels due to a general increase in the
size of cattle over the past decade and a 12-percent
increase in the population of market swine.

Rice Cultivation

Estimated methane emissions from U.S. rice cultivation
dropped to 0.43 million metric tons in 2000 from 0.49
million metric tons in 1999. This was the first decrease
since 1996 and was the result of a 13-percent drop in the
number of acres harvested. Arkansas, Mississippi,
Louisiana, and Texas all saw substantial drops in acres
harvested. Despite these declines, annual emissions
remained 6.7 percent above 1990 levels (Table 13).

Burning of Crop Residues

Crop residue burning, being the smallest contributor to
agricultural greenhouse gas emissions, represents on the
order of 0.2 percent of total U.S. methane emissions.
Estimated 2000 methane emissions from the burning of
crop residues were 0.05 million metric tons, up by 3.5
percent from 1999 levels and 11 percent above 1990 lev-
els (Table 13). The small increase is attributable mainly
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U.S. Methane Emissions from Enteric
Fermentation in Domesticated Animals,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 5.5

Change Compared to 1999
(Million Metric Tons Methane) 0.1

Change from 1999 (Percent) 1.9%

Change Compared to 1990
(Million Metric Tons Methane) 0.4

Change from 1990 (Percent) 7.3%

U.S. Methane Emissions from Solid Waste of
Domesticated Animals, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 3.0

Change Compared to 1999
(Million Metric Tons Methane) *

Change from 1999 (Percent) 0.7%

Change Compared to 1990
(Million Metric Tons Methane) 0.4

Change from 1990 (Percent) 13.4%

*Less than 0.05 million metric tons.

62U.S. Department of Agriculture, National Agricultural and Statistics Service, Livestock, web site www.nass.usda.gov:81/ipedb.
63U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washington,

DC, April, 2001), p. 5-6, web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



to rising corn, soybean, and potato production. This esti-
mate reflects a small modification to the estimation
method. Dry matter content, carbon content, combus-
tion efficiency, and methane conversion rates have been
revised, and rice combustion rates have been annualized
to reflect new EPA data.64

Industrial Sources

Chemical Production

The preliminary estimate of methane emissions from
U.S. chemical production in 2000 is 0.080 million metric
tons, 0.024 million metric tons higher than in 1990 (Table
22). The 2000 number remains preliminary pending
updated production data for five chemicals: methanol,
carbon black, ethylene, ethylene dichloride, and styrene.
Methane emissions from chemical production grew
between 1998 and 1999, and a continued robust econ-
omy in 2000 suggests potential additional emissions
growth from this source.

Iron and Steel Production

With production of pig iron and coke recovering some of
production that was lost in 1999, estimated methane
emissions from iron and steel production rose by 3.1 per-
cent to 0.55 million metric tons in 2000, despite contin-
ued declines in sinter production. Emissions remained
10.5 percent below the 1990 level of 0.062 million metric
tons (Table 22). A general pattern of reduced iron and
steel production has resulted in flat or declining meth-
ane emissions from this source over the past decade.
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U.S. Methane Emissions from Industrial
Sources, 1990-2000

Estimated 2000 Emissions
(Million Metric Tons Methane) 0.14

Change Compared to 1999
(Million Metric Tons Methane) *

Change from 1999 (Percent) 1.2%

Change Compared to 1990
(Million Metric Tons Methane) 0.02

Change from 1990 (Percent) 15.2%

*Less than 0.05 million metric tons.

64U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washington,
DC, April 2001), p. 5-24, web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.
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Table 13.  U.S. Methane Emissions from Anthropogenic Sources, 1990-2000
(Million Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Energy Sources

Coal Mining . . . . . . . . . . . . . . . . 4.22 4.08 3.99 3.41 3.47 3.63 3.24 3.24 3.20 3.03 2.89

Natural Gas Systems . . . . . . . . 5.58 5.80 5.86 5.85 5.86 5.95 5.97 6.12 5.94 6.20 6.40

Petroleum Systems. . . . . . . . . . 1.29 1.30 1.26 1.20 1.17 1.16 1.14 1.14 1.10 1.04 1.03

Stationary Combustion . . . . . . . 0.56 0.59 0.62 0.54 0.53 0.58 0.58 0.44 0.40 0.42 0.44

Mobile Sources . . . . . . . . . . . . . 0.25 0.23 0.24 0.24 0.24 0.25 0.24 0.24 0.24 0.26 0.25

Total Energy Sources . . . . . . 11.90 12.00 11.97 11.24 11.27 11.58 11.17 11.18 10.88 10.94 11.01

Waste Management

Landfills. . . . . . . . . . . . . . . . . . . 11.21 11.07 10.91 10.68 10.39 10.17 9.65 9.19 8.70 8.42 7.82

Wastewater Treatment . . . . . . . 0.15 0.15 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.17

Total Waste Management. . . 11.36 11.23 11.07 10.84 10.55 10.33 9.81 9.35 8.86 8.59 7.99

Agricultural Sources

Enteric Fermentation. . . . . . . . . 5.16 5.30 5.39 5.46 5.59 5.61 5.46 5.42 5.41 5.43 5.54

Animal Waste . . . . . . . . . . . . . . 2.69 2.79 2.81 2.87 2.95 2.95 2.92 3.07 3.09 3.03 3.05

Rice Paddies. . . . . . . . . . . . . . . 0.40 0.40 0.44 0.40 0.47 0.44 0.40 0.44 0.46 0.49 0.43

Crop Residue Burning. . . . . . . . 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.05

Total Agricultural Sources . . 8.29 8.52 8.68 8.77 9.06 9.04 8.83 8.98 9.00 9.00 9.06

Industrial Processes. . . . . . . . . 0.12 0.11 0.12 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.14

Total . . . . . . . . . . . . . . . . . . . . . . 31.67 31.86 31.84 30.96 31.00 31.08 29.94 29.64 28.88 28.66 28.19

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: EIA estimates presented in this chapter. Emissions calculations based on Intergovernmental Panel on Climate Change, Greenhouse

Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp.
4.83-4.84, web site www.ipcc.ch/pub/guide.htm; and U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and
Sinks (Washington, DC, various years), web site www.epa.gov/globalwarming/ publications/emissions/index.html.
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Table 14.  U.S. Methane Emissions from Coal Mining and Post-Mining Activities, 1990-2000
(Million Metric Tons Methane)

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Surface Mining

Mining. . . . . . . . . . . . . . . . . . . . . . . 0.43 0.42 0.42 0.42 0.45 0.45 0.46 0.47 0.49 0.50 0.50

Post-Mining . . . . . . . . . . . . . . . . . . 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Underground Mining

Ventilation (Gassy Mines) . . . . . . . 2.13 2.04 2.10 1.82 1.85 1.91 1.71 1.79 1.80 1.76 1.66

Ventilation (Nongassy Mines). . . . . 0.03 0.03 0.02 0.02 0.03 0.03 0.04 0.04 0.03 0.04 0.04

Degasification. . . . . . . . . . . . . . . . . 1.26 1.23 1.17 1.05 1.06 1.21 1.02 1.06 1.04 0.92 0.92

Post-Mining . . . . . . . . . . . . . . . . . . 0.64 0.61 0.61 0.53 0.60 0.60 0.62 0.63 0.63 0.59 0.56

Methane Recovery for Energy (-) . . 0.29 0.29 0.37 0.47 0.56 0.60 0.65 0.80 0.84 0.83 0.83

Net Emissions. . . . . . . . . . . . . . . . . 4.22 4.08 3.99 3.41 3.47 3.63 3.24 3.24 3.20 3.03 2.89

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Coal production numbers from Energy Information Administration, Coal Production, DOE/EIA-0118 (Washington, DC, various years),

and Coal Industry Annual, DOE/EIA-0584 (Washington, DC, 1995-1999). Methane recovery rates from U.S. Environmental Protection Agency, Office
of Air and Radiation, Climate Protection Partnerships Division, Coalbed Methane Outreach Program. Ventilation data for 1985, 1988, and 1990 pro-
vided by G. Finfinger, U.S. Department of the Interior, Bureau of Mines, Pittsburgh Research Center. Ventilation data for all other years provided by
U.S. Environmental Protection Agency, Office of Air and Radiation, Climate Protection Partnerships Division, Coalbed Methane Outreach Program.
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Table 15.  U.S. Methane Emissions from Natural Gas Systems, 1990-2000
(Million Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Production. . . . . . . . . . . . . . . . . . 1.47 1.49 1.49 1.51 1.55 1.57 1.58 1.65 1.66 1.65 1.71

Gas Processing. . . . . . . . . . . . . . 0.65 0.71 0.70 0.71 0.71 0.72 0.73 0.71 0.70 0.71 0.73

Transmission and Storage . . . . . 2.10 2.21 2.23 2.15 2.11 2.14 2.11 2.20 1.98 2.11 2.24

Distribution . . . . . . . . . . . . . . . . . 1.36 1.39 1.44 1.48 1.49 1.52 1.55 1.55 1.59 1.72 1.72

Total . . . . . . . . . . . . . . . . . . . . . 5.58 5.80 5.86 5.85 5.86 5.95 5.97 6.12 5.94 6.20 6.40

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: National Risk Management Research Laboratory, Methane Emissions From the Natural Gas Industry, Vol. 2, Technical Report,

GRI-94/0257.1 and EPA-600-R-96-08 (Research Triangle Park, NC, June 1996), Appendix A; American Gas Association, Gas Facts (various years);
Energy Information Administration, Natural Gas Annual, DOE/EIA-0131 (various years); Energy Information Administration, Annual Energy Review
2000, DOE/EIA-0384(2000) (Washington, DC, July 2001); Energy Information Administration, Petroleum Supply Annual, DOE/EIA-0340 (Washing-
ton, DC, various years).

Table 16.  U.S. Methane Emissions from Petroleum Systems, 1990-2000
(Million Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Refineries . . . . . . . . . . . . . . . . . . 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Exploration and Production. . . . . 1.26 1.27 1.23 1.17 1.14 1.13 1.11 1.11 1.07 1.01 1.00

Crude Oil Transportation. . . . . . . 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Total . . . . . . . . . . . . . . . . . . . . . 1.29 1.30 1.26 1.20 1.17 1.16 1.14 1.14 1.10 1.04 1.03

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: U.S. Environmental Protection Agency, Office of Air and Radiation, Draft Estimates of Methane Emissions from the U.S. Oil Industry

(Draft Report, Washington, DC); Energy Information Administration, Petroleum Supply Annual, DOE/EIA-0340 (Washington, DC, various years); and
Oil and Gas Journal, Worldwide Refining Issue and Pipeline Economics Issue (various years).
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Table 17.  U.S. Methane Emissions from Stationary Combustion Sources, 1990-2000
(Thousand Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Residential

Coal. . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Distillate Fuel . . . . . . . . . . . . . . 4 4 4 5 4 4 5 5 4 4 4

Natural Gas. . . . . . . . . . . . . . . . 4 4 5 5 5 5 5 5 4 5 5

LPG. . . . . . . . . . . . . . . . . . . . . . * * * * * * 1 1 1 1 1

Wood. . . . . . . . . . . . . . . . . . . . . 512 541 569 483 474 526 525 382 341 365 382

Total . . . . . . . . . . . . . . . . . . . . 521 550 578 493 483 535 535 392 350 374 392

Commercial

Coal. . . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Distillate Fuel . . . . . . . . . . . . . . 1 1 1 1 1 1 1 * * * *

Natural Gas. . . . . . . . . . . . . . . . 3 3 3 3 3 4 4 4 4 4 4

LPG. . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Wood. . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Total . . . . . . . . . . . . . . . . . . . . 5 5 5 5 5 5 5 5 5 5 5

Industrial

Coal. . . . . . . . . . . . . . . . . . . . . . 7 6 6 6 6 6 6 6 5 5 5

Distillate Fuel . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Natural Gas. . . . . . . . . . . . . . . . 11 12 12 13 13 14 14 14 14 14 15

LPG. . . . . . . . . . . . . . . . . . . . . . 2 2 3 2 3 3 3 3 3 3 3

Wood. . . . . . . . . . . . . . . . . . . . . 4 3 4 4 4 5 5 5 5 5 5

Total . . . . . . . . . . . . . . . . . . . . 26 25 26 27 28 28 29 29 28 29 30

Electric Power

Coal. . . . . . . . . . . . . . . . . . . . . . 10 10 10 10 10 10 11 11 12 12 12

Distillate Fuel . . . . . . . . . . . . . . 1 1 1 1 1 * * * 1 1 *

Natural Gas. . . . . . . . . . . . . . . . * * * * * * * * * * *

Wood. . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Total . . . . . . . . . . . . . . . . . . . . 11 11 11 11 11 11 12 12 13 13 13

Total All Fuels

Coal. . . . . . . . . . . . . . . . . . . . . . 17 17 17 17 17 17 18 18 18 18 18

Distillate Fuel . . . . . . . . . . . . . . 7 7 7 7 7 7 7 7 6 6 6

Natural Gas. . . . . . . . . . . . . . . . 19 20 20 21 21 22 23 23 22 22 24

LPG. . . . . . . . . . . . . . . . . . . . . . 3 3 3 3 3 3 4 4 3 4 4

Wood. . . . . . . . . . . . . . . . . . . . . 517 544 573 487 478 530 530 387 346 371 387

Total . . . . . . . . . . . . . . . . . . . . 563 590 620 536 527 580 581 438 395 421 439

*Less than 500 metric tons of methane.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards, Compilation of Air Pollutant Emission Factors,

AP-42, web site www.epa.gov/ttn/chief; Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996
IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), web site www.ipcc.ch/pub/guide.htm; and Energy Informa-
tion Administration, State Energy Data Report 1998, DOE/EIA-0214(98) (Washington, DC, September 2000), Monthly Energy Review,
DOE/EIA-0035(01/07) (Washington, DC, July 2001), and Annual Energy Review 2000, DOE/EIA-0384(2000) (Washington, DC, July 2001).
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Table 18.  U.S. Methane Emissions from Mobile Sources, 1990-2000
(Thousand Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Motor Vehicles

Passenger Cars . . . . . . . . . . . . 142 132 131 126 117 109 107 105 105 106 101

Buses . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Motorcycles. . . . . . . . . . . . . . . . 4 4 4 4 4 4 4 4 4 4 4

Light-Duty Trucks . . . . . . . . . . . 63 63 63 75 85 99 92 91 91 108 100

Other Trucks . . . . . . . . . . . . . . . 12 12 12 13 14 14 15 15 16 16 16

Total . . . . . . . . . . . . . . . . . . . . 222 212 212 219 221 228 219 217 217 236 223

Other Transport. . . . . . . . . . . . . . 23 23 24 22 22 23 23 21 22 24 26

Total Transport . . . . . . . . . . . . . 245 235 235 241 243 250 242 238 239 259 249

P = preliminary data.
Note: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000).
Sources: Calculations based on vehicle miles traveled from U.S. Department of Transportation, Federal Highway Statistics, various years, Table

VM-1. Vehicle emissions coefficients from Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised
1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 1.65-1.75, web site www.ipcc.ch/pub/guide.htm.
Distribution of passenger car and light duty truck fleet model years for 1983, 1985, 1988, 1991, and 1994 according to data in the Energy Information
Administration’s “Residential Transportation Energy Consumption Surveys” for those years. Distribution for passenger cars and light duty trucks in
other years computed by interpolation. Distribution of bus and other truck fleet according to model year computed assuming 10-percent attrition per
annum of pre-1983 fleet for each year after 1984.

Table 19.  U.S. Methane Emissions from Landfills, 1990-2000
(Million Metric Tons Methane)

Type 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Gross Emissions from Landfills . . . . 12.2 12.4 12.5 12.5 12.6 12.6 12.6 12.6 12.6 12.6 12.7

Methane Recovered for Energy (-). . 0.8 0.8 0.9 0.9 1.1 1.1 1.3 1.6 1.9 2.2 2.5

Methane Assumed Flared (-) . . . . . . 0.2 0.4 0.7 0.9 1.1 1.3 1.7 1.8 2.0 2.0 2.4

Net Emissions. . . . . . . . . . . . . . . . 11.2 11.1 10.9 10.7 10.4 10.2 9.6 9.2 8.7 8.4 7.8

P = preliminary data.
Note: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000).
Sources: Municipal solid waste landfilled from “Nationwide Survey: The State of Garbage in America, 1999,” Biocycle (April 2000) for years before

2000. Waste generation for 2000 estimated on the basis of annual economic growth. Emissions calculations based on S.A. Thorneloe et al., “Esti-
mate of Methane Emissions from U.S. Landfills,” Prepared for the U.S. Environmental Protection Agency, Office of Research and Development (April
1994), and D. Augenstein, “The Greenhouse Effect and U.S. Landfill Methane,” Global Environmental Change (December 1992), pp. 311-328. Meth-
ane recovered and flared from U.S. Environmental Protection Agency, Office of Air and Radiation, Climate Protection Partnerships Division, Landfill
Methane Outreach Program, web site www.epa.gov/lmop/.
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Table 20.  U.S. Methane Emissions from Enteric Fermentation in Domesticated Animals, 1990-2000
(Million Metric Tons Methane)

Animal Type 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Cattle. . . . . . . . . . . . . . . . . . . . . . 4.87 5.01 5.10 5.18 5.31 5.35 5.20 5.16 5.15 5.19 5.30

Sheep . . . . . . . . . . . . . . . . . . . . . 0.15 0.15 0.14 0.13 0.13 0.12 0.11 0.10 0.10 0.09 0.09

Pigs . . . . . . . . . . . . . . . . . . . . . . . 0.08 0.09 0.09 0.09 0.09 0.09 0.08 0.09 0.09 0.09 0.09

Goats . . . . . . . . . . . . . . . . . . . . . 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01

Horses. . . . . . . . . . . . . . . . . . . . . 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05

Total . . . . . . . . . . . . . . . . . . . . . 5.16 5.30 5.39 5.46 5.59 5.61 5.46 5.42 5.41 5.43 5.54

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Cattle, sheep, and pig population data provided by the U.S. Department of Agriculture, National Agricultural Statistics Service, Livestock,

Dairy and Poultry Service. Goat and horse population figures extrapolated from U.S. Department of Commerce, Bureau of the Census, Census of
Agriculture, 1982, 1987, 1992, and 1997. Emissions calculations based on U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse
Gas Emissions and Sinks 1990-1998, EPA-236-R-00-001 (Washington, DC, April 2000), web site www.epa.gov/globalwarming/publications/emis-
sions/us2000/index.html; and P.J. Crutzen, I. Aselmann, and W.S. Seiler, “Methane Production by Domestic Animals, Wild Ruminants, Other Herbiv-
orous Fauna, and Humans,” Tellus, Vol. 38B (1986), pp. 271-284.

Table 21.  U.S. Methane Emissions from the Solid Waste of Domesticated Animals, 1990-2000
(Thousand Metric Tons Methane)

Animal Type 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Cattle

Beef Cattle . . . . . . . . . . . . . . . . 249 264 271 278 284 286 275 275 273 275 280

Dairy Cattle . . . . . . . . . . . . . . . . 917 923 927 964 1,011 1,045 1,073 1,105 1,112 1,119 1,137

Swine

Market Swine . . . . . . . . . . . . . . 861 912 924 919 954 931 896 981 1,005 961 960

Breeding Swine. . . . . . . . . . . . . 487 515 506 510 498 482 468 495 476 445 446

Poultry

Caged Layers . . . . . . . . . . . . . . 83 84 86 88 90 91 92 94 97 100 96

Broilers . . . . . . . . . . . . . . . . . . . 73 77 81 91 95 100 102 105 106 110 111

Other Animals

Sheep . . . . . . . . . . . . . . . . . . . . 5 5 5 5 4 4 4 4 3 3 3

Goats . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Horses. . . . . . . . . . . . . . . . . . . . 12 11 11 11 12 12 13 13 13 14 14

Total . . . . . . . . . . . . . . . . . . . . . . 2,688 2,792 2,812 2,867 2,949 2,951 2,923 3,071 3,086 3,026 3,048

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Population data for horses and goats extrapolated from U.S. Department of Commerce, Bureau of the Census, Census of Agriculture,

1982, 1987, 1992, and 1997. Population data for all other animals from U.S. Department of Agriculture, National Agricultural Statistics Service, Live-
stock, Dairy and Poultry Branch. Typical animal sizes from U.S. Environmental Protection Agency, Office of Air and Radiation, Anthropogenic Meth-
ane Emissions in the United States: Estimates for 1990, Report to Congress (Washington, DC, April 1993), p. 6-8. Cattle sizes adjusted by annual
slaughter weight from U.S. Department of Agriculture, National Agricultural Statistics Service, Livestock, Dairy and Poultry Branch. Maximum meth-
ane production, and waste management systems used from L.M. Safley, M.E. Casada, et al., Global Methane Emissions from Livestock and Poultry
Manure (Washington, DC: U.S. Environmental Protection Agency, February 1992), pp. 24-27, and U.S. Environmental Protection Agency, Inventory
of U.S. Greenhouse Gas Emissions and Sinks 1990-1998, EPA-230-00-001 (Washington, DC, April 2000). General methane conversion factors from
Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National Green-
house Gas Inventories, Vol. 3 (Paris, France, 1997), p. 4.25, web site www.ipcc.ch/pub/guide.htm. State methane conversion factors for dairy cattle
from U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1998, EPA-236-R-00-001 (Washington,
DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/ us2000/index.html.
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Table 22.  U.S. Methane Emissions from Industrial Processes, 1990-2000
(Thousand Metric Tons Methane)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Chemical Production

Ethylene . . . . . . . . . . . . . . . . . . 17 18 19 19 20 21 22 23 23 25 25

Ethylene Dichloride . . . . . . . . . . 3 2 3 3 3 3 3 4 4 4 4

Styrene . . . . . . . . . . . . . . . . . . . 15 15 16 18 20 21 22 21 21 22 22

Methanol . . . . . . . . . . . . . . . . . . 8 8 7 10 10 10 11 12 11 11 11

Carbon Black . . . . . . . . . . . . . . 14 13 15 16 16 17 17 17 18 18 18

Total . . . . . . . . . . . . . . . . . . . . 56 57 60 66 70 72 75 77 77 80 80

Iron and Steel Production

Cokea . . . . . . . . . . . . . . . . . . . . 11 9 9 9 8 9 8 7 7 6 7

Sinter. . . . . . . . . . . . . . . . . . . . . 6 5 6 6 6 6 6 6 5 6 5

Pig Iron . . . . . . . . . . . . . . . . . . . 45 40 43 43 44 46 44 45 43 42 43

Total . . . . . . . . . . . . . . . . . . . . 62 54 57 58 59 61 59 58 56 54 55

Total Industrial Processes . . . . 117 111 117 124 129 132 134 134 133 133 135
aBased on total U.S. production of metallurgical coke, including non-iron and steel uses.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: American Iron and Steel Institute, Annual Statistical Report (Washington, DC, various years); American Chemical Council (formerly the

Chemical Manufacturers Association), U.S. Chemical Industry Statistical Handbook (Washington, DC, various years); and Intergovernmental Panel
on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3
(Paris, France, 1997), p. 2.23, web site www.ipcc/pub/guide.htm.



4. Nitrous Oxide Emissions

Overview

Estimated U.S. anthropogenic nitrous oxide emissions
totaled 1,231 thousand metric tons in 2000, 0.6 percent
less than in 1999 and 5.3 percent above 1990 levels (Table
23). Nearly all the increase from 1990 can be attributed to
emissions from mobile combustion, which grew by 69
thousand metric tons, between 1990 and 2000, more than
offsetting the 40 thousand metric ton decrease from
industrial sources (adipic acid and nitric acid
production).

The largest component of U.S. anthropogenic nitrous
oxide emissions is emissions from agricultural activities.
Nitrogen fertilization of agricultural soils represents
73.2 percent of emissions from agricultural activities.
Most of the remainder is from the handling of animal
waste in managed systems. Small quantities of nitrous
oxide are also released from the burning of crop resi-
dues. Estimated emissions of nitrous oxide from agricul-
tural sources were 870 thousand metric tons in 2000, 0.1
percent above 1999 levels and 2.9 percent above 1990
levels (Figure 5).

There are large uncertainties connected with the emis-
sions consequences of adding nitrogen to agricultural
soils. Models used for estimation are based on limited
sources of experimental data.65 The uncertainty in-
creases when moving from emissions associated with

animal manure to soil mineralization and atmospheric
deposition, where both estimating emissions and parti-
tioning emissions between anthropogenic and biogenic
sources become increasingly difficult.

The second-largest source of anthropogenic nitrous
oxide emissions is energy consumption, which includes
mobile source combustion from passenger cars, buses,
motorcycles, and trucks and stationary source combus-
tion from commercial, residential, industrial, and elec-
tric power sector energy use. Energy use was
responsible for the release of 285 thousand metric tons of
nitrous oxide in 2000, 2.9 percent lower than in 1999 but
35.8 percent higher than in 1990.
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U.S. Anthropogenic Nitrous Oxide Emissions,
1990-2000

Nitrous
Oxide

Carbon
Equivalent

Estimated 2000 Emissions
(Thousand Metric Tons) 1,231 99,357

Change Compared to 1999
(Thousand Metric Tons) -8 -647

Change from 1999
(Percent) -0.6% -0.6%

Change Compared to 1990
(Thousand Metric Tons) 62 4,995

Change from 1990
(Percent) 5.3% 5.3%
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Figure 5.  U.S. Emissions of Nitrous Oxide
by Source, 1990-2000

Source: Estimates presented in this chapter.

Principal Sources of U.S. Anthropogenic
Nitrous Oxide Emissions, 1990-2000

Source

Thousand
Metric Tons

Nitrous Oxide
Percent
Change

1990 2000
1990-
2000

1999-
2000

Energy Use 210 285 35.8% -2.9%

Agriculture 846 860 1.6% -1.1%

Industrial 96 56 -41.7% -0.9%

65Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National
Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 4.87-4.100, web site www.ipcc.ch/pub/guide.htm.



Industrial production of adipic acid and nitric acid,
which releases nitrous oxide as a byproduct, accounted
for emissions of 56 thousand metric tons of nitrous oxide
in 2000, a 41.7-percent decrease from 1990 levels and a
0.9-percent decline from 1999 levels (Table 23). The large
decline in emissions from this source since 1990 is a
result of the implementation of emissions control tech-
nology at three of the four adipic acid plants operating in
the United States.

Energy Use

The energy use category includes nitrous oxide emis-
sions from both mobile and stationary sources as
byproducts of fuel combustion. Estimated 2000 energy-
related emissions were 285 thousand metric tons, 23.1
percent of total U.S. anthropogenic nitrous oxide emis-
sions (Table 23). Emissions from energy use are domi-
nated by mobile combustion (82.5 percent of nitrous
oxide emissions from energy use in 2000).

Mobile Combustion

Nitrous oxide emissions from mobile source combustion
in 2000 were 235 thousand metric tons, 3.9 percent below
1999 levels (Table 24). In addition to emissions from pas-
senger cars and light-duty trucks, emissions from air,
rail, and marine transportation and from farm and con-
struction equipment are also included in the estimates.
Motor vehicles are the source of 93.9 percent of nitrous
oxide emissions from mobile combustion (Table 24).
Emissions grew rapidly between 1990 and 1995 due to
increasing motor vehicle use, the shifting composition of
the light-duty vehicle fleet toward light trucks, and the
gradual replacement of low emitting pre-1983 vehicles
in the fleet with higher emitting post-1983 vehicles. The
shift to advanced three-way catalytic converters in 1996
through 2000 model year cars has slowed but not abated
emissions growth from this source.

Nitrous oxide emissions from motor vehicles are caused
primarily by the conversion of nitrogen oxides (NOx)
into nitrous oxide (N2O) by vehicle catalytic converters.
The normal operating temperature of catalytic convert-
ers is high enough to cause the thermal decomposition
of nitrous oxide. Consequently, it is probable that
nitrous oxide emissions result primarily from “cold
starts” of motor vehicles and from catalytic converters
that are defective or operating under abnormal condi-
tions. This implies that the primary determinant of the
level of emissions is motor vehicle operating conditions;
however, different types of catalytic converters appear
to differ systematically in their emissions, and emissions
probably vary with engine size. Thus, emissions also
depend on the “mix” of vehicle age and type on the road.

Stationary Combustion

During combustion, nitrous oxide is produced as a
result of chemical interactions between nitrogen oxides
(mostly NO2) and other combustion products. With
most conventional stationary combustion systems, high
temperatures destroy almost all nitrous oxide, limiting
the quantity that escapes; therefore, emissions from
these systems are typically low. In 2000, estimated
nitrous oxide emissions from stationary combustion
sources were 50 thousand metric tons, 2.2 percent higher
than in 1999 and 14.7 percent higher than in 1990 (Table
25). More than three-quarters (82.6 percent) of the emis-
sions increase from this source between 1990 and 2000
can be attributed to coal-fired electricity generation,
which grew in response to the growing demand for elec-
tricity and lower costs and improved availability at
coal-fired power plants. Much of the remainder is attrib-
uted to wood combustion in industrial boilers.
Coal-fired combustion systems produced 63.6 percent of
the 2000 emissions of nitrous oxide from stationary com-
bustion, and the electric power sector accounted for 58.4
percent of all nitrous oxide emissions from stationary
combustion sources.

Agriculture
On a global scale, agricultural practices contribute
approximately 70.0 percent of anthropogenic nitrous
oxide emissions.66 Similarly, in the United States, agri-
cultural activities were responsible for 70.7 percent of
2000 nitrous oxide emissions. Nitrogen fertilization of
agricultural soils accounted for 73.2 percent of U.S. agri-
cultural emissions of nitrous oxide (Table 23). Nearly all
the remaining agricultural emissions can be traced to the
management of the solid waste of domesticated animals.
The disposal of crop residues by burning also produces
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U.S. Nitrous Oxide Emissions from
Energy Use, 1990-2000

Estimated 2000 Emissions
(Thousand Metric Tons Nitrous Oxide) 285

Change Compared to 1999
(Thousand Metric Tons Nitrous Oxide) -8

Change from 1999 (Percent) -2.9%

Change Compared to 1990
(Thousand Metric Tons Nitrous Oxide) 75

Change from 1990 (Percent) 35.8%

66A.R. Mosier, “Nitrous Oxide Emissions from Agricultural Soils,” in A.R. van Amstel (ed.), International IPCC Workshop Proceedings:
Methane and Nitrous Oxide, Methods in National Emissions Inventories and Options for Control (Bilthoven, Netherlands: RIVM, 1993), p. 277.



nitrous oxide that is released into the atmosphere; how-
ever, the amount is relatively minor, at 2 thousand met-
ric tons or 0.2 percent of total U.S. emissions of nitrous
oxide from agricultural sources in 2000. Nitrous oxide
emissions from agricultural activities grew by 2.9 per-
cent between 1990 and 2000.

Nitrogen Fertilization of Agricultural Soils

Nitrogen uptake and nitrous oxide emissions occur nat-
urally as a result of nitrification and denitrification pro-
cesses in soil and crops, generally through bacterial
action. When nitrogen compounds are added to the soil,
bacterial action is stimulated, and emissions generally
increase, unless the application precisely matches plant
uptake and soil capture.67 Nitrogen may be added to the
soil by synthetic or organic fertilizers, nitrogen-fixing
crops, and crop residues. Nitrogen-rich soils, called
“histosols,” may also stimulate emissions.

Adding excess nitrogen to the soil also enriches ground
and surface waters, such as rivers and streams, which
generate indirect emissions of nitrous oxide. Additional
indirect emissions occur from “atmospheric deposi-
tion,” in which soils emit other nitrogen compounds that
react to form nitrous oxide in the atmosphere. EIA esti-
mates that a total of 637 thousand metric tons of nitrous
oxide was released into the atmosphere as a result of
direct and indirect emissions associated with fertiliza-
tion practices in 2000 (Table 26). Estimated emissions
increased by 3.5 percent compared with 1990 and
increased by 0.2 percent compared with 1999. Nitrous
oxide emissions from the application of nitrogen-based
fertilizers and biological fixation in crops accounted for
61.2 percent of total nitrous oxide emissions from this
source during 2000.

Crop Residue Burning

When crop residues are burned, the incomplete combus-
tion of agricultural waste results in the production of

nitrous oxide as well as methane (discussed in Chapter
3). In 2000, estimated emissions of nitrous oxide from
crop residue burning were 2 thousand metric tons, up by
less than 0.5 thousand metric tons (3.3 percent) from
1999 levels (Table 23). The small increase is mainly
attributable to increased corn and soybean production.
Emissions from this source remain very small, at 0.2 per-
cent of all U.S. nitrous oxide emissions.

Solid Waste of Domesticated Animals

Estimated 2000 nitrous oxide emissions from animal
waste management were 231 thousand metric tons,
down by 0.3 percent from 1999 levels and 0.9 percent
higher than 1990 levels (Table 27), making animal waste
the second-largest U.S. agricultural source of nitrous
oxide emissions, after nitrogen fertilization of soils.
Nitrous oxide emissions from animal waste are domi-
nated by emissions from cattle waste, which account for
93.9 percent of emissions from the solid waste of domes-
ticated animals.

Nitrous oxide is released as part of the microbial
denitrification of animal manure. The total volume of
nitrous oxide emissions is a function of animal size and
manure production, the amount of nitrogen in the ani-
mal waste, and the method of managing the animal
waste. Waste managed by a solid storage or pasture
range method may emit 20 times more nitrous oxide per
unit of nitrogen content than does waste managed in
anaerobic lagoon and liquid systems. Generally, solid
waste from feedlot beef cattle is managed with the solid
storage or pasture range method, accounting for the
majority of nitrous oxide emissions. Solid waste from
swine is generally managed in anaerobic lagoons and
other liquid systems. Anaerobic digestion yields meth-
ane emissions but only negligible amounts of nitrous
oxide. Thus, changes in estimated emissions result pri-
marily from changes in cattle populations. Cattle popu-
lations grew during the first half of the decade, leading
to higher emissions through 1995, but have since
declined slowly, lowering emissions to levels that are
close to the 1990 level.

Waste Management
Nitrous oxide emissions from waste management are
estimated at 19 thousand metric tons for 2000, 1.6 per-
cent of all U.S. anthropogenic nitrous oxide emissions
(Table 23). During 2000, emissions from human sewage
in wastewater were responsible for 95.7 percent of the
estimated emissions from this source, and the remainder
was associated with waste combustion. Estimated emis-
sions from waste management grew by 16.7 percent
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U.S. Nitrous Oxide Emissions from
Agriculture, 1990-2000

Estimated 2000 Emissions
(Thousand Metric Tons Nitrous Oxide) 870

Change Compared to 1999
(Thousand Metric Tons Nitrous Oxide) 1

Change from 1999 (Percent) 0.1%

Change Compared to 1990
(Thousand Metric Tons Nitrous Oxide) 24

Change from 1990 (Percent) 2.9%

67A.F. Bouwman, “Exchange of Greenhouse Gases Between Terrestrial Ecosystems and the Atmosphere,” in A.F. Bouwman (ed.), Soils
and the Greenhouse Effect (New York, NY: John Wiley and Sons, 1990).



between 1990 and 2000 and by 1.0 percent between 1999
and 2000. Because of the lack of reliable data and an
effective estimation method, no estimate of emissions
from industrial wastewater was calculated, leaving esti-
mated emissions from waste management lower than
they otherwise would be had a viable estimation
method been available.

Waste Combustion

In 2000, estimated nitrous oxide emissions from waste
combustion were 1 thousand metric tons, 4.1 percent
above 1999 levels but 9.8 percent below 1990 levels.
While the share of waste burned is estimated to be
unchanged between 1999 and 2000, total waste gener-
ated increased by 8.4 percent. The total volume of waste
generated in the United States increased by 38.3 percent
between 1990 and 2000; however, the share of waste
burned in 2000 was just 7.5 percent, compared with 11. 5
percent in 1990.68

Human Sewage in Wastewater

Nitrous oxide is emitted from wastewater that contains
nitrogen-based organic materials, such as those found in
human or animal waste. It is produced by two natural
processes: nitrification and denitrification. Nitrification,
an aerobic process, converts ammonia into nitrate;
denitrification, an anaerobic process, converts nitrate to
nitrous oxide. Factors that influence the amount of
nitrous oxide generated from wastewater include tem-
perature, acidity, biochemical oxygen demand (BOD),69

and nitrogen concentration.

In 2000, nitrous oxide emissions from wastewater were
19 thousand metric tons, a 0.8-percent increase from
1999 levels and an 18.3-percent increase from the 1990

level (Table 23). Estimates of nitrous oxide emissions
from human waste are scaled to population size and per
capita protein intake. U.S. population has grown by 10.1
percent since 1990. U.S. per capita protein intake rose
steadily between 1990 and 2000, with a brief respite in
1995 and 1996. Today, U.S. per capita protein intake is
7.4 percent above 1990 levels. Data on protein intake are
taken from the United Nations Food and Agriculture
Organization (FAO).70

Industrial Processes

Nitrous oxide is emitted as a byproduct of certain chemi-
cal production processes. Table 28 provides estimates of
emissions from the production of adipic acid and nitric
acid, the two principal known sources. Emissions from
the combination of these two processes were 56 thou-
sand metric tons in 2000, a decrease of 40 thousand met-
ric tons (41.7 percent) since 1990 and less than 0.5
thousand metric tons (0.9 percent) since 1999.

Adipic Acid Production

Adipic acid is a fine white powder that is used primarily
in the manufacture of nylon fibers and plastics, such as
carpet yarn, clothing, and tire cord. Other uses of adipic
acid include production of plasticizer for polyvinyl chlo-
ride and polyurethane resins, lubricants, insecticides,
and dyes.

In the United States, three companies, which operate a
total of four plants, manufacture adipic acid by oxidiz-
ing a ketone-alcohol mixture with nitric acid. Nitrous
oxide is an intrinsic byproduct of this chemical reaction.
For every metric ton of adipic acid produced, 0.3 metric
ton of nitrous oxide is created.71 Between 1990 and 1994,
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U.S. Nitrous Oxide Emissions from
Waste Management, 1990-2000

Estimated 2000 Emissions
(Thousand Metric Tons Nitrous Oxide) 19

Change Compared to 1999
(Thousand Metric Tons Nitrous Oxide) *

Change from 1999 (Percent) 1.0%

Change Compared to 1990
(Thousand Metric Tons Nitrous Oxide) 3

Change from 1990 (Percent) 16.7%

*Less than 0.5 thousand metric tons.
U.S. Nitrous Oxide Emissions from
Industrial Processes, 1990-2000

Estimated 2000 Emissions
(Thousand Metric Tons Nitrous Oxide) 56

Change Compared to 1999
(Thousand Metric Tons Nitrous Oxide) *

Change from 1999 (Percent) -0.9%

Change Compared to 1990
(Thousand Metric Tons Nitrous Oxide) -40

Change from 1990 (Percent) -41.7%

*Less than 0.5 thousand metric tons.

68“Nationwide Survey: The State of Garbage In America 1999,” Biocycle (April 2000). Waste streams were estimated for 2000 by scaling to
economic growth, and the share of waste combusted was held constant at the 1999 level.

69Biochemical oxygen demand is a measure of the organic content within the wastewater that is subject to decomposition.
70Food and Agriculture Organization of the United Nations, statistical databases, web site http://apps.fao.org.
71M.H. Thiemens and W.C. Trogler, “Nylon Production: An Unknown Source of Atmospheric Nitrous Oxide,” Science, Vol. 251, No.

4996 (February 1991).



emissions from adipic acid manufacture grew by 17.7
percent reaching 67 thousand metric tons (Table 28).
After remaining relatively stable in 1995 and 1996, emis-
sions dropped sharply to 12 thousand metric tons in
1998, and they remained at that level in 1999 and 2000.

Through 1996, two of the four plants that manufacture
adipic acid controlled emissions by thermally decom-
posing the nitrous oxide. This technique eliminates 98
percent of potential emissions from the plants.72 During
the first quarter of 1997, a third plant installed emissions
controls, increasing the share of adipic acid production
employing emissions abatement controls from 74.1 per-
cent in 1996 to 91.6 percent in 1997. With emissions con-
trols in place for the full year, 97.4 percent of emissions
from U.S. adipic acid production were controlled in
1998.73 Estimated emissions of nitrous oxide from
uncontrolled adipic acid production decreased from 22
thousand metric tons in 1997 to 7 thousand metric tons
in 2000, and 2000 emissions of nitrous oxide from con-
trolled plants remained relatively constant at 5 thousand
metric tons. With the share of adipic acid production

employing abatement controls now at nearly 100 per-
cent, future changes in nitrous oxide emissions from this
source are expected to result primarily from changes in
plant production levels in response to market demand.

Nitric Acid Production

Nitric acid, a primary ingredient in fertilizers, usually is
manufactured by oxidizing ammonia (NH3) with a plati-
num catalyst. Nitrous oxide emissions are a direct result
of the oxidation. The 7,981 thousand metric tons of nitric
acid manufactured in 2000 resulted in estimated emis-
sions of 44 thousand metric tons of nitrous oxide (Table
28). This estimate was 1.7 percent lower than 1999 levels
but 10.9 percent higher than 1990 levels. The emissions
factor used to estimate nitrous oxide emissions from the
production of nitric acid was based on measurements at
a single DuPont plant, which indicated an emissions fac-
tor of 2 to 9 grams of nitrous oxide emitted per kilogram
of nitric acid manufactured, suggesting an uncertainty
of plus or minus 75 percent in the emissions estimate.74
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72Radian Corporation, Nitrous Oxide Emissions From Adipic Acid Manufacturing (Rochester, NY, January 1992), p. 10.
73R.A. Reimer, R.A. Parrett, and C.S. Slaten, “Abatement of N2O Emissions Produced in Adipic Acid,” in Proceedings of the Fifth Interna-

tional Workshop on Nitrous Oxide Emissions (Tsukuba, Japan, July 1992).
74Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National

Greenhouse Gas Inventories, Vol. 3 (Paris France, 1997), p 2.18, web site www.ipcc.ch/pub/guide.htm.
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Table 23.  Estimated U.S. Emissions of Nitrous Oxide, 1990-2000
(Thousand Metric Tons Nitrous Oxide)

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Energy Use

Mobile Sources . . . . . . . . . . . . . . . . . . . 166 176 186 195 209 222 217 221 223 245 235

Stationary Combustion. . . . . . . . . . . . . . 43 43 43 44 45 45 47 48 48 49 50

Total . . . . . . . . . . . . . . . . . . . . . . . . . . 210 219 230 239 253 268 264 268 270 293 285

Agriculture

Nitrogen Fertilization of Soils . . . . . . . . . 616 621 639 624 686 617 607 628 640 636 637

Crop Residue Burning . . . . . . . . . . . . . . 2 2 2 1 2 2 2 2 2 2 2

Solid Waste of Domesticated Animals . . 229 231 234 237 239 242 238 236 233 232 231

Total . . . . . . . . . . . . . . . . . . . . . . . . . . 846 854 874 862 927 861 847 866 875 870 870

Waste Management

Waste Combustion. . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Human Sewage in Wastewater . . . . . . . 16 16 16 16 17 17 17 17 18 18 19

Total . . . . . . . . . . . . . . . . . . . . . . . . . . 17 17 17 17 18 18 18 18 18 19 19

Industrial Sources . . . . . . . . . . . . . . . . . 96 99 95 100 110 111 116 74 58 57 56

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,169 1,189 1,217 1,219 1,309 1,257 1,245 1,226 1,222 1,239 1,231

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Estimates presented in this chapter. Emissions calculations based on Intergovernmental Panel on Climate Change, Greenhouse Gas

Inventory Reference Manual: Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 4.81-4.94,
web site www.ipcc.ch/pub/guide.htm; and U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks
1990-1999, EPA-236-R-01-001 (Washington, DC, April 2001), web site www.epa.gov/ globalwarming/publications/emissions/us2001/index.html.

Table 24.  U.S. Nitrous Oxide Emissions from Mobile Sources, 1990-2000
(Thousand Metric Tons Nitrous Oxide)
Item 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Motor Vehicles

Passenger Cars . . . . . . . . . . . . 99 107 115 112 111 108 109 109 110 112 108

Buses . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Motorcycles. . . . . . . . . . . . . . . . * * * * * * * * * * *

Light-Duty Trucks . . . . . . . . . . . 49 51 53 64 78 94 88 91 92 111 104

Other Trucks . . . . . . . . . . . . . . . 6 6 6 6 7 7 7 8 8 8 8

Total . . . . . . . . . . . . . . . . . . . . 154 164 174 183 196 210 205 208 210 231 221

Other Mobile Sources. . . . . . . . 12 12 12 12 12 12 13 12 13 13 14

Total . . . . . . . . . . . . . . . . . . . . . . 166 176 186 195 209 222 217 221 223 245 235

*Less than 500 metric tons of nitrous oxide.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Calculations based on vehicle miles traveled from U.S. Department of Transportation, Federal Highway Statistics (various years), Table

VM-1. Passenger car and light-duty truck emissions coefficients from U.S. Environmental Protection Agency, Office of Air and Radiation, Emissions
of Nitrous Oxide From Highway Mobile Sources: Comments on the Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks, 1990-1996,
EPA-420-R-98-009 (Washington DC, August 1998). Emissions coefficients from Intergovernmental Panel on Climate Change, Greenhouse Gas
Inventory Reference Manual: Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 1.64-1.68,
web site www.ipcc.ch/pub/guide.htm.
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Table 25.  U.S. Nitrous Oxide Emissions from Stationary Combustion Sources, 1990-2000
(Thousand Metric Tons Nitrous Oxide)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Residential

Coal. . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Fuel Oil . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Natural Gas. . . . . . . . . . . . . . . . * * * * * * 1 * * * *

Wood. . . . . . . . . . . . . . . . . . . . . 2 2 3 2 2 2 2 2 2 2 2

Commercial

Coal. . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Fuel Oil . . . . . . . . . . . . . . . . . . . 1 1 * * * * * * * * *

Natural Gas. . . . . . . . . . . . . . . . * * * * * * * * * * *

Wood. . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Industrial

Coal. . . . . . . . . . . . . . . . . . . . . . 4 4 4 4 4 4 3 3 3 3 3

Fuel Oil . . . . . . . . . . . . . . . . . . . 5 5 5 5 5 5 5 6 6 6 6

Natural Gas. . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Wood. . . . . . . . . . . . . . . . . . . . . 5 5 5 5 5 6 6 6 6 7 7

Electric Power

Coal. . . . . . . . . . . . . . . . . . . . . . 23 23 23 24 24 24 26 27 27 27 28

Fuel Oil . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 * * * 1 1 *

Natural Gas. . . . . . . . . . . . . . . . * * * * * * * * * * *

Wood. . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Fuel Totals

Coal. . . . . . . . . . . . . . . . . . . . . . 27 27 27 28 28 28 29 30 30 31 32

Fuel Oil . . . . . . . . . . . . . . . . . . . 7 7 7 7 7 7 7 7 7 8 7

Natural Gas. . . . . . . . . . . . . . . . 2 2 2 2 2 2 2 2 2 2 2

Wood. . . . . . . . . . . . . . . . . . . . . 7 7 8 7 8 8 8 8 8 9 9

Total . . . . . . . . . . . . . . . . . . . . . . 43 43 43 44 45 45 47 48 48 49 50

*Less than 500 metric tons of nitrous oxide.
P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Emissions coefficients from Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996

IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), p. 1.50, web site www.ipcc.ch/pub/guide.htm. Energy con-
sumption data from Energy Information Administration, State Energy Data Report 1998, DOE/EIA-0214(98) (Washington, DC, September 2001); and
Monthly Energy Review, DOE/EIA-0035(2001/08) (Washington, DC, August 2001).
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Table 26.  U.S. Nitrous Oxide Emissions from Nitrogen Fertilization of Agricultural Soils, 1990-2000
(Thousand Metric Tons Nitrous Oxide)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Direct Emissions

Nitrogen Fertilizers . . . . . . . . . . 179 182 183 193 195 173 159 159 161 161 160

Animal Manure . . . . . . . . . . . . . 6 6 6 6 6 6 6 6 6 6 6

Crop Residues . . . . . . . . . . . . . 94 91 104 86 112 94 106 114 116 113 116

Soil Mineralization. . . . . . . . . . . 7 7 7 7 7 7 7 7 7 7 7

Biological Fixation in Crops. . . . 198 201 203 190 222 210 212 224 232 230 230

Total . . . . . . . . . . . . . . . . . . . . 484 487 504 482 543 490 489 511 522 517 519

Indirect Emissions

Soil Leaching . . . . . . . . . . . . . . 112 114 115 121 122 109 100 101 101 102 101

Atmospheric Deposition . . . . . . 19 20 20 21 21 19 17 17 17 17 17

Total . . . . . . . . . . . . . . . . . . . . 132 134 135 142 143 128 118 118 119 119 114

Total . . . . . . . . . . . . . . . . . . . . . . 616 621 639 624 686 617 607 628 640 636 637

P = preliminary data.
Notes: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Estimates presented in this chapter. Emissions coefficients from Intergovernmental Panel on Climate Change, Greenhouse Gas Inven-

tory Reference Manual: Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 4.89-4.107, web
site www.ipcc.ch/pub/guide.htm. Total nitrogen content of U.S. commercial fertilizer consumption—1988-1994, Tennessee Valley Authority;
1995-1999, Association of American Plant Food Control Officials, Commercial Fertilizers (Washington, DC, various years). Manure application based
on cattle population data provided by the U.S. Department of Agriculture, National Agricultural Statistics Service, Livestock, Dairy and Poultry Ser-
vice, web sites www.usda.gov/nass/pubs/ histdata.htm and www.nass.usda.gov/ipedb/. Typical animal sizes from U.S. Environmental Protection
Agency, Office of Air and Radiation, Anthropogenic Methane Emissions in the United States: Estimates for 1990 (Washington, DC, April 1993).
Manure production and waste management systems used from L.M. Safley, M.E. Casada et al., Global Methane Emissions From Livestock and Poul-
try Manure (Washington, DC, February 1992), and U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks
1990-1999, EPA-236-R-01-001 (Washington, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

Table 27.  U.S. Nitrous Oxide Emissions from Solid Waste of Domesticated Animals, 1990-2000
(Thousand Metric Tons Nitrous Oxide)
Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Cattle. . . . . . . . . . . . . . . . . . . . . . 215 217 219 223 225 228 224 221 218 218 217

Swine . . . . . . . . . . . . . . . . . . . . . 5 5 5 5 6 5 5 6 6 6 6

Poultry. . . . . . . . . . . . . . . . . . . . . 3 3 3 4 4 4 4 4 4 4 5

Sheep . . . . . . . . . . . . . . . . . . . . . 3 3 3 3 3 3 3 2 2 2 2

Goats . . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Horses. . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1

Total . . . . . . . . . . . . . . . . . . . . . 229 231 234 237 239 242 238 236 233 232 231

P = preliminary data.
Note: Totals may not equal sum of components due to independent rounding.
Sources: Estimates presented in this chapter. Nitrogen content of waste by species, manure management systems, and emissions coefficients

from Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National
Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), pp. 4.89-4.107, web site www.ipcc.ch/pub/guide.htm. Animal populations from U.S.
Department of Agriculture, National Agricultural Statistics Service, web sites www.usda.gov/nass/pubs/histdata.htm and www.nass.usda.gov/ipedb/.
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Table 28.  U.S. Nitrous Oxide Emissions from Industrial Processes, 1990-2000
(Thousand Metric Tons Nitrous Oxide)

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Adipic Acid

Controlled Sources . . . . . . . . . . . . . . 3 4 3 3 4 4 4 5 5 5 5

Uncontrolled Sources . . . . . . . . . . . . 54 56 52 56 63 63 66 22 7 7 7

Adipic Acid Subtotal . . . . . . . . . . . 57 60 55 59 67 67 70 27 12 12 12

Nitric Acid. . . . . . . . . . . . . . . . . . . . . . 40 40 41 41 43 44 46 47 46 45 44

Total Known Industrial Sources. . . . 96 99 95 100 110 111 116 74 58 57 56

P = preliminary data.
Note: Data in this table are revised from the data contained in the previous EIA report, Emissions of Greenhouse Gases in the United States 1999,

DOE/EIA-0573(99) (Washington, DC, October 2000). Totals may not equal sum of components due to independent rounding.
Sources: Data sources and methods documented in Appendix A, “Estimation Methods.”



5. Other Gases: Hydrofluorocarbons,
Perfluorocarbons, and Sulfur Hexafluoride

Overview

In addition to the three principal gases (carbon dioxide,
methane, and nitrous oxide), there are other gases that
account for 2.5 percent of U.S. greenhouse gas emissions
when weighted by global warming potential (GWP) (see
box on page 58). These gases are engineered chemicals
that occur on a very limited basis in nature.75 Although
they are more potent greenhouse gases and tend to have
comparatively high GWPs, they are emitted in such
small quantities that their overall impact is currently
small.

The guidelines of the Intergovernmental Panel on Cli-
mate Change (IPCC) define three classes of these gases
that “count” for emissions estimation: hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs), and sulfur
hexafluoride (SF6). This chapter describes emissions
sources and gives emissions estimates for HFCs, PFCs,
and SF6.

HFCs, PFCs, and SF6 are emitted in small quantities,
but they have disproportionate effects because of their
large GWPs. PFCs and SF6 have particularly high GWPs

because of their scarcity in the atmosphere and long
atmospheric lifetimes. SF6 is the most potent of the
greenhouse gases, with a GWP of 22,200. PFCs have
GWPs in the range of 7,000 to 9,000. HFC-23 is the most
potent of the HFCs, with a GWP of 12,000.76

Table 29 summarizes U.S. emissions of HFCs, PFCs, and
SF6 from 1990 to 2000, and Table 30 shows the corre-
sponding emissions in million metric tons carbon equiv-
alent. The U.S. Environmental Protection Agency (EPA)
estimates total emissions of HFCs, PFCs, and SF6 in 2000
at 46.8 million metric tons carbon equivalent—a 4.5-
percent increase over 1999 emissions and a 57.8-percent
increase over 1990 emissions.77

In summary, emissions of HFCs and PFCs are rising,
and new data for SF6 show a decline. In the case of HFCs,
the rise in emissions reflects the use of HFCs as replace-
ments for CFCs, whose use is being phased out under
the Montreal Protocol because they damage the Earth’s
ozone layer. CFCs had been widely used as refrigerants,
aerosol propellants, and foam blowing agents for many
years, but with CFC production virtually ceasing by
1996, HFCs have been introduced into the market to fill
the void in many key applications. The trend in HFC
emissions is expected to accelerate in the next decade as
HCFCs used as interim substitutes for CFCs are also
phased out under the provisions of the Copenhagen
Amendments to the Montreal Protocol.

Emissions of PFCs and perfluoropolyethers (PFPEs)
have also been rising since 1990 (although not as rapidly
as HFC emissions), mainly because of the recent com-
mercial introduction of new PFCs and PFPEs both as
CFC substitutes and for use in various applications in
the semiconductor manufacturing industry. New data
for SF6 show an overall decline in emissions, 41.4 percent
since 1990, as opposed to previous years’ estimations.
The change is the result of lower estimates of emissions
from electrical transmissions and distribution.78
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Total U.S. Emissions of Hydrofluorocarbons,
Perfluorocarbons, and Sulfur Hexafluoride,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Carbon Equivalent) 46.8

Change Compared to 1999
(Million Metric Tons Carbon Equivalent) 2.0

Change from 1999 (Percent) 4.5%

Change Compared to 1990
(Million Metric Tons Carbon Equivalent) 17.1

Change from 1990 (Percent) 57.8%

75See Chapter 1, Table 1. Naturally occurring (pre-industrial) emissions of perfluoromethane (CF4) were 40 parts per trillion. Their con-
centration had doubled by 1998.

76Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001).

77U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa/gov/globalwarming/ (preliminary extimates,
2001). Note that EIA calculates emissions in carbon-equivalent units using the GWP values published by the IPCC in 2001 in its Third
Assessment Report, whereas the EPA uses the GWP values from the IPCC’s 1996 Second Assessment Report (see box on page 58).

78U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washington,
DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



The emissions estimates in Table 29 are taken from data
supplied by the EPA’s Office of Air and Radiation.79 The
estimates in Table 30 are based on data provided by the
EPA’s Office of Air and Radiation in units of native gas,
which were converted to carbon-equivalent units by
EIA, using GWP values from the IPCC’s 2001 Third
Assessment Report (see box on page 58). The 2000 pre-
liminary estimates are advance estimates developed by
the EPA and provided to EIA. They include some

relatively minor revisions to the historical emissions
estimates for HFCs, based on recent runs of the EPA’s
Vintaging Model, as well as significant revisions to his-
torical emissions estimates for SF6 based on new data for
SF6 emissions from electrical equipment (see boxes on
page 60 and page 61). The revisions to the historical esti-
mates are reflected in the emissions estimates presented
in this chapter.
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IPCC Calculates New Global Warming Potentials in 2001
Global warming potentials (GWPs) provide a means of
comparing the abilities of different greenhouse gases to
trap heat in the atmosphere. The GWP index converts
emissions of various gases into a common measure,
described as the ratio of the radiative forcing that
would result from the emissions of one kilogram of a
greenhouse gas to that from emissions of one kilogram
of carbon dioxide (CO2) over a period of time.a

In 2001, the Intergovernmental Panel on Climate
Change (IPCC) Working Group I released its Third
Assessment Report, Climate Change 2001: The Scientific
Basis. Table 6.7 in the IPCC report gives revised GWPs
for a number of the “other gases” included in this chap-
ter.b In the table below, the revised GWPs are com-
pared with those published in 1996 in the IPCC’s
Second Assessment Report, Climate Change 1995: The
Science of Climate Change.c

The 2001 direct GWPs are based on an improved calcu-
lation of CO2 radiative forcing and new values for the
radiative forcing and lifetimes of a number of
halocarbons.d One significant revision, drawn from a
1999 report by the World Meteorological Organization,
Scientific Assessment of Ozone Depletion, is the radiative
efficiency (per kilogram) of CO2, updated to a value
that is 12 percent lower than the IPCC’s 1995 estimated
value, at 0.01548 Wm-2/ppmv (watts per square meter
per part per million by volume).d Another significant
revision is the updating of several radiative efficiencies
(per kilogram), most notably, that of CFC-11. The radi-
ative forcing estimates for halocarbon replacement
gases, which are scaled relative to that of CFC-11 when
their GWPs are calculated, are also affected by this
change.e

aThe GWPs shown here are based on a time horizon of 100 years.
bIntergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University

Press, 2001), pp. 387-388.
cIntergovernmental Panel on Climate Change, Climate Change 1995: The Science of Climate Change (Cambridge, UK: Cambridge Uni-

versity Press, 1996), p. 121.
dClimate Change 2001, p. 386.
eClimate Change 2001, p. 387.

Comparison of 1996 and 2001 IPCC Values for the Global Warming Potentials (GWPs) of “Other Gases”
Gas 1996 IPCC GWP 2001 IPCC GWP

HFC-23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,700 12,000

HFC-125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,800 3,400

HFC-134a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,300 1,300

HFC-143a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3,800 4,300

HFC-152a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 120

HFC-227ea . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,900 3,500

HFC-236fa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6,300 9,400

Perfluoromethane (CF4). . . . . . . . . . . . . . . . . . . 6,500 5,700

Perfluoroethane (C2F6) . . . . . . . . . . . . . . . . . . . 9,200 11,900

Sulfur Hexafluoride (SF6). . . . . . . . . . . . . . . . . . 23,900 22,200

79U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,
October 2001).



Hydrofluorocarbons (HFCs)

HFCs are compounds containing carbon, hydrogen, and
fluorine. They do not destroy ozone. The market for
HFCs is expanding as CFCs are being phased out. Since
1990, HFC emissions have accounted for a growing
share (almost 70 percent in 2000) of total carbon-
equivalent emissions of HFCs, PFCs, and SF6 combined.
The EPA estimates U.S. emissions of all HFCs in 2000
at 28.1 million metric tons carbon equivalent, an 8.3-
percent increase from 1999 emissions and a 181.4-
percent increase from 1990.80

Trifluoromethane (HFC-23)

Although emissions of HFC-23 are relatively small, its
high GWP (12,000)81 gives it a substantial direct effect.
HFC-23 is created as a byproduct in the production of
HCFC-22 and is generally vented to the atmosphere.

The EPA estimates 2000 HFC-23 emissions at 2,546 met-
ric tons of gas.82 Annual emissions have fluctuated since
1990, reaching a low point in 1995 at 2,310 metric tons
and peaking at 3,432 metric tons in 1998 (Table 29). The
estimate for 2000 is 15 percent lower than the estimate of
1990 emissions. Consumption of HCFC-22 continues to
grow, although at a slower rate than in past years. It con-
tinues to dominate the refrigerant market for stationary
refrigeration and air conditioning (including chillers,

room air conditioners, and dehumidifiers).83 In addi-
tion, HCFC-22 is manufactured as a feedstock for
production of polytetrafluoroethylene (PTFE) and other
chemicals. The EPA administers a voluntary program
with HCFC-22 producers to reduce HFC-23 emissions,
which may help to offset the rising demand for HCFC-22
in the short term. In the long term, domestic production
of HCFC-22 for use as a refrigerant will be phased out by
2010 under the U.S. Clean Air Act, pursuant to U.S.
agreements under the Copenhagen Amendments to the
Montreal Protocol, although its production for use as a
feedstock will be allowed to continue indefinitely.84

1,2,2,2-Tetrafluoroethane (HFC-134a)

HFC-134a, with a GWP of 1,300,85 has been the industry
standard for replacing CFCs in automotive air condi-
tioners since 1994. Emissions in 1990 were estimated at
562 metric tons of gas, but since then they have grown
rapidly to 33,669 metric tons in 2000 (Table 29). The 2000
estimate is 10.8 percent higher than that for 1999.

Automobile air conditioners are subject to leakage, with
sufficient refrigerant leaking (15 to 30 percent of the
charge) over a 5-year period to require servicing. On its
Form EIA-1605, General Motors (GM) reported total
HFC-134a emissions of about 2,566 metric tons of gas in
1999.86 GM based its estimate on an assumed annual
leakage rate from mobile sources of 10 percent per year.
With GM vehicles accounting for about one-third of the
U.S. light-duty fleet,87 the GM emissions estimate
implies that total U.S. HFC-134a emissions from mobile
air conditioners were equal to about 7,700 metric tons in
1999. Emissions from this source are expected to con-
tinue to increase in the near future, as the replacement of
vehicles using CFCs proceeds at a rapid pace.

In addition to its use in all new automobiles, an automo-
tive aftermarket for HFC-134a has been developing.
Spurred by rising prices for CFC-12, 5 million cars were
retrofitted for HFC-134a use in 1997.88 This trend toward
retrofitting is expected to continue, given that CFC-12 is
no longer produced, remaining inventories are being
depleted, and CFC-12 prices are rising.89 Furthermore,
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U.S. Emissions of Hydrofluorocarbons,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Carbon Equivalent) 28.1

Change Compared to 1999
(Million Metric Tons Carbon Equivalent) 2.2

Change from 1999 (Percent) 8.3%

Change Compared to 1990
(Million Metric Tons Carbon Equivalent) 18.1

Change from 1990 (Percent) 181.4%

80EIA calculates emissions in carbon-equivalent units using the GWP values published by the IPCC in 2001 in its Third Assessment
Report, whereas the EPA uses the GWP values from the IPCC’s 1996 Second Assessment Report (see box on page 58).

81Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,
2001).

82U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,
October 2001).

83C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).
84See web site www.epa.gov/ozone/index.html.
85Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 388.
86Form EIA-1605 is a greenhouse gas emissions and emissions reductions reporting form, which is submitted to EIA on a voluntary basis

by entities interested in creating a public record of their emissions reduction activities.
87American Automobile Manufacturers Association, Motor Vehicle Facts and Figures 96 (Detroit, MI, 1999).
88“Fluorocarbon Outlook Turns Bullish,” Chemical Market Reporter (May 25, 1998).
89J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).



many of the air conditioners in mid-1990s models
(which were among the first automobiles to use
HFC-134a) are now due to be serviced. In 1999, a spokes-
person for Elf Atochem North America estimated the
U.S. aftermarket for HFC-134a at 45 to 50 million
pounds, or roughly 35 percent of total annual demand.
He believed that, as the market for HFC-134a matures,
the aftermarket will eventually be about twice the size of
the original equipment market.90 The automotive after-
market is already responsible for much of the growth in
current HFC-134a demand.91

HFC-134a is also used in refrigerant blends (e.g. R-404)
in most new refrigerators built in the U. S. and in com-
mercial chillers, but leakage from these sources is much
less than from automotive air conditioners. Leakage
occurs primarily during servicing of the units rather
than during normal operation. Short-term uses of
HFC-134a, on the other hand, are becoming an impor-
tant source of emissions. Such uses include aerosols and
open-cell foam blowing, which are denoted as short
term because most of the HFC-134a used will be emitted
to the atmosphere within a short period of time.

Other Gases
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EPA Revises Emissions Estimation Methodology
The primary source for the emission estimates pre-
sented in this chapter is data obtained from the U.S.
Environmental Protection Agency (EPA), Office of Air
and Radiation, which also prepares an annual inven-
tory of greenhouse gas emissions.a The data support-
ing the EPA inventory for 2001, which includes
emissions estimates through 2000, incorporates a num-
ber of revisions to the estimates of HFC, PFC, and SF6
emissions before 1999. Those changes are reflected in
the estimates presented in this chapter.

The changes to the historical emission estimates are the
result of revisions to the data and estimation methodol-
ogies used by the EPA:

• In 1999, the EPA launched its Voluntary SF6 Emis-
sions Reduction Partnership to reduce emissions
of SF6 from equipment used to transmit and dis-
tribute electricity, such as high voltage circuit
breakers, substations, transformers, and transmis-
sions lines. Three new pieces of information were
received under the EPA’s voluntary program: (1)
actual 1999 emissions estimates for electric power
systems from participants in the program, (2) anal-
ysis of the likely relationship between the emis-
sions estimates provided by the program
participants and total emissions from U.S. electric
power systems, and (3) information on world sales
of SF6 to electric power systems during the 1990s.b

• Estimates of SF6 emissions from the magnesium
industry were also revised on the basis of new
information provided by the Voluntary SF6 Emis-
sions Reduction Partnership, which includes 100

percent of U.S. magnesium primary production
and approximately 70 percent of magnesium cast-
ing. The U.S. Geological Survey provides U.S.
magnesium metal production (primary and sec-
ondary) and consumption data for 1993-1999.
These revisions and others combined to result in a
total decrease in SF6 emissions of 1,662 metric tons
of gas (4.8 percent) from 1990 to 1999.c

• The Voluntary Aluminum Industrial Partnership
Program and EPA’s Global Programs Division
provided data to revise the estimation methods for
emissions from aluminum production.d

• The methodology for estimating emissions from
semiconductor manufacturing has been updated
to include production data for 1990-1994 and data
reported directly by semiconductor manufacturers
for other years. The revisions resulted in an aver-
age decrease in annual HFC, PFC, and SF6 emis-
sions from semiconductor manufacturing of 0.1
million metric tons carbon equivalent (5 percent)
for 1990-1998.e

• For ozone-depleting substance (ODS) substitutes,
revisions to chemical substitution trends and new
information from industry representatives have
led to revised assumptions for the EPA’s Vintaging
Model, in particular related to cleaning solvents,
stationary refrigeration, and fire extinguishing
equipment. The revisions resulted in an average
decrease in annual emissions of HFCs, PFCs and
SF6 from their use as ODS substitutes of 2.1 million
metric tons carbon equivalent (19 percent) for
1994-1998.d

aU.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Wash-
ington, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

bE-mail correspondence with U.S. Environmental Protection Agency, Office of Air and Radiation, August 2001.
cInventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, p. 3-30.
dInventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, p. xiv.
eInventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, p. xix.

90“HFC-134a Prices Rise as Market Tightens,” Chemical Market Reporter (March 15, 1999).
91J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).



According to the Alternative Fluorocarbons Environ-
mental Acceptability Study (AFEAS), worldwide sales
of HFC-134a for short-term applications jumped almost
fourfold between 1994 and 1995. Sales for short-term
uses leveled off at 10,500 metric tons in 1996 and then
dropped to 6,500 metric tons in 1998; however, new
developments in the U.S. market have reversed the
downward trend, as sales of HFC-134a totaled 14,300
metric tons in 1999.92

In January 1999, the major marketers of tire inflaters
began requiring the use of nonflammable material, cre-
ating additional demand for HFC-134a. Pennzoil was
the first company to enter this new market, after remov-
ing its hydrocarbon-based canisters and reconfiguring
them to use HFC-134a.93

For many years, the HFC-134a market was characterized
by excess capacity and low prices, because the transition
away from CFC-12 occurred more slowly than produc-
ers had expected.94 In 1998 and 1999, however, the mar-
ket tightened considerably, as evidenced by a series of
price increases. Driven in part by a demand surge trig-
gered by an unusually hot summer in 1999, prices nearly
doubled, rising from a low of $1.50 per pound to $2.50
per pound by September 1999. For the rest of 1999 and
the first half of 2000, the market stabilized, with only one
minor price increase in early 2000.

A number of HFC-134a producers are undertaking mod-
est capacity expansion projects, including Dupont,
INEOSFluor (formerly ICI Klea), and Honeywell (for-
merly AlliedSignal). More significant additions of new
capacity are likely to be needed, however, given that
capacity is increasing by only 2 to 3 percent per year,
while global demand is growing by 10 percent. SRI
International predicts that global demand will reach 20
million pounds by 2001; and according to a representa-
tive of Elf Atochem, the market will face significant sup-
ply shortages unless more investment in new capacity is
undertaken over the next several years.95 The required
capacity will presumably be built, but it is possible that
the expansion in supply will lag behind the growth in
demand. Anticipating and planning for this growth has
proven to be a difficult challenge for producers, who
must manage as best as possible an unprecedented tran-
sition from an established product (CFC-12) that is now
under a global ban, to a new product (HFC-134a). In the
long term, consumption and emissions of HFC-134a
will continue to rise rapidly, although it is possible
that capacity constraints may act as a brake on consump-
tion in the near term.

1,1-Difluoroethane (HFC-152a)

As a non-ozone-depleting substance with a GWP of
120,96 HFC-152a is an attractive potential replacement
for CFCs. It can be used as a blowing agent, an
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The EPA Vintaging Model: Estimation Methods and Uncertainty
The U.S. Environmental Protection Agency (EPA) uses
a detailed Vintaging Model for equipment and
products containing ozone-depleting substances
(ODS) to estimate actual versus potential emissions of
various ODS substitutes, including hydrofluoro-
carbons (HFCs) and perfluorocarbons (PFCs). The
model estimates the quantities of ODS-containing
equipment and products sold each year, and the
amounts of chemicals required for their manufacture
and/or maintenance over time. Emissions from more
than 40 different end uses are estimated by applying
annual leak rates and release profiles, which account
for the lag in emissions from equipment as they leak
over time.

For most products (refrigerators, air conditioners, fire
extinguishers, etc.), emissions calculations are split
into two categories: emissions during equipment life-
time, which arise from annual leakage and service
losses plus emissions from manufacture; and disposal
emissions, which occur when the equipment is dis-
carded. By aggregating the data over different end
uses, the model produces estimates of annual use and
emissions of each compound.a The EPA is consistently
making improvements to the model to use more accu-
rate data from the industries and to reduce uncertainty.

aU.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gases and Sinks 1990-1999, EPA-236-R-01-001 (Washington, DC,
April 2001), Annex I, web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

92Alternative Fluorocarbons Environmental Acceptability Study, Production, Sales and Atmospheric Release of Fluorocarbons Through 1999,
web site www.afeas.org/prodsales_download.html.

93J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).
94C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).
95J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).
96Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 388.



ingredient in refrigerant blends (e.g., in R-500), and in
fluoropolymer manufacturing applications. There are
no HFC-152a emissions associated with the latter appli-
cation, because the HFC-152a is consumed in the manu-
facturing process. In 1996, 5 million pounds of HFC-152a
was consumed in fluoropolymer manufacturing.97

HFC-152a is also compatible with the components used
in aerosol products. Unlike CFCs, however, HFC-152a is
flammable.

Only one U.S. company (DuPont) produces HFC-152a,
using the trade name Dymel-152a. DuPont probably
was producing HFC-152a at nearly full capacity in 1994,
corresponding to production of about 8,000 metric tons.
In 1995, the company reported having doubled its pro-
duction capacity from 1992 levels to 15,875 metric tons.98

The company reported on its 1999 Form EIA-1605 that
1994 HFC-152a emissions peaked at 200 metric tons. By
1998, however, DuPont’s reported emissions had
dropped to 40 metric tons. The EPA estimates HFC-152a
emissions in 2000 at 1,552 metric tons of gas, an increase
of 3.5 percent over the 1990 estimate.99

Other HFCs

Other hydrofluorocarbons with considerable radiative
forcing potential include HFC-125 (C2HF5), HFC-143a
(C2H3F3), HFC-227ea (C3HF7), HFC-236fa (C3H2F6), and
HFC-4310 (C5H2F10), with 100-year GWPs of 3,400,4,300,
3,500, 9,400, and 1500 respectively.100 The EPA estimates
total emissions of this group of “other HFCs” at 4.4 mil-
lion metric tons carbon equivalent in 2000, representing
9.5 percent of all emissions of HFCs, PFCs, and SF6
reported (Table 30).101 Emissions of these HFCs are
small but growing rapidly, as they continue to find
applications as substitutes for CFCs. Emissions of “other
HFCs” have increased by 10.5 percent since 1999.

HFC-125 is used in the blend R-410A, which is designed
to replace HCFC-22 as the refrigerant of choice for sta-
tionary refrigeration and air conditioning applications.

Some manufacturers have already introduced air condi-
tioners that use R-410A, but as yet the product has cap-
tured a small percentage of the market. As the phaseout
of HCFC-22 begins to gain momentum, Honeywell
expects a rapid increase in the demand for R-410A.102

The EPA estimates emissions of HFC-125 at 236 metric
tons of gas in 1992, increasing to 1,561 metric tons in 2000
(Table 29). The estimate for 2000 is 21.1 percent higher
than the estimate for 1999.103

HFC-143a is a halocarbon used in refrigeration and air
conditioning, in blends such as R-404A, R-406A, R-408A,
and R-507A. HFC-143a is used as a substitute because it
contains neither chlorine or bromine and will not emit
ozone-depleting halogen radicals into the stratosphere.
Like other halocarbons, HFC-143a does make a positive
contribution to atmospheric warming; however its GWP
is lower than those of the gases it replaces, such as
CFC-11 or those in the blend R-502. The EPA estimates
1993 emissions of for HFC-143a at 16 metric tons of gas,
increasing to 903 metric tons in 2000. The 2000 estimate
is 33.6 percent higher than the estimate for 1999.104

HFC-236fa is also used as a refrigerant, in particular by
the U.S. Navy for shipboard applications.105 The EPA
estimates 1997 emissions of HFC-236fa at 14 metric tons
of gas, increasing to 297 metric tons in 2000. The estimate
for 2000 is 39.4 percent higher than the estimate for
1999.106 Other HFCs and HFC blends are also likely to
gain market share as a result of the phaseout, because no
single product is suited for all applications. For example,
each potential replacement product has an optimal oper-
ating temperature range; hence, the refrigerant best
suited for use in ice cream freezers will differ from the
best choice for milk coolers.107

In addition to replacing HCFC-22 in stationary air condi-
tioning and refrigeration applications, other HFCs are
expected to gain new markets as foam blowing agents.
CFCs have already been phased out of this market, hav-
ing been replaced by HCFCs (primarily HCFC-141b).
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97C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).
98“DuPont Set To Expand Markets for Ozone-Safe HFC-152a Product,” Ozone Depletion Online Today (Alexandria, VA, June 9, 1995).
99U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
100Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 388.
101U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001). EIA calculates emissions in carbon-equivalent units using the GWP values published by the IPCC in 2001 in its Third Assess-
ment Report, whereas the EPA uses the GWP values from the IPCC’s 1996 Second Assessment Report (see box on page 58).

102J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).
103U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
104U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
105E-mail correspondence with the Office of Policy, U.S. Department of Energy, October 18, 2000.
106U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
107C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).



Among the potential replacements, HFC-245fa appears
to be the strongest contender.108

Honeywell is building a world-scale plant in Louisiana
for the production of HFC-245fa which will become fully
operational by July 2002. Semi-commercial quantities of
the product will be available from the plant in the third
quarter of 2000.109 Honeywell is also developing blends
that combine HFC-245fa with other materials to enhance
its cost/performance ratio. To date, however, the foam
blowing industry has failed to signal a clear preference
for HFC-245fa or other alternatives. Instead, it continues
to rely primarily on HCFC-141b while waiting to see
which of the possible replacement candidates emerges
as the preferred alternative.110 For some applications,
non-fluorochemical alternatives (e.g., hydrocarbons)
have been identified.111

Perfluorocarbons (PFCs)

PFCs are compounds composed of carbon and fluorine.
PFC emissions are not regulated, although their high
GWPs (5,700 for perfluoromethane [CF4] and 11,900 for
perfluoroethane [C2F6])112 have drawn attention. PFCs
are also characterized by long atmospheric lifetimes (up

to 50,000 years); hence, unlike HFCs, they are essentially
permanent additions to the atmosphere. The EPA esti-
mates 2000 emissions of PFCs at 8.7 million metric tons
carbon equivalent, slightly lower than 1999 emissions
and 14.4 percent lower than 1990 emissions (Table 30).113

The principal quantifiable source of PFCs is as a byprod-
uct of aluminum smelting created by the frequency and
duration of anode effects during periods of process
inefficiency. The EPA estimates U.S. emissions from alu-
minum production at 1,096 metric tons of perfluoro-
methane and 90 metric tons of perfluoroethane in
2000.114 Reductions in primary aluminum production
and efficiency improvements to reduce anode effects
have reduced emissions of perfluoromethane and
perfluoroethane since 1990 by 55 percent and 64 percent,
respectively. Many of the efficiency improvements have
been achieved as a result of the EPA’s Voluntary Alumi-
num Partnership, which was launched in 1995. Accord-
ing to the U.S. Geological Survey, strong demand for
aluminum in manufacturing passenger cars and light
trucks is expected to increase overall consumption;115

however, domestic aluminum production declined in
2000 due to high energy costs and subsequent smelter
production cutbacks.116

Another source of PFC emissions is semiconductor man-
ufacturing. Perfluoromethane and perfluoroethane are
used as etchants and cleaning agents in semiconductor
manufacturing. The United States consumed an
estimated 800 tons of perfluoroethane and perfluoro-
methane in 1995.117 For 2000, the EPA estimates emis-
sions of perfluoromethane and perfluoroethane from
semiconductor manufacturing at 286 metric tons and
431 metric tons of gas, respectively.118 Both estimates are
4.6 percent lower than the corresponding estimates for
1999 emissions. It is difficult to assess trends in PFC
emissions from the semiconductor industry. On the one
hand, the continued rapid expansion of the worldwide
semiconductor market may lead to increased PFC use
and emissions. On the other hand, industry efforts to
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U.S. Emissions of Perfluorocarbons,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Carbon Equivalent) 8.7

Change Compared to 1999
(Million Metric Tons Carbon Equivalent) -0.34

Change from 1999 (Percent) -3.7%

Change Compared to 1990
(Million Metric Tons Carbon Equivalent) -1.5

Change from 1990 (Percent) -14.4%

*Less than 0.05 million metric tons.

108C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).
109Honeywell, “Honeywell Set To Commercialize Non-Ozone-Depleting HFC-245fa Blowing Agent Product,” News Release (March 27,

2000), web site www.genetron.com/applications/blowingagents/pdfs/blowing_agents_march27_2000.pdf.
110C. Boswell, “Hydrofluorocarbons Build with Transition Away from CFCs,” Chemical Market Reporter (September 13, 1999).
111J. Ouellette, “Fluorocarbon Market Is Poised To Grow,” Chemical Market Reporter (June 19, 2000).
112Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 389.
113EIA calculates emissions in carbon-equivalent units using the GWP values published by the IPCC in 2001 in its Third Assessment

Report, whereas the EPA uses the GWP values from the IPCC’s 1996 Second Assessment Report (see box on page 58).
114U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
115U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-

ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.
116U.S. Geological Survey, Mineral Commodity Summaries (January 2001), web site http://minerals.usgs.gov/minerals/pubs/com-

modity/aluminum/050301.pdf.
117“PFCs Can Be Recycled with New Technology,” American Institute of Chemical Engineers, Press Release (March 12, 1997).
118U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).



curb emissions may help to offset these market forces to
some extent.

A number of semiconductor manufacturing firms have
joined an EPA program to reduce PFC emissions volun-
tarily.119 In 1999, the World Semiconductor Council,
comprising manufacturers from Europe, the United
States, Japan, and Korea, voluntarily committed to
reduce emissions of PFCs by 10 percent from 1995 levels
by 2010. In addition, a number of PFC distributors are
developing PFC emissions control equipment.120 Abate-
ment and other control options are commercially avail-
able and substitute chemicals that result in reduced
emissions are being adopted.121

A variety of other perfluorinated compounds are used in
the semiconductor industry, including C3F8 (which is
manufactured by 3M and has a GWP of 8,600), C4F10
(GWP 8,600), C6F14 (GWP 9,000), NF3 (manufactured by
Air Products), and CHF3.122

Sulfur Hexafluoride (SF6)

Sulfur hexafluoride (SF6) is used primarily as a dielectric
in electrical transmission and distribution systems,
specifically as an insulator for circuit breakers, switch
gear, and other electrical equipment. In addition, its
extremely low atmospheric concentration makes it
useful as an atmospheric tracer gas for a variety of

experimental purposes. Another important use of SF6 is
as a cover gas during magnesium production and pro-
cessing to prevent excessive oxidation of molten magne-
sium in the presence of air. Other sources of SF6
emissions include fugitive emissions from certain semi-
conductor manufacturing processes, and the occasional
use of SF6 in experimental and specialized casting opera-
tions by the aluminum industry as a cover gas or a flux-
ing and degassing agent (using an industry-wide
estimated 230,000 kilograms of SF6 per year in the
United States and Canada).123 However, the latter esti-
mate is highly uncertain and so slight that it is not
included in models for SF6 emissions.

SF6 has a very high GWP of 22,200,124 but it is not emit-
ted in large quantities. Recent improvements to EPA’s
estimation methods have changed previous estimates of
SF6 emissions (see box on page 60). Based on new infor-
mation, mainly from the Voluntary SF6 Emission Reduc-
tion Partnerships for Electric Power Systems and for the
Magnesium Industry, the most recent EPA estimates
show a steady decrease in U.S. SF6 emissions, from a
peak of 1,672 metric tons of gas in 1993 to 909 metric tons
in 2000, representing an overall decrease of 41.4 percent
since 1990.125 While there is a growing demand for mag-
nesium products from U.S. casting companies to meet
the requirements of changing automobile designs, no
substantial expansion in the U.S. magnesium produc-
tion industry is expected. Foreign magnesium produc-
ers are expected to supply the growing U.S. demand.126

Ozone-Depleting Substances
and Criteria Pollutants

In previous years, this chapter included emissions
estimates and accompanying discussions for a variety
of gases that have ambiguous effects on climate,
including ozone-depleting substances—chlorofluoro-
carbons (CFCs), hydrochlorofluorocarbons (HCFCs),
and bromofluorocarbons (halons). This chapter also cov-
ered the criteria pollutants—carbon monoxide (CO),
nitrogen oxides (NOx), and nonmethane volatile organic
compounds (NMVOCs)—which have indirect effects on
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U.S. Emissions of Sulfur Hexafluoride,
1990-2000

Estimated 2000 Emissions
(Million Metric Tons Carbon Equivalent) 5.5

Change Compared to 1999
(Million Metric Tons Carbon Equivalent) -0.25

Change from 1999 (Percent) -4.3%

Change Compared to 1990
(Million Metric Tons Carbon Equivalent) -3.9

Change from 1990 (Percent) -41.4%

119“Environmental Protection Drives Emissions Reduction Effort,” Electronic Design (December 1, 1997).
120“EPA Launches PFC Reduction Program,” Chemical Week (July 31, 1996). Without emissions control efforts, PFC emissions would be

expected to rise as the use of PFCs in the semiconductor industry increases.
121E-mail correspondence with U.S. Environmental Protection Agency, Global Programs Division, October 18, 2000.
122Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 389.
123U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-

ton, DC, April 2001), p. 3-23, web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.
124Intergovernmental Panel on Climate Change, Climate Change 2001: The Scientific Basis (Cambridge, UK: Cambridge University Press,

2001), p. 389.
125U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates,

October 2001).
126U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-

ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



climate through their effects on atmospheric concentra-
tions of greenhouse gases. Currently, emissions esti-
mates for those gases are not included in this chapter,
because the ozone-depleting substances and criteria
pollutants were excluded from the Kyoto Protocol. Fur-
thermore, production of the ozone-depleting gases is

being phased out under the Montreal Protocol.
Although no longer included in the main body of this
report, emissions estimates for ozone-depleting sub-
stances and criteria pollutants can be found in Appendix
D, “Emissions Sources Excluded.”
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Table 29.  U.S. Emissions of Hydrofluorocarbons, Perfluorocarbons, and Sulfur Hexafluoride, 1990-2000
(Thousand Metric Tons of Gas)

Gas 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Hydrofluorocarbons

HFC-23 . . . . . . . . . . . . . . . . . . . 3.0 2.6 3.0 2.7 2.7 2.3 2.7 2.6 3.4 2.6 2.6

HFC-134a . . . . . . . . . . . . . . . . . 0.6 0.6 0.6 2.9 6.4 14.4 19.0 23.5 26.9 30.4 33.7

HFC-152a . . . . . . . . . . . . . . . . . W W W W W W W W W W W

HFC-125 . . . . . . . . . . . . . . . . . . * * 0.2 0.5 0.3 0.5 0.7 0.9 1.1 1.3 1.6

HFC-227ea . . . . . . . . . . . . . . . . W W W W W W W W W W W

HFC-143a . . . . . . . . . . . . . . . . . * * * * 0.1 0.1 0.2 0.3 0.5 0.7 0.9

HFC-4310mee . . . . . . . . . . . . . W W W W W W W W W W W

HFC-236fa . . . . . . . . . . . . . . . . * * * * * * * * 0.1 0.2 0.3

Perfluorocarbons

CF4 . . . . . . . . . . . . . . . . . . . . . . 5.1 4.8 4.7 4.6 4.4 4.4 4.5 4.3 4.1 4.1 4.0

C2F6. . . . . . . . . . . . . . . . . . . . . . 0.7 0.7 0.6 0.7 0.7 0.8 0.7 0.8 0.8 0.8 0.8

C4F10 . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

PFCs/PFPEs. . . . . . . . . . . . . . . W W W W W W W W W W W

Sulfur Hexafluoride. . . . . . . . . . 1.6 1.6 1.5 1.7 1.6 1.4 1.4 1.4 1.1 1.0 0.9

*Less than 50 metric tons of gas.
P = preliminary data. W = withheld to avoid disclosure of confidential data.
Note: Totals may not equal sum of components due to independent rounding.
Source: U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates, Octo-

ber 2001).
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Table 30.  U.S. Emissions of Hydrofluorocarbons, Perfluorocarbons, and Sulfur Hexafluoride, 1990-2000
(Million Metric Tons Carbon Equivalent)

Gas 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 P2000

Hydrofluorocarbons

HFC-23 . . . . . . . . . . . . . . . . . . . 9.74 8.61 9.74 8.92 8.83 7.62 8.76 8.48 11.27 8.63 8.48

HFC-134a . . . . . . . . . . . . . . . . . 0.20 0.20 0.22 1.02 2.26 5.12 6.75 8.34 9.54 10.78 11.94

HFC-125 . . . . . . . . . . . . . . . . . . * * 0.22 0.45 0.28 0.44 0.63 0.82 1.04 1.20 1.45

HFC-143a . . . . . . . . . . . . . . . . . * * * * 0.06 0.13 0.24 0.39 0.57 0.79 1.06

HFC-236fa . . . . . . . . . . . . . . . . * * * * * * * * 0.31 0.55 0.76

Total . . . . . . . . . . . . . . . . . . . . 9.99 8.84 10.19 10.43 12.49 15.54 18.98 21.24 26.26 25.95 28.12

Perfluorocarbons

CF4 . . . . . . . . . . . . . . . . . . . . . . 7.96 7.46 7.23 7.15 6.81 6.87 6.99 6.75 6.37 6.38 6.15

C2F6. . . . . . . . . . . . . . . . . . . . . . 2.24 2.11 2.06 2.14 2.13 2.47 2.40 2.54 2.61 2.69 2.58

C4F10 . . . . . . . . . . . . . . . . . . . . . * * * * * * * * * * *

Total . . . . . . . . . . . . . . . . . . . . 10.20 9.58 9.29 9.29 8.95 9.34 9.39 9.29 8.98 9.07 8.73

Other HFCs, PFCs/PFPEs . . . . 0.05 0.02 0.01 0.02 1.06 2.22 2.59 3.17 3.54 4.02 4.44

Sulfur Hexafluoride. . . . . . . . . . 9.41 9.73 9.14 10.13 9.42 8.31 8.36 8.19 6.93 5.76 5.51

Total Emissions . . . . . . . . . . . . 29.65 28.14 28.62 29.85 31.92 35.42 39.32 41.89 45.72 44.79 46.80

*Less than 50,000 metric tons carbon equivalent.
P = preliminary data.
Notes: Other HFCs, PFCs/PFPEs include HFC-152a, HFC-227ea, HFC-4310mee, and a variety of PFCs and perfluoropolyethers (PFPEs). They

are grouped together to protect confidential data. Totals may not equal sum of components due to independent rounding.
Source: U.S. Environmental Protection Agency, Office of Air and Radiation, web site www.epa.gov/globalwarming/ (preliminary estimates, Octo-

ber 2001). Note that EIA calculates emissions in carbon-equivalent units using the GWP values published by the IPCC in 2001 in its Third Assess-
ment Report, whereas the EPA uses the GWP values from the IPCC’s 1996 Second Assessment Report (see box on page 58).



6. Land Use Issues

Overview
Land use change and forestry issues are important to
national and global inventories of greenhouse gases in
two ways:

• Vegetation can “sequester” or remove carbon diox-
ide from the atmosphere and store it for potentially
long periods in above- and below-ground biomass,
as well as in soils. Soils, trees, crops, and other plants
may make significant contributions to reducing net
greenhouse gas emissions by serving as carbon
“sinks.”

• Humans can alter the biosphere through changes in
land use and forest management practices and, in
effect, alter the quantities of atmospheric and terres-
trial carbon stocks, as well as the natural carbon flux
among biomass, soils, and the atmosphere.

Land use issues are of particular interest to the United
States because U.S. forests and soils annually sequester
large amounts of carbon dioxide. Much of the forest land
in the United States was cleared for agriculture, lumber,
or fuel in the hundred years prior to 1920. Since then,
much agricultural and pasture land has reverted to for-
est land.

The amount of carbon being sequestered annually is
uncertain, in part because of an absence of data and
because of difficulties in measuring sequestration.
Moreover, in addition to technical uncertainties, there is
also policy or accounting ambiguity about which aspects

of the biological carbon cycle ought to be included in
national inventories as anthropogenic emissions and
removals.

The revised guidelines for national emissions invento-
ries published in 1997 by the Intergovernmental Panel
on Climate Change (IPCC) include rules to direct the
inclusion of carbon sequestration through land use and
forestry in national inventories.127 The U.S. Environ-
mental Protection Agency (EPA), drawing upon the
work of U.S. Forest Service researchers Richard Birdsey
and Linda Heath, estimates annual U.S. carbon seques-
tration at 270 million metric tons carbon equivalent
(Table 31).128 Under the IPCC guidelines, this quantity is
considered an offset to gross greenhouse gas emissions
from other sources, such as the electric power industry.
Thus, the 270 million metric tons carbon equivalent
sequestered through land use change and forestry prac-
tices represents an offset of approximately 17.7 percent
of total U.S. anthropogenic carbon dioxide emissions
from 1990 through 1999. The total net carbon sequestra-
tion resulting from land use and forestry activities
declined by approximately 7 percent between 1990 and
1999. The decline resulted in large part from increasing
forest harvests and land-use changes, which resulted in
lower net sequestration rates for forests.129

The EPA’s estimates for carbon sequestration in forests
are based on carbon stock estimates developed by the
U.S. Forest Service, U.S. Department of Agriculture,
employing methodologies that are consistent with the
1996 IPCC guidelines. Estimates for sequestration in
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Table 31.  Net Carbon Dioxide Sequestration from U.S. Land Use Change and Forestry, 1990 and 1995-1999
(Million Metric Tons Carbon Equivalent)

Component 1990 1995 1996 1997 1998 1999

Forests. . . . . . . . . . . . . . . . . . . . . . . . 273 256 257 246 245 247

Agricultural Soils . . . . . . . . . . . . . . . . 11 19 19 19 21 21

Landfilled Yard Trimmings . . . . . . . . . 5 3 3 3 2 2

Total . . . . . . . . . . . . . . . . . . . . . . . . 289 278 279 268 268 270

Note: Totals may not equal sum of components due to independent rounding.
Source: U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-

R-01-001 (Washington, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html, drawing
on the work of Richard Birdsey and Linda Heath of the U.S. Forest Service.

127Intergovernmental Panel on Climate Change, Greenhouse Gas Inventory Reference Manual: Revised 1996 IPCC Guidelines for National
Greenhouse Gas Inventories, Vol. 3 (Paris, France, 1997), web site www.ipcc.ch/pub/guide.htm.

128U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

129U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



agricultural soil involve mineral and organic soil carbon
stock changes resulting from agricultural land use and
land management, as well as emissions of carbon diox-
ide resulting from the use of crushed limestone and
dolomite on soils. Methodologies drawn from the IPCC
guidelines were used to derive all components of
changes in agricultural soil carbon stocks. Estimates for
yard trimming carbon stocks in landfills were derived
using the EPA’s method of examining life cycle green-
house gas emissions and sinks associated with solid
waste management.130 The estimates for carbon fluxes
from landfilled yard trimmings trend downward over
time, based on EPA estimates.

The EPA’s carbon flux estimates for forests and agricul-
tural soils are based on surveys of U.S. forest lands and
soils carried out at 5-year intervals by the U.S. Forest Ser-
vice. Annual estimates of carbon fluxes between survey
years are interpolated and, therefore, change little from
year to year, except when a new assessment is made.
Further, the most current national forest and soil sur-
veys were completed for the year 1997; thus, carbon flux
estimates from forests are based in part on model projec-
tions.131

Total forestry carbon fluxes have fallen from 289 million
metric tons carbon equivalent in 1990 to 270 million met-
ric tons carbon equivalent in 1999. The decrease is due
mainly to maturation and slowing in the spread of forest
cover, as well as a reduction in landfilled yard trim-
mings. As can be seen from the estimates, the vast major-
ity of the carbon fluxes are from forests (247 million
metric tons carbon equivalent or 91.5 percent of total for-
estry carbon fluxes), followed by agricultural soils (21
million metric tons carbon equivalent or 7.8 percent of
total forestry carbon fluxes) and landfilled yard trim-
mings (2 million metric tons carbon equivalent or 0.7
percent of total forestry carbon fluxes).

To put these figures into perspective, carbon fluxes from
forestry offset 18 percent of energy-related carbon diox-
ide emissions, which totaled 1,500.8 million metric tons
carbon equivalent in 1999. The 270 million metric tons
carbon equivalent sequestered through land use and
forestry activities in 1999 would also act to offset total
U.S. emissions of greenhouse gases by 14.2 percent. If
the EPA’s estimate of 270 million metric tons carbon
equivalent holds for 2000, then sequestration will offset
approximately 17 percent of the 1,547.4 million metric

tons carbon equivalent emitted through the burning of
fossil fuels in 2000.

Changes in
Forest Carbon Stocks

Worldwide, the most significant anthropogenic activity
that affects forest carbon sequestration is deforestation,
particularly that of tropical forests. During the 1980s,
tropical deforestation is projected to have resulted in
approximately 6 billion metric tons of carbon dioxide
emissions to the atmosphere annually. This value repre-
sents approximately 23 percent of global carbon dioxide
emissions resulting from anthropogenic activities dur-
ing the 1980s. Approximately 7 percent of global carbon
dioxide emissions were compensated by carbon seques-
tration as a result of forest regrowth in the Northern
Hemisphere.132 In the United States, the most significant
pressures on the amount of carbon sequestered through
forest lands are land management activities and the con-
tinuing effects of past changes in land use. These activi-
ties directly affect carbon flux by shifting the amount of
carbon accumulated in forest ecosystems.133

Forests are multifaceted ecosystems with numerous
interrelated components, each of which stores carbon.
These components include:

• Trees (living trees, dead trees, roots, stems,
branches, and foliage)

• Understory vegetation (shrubs and bushes)

• Forest floor (fine woody debris, tree litter, and
humus)

• Down dead wood (logging residue and other dead
wood on the ground)

• Soil.

As a result of natural biological processes occurring
within forests, as well as anthropogenic activities, car-
bon is constantly cycling through these components and
between the forest and the atmosphere. The net change
in overall forest carbon may not always be equal to the
net flux between forests and the atmosphere, because
timber harvests may not necessarily result in an instant
return of carbon to the atmosphere. Timber harvesting
transfers carbon from one of the seven forest compo-
nents, or “forest pools” to a “product pool.” Once carbon
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130U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

131U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

132U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

133U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



is transferred to a product pool, it is emitted over time as
carbon dioxide as the product combusts or decays.
Emission rates vary significantly, depending on the type
of product pool that houses the carbon. For these rea-
sons, the EPA uses the term “apparent flux” for its esti-
mates.134

In the United States, enhanced forest management,
regeneration of formerly cleared forest areas, and timber
harvesting have resulted in the annual sequestration of
carbon throughout the past decade. Since the 1920s,
deforestation for agricultural purposes has become a
practically nonexistent practice. More recently, man-
aged growth practices have become common in eastern
forests, greatly increasing their biomass density over the
past 50 years. In the 1970s and 1980s, federally spon-
sored tree planting and soil conservation programs were
embraced. These programs resulted in the reforestation
of formerly harvested lands, improvement in timber
management activities, soil erosion abatement, and the
conversion of cropland to forests. Forest harvests have
also affected carbon sequestration. The majority of the
timber harvested in the United States is used in wood
products. The bulk of the discarded wood products are
landfilled; thus, large quantities of the harvested carbon
are relocated to long-term storage pools rather than to
the atmosphere. The size of wood product landfills has
increased over the past century.135

According to the EPA (Table 32), between 1990 and 1999,
U.S. forest and harvested wood components accounted
for an average annual net sequestration of 247 million

metric tons carbon equivalent, resulting from domestic
forest growth and increases in forested land area. Over
the same period, however, increasing harvests and
land-use changes have resulted in a decrease of approxi-
mately 10 percent in the overall rate of annual sequestra-
tion. Table 33 details carbon stock estimates for forests
and harvested wood. All carbon stocks increased over
time and thus sequestered carbon over the periods
examined.

Land Use and International
Climate Change Negotiations

In past international negotiations on climate change, the
United States and many other countries have main-
tained that the inclusion of Land Use, Land Use Change
and Forestry (LULUCF) activities in a binding agree-
ment that limits greenhouse gas emissions is of the
utmost importance; however, the issues of whether and
how terrestrial carbon sequestration could be accepted
for meeting various commitments and targets have
remained the subjects of complex and difficult interna-
tional negotiations in regard to the issue of climate
change.

Many of the countries involved in climate change nego-
tiations have agreed that implementation of LULUCF
activities under an international climate change agree-
ment may be complicated by a lack of clear definitions
for words such as “reforestation” and “forest.” Further,
implementation may be hindered by the lack of effective

Land Use Issues

Energy Information Administration / Emissions of Greenhouse Gases in the United States 2000 71

Table 32.  Net Carbon Dioxide Sequestration in U.S. Forests, 1990 and 1995-1999
(Million Metric Tons Carbon Equivalent)

Description 1990 1995 1996 1997 1998 1999

Apparent Forest Flux. . . . . . . . . . . . 216 201 201 188 188 188

Trees . . . . . . . . . . . . . . . . . . . . . . . . 113 105 105 106 106 106

Understory . . . . . . . . . . . . . . . . . . . . 1 1 1 1 1 1

Forest Floor . . . . . . . . . . . . . . . . . . . 16 15 15 14 14 14

Forest Soils . . . . . . . . . . . . . . . . . . . 69 62 62 50 50 50

Logging Residues . . . . . . . . . . . . . . 17 17 17 17 17 17

Apparent Harvested Wood Flux . . . 57 55 57 58 56 59

Apparent Wood Product Flux. . . . . . 13 15 15 16 14 17

Apparent Landfilled Wood Flux . . . . 44 41 41 42 42 42

Total Net Flux . . . . . . . . . . . . . . . . . . 273 256 257 246 245 247

Notes: “Apparent” indicates that the estimate is a measure of net change in carbon stocks rather than an actual flux to or from the
atmosphere. Total flux is an estimate of the actual flux. Forest values are based on periodic measurements; harvested wood esti-
mates are based on annual surveys. Totals may not equal sum of components due to independent rounding.

Source: U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-
R-01-001 (Washington, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

134U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

135U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



accounting rules. According to researchers at the Pew
Center on Global Climate Change,136 implementation of
LULUCF provisions in an international climate change
agreement raises many issues for such activities and/or
projects, such as:

• What is a direct human-induced activity?

• What is a forest and what is reforestation?

• How will uncertainty and verifiability be
addressed?

• How will the issues of (non) permanence and leak-
age be addressed?

• Which activities beyond afforestation, reforestation
and deforestation (ARD), if any, should be included,
and what accounting rules should apply?

• Which carbon pools and which greenhouse gases
should be considered?

Uncertainties related to data issues have also slowed
international negotiations on climate change.

Land Use Data Issues
Uncertainties in the EPA inventory of U.S. carbon
sequestration include sampling and measurement
errors inherent to forest carbon estimates. The forest sur-
veys engage a statistical sample that represents the
expansive variety of growth conditions over large terri-
tories. Although more current inventories are conducted

annually in each State, much of the existing data may
have been collected over more than one year in any
given State. Thus, there may be uncertainty about the
year associated with the forest survey data. In addition,
the existing forest survey data do not include forest
stocks in Alaska, Hawaii, the U.S. Territories, or urban
trees (although net carbon fluxes from these stocks are
anticipated to be insignificant).137

Additional uncertainty results from the derivations of
carbon sequestration estimates for forest floor,
understory vegetation, and soil from models based on
forest ecosystem studies. To extrapolate results of these
studies to the forested lands in question, an assumption
was made that the studies effectively described regional
or national averages. This assumption may result in bias
from applying data from studies that improperly repre-
sent average forest conditions, from modeling errors,
and/or from errors in converting estimates from one
reporting unit to another.138

Aside from the land use data issues and uncertainties
discussed above, which are specific to the methodolo-
gies used for the EPA inventory, there is concern about
larger and more general uncertainty surrounding esti-
mates of terrestrial carbon sequestration. It is anticipated
to be difficult, as well as expensive, to determine carbon
stock changes over shorter time periods, such as the
5-year period suggested during international climate
change negotiations. This concern is especially problem-
atic if the carbon stocks are large and the stock changes
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Table 33.  Estimates of U.S. Forest Carbon Stocks, 1987, 1992, 1997, and 2000
(Million Metric Tons Carbon Equivalent)

Description 1987 1992 1997 2000

Forests (Excluding Logging Residues) . . . 36,251 37,243 38,160 38,672

Trees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12,709 13,273 13,798 14,115

Understory . . . . . . . . . . . . . . . . . . . . . . . . . . 557 564 571 574

Forest Floor . . . . . . . . . . . . . . . . . . . . . . . . . 3,350 3,428 3,504 3,545

Forest Soils . . . . . . . . . . . . . . . . . . . . . . . . . 19,635 19,978 20,287 20,438

Logging Residues . . . . . . . . . . . . . . . . . . . . NA NA NA NA

Harvested Wood . . . . . . . . . . . . . . . . . . . . . 1,920 2,198 2,479 2,651

Wood Products . . . . . . . . . . . . . . . . . . . . . . 1,185 1,245 1,319 1,366

Landfilled Wood . . . . . . . . . . . . . . . . . . . . . . 735 953 1,159 1,285

NA = not available.
Note: Excludes forest stocks in Alaska, Hawaii, U.S. territories, and urban trees. Wood product stocks include exports and exclude

imports. Totals may not equal sum of components due to independent rounding.
Source: U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-

R-01-001 (Washington, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

136G. Marland and B. Schlamadinger, Land Use and Global Climate Change: Forests, Land Management, and the Kyoto Protocol (Arlington, VA:
Pew Center on Global Climate Change, June 2000), p. 5, web site www.pewclimate.org/projects/land_use.cfm.

137U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.

138U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-
ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



are comparatively small.139 Several countries involved
in the negotiations have maintained that the accounting
of terrestrial carbon stock changes over a 5-year commit-
ment period fails to account for the differing dynamics
of carbon stocks and fluxes over time.

Accounting for carbon sequestration through land use
and forestry practices also raises the issues of “perma-
nence” and “leakage.” Carbon sequestration occurring
at one time and place presents the issue of whether the
carbon will be lost at a later time (permanence) or result
in offsetting losses elsewhere (leakage). For example,
suppose an international climate change agreement is
developed in which changes in carbon stocks within a
certain commitment period are used to meet targets. If
there is a gap between commitment periods, there will
be a possibility for unaccounted losses (or gains) in cer-
tain countries. A similar possibility of unaccounted
losses will arise if countries in one geographic area
receive “credits” for carbon that is sequestered in coun-
tries in a different geographic area but subsequent car-
bon losses remain unaccounted.140

Leakage is defined as the unexpected loss of expected
carbon sequestration benefits when the displacement of
activities or market effects leads to carbon losses else-
where. For example, avoiding deforestation in one geo-
graphic location may accelerate the rate of deforestation
in another geographic location. Leakage may also occur
through the impact of a large reforestation program on
timber prices. Increased availability of timber could
result in lower prices, which in turn could cause reduced
rates of planting in other locations. Reduced timber
prices may also result in the conversion of existing for-
ests for agriculture.141

In addition to concerns about uncertainty, permanence,
and leakage, a recent scientific study published in the
science journal Nature has raised questions about carbon
sequestration through terrestrial sinks.142 The authors of
the study, Dr. John Lichter and Dr. William Schlesinger,
concluded that while forests do sequester carbon diox-
ide from the air and store it in the soil, the majority of the
sequestered carbon is ultimately released back into the
atmosphere as carbon dioxide when organic soil mate-
rial decomposes. They maintain that their findings high-
light the uncertainty of the role of soils as long-term

carbon storage pools and assert that considerable long-
term net carbon sequestration in forest soils may be
unlikely. Many scientists agree that much work remains
to be done on the science surrounding terrestrial carbon
sequestration; however, a number of the countries
involved in international climate change negotiations
assert that the potential for terrestrial carbon sequestra-
tion should be embraced, or at the very least, not dis-
counted or overlooked.143

Thus, while there are sound estimates of the amount of
carbon sequestered through U.S. forests and soils, many
uncertainties remain in the accounting methodology
and overall conceptual feasibility of carbon sequestra-
tion both nationally and globally. For this reason, cau-
tion should be employed when accounting for and
accepting as fact the amount of carbon sequestered
through land use and forestry practices, or when mak-
ing decisions about the amount of sequestered carbon to
be treated as an offset to national carbon dioxide
emissions.

Current Global
Carbon Sequestration

In August 2000, the U.S. Government submitted its
views regarding methodologies related to the handling
of LULUCF activities under an international climate
change agreement to the UNFCCC. The document,
United States Submission on Land-Use, Land-Use Change
and Forestry, was presented in fulfillment of a request
made by the Subsidiary Body for Scientific and Techno-
logical Advice (SBSTA). The document includes U.S.
estimates of carbon stocks and flux from forest land,
cropland, and grazing land. The estimates differ slightly
from those in the EPA inventory for two main reasons:

• The SBSTA requested stock and flux estimates for a
different set of forest areas and activities than those
that are accounted for in national greenhouse gas
inventories required under the UNFCCC.

• Both the EPA inventory and the U.S. submission
reflect temporary results of forest carbon modeling
improvements that are currently underway at the
USDA Forest Service.144
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139G. Marland and B. Schlamadinger, Land Use and Global Climate Change: Forests, Land Management, and the Kyoto Protocol (Arlington, VA:
Pew Center on Global Climate Change, June 2000), p. 31 web site www.pewclimate.org/projects/land_use.cfm.

140G. Marland and B. Schlamadinger, Land Use and Global Climate Change: Forests, Land Management, and the Kyoto Protocol (Arlington, VA:
Pew Center on Global Climate Change, June 2000), p. 31 web site www.pewclimate.org/projects/land_use.cfm.

141G. Marland and B. Schlamadinger, Land Use and Global Climate Change: Forests, Land Management, and the Kyoto Protocol (Arlington, VA:
Pew Center on Global Climate Change, June 2000), p. 32 web site www.pewclimate.org/projects/land_use.cfm.

142W.H. Schlesinger and J. Lichter, “Limited Carbon Storage in Soil and Litter of Experimental Forest Plots Under Increased Atmo-
spheric CO2, Nature, No. 6836 (2001), pp. 466-468.

143M. MacKinnon, “Canada’s Stance on Pollution Debunked,” The Globe and Mail (June 5, 2001).
144U.S. Environmental Protection Agency, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-1999, EPA-236-R-01-001 (Washing-

ton, DC, April 2001), web site www.epa.gov/globalwarming/publications/emissions/us2001/index.html.



Further, a separate 2000 report by the IPCC on LULUCF
activities provides different values for carbon sequestra-
tion. The IPCC maintains that accounting for the amount
of carbon being sequestered annually involves a high
degree of uncertainty due to lack of data and difficulties
in measuring sequestration. Further, there are policy
and accounting uncertainties regarding which aspects of
the biological carbon cycle should be included in
national inventories as anthropogenic emissions and
removals. Nevertheless, the IPCC does provide values
for carbon sequestration due to LULUCF activities.
According to the IPCC, from 1850 to 1998, combined car-
bon dioxide emissions resulting from fossil fuel burning,
industrial processes, and land-use change led to an
increase in the atmospheric content of carbon dioxide of
176±10 billion metric tons carbon equivalent. Atmo-
spheric carbon dioxide concentrations increased from
approximately 285 to 366 parts per million. About 43
percent of the carbon dioxide emitted from 1850 to 1998
remains in the atmosphere. The remainder, about
230±60 billion metric tons carbon equivalent, has likely
been taken up in approximately equal amounts by
oceans and terrestrial ecosystems.145

The IPCC’s 2000 report offers further estimates for
future terrestrial carbon sequestration (although it
should be noted that different definitions and account-
ing approaches would result in different estimates of
carbon stock changes). The report provides estimates for
carbon stock changes resulting from LULUCF activities
under IPCC guidelines and, alternatively, under three
United Nations Food and Agriculture Organization
(FAO) “definitional scenarios.” The FAO definitional
scenarios are based on different accounting methods,
which assume that area conversion rates remain con-
stant and exclude carbon in soils and wood products. All
the accounting scenarios provide estimates for seques-
tration within UNFCCC Annex I countries. The FAO

scenarios include the harvest/regeneration cycle,
because regeneration is defined as reforestation. Three
FAO accounting approaches are distinguished:

• In the FAO Land-Based I Accounting Scenario, the
stock change over the full commitment period is
measured, including stock losses during harvest, as
well as delayed emissions from dead organic matter
for reforestation. This approach results in estimated
Annex I emissions of 333 to 849 million metric tons
carbon equivalent per year.

• In the FAO Land-Based II Accounting Scenario, the car-
bon stock change between the beginning of the
activity and the end of the commitment period is
measured, including decay from harvest. This
approach results in estimates for the Annex I coun-
tries that range from net sequestration of 205 million
metric tons carbon equivalent per year to net emis-
sions of 280 million metric tons carbon equivalent
per year.

• In the FAO Activity-Based Accounting Scenario, only
the accumulation of carbon in new forest stands and
new dead organic matter is counted under reforesta-
tion. This approach results in estimates for the
Annex I countries that range from net sequestration
of 483 million metric tons carbon equivalent per year
to net emissions of 3 million metric tons carbon
equivalent per year.

The IPCC definitional scenario involves transitions
between forest and non-forest land uses and assumes
that not only planting but also other forms of stand
establishment (e.g., natural establishment) are consid-
ered to be afforestation or reforestation activities. The
IPCC definitional scenario results in estimated Annex I
emissions of 44 to 83 million metric tons carbon equiva-
lent per year.146
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145Intergovernmental Panel on Climate Change, Summary for Policymakers: Land Use, Land-Use Change, and Forestry (Cambridge, UK:
Cambridge University Press, May 2000), p. 4, web site www.ipcc.ch/pub/srlulucf-e.pdf.

146Intergovernmental Panel on Climate Change, Summary for Policymakers: Land Use, Land-Use Change, and Forestry (Cambridge, UK:
Cambridge University Press, May 2000), p. 11, web site www.ipcc.ch/pub/srlulucf-e.pdf. For more information on IPCC estimates of cur-
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United States 1999, DOE/EIA-0573(99) (Washington, DC, October 2000).
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Related Links

Australian Greenhouse Office.
www.greenhouse.gov.au

Carbon Dioxide Information Analysis Center.
http://cdiac.esd.ornl.gov

Centre for the Analysis and Dissemination of
Demonstrated Energy Technologies.
www.caddet-re.org
www.caddet-ee.org

Center for Renerable Energy and Sustainable
Technology.
http://solstice.crest.org/index.shtml

Climate Ark.
www.climateark.org

Environmental Defense Fund.
www.edf.org

Global Change.
www.globalchange.org

Global Change Data & Information System Home
Page.
http://globalchange.gov

Global Environment Facility.
www.gefweb.com

Global Climate Change from the Government of
Canada.
www.climatechange.gc.ca

Intergovernmental Panel on Climate Change.
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Glossary

Acid stabilization: A circumstance where the pH of the
waste mixture in an animal manure management sys-
tem is maintained near 7.0, optimal conditions for meth-
ane production.

Aerobic bacteria: Microorganisms living, active, or
occurring only in the presence of oxygen.

Aerobic decomposition: The breakdown of a molecule
into simpler molecules or atoms by microorganisms
under favorable conditions of oxygenation.

Aerosols: Airborne particles.

Afforestation: Planting of new forests on lands that
have not been recently forested.

Agglomeration: The clustering of disparate elements.

Airshed: An area or region defined by settlement pat-
terns or geology that results in discrete atmospheric
conditions.

Albedo: The fraction of incident light or electromagnetic
radiation that is reflected by a surface or body. See Plane-
tary albedo.

Anaerobes: Organisms that live and are active only in
the absence of oxygen.

Anaerobic bacteria: Microorganisms living, active, or
occurring only in the absence of oxygen.

Anaerobic decomposition: The breakdown of mole-
cules into simpler molecules or atoms by microorgan-
isms that can survive in the partial or complete absence
of oxygen.

Anaerobic lagoon: A liquid-based manure management
system, characterized by waste residing in water to a
depth of at least six feet for a period ranging between 30
and 200 days.

Anode: A positive electrode, as in a battery, radio tube,
etc.

Anthracite: The highest rank of coal; used primarily for
residential and commercial space heating. It is a hard,
brittle, and black lustrous coal, often referred to as hard
coal, containing a high percentage of fixed carbon and a
low percentage of volatile matter. The moisture content
of fresh-mined anthracite generally is less than 15 per-
cent. The heat content of anthracite ranges from 22 to 28

million Btu per ton on a moist, mineral-matter-free basis.
The heat content of anthracite coal consumed in the
United States averages 25 million Btu per ton, on the
as-received basis (i.e., containing both inherent moisture
and mineral matter). Note: Since the 1980’s, anthracite
refuse or mine waste has been used for steam electric
power generation. This fuel typically has a heat content
of 15 million Btu per ton or less.

Anthropogenic: Made or generated by a human or
caused by human activity. The term is used in the con-
text of global climate change to refer to gaseous emis-
sions that are the result of human activities, as well as
other potentially climate-altering activities, such as
deforestation.

API Gravity: A scale expressing the density of petro-
leum products as established by the American Petro-
leum Institute.

Asphalt: A dark-brown to black cement-like material
obtained by petroleum processing, containing bitumens
as the predominant constituents. Includes crude asphalt
as well as the following finished products: cements, the
asphalt content of emulsions (exclusive of water), and
petroleum distillates blended with asphalt to make cut-
back asphalts.

Associated gas: Natural gas found mixed with crude oil
in underground reservoirs, released as a byproduct of
oil production.

Aviation gasoline (finished): A complex mixture of rel-
atively volatile hydrocarbons with or without small
quantities of additives, blended to form a fuel suitable
for use in aviation reciprocating engines. Fuel specifica-
tions are provided in ASTM Specification D 910 and Mil-
itary Specification MIL-G-5572. Note: Data on blending
components are not counted in data on finished aviation
gasoline.

Balancing item: A measurement of the difference
between the reported amount of natural gas produced
and the reported amount consumed.

Biofuels: Organic materials, such as wood, waste, and
alcohol fuels, burned for energy purposes.

Biogas: The gas produced from the anaerobic decompo-
sition of organic material in a landfill.

Biogenic: Produced by the actions of living organisms.
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Biomass: Materials that are biological in origin, includ-
ing organic material (both living and dead) from above
and below ground, for example, trees, crops, grasses,
tree litter, roots, and animals and animal waste.

Biosphere: The portion of the Earth and its atmosphere
that can support life. The part of the global carbon cycle
that includes living organisms and biogenic organic
matter.

Bituminous coal: A dense coal, usually black, some-
times dark brown, often with well-defined bands of
bright and dull material, used primarily as fuel in
steam-electric power generation, with substantial quan-
tities also used for heat and power applications in manu-
facturing and to make coke. Bituminous coal is the most
abundant coal in active U.S. mining regions. Its moisture
content usually is less than 20 percent. The heat content
of bituminous coal ranges from 21 to 30 million Btu per
ton on a moist, mineral-matter-free basis. The heat con-
tent of bituminous coal consumed in the United States
averages 24 million Btu per ton, on the as-received basis
(i.e., containing both inherent moisture and mineral
matter).

BOD5: The biochemical oxygen demand of wastewater
during decomposition occurring over a 5-day period. A
measure of the organic content of wastewater.

Bromofluorocarbons (halons): Inert, nontoxic chemi-
cals that have at least one bromine atom in their chemi-
cal makeup. They evaporate without leaving a residue
and are used in fire extinguishing systems, especially for
large computer installations.

Bunker fuel: Fuel supplied to ships and aircraft, both
domestic and foreign, consisting primarily of residual
and distillate fuel oil for ships and kerosene-based jet
fuel for aircraft. The term “international bunker fuels” is
used to denote the consumption of fuel for international
transport activities. Note: For the purposes of green-
house gas emissions inventories, data on emissions from
combustion of international bunker fuels are subtracted
from national emissions totals. Historically, bunker
fuels have meant only ship fuel. See Vessel bunkering.

Calcination: A process in which a material is heated to a
high temperature without fusing, so that hydrates, car-
bonates, or other compounds are decomposed and the
volatile material is expelled.

Calcium sulfate: A white crystalline salt, insoluble in
water. Used in Keene’s cement, in pigments, as a paper
filler, and as a drying agent.

Calcium sulfite: A white powder, soluble in dilute sul-
furic acid. Used in the sulfite process for the manufac-
ture of wood pulp.

Capital stock: Property, plant and equipment used in
the production, processing and distribution of energy
resources.

Carbon black: An amorphous form of carbon, produced
commercially by thermal or oxidative decomposition of
hydrocarbons and used principally in rubber goods,
pigments, and printer’s ink.

Carbon budget: Carbon budget: The balance of the
exchanges (incomes and losses) of carbon between car-
bon sinks (e.g., atmosphere and biosphere) in the carbon
cycle. See Carbon cycle and Carbon sink.

Carbon cycle: All carbon sinks and exchanges of carbon
from one sink to another by various chemical, physical,
geological, and biological processes. See Carbon sink and
Carbon budget.

Carbon dioxide (CO2): A colorless, odorless, non-
poisonous gas that is a normal part of Earth’s atmo-
sphere. Carbon dioxide is a product of fossil-fuel com-
bustion as well as other processes. It is considered a
greenhouse gas as it traps heat (infrared energy) radi-
ated by the Earth into the atmosphere and thereby con-
tributes to the potential for global warming. Other
greenhouse gases are measured in relation to the global
warming potential (GWP) of carbon dioxide, which by
international scientific convention is assigned a value of
one (1). See Global warming potential (GWP) and Green-
house gases.

Carbon dioxide equivalent: The amount of carbon diox-
ide by weight emitted into the atmosphere that would
produce the same estimated radiative forcing as a given
weight of another radiatively active gas. Carbon dioxide
equivalents are computed by multiplying the weight of
the gas being measured (for example, methane) by its
estimated global warming potential (which is 21 for
methane). “Carbon equivalent units” are defined as car-
bon dioxide equivalents multiplied by the carbon con-
tent of carbon dioxide (i.e., 12/44).

Carbon flux: See Carbon budget.

Carbon intensity: The amount of carbon by weight
emitted per unit of energy consumed. A common mea-
sure of carbon intensity is weight of carbon per British
thermal unit (Btu) of energy. When there is only one fos-
sil fuel under consideration, the carbon intensity and the
emissions coefficient are identical. When there are sev-
eral fuels, carbon intensity is based on their combined
emissions coefficients weighted by their energy con-
sumption levels. See Emissions coefficient and Carbon out-
put rate.

Carbon output rate: The amount of carbon by weight
per kilowatthour of electricity produced.
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Carbon sequestration: The fixation of atmospheric car-
bon dioxide in a carbon sink through biological or physi-
cal processes.

Carbon sink: A reservoir that absorbs or takes up
released carbon from another part of the carbon cycle.
The four sinks, which are regions of the Earth within
which carbon behaves in a systematic manner, are the
atmosphere, terrestrial biosphere (usually including
freshwater systems), oceans, and sediments (including
fossil fuels).

Catalytic converter: A device containing a catalyst for
converting automobile exhaust into mostly harmless
products.

Cesspool: An underground reservoir for liquid waste,
typically household sewage.

Chlorofluorocarbons (CFCs): A family of inert, non-
toxic, easily liquefied chemicals used in refrigeration, air
conditioning, packaging, and insulation, or as solvents
or aerosol propellants.

Clean Development Mechanism (CDM): A Kyoto Pro-
tocol program that enables industrialized countries to
finance emissions-avoiding projects in developing coun-
tries and receive credit for reductions achieved against
their own emissions limitation targets. See Kyoto
Protocol.

Climate: The average course or condition of the weather
over a period of years as exhibited by temperature,
humidity, wind velocity, and precipitation.

Climate change: A term used to refer to all forms of cli-
matic inconsistency, but especially to significant change
from one prevailing climatic condition to another. In
some cases, “climate change” has been used synony-
mously with the term “global warming”; scientists,
however, tend to use the term in a wider sense inclusive
of natural changes in climate, including climatic cooling.

Clinker: Powdered cement, produced by heating a
properly proportioned mixture of finely ground raw
materials (calcium carbonate, silica, alumina, and iron
oxide) in a kiln to a temperature of about 2,700oF.

Cloud condensation nuclei: Aerosol particles that pro-
vide a platform for the condensation of water vapor,
resulting in clouds with higher droplet concentrations
and increased albedo.

Coal coke: See Coke (coal).

Coalbed methane: Methane produced from coalbeds in
the same way that natural gas is produced from other
strata. See “methane.”

Coke (coal): A solid carbonaceous residue derived from
low-ash, low-sulfur bituminous coal from which the vol-
atile constituents are driven off by baking in an oven at
temperatures as high as 2,000 degrees Fahrenheit so that
the fixed carbon and residual ash are fused together.
Coke is used as a fuel and as a reducing agent in smelt-
ing iron ore in a blast furnace. Coke from coal is grey,
hard, and porous and has a heating value of 24.8 million
Btu per ton.

Coke (petroleum): A residue high in carbon content and
low in hydrogen that is the final product of thermal
decomposition in the condensation process in cracking.
This product is reported as marketable coke or catalyst
coke. The conversion is 5 barrels (of 42 U.S. gallons each)
per short ton. Coke from petroleum has a heating value
of 6.024 million Btu per barrel.

Combustion: Chemical oxidation accompanied by the
generation of light and heat.

Combustion chamber: An enclosed vessel in which
chemical oxidation of fuel occurs.

Conference of the Parties (COP): The collection of
nations that have ratified the Framework Convention on
Climate Change (FCCC). The primary role of the COP is
to keep implementation of the FCCC under review and
make the decisions necessary for its effective implemen-
tation. See Framework Convention on Climate Change
(FCCC).

Cracking: The refining process of breaking down the
larger, heavier, and more complex hydrocarbon mole-
cules into simpler and lighter molecules.

Criteria pollutant: A pollutant determined to be hazard-
ous to human health and regulated under EPA’s
National Ambient Air Quality Standards. The 1970
amendments to the Clean Air Act require EPA to
describe the health and welfare impacts of a pollutant as
the “criteria” for inclusion in the regulatory regime.

Crop residue: Organic residue remaining after the har-
vesting and processing of a crop.

Cultivar: A horticulturally or agriculturally derived
variety of a plant.

Deforestation: The net removal of trees from forested
land.

Degasification system: The methods employed for
removing methane from a coal seam that could not oth-
erwise be removed by standard ventilation fans and
thus would pose a substantial hazard to coal miners.
These systems may be used prior to mining or during
mining activities.
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Degradable organic carbon: The portion of organic car-
bon present in such solid waste as paper, food waste,
and yard waste that is susceptible to biochemical
decomposition.

Desulfurization: The removal of sulfur, as from molten
metals, petroleum oil, or flue gases.

Diffusive transport: The process by which particles of
liquids or gases move from an area of higher concentra-
tion to an area of lower concentration.

Distillate fuel: A general classification for one of the
petroleum fractions produced in conventional distilla-
tion operations. It includes diesel fuels and fuel oils.
Products known as No. 1, No. 2, and No. 4 diesel fuel are
used in on-highway diesel engines, such as those in
trucks and automobiles, as well as off-highway engines,
such as those in railroad locomotives and agricultural
machinery. Products known as No. 1, No. 2, and No. 4
fuel oils are used primarily for space heating and electric
power generation.

Efflux: An outward flow.

Electrical generating capacity: The full-load continuous
power rating of electrical generating facilities, genera-
tors, prime movers, or other electric equipment (individ-
ually or collectively).

EMCON Methane Generation Model: A model for esti-
mating the production of methane from municipal solid
waste landfills.

Emissions: Anthropogenic releases of gases to the atmo-
sphere. In the context of global climate change, they con-
sist of radiatively important greenhouse gases (e.g., the
release of carbon dioxide during fuel combustion).

Emissions coefficient: A unique value for scaling emis-
sions to activity data in terms of a standard rate of emis-
sions per unit of activity (e.g., pounds of carbon dioxide
emitted per Btu of fossil fuel consumed).

Enteric fermentation: A digestive process by which car-
bohydrates are broken down by microorganisms into
simple molecules for absorption into the bloodstream of
an animal.

Eructation: An act or instance of belching.

Ethyl tertiary butyl ether (ETBE): A colorless, flamma-
ble, oxygenated hydrocarbon blend stock.

Ethylene: An olefinic hydrocarbon recovered from
refinery or petrochemical processes.

Ethylene dichloride: A colorless, oily liquid used as a
solvent and fumigant for organic synthesis, and for ore
flotation.

Facultative bacteria: Bacteria that grow equally well
under aerobic and anaerobic conditions.

Flange: A rib or a rim for strength, for guiding, or for
attachment to another object (e.g., on a pipe).

Flared natural gas: Natural gas burned in flares on the
well site or at gas processing plants.

Flatus: Gas generated in the intestines or the stomach of
an animal.

Flue gas desulfurization: Equipment used to remove
sulfur oxides from the combustion gases of a boiler plant
before discharge to the atmosphere. Also referred to as
scrubbers. Chemicals such as lime are used as scrubbing
media.

Fluidized-bed combustion: A method of burning par-
ticulate fuel, such as coal, in which the amount of air
required for combustion far exceeds that found in con-
ventional burners. The fuel particles are continually fed
into a bed of mineral ash in the proportions of 1 part fuel
to 200 parts ash, while a flow of air passes up through
the bed, causing it to act like a turbulent fluid.

Flux material: A substance used to promote fusion, e.g.,
of metals or minerals.

Fodder: Coarse food for domestic livestock.

Forestomach: See Rumen.

Fossil fuel: Any naturally occurring organic fuel formed
in the earth’s crust, such as petroleum, coal, or natural
gas.

Framework Convention on Climate Change (FCCC):
An agreement opened for signature at the “Earth Sum-
mit” in Rio de Janeiro, Brazil, on June 4, 1992, which has
the goal of stabilizing greenhouse gas concentrations in
the atmosphere at a level that would prevent significant
anthropogenically forced climate change. See Climate
change.

Fuel cycle: The entire set of sequential processes or
stages involved in the utilization of fuel, including
extraction, transformation, transportation, and combus-
tion. Emissions generally occur at each stage of the fuel
cycle.

Fugitive emissions: Unintended leaks of gas from the
processing, transmission, and/or transportation of fos-
sil fuels.

Gasification: A method for exploiting poor-quality coal
and thin coal seams by burning the coal in place to pro-
duce combustible gas that can be collected and burned
to generate power or processed into chemicals and fuels.
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Gate station: Location where the pressure of natural gas
being transferred from the transmission system to the
distribution system is lowered for transport through
small diameter, low pressure pipelines.

Geothermal: Pertaining to heat within the Earth.

Global climate change: See Climate change.

Global warming: An increase in the near surface tem-
perature of the Earth. Global warming has occurred in
the distant past as the result of natural influences, but
the term is today most often used to refer to the warming
that some scientists predict will occur as a result of
increased anthropogenic emissions of greenhouse gases.
See Climate change.

Global warming potential (GWP): An index used to
compare the relative radiative forcing of different gases
without directly calculating the changes in atmospheric
concentrations. GWPs are calculated as the ratio of the
radiative forcing that would result from the emission of
one kilogram of a greenhouse gas to that from the emis-
sion of one kilogram of carbon dioxide over a fixed
period of time, such as 100 years.

Greenhouse effect: The result of water vapor, carbon
dioxide, and other atmospheric gases trapping radiant
(infrared) energy, thereby keeping the earth’s surface
warmer than it would otherwise be. Greenhouse gases
within the lower levels of the atmosphere trap this radia-
tion, which would otherwise escape into space, and sub-
sequent re-radiation of some of this energy back to the
Earth maintains higher surface temperatures than
would occur if the gases were absent. See Greenhouse
gases.

Greenhouse gases: Those gases, such as water vapor,
carbon dioxide, nitrous oxide, methane, hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs) and sulfur
hexafluoride, that are transparent to solar (short-wave)
radiation but opaque to long-wave (infrared) radiation,
thus preventing long-wave radiant energy from leaving
the Earth’s atmosphere. The net effect is a trapping of
absorbed radiation and a tendency to warm the planet’s
surface.

Gross gas withdrawal: The full-volume of compounds
extracted at the wellhead, including nonhydrocarbon
gases and natural gas plant liquids.

Gypsum: The most common sulfate mineral. Used in
wallboard.

Halogenated substances: A volatile compound contain-
ing halogens, such as chlorine, fluorine or bromine.

Halons: See Bromofluorocarbons.

Heating degree-day: The number of degrees per day
that the average daily temperature is below 65 degrees
Fahrenheit.

Herbivore: A plant-eating animal.

Hydrocarbon: An organic chemical compound of
hydrogen and carbon in either gaseous, liquid, or solid
phase. The molecular structure of hydrocarbon com-
pounds varies from the simple (e.g., methane, a constitu-
ent of natural gas) to the very heavy and very complex.

Hydrochlorofluorocarbons (HCFCs): Chemicals com-
posed of one or more carbon atoms and varying num-
bers of hydrogen, chlorine, and fluorine atoms.

Hydrofluorocarbons (HFCs): A group of man-made
chemicals composed of one or two carbon atoms and
varying numbers of hydrogen and fluorine atoms. Most
HFCs have 100-year Global Warming Potentials in the
thousands.

Hydroxyl radical (OH): An important chemical scaven-
ger of many trace gases in the atmosphere that are green-
house gases. Atmospheric concentrations of OH affect
the atmospheric lifetimes of greenhouse gases, their
abundance, and, ultimately, the effect they have on
climate.

Intergovernmental Panel on Climate Change (IPCC):
A panel established jointly in 1988 by the World Meteo-
rological Organization and the United Nations Environ-
ment Program to assess the scientific information
relating to climate change and to formulate realistic
response strategies.

International bunker fuels: See Bunker fuels.

Jet fuel: See Kerosene-type jet fuel and Naphtha-type jet fuel.

Joint Implementation (JI): Agreements made between
two or more nations under the auspices of the Frame-
work Convention on Climate Change (FCCC) whereby a
developed country can receive “emissions reduction
units” when it helps to finance projects that reduce net
emissions in another developed country (including
countries with economies in transition).

Kerosene: A light petroleum distillate that is used in
space heaters, cook stoves, and water heaters and is suit-
able for use as a light source when burned in wick-fed
lamps. Kerosene has a maximum distillation tempera-
ture of 400 degrees Fahrenheit at the 10-percent recovery
point, a final boiling point of 572 degrees Fahrenheit,
and a minimum flash point of 100 degrees Fahrenheit.
Included are No. 1-K and No. 2-K, the two grades recog-
nized by ASTM Specification D 3699 as well as all other
grades of kerosene called range or stove oil, which have
properties similar to those of No. 1 fuel oil. See Kero-
sene-type jet fuel.
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Kerosene-type jet fuel: A kerosene-based product hav-
ing a maximum distillation temperature of 400 degrees
Fahrenheit at the 10-percent recovery point and a final
maximum boiling point of 572 degrees Fahrenheit and
meeting ASTM Specification D 1655 and Military Speci-
fications MIL-T-5624P and MIL-T-83133D (Grades JP-5
and JP-8). It is used for commercial and military turbojet
and turboprop aircraft engines.

Kyoto Protocol: The result of negotiations at the third
Conference of the Parties (COP-3) in Kyoto, Japan, in
December of 1997. The Kyoto Protocol sets binding
greenhouse gas emissions targets for countries that sign
and ratify the agreement. The gases covered under the
Protocol include carbon dioxide, methane, nitrous
oxide, hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulfur hexafluoride.

Ketone-alcohol (cyclohexanol): An oily, colorless,
hygroscopic liquid with a camphor-like odor. Used in
soapmaking, dry cleaning, plasticizers, insecticides, and
germicides.

Leachate: A liquid produced as water percolates
through wastes, collecting contaminants.

Lignite: The lowest rank of coal, often referred to as
brown coal, used almost exclusively as fuel for
steam-electric power generation. It is brownish-black
and has a high inherent moisture content, sometimes as
high as 45 percent The heat content of lignite ranges
from 9 to 17 million Btu per ton on a moist, min-
eral-matter-free basis. The heat content of lignite con-
sumed in the United States averages 13 million Btu per
ton, on the as-received basis (i.e., containing both inher-
ent moisture and mineral matter).

Liquefied petroleum gases (LPG): Ethane, ethylene,
propane, propylene, normal butane, butylene, and iso-
butane produced at refineries or natural gas processing
plants, including plants that fractionate new natural gas
plant liquids.

Lubricant: A substance used to reduce friction between
bearing surfaces or as a process material, either incorpo-
rated into other materials used as aids in manufacturing
processes or as carriers of other materials. Petroleum
lubricants may be produced either from distillates or
residues. Other substances may be added to impart or
improve useful properties. Does not include byproducts
of lubricating oil from solvent extraction or tars derived
from de-asphalting. Lubricants include all grades of
lubricating oils from spindle oil to cylinder oil and those
used in greases. Lubricant categories are paraffinic and
naphthenic.

Methane (CH4): A hydrocarbon gas that is the principal
constituent of natural gas. Methane has a 100-year
Global Warming Potential of 21.

Methanogens: Bacteria that synthesize methane, requir-
ing completely anaerobic conditions for growth.

Methanol: A light alcohol that can be used for gasoline
blending. See oxygenate.

Methanotrophs: Bacteria that use methane as food and
oxidize it into carbon dioxide.

Methyl chloroform (trichloroethane): An industrial
chemical (CH3CCl3) used as a solvent, aerosol propel-
lant, and pesticide and for metal degreasing.

Methyl tertiary butyl ether (MTBE): A colorless, flam-
mable, liquid oxygenated hydrocarbon containing 18.15
percent oxygen.

Methylene chloride: A colorless liquid, nonexplosive
and practically nonflammable. Used as a refrigerant in
centrifugal compressors, a solvent for organic materials,
and a component in nonflammable paint removers.

Mole: The quantity of a compound or element that has a
weight in grams numerically equal to its molecular
weight. Also referred to as gram molecule or gram
molecular weight.

Montreal Protocol: The Montreal Protocol on Sub-
stances that Deplete the Ozone Layer (1987). An interna-
tional agreement, signed by most of the industrialized
nations, to substantially reduce the use of chlorofluoro-
carbons (CFCs). Signed in January 1989, the original
document called for a 50-percent reduction in CFC use
by 1992 relative to 1986 levels. The subsequent London
Agreement called for a complete elimination of CFC use
by 2000. The Copenhagen Agreement, which called for a
complete phaseout by January 1, 1996, was imple-
mented by the U.S. Environmental Protection Agency.

Motor gasoline (finished): A complex mixture of rela-
tively volatile hydrocarbons with or without small
quantities of additives, blended to form a fuel suitable
for use in spark-ignition engines. Motor gasoline, as
defined in ASTM Specification D 4814 or Federal Specifi-
cation VV-G-1690C, is characterized as having a boiling
range of 122 to 158 degrees Fahrenheit at the 10 percent
recovery point to 365 to 374 degrees Fahrenheit at the 90
percent recovery point. “Motor Gasoline” includes con-
ventional gasoline; all types of oxygenated gasoline,
including gasohol; and reformulated gasoline, but
excludes aviation gasoline. Note: Volumetric data on
blending components, such as oxygenates, are not
counted in data on finished motor gasoline until the
blending components are blended into the gasoline.
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Multiple cropping: A system of growing several crops
on the same field in one year.

Municipal solid waste: Residential solid waste and
some nonhazardous commercial, institutional, and
industrial wastes.

Naphtha: A generic term applied to a petroleum fraction
with an approximate boiling range between 122 and
400oF.

Naphtha-type jet fuel: A fuel in the heavy naphtha boil-
ing range having an average gravity of 52.8 degrees API,
20 to 90 percent distillation temperatures of 290 degrees
to 470 degrees Fahrenheit, and meeting Military Specifi-
cation MIL-T-5624L (Grade JP-4). It is used primarily for
military turbojet and turboprop aircraft engines because
it has a lower freeze point than other aviation fuels and
meets engine requirements at high altitudes and speeds.

Natural gas: A mixture of hydrocarbons and small
quantities of various nonhydrocarbons in the gaseous
phase or in solution with crude oil in natural under-
ground reservoirs.

Natural gas liquids (NGLs): Those hydrocarbons in nat-
ural gas that are separated as liquids from the gas.
Includes natural gas plant liquids and lease condensate.

Natural gas, pipeline quality: A mixture of hydrocar-
bon compounds existing in the gaseous phase with suffi-
cient energy content, generally above 900 Btu, and a
small enough share of impurities for transport through
commercial gas pipelines and sale to end-users.

Nitrogen oxides (NOx): Compounds of nitrogen and
oxygen produced by the burning of fossil fuels.

Nitrous oxide (N2O): A colorless gas, naturally occur-
ring in the atmosphere. Nitrous oxide has a 100-year
Global Warming Potential of 310.

Nonmethane volatile organic compounds (NMVOCs):
Organic compounds, other than methane, that partici-
pate in atmospheric photochemical reactions.

Octane: A flammable liquid hydrocarbon found in
petroleum. Used as a standard to measure the anti-
knock properties of motor fuel.

Oil reservoir: An underground pool of liquid consisting
of hydrocarbons, sulfur, oxygen, and nitrogen trapped
within a geological formation and protected from evap-
oration by the overlying mineral strata.

Organic content: The share of a substance that is of ani-
mal or plant origin.

Organic waste: Waste material of animal or plant origin.

Oxidize: To chemically transform a substance by com-
bining it with oxygen.

Oxygenates: Substances which, when added to gaso-
line, increase the amount of oxygen in that gasoline
blend. Ethanol, Methyl Tertiary Butyl Ether (MTBE),
Ethyl Tertiary Butyl Ether (ETBE), and methanol are
common oxygenates.

Ozone: A molecule made up of three atoms of oxygen.
Occurs naturally in the stratosphere and provides a pro-
tective layer shielding the Earth from harmful ultravio-
let radiation. In the troposphere, it is a chemical oxidant,
a greenhouse gas, and a major component of photo-
chemical smog.

Ozone precursors: Chemical compounds, such as car-
bon monoxide, methane, nonmethane hydrocarbons,
and nitrogen oxides, which in the presence of solar radi-
ation react with other chemical compounds to form
ozone.

Paraffinic hydrocarbons: Straight-chain hydrocarbon
compounds with the general formula CnH2n+2.

Perfluorocarbons (PFCs): A group of man-made chemi-
cals composed of one or two carbon atoms and four to
six fluorine atoms, containing no chlorine. PFCs have no
commercial uses and are emitted as a byproduct of alu-
minum smelting and semiconductor manufacturing.
PFCs have very high 100-year Global Warming Poten-
tials and are very long-lived in the atmosphere.

Perfluoromethane: A compound (CF4) emitted as a
byproduct of aluminum smelting.

Petrochemical feedstock: Feedstock derived from
petroleum, used principally for the manufacture of
chemicals, synthetic rubber, and a variety of plastics.
The categories reported are naphthas (endpoint less
than 401oF) and other oils (endpoint equal to or greater
than 401oF).

Petroleum: Hydrocarbon mixtures, including crude oil,
lease condensate, natural gas, products of natural gas
processing plants, refined products, semifinished prod-
ucts, and blending materials.

Petroleum coke: See Coke (petroleum).

Photosynthesis: The manufacture by plants of carbohy-
drates and oxygen from carbon dioxide and water in the
presence of chlorophyll, with sunlight as the energy
source. Carbon is sequestered and oxygen and water
vapor are released in the process.

Pig iron: Crude, high-carbon iron produced by reduc-
tion of iron ore in a blast furnace.
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Pipeline, distribution: A pipeline that conveys gas from
a transmission pipeline to its ultimate consumer.

Pipeline, gathering: A pipeline that conveys gas from a
production well/field to a gas processing plant or trans-
mission pipeline for eventual delivery to end-use
consumers.

Pipeline, transmission: A pipeline that conveys gas
from a region where it is produced to a region where it is
to be distributed.

Planetary albedo: The fraction of incident solar radia-
tion that is reflected by the Earth-atmosphere system
and returned to space, mostly by backscatter from
clouds in the atmosphere.

Pneumatic device: A device moved or worked by air
pressure.

Polystyrene: A polymer of styrene that is a rigid, trans-
parent thermoplastic with good physical and electrical
insulating properties, used in molded products, foams,
and sheet materials.

Polyvinyl chloride (PVC): A polymer of vinyl chloride.
Tasteless. odorless, insoluble in most organic solvents. A
member of the family vinyl resin, used in soft flexible
films for food packaging and in molded rigid products,
such as pipes, fibers, upholstery, and bristles.

Post-mining emissions: Emissions of methane from
coal occurring after the coal has been mined, during
transport or pulverization.

Radiative forcing: A change in average net radiation at
the top of the troposphere (known as the tropopause)
because of a change in either incoming solar or exiting
infrared radiation. A positive radiative forcing tends on
average to warm the earth’s surface; a negative radiative
forcing on average tends to cool the earth’s surface.
Greenhouse gases, when emitted into the atmosphere,
trap infrared energy radiated from the earth’s surface
and therefore tend to produce positive radiative forcing.
See Greenhouse gases.

Radiatively active gases: Gases that absorb incoming
solar radiation or outgoing infrared radiation, affecting
the vertical temperature profile of the atmosphere. See
Radiative forcing.

Ratoon crop: A crop cultivated from the shoots of a
perennial plant.

Redox potential: A measurement of the state of oxida-
tion of a system.

Reflectivity: The ratio of the energy carried by a wave
after reflection from a surface to its energy before
reflection.

Reforestation: Replanting of forests on lands that have
recently been harvested or otherwise cleared of trees.

Reformulated gasoline: Finished motor gasoline for-
mulated for use in motor vehicles, the composition and
properties of which meet the requirements of the refor-
mulated gasoline regulations promulgated by the U.S.
Environmental Protection Agency under Section 211(k)
of the Clean Air Act. Note: This category includes oxy-
genated fuels program reformulated gasoline (OPRG)
but excludes reformulated gasoline blendstock for oxy-
genate blending (RBOB).

Renewable energy: Energy obtained from sources that
are essentially inexhaustible (unlike, for example, the
fossil fuels, of which there is a finite supply). Renewable
sources of energy include wood, waste, geothermal,
wind, photovoltaic, and solar thermal energy.

Residual fuel oil: The heavier oils, known as No. 5 and
No. 6 fuel oils, that remain after the distillate fuel oils
and lighter hydrocarbons are distilled away in refinery
operations. It conforms to ASTM Specifications D 396
and D 975 and Federal Specification VV-F-815C. No. 5, a
residual fuel oil of medium viscosity, is also known as
Navy Special and is defined in Military Specification
MIL-F-859E, including Amendment 2 (NATO Symbol
F-770). It is used in steam-powered vessels in govern-
ment service and inshore powerplants. No. 6 fuel oil
includes Bunker C fuel oil and is used for the production
of electric power, space heating, vessel bunkering, and
various industrial purposes.

Rumen: The large first compartment of the stomach of
certain animals in which cellulose is broken down by the
action of bacteria.

Sample: A set of measurements or outcomes selected
from a given population.

Sequestration: See Carbon sequestration.

Septic tank: A tank in which the solid matter of continu-
ously flowing sewage is disintegrated by bacteria.

Sinter: A chemical sedimentary rock deposited by pre-
cipitation from mineral waters, especially siliceous
sinter and calcareous sinter.

Sodium silicate: A grey-white powder soluble in alkali
and water, insoluble in alcohol and acid. Used to fire-
proof textiles, in petroleum refining and corrugated
paperboard manufacture, and as an egg preservative.
Also referred to as liquid gas, silicate of soda, sodium
metasilicate, soluble glass, and water glass.

Sodium tripolyphosphate: A white powder used for
water softening and as a food additive and texturizer.
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Stabilization lagoon: A shallow artificial pond used for
the treatment of wastewater. Treatment includes
removal of solid material through sedimentation, the
decomposition of organic material by bacteria, and the
removal of nutrients by algae.

Still gas: Any form or mixture of gases produced in
refineries by distillation, cracking, reforming, and other
processes. Principal constituents are methane, ethane,
ethylene, normal butane, butylene, propane, propylene,
etc. Used as a refinery fuel and as a petrochemical
feedstock.

Stratosphere: The region of the upper atmosphere
extending from the tropopause (8 to 15 kilometers alti-
tude) to about 50 kilometers. Its thermal structure,
which is determined by its radiation balance, is gener-
ally very stable with low humidity.

Stripper well: A well that produces 60 million cubic feet
of gas per day or less for a period of three consecutive
months while producing at its maximum flow rate.

Styrene: A colorless, toxic liquid with a strong aromatic
aroma. Insoluble in water, soluble in alcohol and ether;
polymerizes rapidly; can become explosive. Used to
make polymers and copolymers, polystyrene plastics,
and rubber.

Subbituminous coal: A coal whose properties range
from those of lignite to those of bituminous coal and
used primarily as fuel for steam-electric power genera-
tion. It may be dull, dark brown to black, soft and crum-
bly, at the lower end of the range, to bright, jet black,
hard, and relatively strong, at the upper end. Sub-
bituminous coal contains 20 to 30 percent inherent mois-
ture by weight. The heat content of subbituminous coal
ranges from 17 to 24 million Btu per ton on a moist, min-
eral-matter-free basis. The heat content of subbitu-
minous coal consumed in the United States averages 17
to 18 million Btu per ton, on the as-received basis (i.e.,
containing both inherent moisture and mineral matter).

Sulfur dioxide (SO2): A toxic, irritating, colorless gas
soluble in water, alcohol, and ether. Used as a chemical
intermediate, in paper pulping and ore refining, and as a
solvent.

Sulfur hexafluoride (SF6): A colorless gas soluble in
alcohol and ether, and slightly less soluble in water. It is
used as a dielectric in electronics. It possesses the highest
100-year Global Warming Potential of any gas (23,900).

Sulfur oxides (SOx): Compounds containing sulfur and
oxygen, such as sulfur dioxide (SO2) and sulfur trioxide
(SO3).

Tertiary amyl methyl ether (TAME): An oxygenate
blend stock formed by the catalytic etherification of
isoamylene with methanol.

Troposphere: The inner layer of the atmosphere below
about 15 kilometers, within which there is normally a
steady decrease of temperature with increasing altitude.
Nearly all clouds form and weather conditions manifest
themselves within this region. Its thermal structure is
caused primarily by the heating of the earth’s surface by
solar radiation, followed by heat transfer through turbu-
lent mixing and convection.

Uncertainty: A measure used to quantify the plausible
maximum and minimum values for emissions from any
source, given the biases inherent in the methods used to
calculate a point estimate and known sources of error.

Vapor displacement: The release of vapors that had pre-
viously occupied space above liquid fuels stored in
tanks. These releases occur when tanks are emptied and
filled.

Ventilation system: A method for reducing methane
concentrations in coal mines to non-explosive levels by
blowing air across the mine face and using large exhaust
fans to remove methane while mining operations
proceed.

Vessel bunkering: Includes sales for the fueling of com-
mercial or private boats, such as pleasure craft, fishing
boats, tugboats, and ocean-going vessels. Excluded are
volumes sold to the U.S. Armed Forces.

Volatile organic compounds (VOCs): Organic com-
pounds that participate in atmospheric photochemical
reactions.

Volatile solids: A solid material that is readily decom-
posable at relatively low temperatures.

Waste flow: Quantity of a waste stream generated by an
activity.

Wastewater: Water that has been used and contains dis-
solved or suspended waste materials.

Wastewater, domestic and commercial: Wastewater
(sewage) produced by domestic and commercial
establishments.

Wastewater, industrial: Wastewater produced by
industrial processes.

Water vapor: Water in a vaporous form, especially when
below boiling temperature and diffused (e.g., in the
atmosphere).
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Waxes: Solid or semisolid materials derived from petro-
leum distillates or residues. Light-colored, more or less
translucent crystalline masses, slightly greasy to the
touch, consisting of a mixture of solid hydrocarbons in
which the paraffin series predominates. Included are all
marketable waxes, whether crude scale or fully refined.
Used primarily as industrial coating for surface
protection.

Weanling system: A cattle management system that
places calves on feed starting at 165 days of age and con-
tinues until the animals have reached slaughter weight.

Wellhead: The top of, or a structure built over, a well.

Wetlands: Areas regularly saturated by surface or
groundwater and subsequently characterized by a prev-
alence of vegetation adapted for life in saturated-soil
conditions.

Wood energy: Wood and wood products used as fuel,
including roundwood (cordwood), limbwood, wood
chips, bark, sawdust, forest residues, and charcoal.

Yearling system: A cattle management system that
includes a stocker period from 165 days of age to 425
days of age followed by a 140-day feedlot period.
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