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The United States Environmental Protection Agency (EPA) prepares the official U.S. Inventory of Greenhouse

Gas Emissions and Sinks to comply with existing commitments under the United Nations Framework Convention on

Climate Change (UNFCCC)1. Under a decision of the UNFCCC Conference of the Parties, national inventories for

most UNFCCC Annex I parties should be provided to the UNFCCC Secretariat each year by April 15.

In an effort to engage the public and researchers across the country, the EPA has instituted an annual public

review and comment process for this document. The availability of the draft document is announced via Federal

Register Notice and is posted on the EPA web page.2 Copies are also mailed upon request. The public comment

period is generally limited to 30 days; however, comments received after the closure of the public comment period

are accepted and considered for the next edition of this annual report. The EPA’s policy is to allow at least 60 days for

public review and comment when proposing new regulations or documents supporting regulatory development—

unless statutory or judicial deadlines make a shorter time necessary—and 30 days for non-regulatory documents of

an informational nature such as the Inventory document.

1 See http://www.unfccc.de
2 See http://www.epa.gov/globalwarming/emissions/national
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1 The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities
or are the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).
2 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change. See
<http://www.unfccc.de>.
3 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12). See <http://www.unfccc.de>.
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�entral to any study of climate change is the development of an emissions inventory that identifies and

quantifies a country’s primary anthropogenic1 sources and sinks of greenhouse gas emissions. This

inventory adheres to both (1) a comprehensive and detailed methodology for estimating sources and sinks of anthro-

pogenic greenhouse gases, and (2) a common and consistent mechanism that enables signatory countries to the

United Nations Framework Convention on Climate Change (UNFCCC) to compare the relative contribution of

different emission sources and greenhouse gases to climate change. Moreover, systematically and consistently

estimating national and international emissions is a prerequisite for accounting for reductions and evaluating miti-

gation strategies.

In June of 1992, the United States signed the UNFCCC. The objective of the UNFCCC is “to

achieve…stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous

anthropogenic interference with the climate system.”2

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make

available…national inventories of anthropogenic emissions by sources and removals by sinks of all greenhouse

gases not controlled by the Montreal Protocol, using comparable methodologies…”3 The United States views this

report as an opportunity to fulfill this commitment under UNFCCC.

This chapter summarizes the latest information on U.S. anthropogenic greenhouse gas emission trends from

1990 through 1998. To ensure that the U.S. emissions inventory is comparable to those of other UNFCCC signatory

countries, the estimates presented here were calculated using methodologies consistent with those recommended in

the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/IEA 1997). For

most source categories, the IPCC default methodologies were expanded, resulting in a more comprehensive and

detailed estimate of emissions.

Naturally occurring greenhouse gases include water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide

(N2O), and ozone (O3). Several classes of halogenated substances that contain fluorine, chlorine, or bromine are also

greenhouse gases, but they are, for the most part, solely a product of industrial activities. Chlorofluorocarbons

(CFCs) and hydrochlorofluorocarbons (HCFCs) are halocarbons that contain chlorine, while halocarbons that con-
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4 Also referred to in the U.S. Clean Air Act as “criteria pollutants.”
5 Estimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value,
or Global Warming Potential (see following section).

tain bromine are referred to as halons. CFCs, HCFCs,

and halons are stratospheric ozone depleting substances

and are covered under the Montreal Protocol. Other fluo-

rine containing halogenated substances include

hydrofluorocarbons (HFCs), perfluorocarbons (PFCs),

and sulfur hexafluoride (SF6). HFCs, PFCs, and SF6 do

not deplete stratospheric ozone.

There are also several gases that do not have a

direct global warming effect but indirectly affect terres-

trial radiation absorption by influencing the formation

and destruction of tropospheric and stratospheric ozone.

These gases referred to as ozone precursors include car-

bon monoxide (CO), oxides of nitrogen (NOx), and

nonmethane volatile organic compounds (NMVOCs).4

Aerosols extremely small particles or liquid droplets of-

ten produced by emissions of sulfur dioxide (SO2) can

also affect the absorptive characteristics of the atmo-

sphere.

Although CO2, CH4, and N2O occur naturally in

the atmosphere, their atmospheric concentrations have

been affected by human activities. Since pre-industrial

time (i.e., since about 1750), concentrations of these

greenhouse gases have increased by 28, 145, and 13

percent, respectively (IPCC 1996). This build-up has

altered the composition of the earth’s atmosphere, and

affects the global climate system.

Beginning in the 1950s, the use of CFCs and other

stratospheric ozone depleting substances (ODSs) in-

creased by nearly 10 percent per year until the mid-1980s,

when international concern about ozone depletion led

to the signing of the Montreal Protocol on Substances

that Deplete the Ozone Layer. Since then, the consump-

tion of ODSs has been undergoing a phase-out. In con-

trast, use of ODS substitutes such as HFCs, PFCs, and

SF6 has grown significantly during this time.
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Total U.S. greenhouse gas emissions rose in 1998

to 1,834.6 million metric tons of carbon equivalents

(MMTCE)5 (11.2 percent above 1990 baseline). The

single year increase in emissions from 1997 to 1998 was

0.4 percent (6.8 MMTCE), less than the average annual

rate of increase for 1990 through 1998 (1.2 percent).

Figure ES-1 through Figure ES-3 illustrate the overall

trends in total U.S. emissions by gas, annual changes,

and absolute change since 1990. Table ES-1 provides a
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detailed summary of U.S. greenhouse gas emissions and

sinks for 1990 through 1998.

Figure ES-4 illustrates the relative contribution of

the direct greenhouse gases to total U.S. emissions in

1998. The primary greenhouse gas emitted by human

activities was CO2. The largest source of CO2 and of

overall greenhouse gas emissions in the United States

was fossil fuel combustion. Methane emissions resulted

primarily from decomposition of wastes in landfills,

manure and enteric fermentation associated with domes-

tic livestock, natural gas systems, and coal mining. Emis-

sions of N2O were dominated by agricultural soil man-

agement and mobile source fossil fuel combustion. The

substitution of ozone depleting substances and emis-

sions of HFC-23 during the production of HCFC-22 were

the primary contributors to aggregate HFC emissions.

PFC emissions came mainly from primary aluminum pro-

duction, while electrical transmission and distribution

systems emitted the majority of SF6.

As the largest source of U.S. greenhouse gas emis-

sions, CO2 from fossil fuel combustion, accounted for

80 percent of weighted emissions in 1998. Emissions

from this source grew by 11 percent (148.1 MMTCE)

from 1990 to 1998 and were also responsible for over 80

percent of the increase in national emissions during this

period. The annual increase in CO2 emissions from this

source was only 0.5 percent in 1998 lower than the

source’s average annual rate of 1.3 percent during the

1990s despite a strong 3.9 percent increase in U.S. gross

domestic product.

�������		�����	���������������(����
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In addition to economic growth, changes in CO2

emission from fossil fuel combustion are also correlated

with energy prices and seasonal temperatures. Excep-

tionally mild winter conditions in 1998 moderated

growth in CO2 emissions from fossil fuel combustion

below what would have been expected given the strength

of the economy and continued low fuel prices. Table ES-

2 shows annual changes in emissions during the last few

years of the 1990s for particular fuel types and sectors.

Carbon dioxide emissions from fossil fuel com-

bustion increased dramatically in 1996, due primarily

to two factors: 1) fuel switching by electric utilities from

natural gas to more carbon intensive coal as to colder

winter conditions and the associated rise in demand for

natural gas from residential, commercial and industrial

customers for heating caused gas prices to rise sharply;

and 2) higher consumption of petroleum fuels for trans-

portation. Milder weather conditions in summer and win-

ter moderated the growth in emissions in 1997; how-

ever, the shut-down of several nuclear power plants lead

electric utilities to increase their consumption of coal to

offset the lost capacity. In 1998, weather conditions were

a dominant factor in slowing the growth in emissions.

Warm winter temperatures resulted in a significant drop

in residential, commercial, and industrial natural gas

consumption. This drop in emissions from natural gas

used for heating was primarily offset by two factors: 1)

electric utility emissions, which increased in part due to

a hot summer and its associated air conditioning de-

2.2% HFCs, PFCs & SF6
6.5% N2O

9.9% CH4

81.4% CO2
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mand; and 2) increased motor gasoline consumption for

transportation.

Overall, from 1990 to 1998, total emissions of

CO2, CH4, and N2O increased by 153.7 (11 percent), 3.1

(2 percent), and 11.1 MMTCE (10 percent), respec-

tively. During the same period, weighted emissions of

HFCs, PFCs, and SF6 rose by 17.0 MMTCE (73 per-

cent). Despite being emitted in smaller quantities rela-

tive to the other principle greenhouse gases, emissions

of HFCs, PFCs, and SF6 are significant because of their

extremely high Global Warming Potentials and, in the

cases of PFCs and SF6, long atmospheric lifetimes. Con-

versely, U.S. greenhouse gas emissions were partly off-

set by carbon sequestration in forests and in landfilled

carbon, which were estimated to be 12 percent of total

emissions in 1998.

Other significant trends in emissions from addi-

tional source categories over the nine year period from

1990 through 1998 included the following:

● Aggregate HFC and PFC emissions resulting from

the substitution of ozone depleting substances (e.g.,

CFCs) increased by 14.2 MMTCE. This increase

was partly offset, however, by reductions in PFC

emissions from aluminum production by 2.6

MMTCE (48 percent), which were the result of both

voluntary industry emission reduction efforts and

lower domestic aluminum production.

● Combined N2O and CH4 emissions from mobile

combustion rose by 3.3 MMTCE (22 percent), pri-

marily due to increased rates of N2O generation in

highway vehicles.
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● Methane emissions from the manure management

activities have increased by 7.9 MMTCE (53 per-

cent) as the composition of the swine and dairy in-

dustries shift toward larger facilities. An increased

number of large facilities leads to an increased use

of liquid systems, which translates into increased

methane production.

● Methane emissions from coal mining dropped by

6.2 MMTCE (26 percent) as a result of the mining of

less gassy coal from underground mines and the in-

creased use of methane from degasification systems.

● Nitrous oxide emissions from agricultural soil man-

agement increased by 8.5 MMTCE (11 percent) as

fertilizer consumption and cultivation of nitrogen

fixing crops rose.

● By 1998, all of the three major adipic acid produc-

ing plants had voluntarily implemented N2O abate-

ment technology; as a result, emissions fell by 3.0

MMTCE (60 percent). The majority of this decline

occurred from 1997 to 1998, despite increased pro-

duction.

● The following sections describe the concept of Glo-

bal Warming Potentials (GWPs), present the anthro-

pogenic sources and sinks of greenhouse gas emis-

sions in the United States, briefly discuss emission

pathways, further summarize the emission estimates,

and explain the relative importance of emissions

from each source category.
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pathways further summarize the emission estimates, and

explain the relative importance of emissions from each

source category.

�(�/�(�4�����5�'�������(


Gases in the atmosphere can contribute to the

greenhouse effect both directly and indirectly. Direct

effects occur when the gas itself is a greenhouse gas;

indirect radiative forcing occurs when chemical trans-

formations of the original gas produce a gas or gases that

are greenhouse gases, or when a gas influences the atmo-

spheric lifetimes of other gases. The concept of a Global

Warming Potential (GWP) has been developed to com-

pare the ability of each greenhouse gas to trap heat in

the atmosphere relative to another gas. Carbon dioxide

was chosen as the reference gas to be consistent with

IPCC guidelines.

Global Warming Potentials are not provided for

the criteria pollutants CO, NOx, NMVOCs, and SO2 be-

cause there is no agreed upon method to estimate the

contribution of gases that have only indirect effects on

radiative forcing (IPCC 1996).

All gases in this executive summary are presented

in units of million metric tons of carbon equivalents

(MMTCE). Carbon comprises 12/44ths of carbon diox-

ide by weight. The relationship between gigagrams (Gg)

of a gas and MMTCE can be expressed as follows:

The GWP of a greenhouse gas is the ratio of global

warming, or radiative forcing—both direct and indirect—

from one unit mass of a greenhouse gas to that of one

unit mass of carbon dioxide over a period of time. While

any time period can be selected, the 100 year GWPs

recommended by the IPCC and employed by the United

States for policy making and reporting purposes were

used in this report (IPCC 1996). GWP values are listed

below in Table ES-6.
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The global carbon cycle is made up of large car-

bon flows and reservoirs. Hundreds of billions of tons of

carbon in the form of CO2 are absorbed by oceans and

living biomass (sinks) and are emitted to the atmosphere

annually through natural processes (sources). When in

equilibrium, carbon fluxes among these various reser-

voirs are roughly balanced.

Since the Industrial Revolution, this equilibrium

of atmospheric carbon has been altered. Atmospheric

concentrations of CO2 have risen about 28 percent (IPCC

1996), principally because of fossil fuel combustion,

which accounted for 98 percent of total U.S. CO2 emis-

sions in 1998. Changes in land use and forestry prac-

tices can also emit CO2 (e.g., through conversion of for-

est land to agricultural or urban use) or can act as a sink

for CO2 (e.g., through net additions to forest biomass).

7 Emissions from nonutility generators are not included in these estimates. Nonutilties were estimated to produce about 10 percent of
the electricity generated in the United States in 1998 (DOE and EPA 1999).
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Figure ES-6 and Table ES-7 summarize U.S. sources

and sinks of CO2. The remainder of this section then

discusses CO2 emission trends in greater detail.

����5,
Energy-related activities accounted for almost all

U.S. CO2 emissions for the period of 1990 through 1998.

Carbon dioxide from fossil fuel combustion was the domi-

nant contributor. In 1998, approximately 85 percent of

the energy consumed in the United States was produced

through the combustion of fossil fuels. The remaining

15 percent came from other energy sources such as hy-

dropower, biomass, nuclear, wind, and solar (see Figure

ES-7 and Figure ES-8). A discussion of specific trends

related to CO2 emissions from energy consumption is

presented below.

&�

�(�&��(�!��/�
����

As fossil fuels are combusted, the carbon stored in

them is almost entirely emitted as CO2. The amount of

carbon in fuels per unit of energy content varies signifi-

cantly by fuel type. For example, coal contains the high-

est amount of carbon per unit of energy, while petroleum

has about 25 percent less carbon than coal, and natural

gas about 45 percent less. From 1990 through 1998, pe-

troleum supplied the largest share of U.S. energy de-

mands, accounting for an average of 39 percent of total

energy consumption. Natural gas and coal followed in

order of importance, accounting for an average of 24

and 22 percent of total energy consumption, respectively.

Most petroleum was consumed in the transportation sec-

tor, while the vast majority of coal was used by electric

utilities, and natural gas was consumed largely in the

industrial and residential sectors.

Emissions of CO2 from fossil fuel combustion in-

creased at an average annual rate of 1.3 percent from

1990 to 1998. The fundamental factors behind this trend

include (1) a robust domestic economy, (2) relatively

low energy prices, and (3) fuel switching by electric utili-

ties. After 1990, when CO2 emissions from fossil fuel

combustion were 1,320.1 MMTCE, there was a slight

decline in emissions in 1991, due in large part to an

economic recession, followed by a relatively steady in-
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crease to 1,468.2 MMTCE in 1998. Overall, CO2 emis-

sions from fossil fuel combustion increased by 11 per-

cent over the nine year period and rose by 0.5 percent in

the final year.

In 1998, mild weather and low petroleum prices

comprised the major forces affecting emission trends. A

very mild winter more than offset the effects of a slightly

hotter summer, resulting in significantly lower fuel con-

sumption for residential and commercial heating com-

pared to previous years. Emissions from the combustion

of petroleum products grew the most (11.5 MMTCE or

1.9 percent) due in large part to low prices. Alone, emis-

sions from the combustion of petroleum by electric utili-

ties increased by 7.3 MMTCE (42 percent) from 1997 to

1998. Emissions from the combustion of coal in 1998

increased by 5.5 MMTCE (1 percent) from the previous

year, driven almost entirely by increased emissions by

electric utilities. These increases were offset by a de-

crease in natural gas combustion emissions in every sec-

tor (9.1 MMTCE or 3 percent).

The four end-use sectors contributing to CO2 emis-

sions from fossil fuel combustion include: industrial,

transportation, residential, and commercial. Electric utili-

ties also emit CO2, although these emissions are pro-

duced as they consume fossil fuel to provide electricity

to one of the four end-use sectors. For the discussion

below, electric utility emissions have been distributed
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to each end-use sector based upon their fraction of ag-

gregate electricity consumption. This method of distrib-

uting emissions assumes that each end-use sector con-

sumes electricity that is generated with the national av-

erage mix of fuels according to their carbon intensity. In

reality, sources of electricity vary widely in carbon in-

tensity. By giving equal carbon-intensity weight to each

sector’s electricity consumption, for example, emissions

attributed to the residential sector may be overestimated,

while emissions attributed to the industrial sector may

be underestimated. Emissions from electric utilities are

addressed separately after the end-use sectors have been

discussed. Emissions from U.S. territories are also calcu-

lated separately due to a lack of end-use-specific con-

sumption data. Table ES-8, Figure ES-9, and Figure ES-

10 summarize CO2 emissions from fossil fuel combus-

tion by end-use sector.

Industrial End-Use Sector. Industrial CO2 emis-

sions resulting from direct fossil fuel combustion and

from the generation of electricity consumed by the sec-

tor accounted for 33 percent of U.S. emissions from fos-

sil fuel combustion in 1998. About two-thirds of these

emissions resulted from producing steam and process

heat from fossil fuel combustion, while the remaining

third resulted from consuming electricity for powering

motors, electric furnaces, ovens, and lighting.

Transportation End-Use Sector. Transportation
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activities excluding international bunker fuels ac-

counted for 31 percent of CO2 emissions from fossil

fuel combustion in 1998.8 Virtually all of the energy

consumed in this end-use sector came from petroleum

products. Two thirds of the emissions resulted from gaso-

line consumption in motor vehicles. The remaining

emissions came from other transportation activities, in-

cluding the combustion of diesel fuel in heavy-duty

vehicles and jet fuel in aircraft.

Residential and Commercial End-Use Sectors.

The residential and commercial end-use sectors ac-

counted for 20 and 16 percent, respectively, of CO2

emissions from fossil fuel consumption in 1998. Both

sectors relied heavily on electricity for meeting energy

needs, with 67 and 75 percent, respectively, of their

emissions attributable to electricity consumption for

lighting, heating, cooling, and operating appliances.

The remaining emissions were largely due to the con-

sumption of natural gas and petroleum, primarily for

meeting heating and cooking needs.

Electric Utilities. The United States relies on elec-

tricity to meet a significant portion of its energy de-

mands, especially for lighting, electric motors, heat-

ing, and air conditioning. Electric utilities are respon-

sible for consuming 29 percent of U.S. energy from

fossil fuels and emitted 37 percent of the CO2 from

fossil fuel combustion in 1998. The type of fuel com-

busted by utilities has a significant effect on their emis-

sions. For example, some electricity is generated with

low CO2 emitting energy technologies, particularly

non-fossil options such as nuclear, hydroelectric, or

geothermal energy. However, electric utilities rely on
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8 If emissions from international bunker fuels are included, the transportation end-use sector accounted for 33 percent of U.S. emissions
from fossil fuel combustion in 1998.
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coal for over half of their total energy requirements and

accounted for 88 percent of all coal consumed in the

United States in 1998. Consequently, changes in elec-

tricity demand have a significant impact on coal con-

sumption and associated CO2 emissions.
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Carbon dioxide is produced when natural gas from

oil wells is flared (i.e., combusted) to relieve rising pres-

sure or to dispose of small quantities of gas that are not

commercially marketable. In 1998, flaring activities

emitted approximately 3.9 MMTCE, or about 0.2 per-

cent of U.S. CO2 emissions.
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Biomass in the form of fuel wood and wood waste

was used primarily by the industrial end-use sector,

while the transportation end-use sector was the pre-

dominant user of biomass-based fuels, such as ethanol

from corn and woody crops. Ethanol and ethanol blends,

such as gasohol, are typically used to fuel public trans-

port vehicles.

Although these fuels do emit CO2, in the long run

the CO2 emitted from biofuel consumption does not

increase atmospheric CO2 concentrations if the biogenic

carbon emitted is offset by the growth of new biomass.

For example, fuel wood burned one year but re-grown

the next only recycles carbon, rather than creating a

net increase in total atmospheric carbon. Net carbon

fluxes from changes in biogenic carbon reservoirs in

wooded or crop lands are accounted for under Land-

Use Change and Forestry.

Gross CO2 emissions from biomass combustion

were 66.2 MMTCE, with the industrial sector account-

ing for 81 percent of the emissions, and the residential

sector 15 percent. Ethanol consumption by the trans-

portation sector accounted for only 3 percent of CO2

emissions from biomass combustion.
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Emissions are often produced as a by-product of

various non-energy-related activities. For example, in-

dustrial processes can chemically transform raw mate-

rials. This transformation often releases greenhouse

gases such as CO2. The production processes that emit

CO2 include cement manufacture, lime manufacture,

limestone and dolomite use (e.g., in iron and steel mak-

ing), soda ash manufacture and consumption, and CO2

consumption. Total CO2 emissions from these sources

were approximately 18.4 MMTCE in 1998, account-

ing for about 1 percent of total CO2 emissions. Since

1990, emissions from each of these sources increased,

except for emissions from soda ash manufacture and

consumption, which remained relatively constant.
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Carbon dioxide is produced primarily during the

production of clinker, an intermediate product from which

finished Portland and masonry cement are made. Spe-

cifically, CO2 is created when calcium carbonate (CaCO3)

is heated in a cement kiln to form lime and CO2. This

lime combines with other materials to produce clinker,

while the CO2 is released into the atmosphere.
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Lime is used in steel making, construction, pulp

and paper manufacturing, and water and sewage treat-

ment. It is manufactured by heating limestone (mostly

calcium carbonate, CaCO3) in a kiln, creating calcium

oxide (quicklime) and CO2, which is normally emitted

to the atmosphere.
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Limestone (CaCO3) and dolomite (CaCO3MgCO3)

are basic raw materials used by a wide variety of indus-

tries, including the construction, agriculture, chemi-

cal, and metallurgical industries. For example, lime-

stone can be used as a purifier in refining metals. In the

case of iron ore, limestone heated in a blast furnace

reacts with impurities in the iron ore and fuels, generat-

ing CO2 as a by-product. Limestone is also used in flue

gas desulfurization systems to remove sulfur dioxide

from the exhaust gases.
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Commercial soda ash (sodium carbonate, Na2CO3)
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is used in many consumer products, such as glass, soap

and detergents, paper, textiles, and food. During the

manufacturing of soda ash, some natural sources of so-

dium carbonate are heated and transformed into a crude

soda ash, in which CO2 is generated as a by-product. In

addition, CO2 is often released when the soda ash is

consumed.
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Carbon dioxide is used directly in many segments

of the economy, including food processing, beverage

manufacturing, chemical processing, and a host of in-

dustrial and other miscellaneous applications. For the

most part, the CO2 used in these applications is eventu-

ally released to the atmosphere.
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When humans alter the biosphere through changes

in land-use and forest management practices, they alter

the natural carbon flux between biomass, soils, and the

atmosphere. Improved forest management practices and

the regeneration of previously cleared forest areas have

resulted in a net uptake (sequestration) of carbon in U.S.

forest lands, which cover about 298 million hectares (737

million acres) (Powell et al. 1993). This uptake is an

ongoing result of land-use changes in previous decades.

For example, because of improved agricultural produc-

tivity and the widespread use of tractors, the rate of clear-

ing forest land for crop cultivation and pasture slowed

greatly in the late 19th century, and by 1920 this prac-

tice had all but ceased. As farming expanded in the Mid-

west and West, large areas of previously cultivated land

in the East were brought out of crop production, prima-

rily between 1920 and 1950, and were allowed to revert

to forest land or were actively reforested.

Since the early 1950s, the managed growth of pri-

vate forest land in the East has nearly doubled the biom-

ass density there. The 1970s and 1980s saw a resurgence

of federally sponsored tree-planting programs (e.g., the

Forestry Incentive Program) and soil conservation pro-

grams (e.g., the Conservation Reserve Program), which

have focused on reforesting previously harvested lands,

improving timber-management, combating soil erosion,

and converting marginal cropland to forests.

In 1998, the CO2 flux from land-use change and

forestry activities was estimated to have been a net up-

take of 210.8 MMTCE. This carbon was sequestered in

trees, understory, litter, soils in forests, wood products,

and wood in landfills. This net carbon uptake represents

an offset of about 14 percent of the CO2 emissions from

fossil fuel combustion in 1998. The amount of carbon

sequestered through U.S. forestry and land-use practices

is estimated to have declined by about a third between

1990 and 1998, largely due to the maturation of exist-

ing forests and the slowed expansion of Eastern forest

cover and a gradual decrease in the rate of yard trim-

mings disposed in landfills. Due to the lack of a national

survey of land use and management more recent than

1992, carbon flux estimates for non-forest mineral and

organic soils were not calculated for the 1993 through

1998 period. Therefore, carbon flux estimates from non-

forest soils are not included in the total fluxes reported.
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Waste combustion involves the burning of garbage

and non-hazardous solids, referred to as municipal solid

waste (MSW). In 1996, there were approximately 137

municipal waste combustion plants in operation within

the United States (EPA 1998a). Most of the organic (i.e.,

carbon) materials in MSW are of biogenic origin. There-

fore, the CO2 emissions from their combustion are re-

ported under the Land Use Change and Forestry Chap-

ter. However, one component plastics is of fossil fuel

origin, and is included as a source of CO2 emissions.
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Atmospheric methane (CH4) is an integral compo-

nent of the greenhouse effect, second only to CO2 as a

contributor to anthropogenic greenhouse gas emissions.

Methane’s overall contribution to global warming is sig-

nificant because it is estimated to be 21 times more ef-

fective at trapping heat in the atmosphere than CO2 (i.e.,

the GWP value of methane is 21). Over the last two cen-

turies, methane’s concentration in the atmosphere has

more than doubled (IPCC 1996). Experts believe these
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atmospheric increases were due largely to increasing

emissions from anthropogenic sources, such as landfills,

natural gas and petroleum systems, agricultural activi-

ties, coal mining, stationary and mobile combustion,

wastewater treatment, and certain industrial processes

(see Figure ES-11 and Table ES-9).
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Landfills are the largest single anthropogenic

source of methane emissions in the United States. In an

environment where the oxygen content is low or nonex-

istent, organic materials, such as yard waste, household

waste, food waste, and paper, can be decomposed by

bacteria, resulting in the generation of methane and bio-

genic CO2. Methane emissions from landfills are affected

by site-specific factors such as waste composition, mois-

ture, and landfill size.

Methane emissions from U.S. landfills in 1998 were

58.8 MMTCE, only a 1 percent increase since 1990. The

relatively constant emission estimates are a result of two

offsetting trends: (1) the amount of MSW in landfills

contributing to methane emissions has increased (thereby

increasing the potential for emissions); and (2) the amount

of landfill gas collected and combusted by landfill op-

erators has also increased (thereby reducing emissions).

Emissions from U.S. municipal solid waste landfills,

which received about 61 percent of the municipal solid

waste generated in the United States, accounted for 93

percent of total landfill emissions, while industrial land-

fills accounted for the remainder. Approximately 26 per-

cent of the methane generated in U.S. landfills in 1998

was recovered and combusted, often for energy.
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A regulation promulgated in March 1996 requires

the largest U.S. landfills to begin collecting and com-

busting their landfill gas to reduce emissions of

NMVOCs. It is estimated that by the year 2000, this regu-

lation will have reduced landfill methane emissions by

more than 50 percent.
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Methane is the major component of natural gas.

During the production, processing, transmission, and dis-

tribution of natural gas, fugitive emissions of methane

often occur. Because natural gas is often found in con-

junction with petroleum deposits, leakage from petro-

leum systems is also a source of emissions. Emissions

vary greatly from facility to facility and are largely a

function of operation and maintenance procedures and

equipment conditions. In 1998, methane emissions from

U.S. natural gas systems were estimated to be 33.6

MMTCE, accounting for approximately 19 percent of

U.S. methane emissions.

Petroleum is found in the same geological struc-

tures as natural gas, and the two are retrieved together.

Methane is also saturated in crude oil, and volatilizes as

the oil is exposed to the atmosphere at various points

along the system. Methane emissions from the compo-

nents of petroleum systems including crude oil produc-

tion, crude oil refining, transportation, and distribution

generally occur as a result of system leaks, disruptions,

and routine maintenance. In 1998, emissions from pe-

troleum systems were estimated to be 6.3 MMTCE, or

3.5 percent of U.S. methane emissions.

From 1990 to 1998, combined methane emissions

from natural gas and petroleum systems decreased by

about 1 percent. Emissions from natural gas systems have

remained fairly constant, while emissions from petro-

leum systems have declined gradually since 1990 pri-

marily due to production declines.
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Produced millions of years ago during the forma-

tion of coal, methane trapped within coal seams and sur-

rounding rock strata is released when the coal is mined.

The quantity of methane released to the atmosphere dur-

ing coal mining operations depends primarily upon the

depth and type of the coal that is mined.

Methane from surface mines is emitted directly to

the atmosphere as the rock strata overlying the coal seam

are removed. Because methane in underground mines is

explosive at concentrations of 5 to 15 percent in air,

most active underground mines are required to vent this

methane, typically to the atmosphere. At some mines,

methane-recovery systems may supplement these venti-

lation systems. U.S. recovery of methane has been in-

creasing in recent years. During 1998, coal mining ac-

tivities emitted 17.8 MMTCE of methane, or 10 percent

of U.S. methane emissions. From 1990 to 1998, emis-

sions from this source decreased by 26 percent due to

increased use of the methane collected by mine

degasification systems.
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Agriculture accounted for 33 percent of U.S. meth-

ane emissions in 1998, with enteric fermentation in do-

mestic livestock and manure management accounting

for the majority. Other agricultural activities contribut-

ing directly to methane emissions included rice cultiva-

tion and agricultural waste burning.
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During animal digestion, methane is produced

through the process of enteric fermentation, in which

microbes residing in animal digestive systems break down

the feed consumed by the animal. Ruminants, which in-

clude cattle, buffalo, sheep, and goats, have the highest

methane emissions among all animal types because they

have a rumen, or large fore-stomach, in which methane-

producing fermentation occurs. Non-ruminant domestic

animals, such as pigs and horses, have much lower meth-

ane emissions. In 1998, enteric fermentation was the

source of about 19 percent of U.S. methane emissions,

and more than half of the methane emissions from agri-

culture. From 1990 to 1998, emissions from this source

increased by 3 percent. Emissions from enteric fermenta-

tion have been decreasing since 1995, primarily due to

declining dairy cow and beef cattle populations.
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The decomposition of organic animal waste in an

anaerobic environment produces methane. The most

important factor affecting the amount of methane pro-

duced is how the manure is managed, because certain

types of storage and treatment systems promote an oxy-

gen-free environment. In particular, liquid systems tend

to encourage anaerobic conditions and produce sig-

nificant quantities of methane, whereas solid waste man-

agement approaches produce little or no methane.

Higher temperatures and moist climatic conditions also

promote methane production.

Emissions from manure management were about

13 percent of U.S. methane emissions in 1998, and 38

percent of the methane emissions from agriculture. From

1990 to 1998, emissions from this source increased by

53 percent—the largest increase of all the methane

source categories. The bulk of this increase was from

swine and dairy cow manure, and is attributed to the

shift in the composition of the swine and dairy indus-

tries towards larger facilities. Larger swine and dairy

farms tend to use liquid management systems. Thus the

shift towards larger facilities is translated into an in-

creasing use of liquid systems, which in turn translates

to increased methane production.
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Most of the world’s rice, and all of the rice in the

United States, is grown on flooded fields. When fields

are flooded, anaerobic conditions develop and the or-

ganic matter in the soil decomposes, releasing methane

to the atmosphere, primarily through the rice plants. In

1998, rice cultivation was the source of 1.5 percent of

U.S. methane emissions, and about 5 percent of U.S.

methane emissions from agriculture. Emission estimates

from this source have increased about 15 percent since

1990, due primarily to an increase in the area harvested.
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Burning crop residue releases a number of green-

house gases, including methane. Agricultural residue

burning is considered to be a net source of methane emis-

sions because, unlike CO2, methane released during burn-

ing is not reabsorbed by crop regrowth during the next

growing season. Because field burning is not common

in the United States, it was responsible for only 0.1 per-

cent of U.S. methane emissions in 1998.
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Methane is also produced from several other

sources in the United States, including fuel combustion,

wastewater treatment, and some industrial processes. Sta-

tionary and mobile combustion were responsible for

methane emissions of 2.3 and 1.3 MMTCE, respectively,

in 1998. The majority of emissions from stationary com-

bustion resulted from the burning of wood in the resi-

dential sector. The combustion of gasoline in highway

vehicles was responsible for the majority of the methane

emitted from mobile combustion. Wastewater treatment

was a smaller source of methane, emitting 0.9 MMTCE

in 1998. Methane emissions from two industrial sources

petrochemical and silicon carbide production were also

estimated, totaling 0.4 MMTCE.
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Nitrous oxide (N2O) is a greenhouse gas that is

produced both naturally—from a wide variety of bio-

logical sources in soil and water—and anthropogenically

by a variety of agricultural, energy-related, industrial,

and waste management activities. While N2O emissions

are much lower than CO2 emissions, N2O is approxi-

mately 310 times more powerful than CO2 at trapping

heat in the atmosphere (IPCC 1996). During the past two

centuries, atmospheric concentrations of N2O have risen

by approximately 13 percent. The main anthropogenic

activities producing N2O in the United States were agri-

cultural soil management, fuel combustion in motor ve-

hicles, and adipic and nitric acid production (see Figure

ES-12 and Table ES-10).
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Nitrous oxide (N2O) is produced naturally in soils

through microbial processes of nitrification and denitri-

fication. A number of anthropogenic activities add to

the amount of nitrogen available to be emitted as N2O

by these microbial processes. Direct additions of nitro-

gen occur through the application of synthetic and or-

ganic fertilizers, cultivation of nitrogen-fixing crops,

cultivation of high-organic-content soils, the applica-

tion of livestock manure on croplands and pasture, the

incorporation of crop residues in soils, and direct excre-

tion by animals onto soil. Indirect emissions result from

volatilization and subsequent atmospheric deposition

of ammonia (NH3) and oxides of nitrogen (NOx) and from

leaching and surface run-off. These indirect emissions

originate from nitrogen applied to soils as fertilizer and

from managed and unmanaged livestock wastes.

In 1998, agricultural soil management accounted

for 83.9 MMTCE, or 70 percent of U.S. N2O emissions.

From 1990 to 1998, emissions from this source increased

by 11 percent as fertilizer consumption and cultivation

of nitrogen fixing crops rose.
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Nitrous oxide is a product of the reaction that oc-

curs between nitrogen and oxygen during fuel combus-

tion. Both mobile and stationary combustion emit N2O,

and the volume emitted varies according to the type of

fuel, technology, and pollution control device used, as

well as maintenance and operating practices. For ex-

ample, catalytic converters installed to reduce highway

vehicle pollution can result in the formation of N2O.

In 1998, N2O emissions from mobile combustion

totaled 17.2 MMTCE, or 14 percent of U.S. N2O emis-

sions. Emissions of N2O from stationary combustion

were 4.3 MMTCE, or 4 percent of U.S. N2O emissions.

From 1990 to 1998, combined N2O emissions from sta-

tionary and mobile combustion increased by 21 per-

cent, primarily due to increased rates of N2O generation

in motor vehicles.
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The majority of the adipic acid produced in the

United States is used to manufacture nylon 6,6. Adipic

acid is also used to produce some low-temperature lubri-

cants, and to add a “tangy” flavor to foods. Nitrous ox-

ide is emitted as a by-product of the chemical synthesis

of adipic acid.

In 1998, U.S. adipic acid plants emitted 2.0

MMTCE of N2O, or 2 percent of U.S. N2O emissions.

Since 1990, even though adipic acid production in-

creased, by 1998, all of the three major adipic acid plants

in the United States had voluntarily implemented N2O

abatement technology. As a result, emissions in 1998

decreased by 58 percent relative to the previous year.
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Nitric acid production is another industrial source

of N2O emissions. Used primarily to make synthetic com-

mercial fertilizer, this raw material is also a major com-

ponent in the production of adipic acid and explosives.

Virtually all of the nitric acid manufactured in the

United States is produced by the oxidation of ammonia,

during which N2O is formed and emitted to the atmo-

sphere. In 1998, N2O emissions from nitric acid produc-

tion were 5.8 MMTCE, or 5 percent of U.S. N2O emis-

sions. From 1990 to 1998, emissions from this source

increased by 18 percent as nitric acid production grew.
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Nitrous oxide is produced as part of microbial ni-

trification and denitrification processes in managed and

unmanaged manure, the latter of which is addressed un-

der agricultural soil management. Total N2O emissions

from managed manure systems in 1998 were 4.0 MMTCE,

accounting for 3 percent of U.S. N2O emissions. Emis-

sions increased by 19 percent from 1990 to 1998.
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Other sources of N2O included agricultural resi-

due burning, waste combustion, and human sewage in

wastewater treatment systems. In 1998, agricultural resi-

due burning and municipal solid waste combustion each

emitted approximately 0.1 MMTCE of N2O. Although

N2O emissions from wastewater treatment were not fully

estimated because of insufficient data availability, the

human sewage component of domestic wastewater re-

sulted in emissions of 2.2 MMTCE in 1998.
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Hydrofluorocarbons (HFCs) and perfluorocarbons

(PFCs) are categories of synthetic chemicals that are be-

ing used as alternatives to the ozone depleting substances

(ODSs), which are being phased out under the Montreal

Protocol and Clean Air Act Amendments of 1990. Be-

cause HFCs and PFCs do not directly deplete the strato-

spheric ozone layer, they are not controlled by the

Montreal Protocol.

These compounds, however, along with sulfur

hexafluoride (SF6), are potent greenhouse gases. In ad-

dition to having high global warming potentials, SF6

and many HFCs and PFCs have extremely long atmo-

spheric lifetimes, resulting in their essentially irrevers-

ible accumulation in the atmosphere. Sulfur hexafluo-

ride, itself, is the most potent greenhouse gas the IPCC

has evaluated.

In addition to their use as substitutes for ozone

depleting substances, the other emissive sources of these

gases are aluminum production, HCFC-22 production,

semiconductor manufacturing, electrical transmission

and distribution, and magnesium production and pro-

cessing. Figure ES-13 and Table ES-11 present emission

estimates for HFCs, PFCs, and SF6, which totaled 40.3

MMTCE in 1998.
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The use and subsequent emissions of HFCs and

PFCs as ODS substitutes increased dramatically from

small amounts in 1990 to 14.5 MMTCE in 1998. This

increase was the result of efforts to phase-out CFCs and

other ODSs in the United States, especially the introduc-

tion of HFC-134a as a CFC substitute in refrigeration
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applications. This trend is expected to continue for many

years, and will accelerate in the early part of the next

century as HCFCs, which are interim substitutes in many

applications, are themselves phased-out under the pro-

visions of the Copenhagen Amendments to the Montreal

Protocol.

"�����;�	�
����(�������

HFCs, PFCs, and SF6 are also emitted from a num-

ber of other industrial processes. During the production

of primary aluminum, two PFCs—CF4 and C2F6—are

emitted as intermittent by-products of the smelting pro-

���������#	�����&'$�@�"'$�@������'2

'�%��	� ����) cess. Emissions from aluminum production were esti-

mated to have decreased by 48 percent between 1990

and 1998 due to voluntary emission reduction efforts by

the industry and falling domestic aluminum production.

HFC-23 is a by-product emitted during the pro-

duction of HCFC-22. Emissions from this source were

10.9 MMTCE in 1998, and have increased by 15 per-

cent since 1990. This increase is attributable to the 30

percent increase in HCFC-22 production that has oc-

curred since 1990; one third of this increase occurred

between 1997 and 1998. The intensity of HFC-23 emis-

sions (i.e., the amount of HFC-23 emitted per kilogram

of HCFC-22 manufactured), however, has declined sig-

nificantly since 1990.

The semiconductor industry uses combinations of

HFCs, PFCs, SF6, and other gases for plasma etching and

chemical vapor deposition processes. For 1998, it was

estimated that the U.S. semiconductor industry emitted

a total of 2.1 MMTCE. Emissions from this source cat-

egory have increased with the growth in the semicon-

ductor industry and the rising intricacy of chip designs.

The primary use of SF6 is as a dielectric in electri-

cal transmission and distribution systems. Fugitive emis-

sions of SF6 occur from leaks in and servicing of substa-

tions and circuit breakers, especially from older equip-

ment. Estimated emissions from this source increased by

25 percent from 1990, to 7.0 MMTCE in 1998.
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9 NOx and CO emission estimates from agricultural residue burning were estimated separately, and therefore not taken from EPA
(1999).
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Lastly, SF6 is also used as a protective covergas for

the casting of molten magnesium. Estimated emissions

from primary magnesium production and magnesium cast-

ing were 3.0 MMTCE in 1998, an increase of 76 percent

since 1990.
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In the United States, carbon monoxide (CO), nitro-

gen oxides (NOx), nonmethane volatile organic com-

pounds (NMVOCs), and sulfur dioxide (SO2) are com-

monly referred to as “criteria pollutants,” as termed in

the Clean Air Act. Criteria pollutants do not have a direct

global warming effect, but indirectly affect terrestrial ra-

diation absorption by influencing the formation and de-

struction of tropospheric and stratospheric ozone, or, in

the case of SO2, by affecting the absorptive characteris-

tics of the atmosphere. Carbon monoxide is produced

when carbon-containing fuels are combusted incom-

pletely. Nitrogen oxides (i.e., NO and NO2) are created

by lightning, fires, fossil fuel combustion, and in the

stratosphere from nitrous oxide (N2O). NMVOCs which

include such compounds as propane, butane, and ethane

are emitted primarily from transportation, industrial pro-

cesses, and non-industrial consumption of organic sol-

vents. In the United States, SO2 is primarily emitted from

the combustion of fossil fuels and by the metals industry.

In part because of their contribution to the forma-

tion of urban smog—and acid rain in the case of SO2 and

NOx—criteria pollutants are regulated under the Clean

Air Act. These gases also indirectly affect the global cli-

mate by reacting with other chemical compounds in the

atmosphere to form compounds that are greenhouse gases.

Unlike other criteria pollutants, SO2 emitted into the at-

mosphere is believed to affect the Earth’s radiative bud-

get negatively; therefore, it is discussed separately.

One of the most important indirect climate change

effects of criteria pollutants is their role as precursors

for tropospheric ozone formation. They can also alter

the atmospheric lifetimes of other greenhouse gases.

For example, CO interacts with the hydroxyl radical

the major atmospheric sink for methane emissions to

form CO2. Therefore, increased atmospheric concentra-

tions of CO limit the number of hydroxyl molecules

(OH) available to destroy methane.

Since 1970, the United States has published esti-

mates of annual emissions of criteria pollutants (EPA

1999).9 Table ES-13 shows that fuel combustion ac-

counts for the majority of emissions of these gases. In-

dustrial processes such as the manufacture of chemical

and allied products, metals processing, and industrial

uses of solvents are also significant sources of CO, NOx,

and NMVOCs.
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1 See the section below entitled Global Warming Potentials for an explanation of GWP values.
2 See the section below entitled What is Climate Change? for an explanation of radiative forcing.
3 The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities
or are the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).
4 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.  See
<http://www.unfccc.de>.
5 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12).  See <http://www.unfccc.de>.
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�his report presents estimates by the United States government of U.S. anthropogenic greenhouse gas emis

sions and sinks for the years 1990 through 1998.  A summary of these estimates is provided in Table 1-4 and

Table 1-5 by gas and source category.  The emission estimates in these tables are presented on both a full molecular

mass basis and on a Global Warming Potential (GWP) weighted basis in order to show the relative contribution of

each gas to global average radiative forcing.1,2  This report also discusses the methods and data used to calculate

these emission estimates.

In June of 1992, the United States signed the United Nations Framework Convention on Climate Change

(UNFCCC).  The objective of the UNFCCC is “to achieve…stabilization of greenhouse gas concentrations in the

atmosphere at a level that would prevent dangerous anthropogenic interference with the climate system.” 3,4

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make

available…national inventories of anthropogenic emissions by sources and removals by sinks of all greenhouse

gases not controlled by the Montreal Protocol, using comparable methodologies…”5  The United States views this

report as an opportunity to fulfill this commitment under UNFCCC.

In 1988, preceding the creation of the UNFCCC, the Intergovernmental Panel on Climate Change (IPCC) was

jointly established by the World Meteorological Organization (WMO) and the United Nations Environment Programme

(UNEP).  The charter of the IPCC is to assess available scientific information on climate change, assess the environ-

mental and socio-economic impacts of climate change, and formulate response strategies (IPCC 1996).  Under

Working Group 1 of the IPCC, nearly 140 scientists and national experts from more than thirty countries corroborated

in the creation of the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/

IEA 1997) to ensure that the emission inventories submitted to the UNFCCC are consistent and comparable between

nations.  The Revised 1996 IPCC Guidelines were accepted by the IPCC at its Twelfth Session (Mexico City, 11-13

September 1996).  The information provided in this inventory is presented in accordance with these guidelines.
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6 The Earth’s climate system comprises the atmosphere, oceans, biosphere, cryosphere, and geosphere.
7 For example, eccentricity, precession, and inclination.
8 Article 1 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.

Additionally, in order to fully comply with the Revised

1996 IPCC Guidelines, the United States has provided

estimates of carbon dioxide emissions from fossil fuel

combustion using the IPCC Reference Approach in An-

nex O.

Overall, the purpose of an inventory of anthropo-

genic greenhouse gas emissions is (1) to provide a basis

for the ongoing development of methodologies for esti-

mating sources and sinks of greenhouse gases; (2) to

provide a common and consistent mechanism through

which Parties to the UNFCCC can estimate emissions

and compare the relative contribution of individual

sources, gases, and nations to climate change; and (3) as

a prerequisite for accounting for reductions and evaluat-

ing possible mitigation strategies.

���������	�
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Climate change refers to long-term fluctuations in

temperature, precipitation, wind, and other elements of

the Earth’s climate system.6  Natural processes such as

solar-irradiance variations, variations in the Earth’s or-

bital parameters,7 and volcanic activity can produce

variations in climate.  The climate system can also be

influenced by changes in the concentration of various

gases in the atmosphere, which affect the Earth’s absorp-

tion of radiation.

The Earth naturally absorbs and reflects incoming

solar radiation and emits longer wavelength terrestrial

(thermal) radiation back into space.  On average, the

absorbed solar radiation is balanced by the outgoing

terrestrial radiation emitted to space.  A portion of this

terrestrial radiation, though, is itself absorbed by gases

in the atmosphere.  The energy from this absorbed terres-

trial radiation warms the Earth’s surface and atmosphere,

creating what is known as the “natural greenhouse ef-

fect.”  Without the natural heat-trapping properties of

these atmospheric gases, the average surface tempera-

ture of the Earth would be about 34oC lower (IPCC 1996).

Under the UNFCCC, the definition of climate

change is “a change of climate which is attributed di-

rectly or indirectly to human activity that alters the com-

position of the global atmosphere and which is in addi-

tion to natural climate variability observed over compa-

rable time periods.”8  Given that definition, in its 1995

assessment of the science of climate change, the IPCC

concluded that:

Human activities are changing the atmospheric
concentrations and distributions of greenhouse
gases and aerosols.  These changes can pro-
duce a radiative forcing by changing either
the reflection or absorption of solar radiation,
or the emission and absorption of terrestrial
radiation (IPCC 1996).

The IPCC went on to report in its assessment that

the “[g]lobal mean surface temperature [of the Earth] has

increased by between about 0.3 and 0.6 °C since the late

19th century…” (IPCC 1996) and finally concluded with

the following statement:

Our ability to quantify the human influence on
global climate is currently limited because the
expected signal is still emerging from the noise
of natural variability, and because there are
uncertainties in key factors.  These include the
magnitude and patterns of long term natural
variability and the time-evolving pattern of forc-
ing by, and response to, changes in concentra-
tions of greenhouse gases and aerosols, and
land surface changes.  Nevertheless, the bal-
ance of the evidence suggests that there is a
discernable human influence on global climate
(IPCC 1996).

����������������

Although the Earth’s atmosphere consists mainly

of oxygen and nitrogen, neither plays a significant role

in enhancing the greenhouse effect because both are es-

sentially transparent to terrestrial radiation.  The green-

house effect is primarily a function of the concentration

of water vapor, carbon dioxide, and other trace gases in

the atmosphere that absorb the terrestrial radiation leav-



���������	���������!

9 Also referred to in the U.S. Clean Air Act as “criteria pollutants.”

ing the surface of the Earth (IPCC 1996).  Changes in the

atmospheric concentrations of these greenhouse gases

can alter the balance of energy transfers between the

atmosphere, space, land, and the oceans.  A gauge of

these changes is called radiative forcing, which is a

simple measure of changes in the energy available to the

Earth-atmosphere system (IPCC 1996).  Holding every-

thing else constant, increases in greenhouse gas concen-

trations in the atmosphere will produce positive radia-

tive forcing (i.e., a net increase in the absorption of en-

ergy by the Earth).

Climate change can be driven by changes in
the atmospheric concentrations of a number of
radiatively active gases and aerosols.  We have
clear evidence that human activities have af-
fected concentrations, distributions and life
cycles of these gases (IPCC 1996).

Naturally occurring greenhouse gases include wa-

ter vapor, carbon dioxide (CO2), methane (CH4), nitrous

oxide (N2O), and ozone (O3).  Several classes of haloge-

nated substances that contain fluorine, chlorine, or bro-

mine are also greenhouse gases, but they are, for the

most part, emitted solely by human activities.  Chlorof-

luorocarbons (CFCs) and hydrochlorofluorocarbons

(HCFCs) are halocarbons that contain chlorine, while

halocarbons that contain bromine are referred to as

halons.  Other fluorine containing halogenated sub-

stances include hydrofluorocarbons (HFCs),

perfluorocarbons (PFCs), and sulfur hexafluoride (SF6).

There are also several gases that, although they do not

have a direct radiative forcing effect, do influence the

formation and destruction of ozone, which does have

such a terrestrial radiation absorbing effect.  These gases

referred to here as ozone precursors include carbon mon-

oxide (CO), oxides of nitrogen (NOx), and nonmethane

volatile organic compounds (NMVOCs).9  Aerosols ex-

tremely small particles or liquid droplets often produced

by emissions of sulfur dioxide (SO2) can also affect the

absorptive characteristics of the atmosphere.

Carbon dioxide, methane, and nitrous oxide are

continuously emitted to and removed from the atmo-

sphere by natural processes on Earth.  Anthropogenic

activities, however, can cause additional quantities of

these and other greenhouse gases to be emitted or se-

questered, thereby changing their global average atmo-

spheric concentrations.  Natural activities such as respi-

ration by plants or animals and seasonal cycles of plant

growth and decay are examples of processes that only

cycle carbon or nitrogen between the atmosphere and

organic biomass.  Such processes except when directly

or indirectly perturbed out of equilibrium by anthropo-

genic activities generally do not alter average atmo-

spheric greenhouse gas concentrations over decadal

timeframes.  Climatic changes resulting from anthropo-

genic activities, however, could have positive or nega-

tive feedback effects on these natural systems.

A brief description of each greenhouse gas, its

sources, and its role in the atmosphere is given below.

The following section then explains the concept of Glo-

bal Warming Potentials (GWPs), which are assigned to

individual gases as a measure of their relative average

global radiative forcing effect.

Water Vapor (H2O).  Overall, the most abundant

and dominant greenhouse gas in the atmosphere is water

vapor.  Water vapor is neither long-lived nor well mixed

in the atmosphere, varying spatially from 0 to 2 percent

(IPCC 1996).  In addition, atmospheric water can exist

in several physical states including gaseous, liquid, and

solid.  Human activities are not believed to directly af-

fect the average global concentration of water vapor;

however, the radiative forcing produced by the increased

concentrations of other greenhouse gases may indirectly

affect the hydrologic cycle.  A warmer atmosphere has

an increased water holding capacity; yet, increased con-

centrations of water vapor affects the formation of clouds,

which can both absorb and reflect solar and terrestrial

radiation.  Aircraft contrails, which consist of water va-

por and other aircraft emittants, are similar to clouds in

their radiative forcing effects (IPCC 1999).

Carbon Dioxide (CO2).  In nature, carbon is cycled

between various atmospheric, oceanic, land biotic, ma-

rine biotic, and mineral reservoirs.  The largest fluxes

occur between the atmosphere and terrestrial biota, and



��"�����������	
��
�����������
������������
������������������� 

10 The pre-industrial period is considered as the time preceding the year 1750 (IPCC 1996).
11 Carbon dioxide concentrations during the last 1,000 years of the pre-industrial period (i.e., 750-1750), a time of relative climate
stability, fluctuated by about ±10 ppmv around 280 ppmv (IPCC 1996).
12 The stratosphere is the layer from the troposphere up to roughly 50 kilometers.  In the lower regions the temperature is nearly
constant but in the upper layer the temperature increases rapidly because of sunlight absorption by the ozone layer.  The ozone-layer
is the part of the stratosphere from 19 kilometers up to 48 kilometers where the concentration of ozone reaches up to 10 parts per
million.
13 The troposphere is the layer from the ground up to 11 kilometers near the poles and up to 16 kilometers in equatorial regions (i.e.,
the lowest layer of the atmosphere where people live).  It contains roughly 80 percent of the mass of all gases in the atmosphere and
is the site for most weather processes, including most of the water vapor and clouds.

between the atmosphere and surface water of the oceans.

In the atmosphere, carbon predominantly exists in its

oxidized form as CO2.  Atmospheric carbon dioxide is

part of this global carbon cycle, and therefore its fate is a

complex function of geochemical and biological pro-

cesses.  Carbon dioxide concentrations in the atmo-

sphere, as of 1994, increased from approximately 280

parts per million by volume (ppmv) in pre-industrial10

times to 358 ppmv, a 28 percent increase (IPCC 1996).11

The IPCC has stated that “[t]here is no doubt that this

increase is largely due to human activities, in particular

fossil fuel combustion…” (IPCC 1996).  Forest clearing,

other biomass burning, and some non-energy produc-

tion processes (e.g., cement production) also emit no-

table quantities of carbon dioxide.

In its latest scientific assessment, the IPCC also

stated that “[t]he increased amount of carbon dioxide

[in the atmosphere] is leading to climate change and

will produce, on average, a global warming of the Earth’s

surface because of its enhanced greenhouse effect al-

though the magnitude and significance of the effects are

not fully resolved” (IPCC 1996).

Methane (CH4).  Methane is primarily produced

through anaerobic decomposition of organic matter in

biological systems.  Agricultural processes such as wet-

land rice cultivation, enteric fermentation in animals,

and the decomposition of animal wastes emit CH4, as

does the decomposition of municipal solid wastes.  Meth-

ane is also emitted during the production and distribu-

tion of natural gas and petroleum, and is released as a

by-product of coal mining and incomplete fossil fuel

combustion.  The average global concentration of meth-

ane in the atmosphere was 1,720 parts per billion by

volume (ppbv) in 1994, a 145 percent increase from the

pre-industrial concentration of 700 ppbv (IPCC 1996).

It is estimated that 60 to 80 percent of current CH4 emis-

sions are the result of anthropogenic activities.  Carbon

isotope measurements indicate that roughly 20 percent

of methane emissions are from fossil fuel consumption,

and an equal percentage is produced by natural wet-

lands, which will likely increase with rising tempera-

tures and rising microbial action (IPCC 1996).

Methane is removed from the atmosphere by re-

acting with the hydroxyl radical (OH) and is ultimately

converted to CO2.  Increasing emissions of methane,

though, reduces the concentration of OH, and thereby

the rate of further methane removal (IPCC 1996).

Nitrous Oxide (N2O).  Anthropogenic sources of

N2O emissions include agricultural soils, especially the

use of synthetic and manure fertilizers; fossil fuel com-

bustion, especially from mobile combustion; adipic (ny-

lon) and nitric acid production; wastewater treatment

and waste combustion; and biomass burning.  The atmo-

spheric concentration of nitrous oxide (N2O) in 1994

was about 312 parts per billion by volume (ppbv), while

pre-industrial concentrations were roughly 275 ppbv.

The majority of this 13 percent increase has occurred

after the pre-industrial period and is most likely due to

anthropogenic activities (IPCC 1996).  Nitrous oxide is

removed from the atmosphere primarily by the photolytic

action of sunlight in the stratosphere.

Ozone (O3).  Ozone is present in both the upper

stratosphere,12 where it shields the Earth from harmful

levels of ultraviolet radiation, and at lower concentra-

tions in the troposphere,13 where it is the main compo-

nent of anthropogenic photochemical “smog.”  During

the last two decades, emissions of anthropogenic chlo-

rine and bromine-containing halocarbons, such as chlo-

rofluorocarbons (CFCs), have depleted stratospheric

ozone concentrations.  This loss of ozone in the strato-
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14 [42 U.S.C §7408, CAA §108]
15 Article 5 of the Montreal Protocol covers several groups of countries, especially developing countries, with low consumption rates
of ozone depleting substances.  Developing countries with per capita consumption of less than 0.3 kg of certain ozone depleting
substances (weighted by their ozone depleting potential) receive financial assistance and a grace period of ten additional years in the
phase-out of ozone depleting substances.
16 Primarily from fuel combustion emissions from high altitude supersonic aircraft.

sphere has resulted in negative radiative forcing, repre-

senting an indirect effect of anthropogenic emissions of

chlorine and bromine compounds (IPCC 1996).

Tropospheric ozone, which is also a greenhouse

gas, is produced from the oxidation of methane and

from reactions with precursor gases such as carbon mon-

oxide (CO), nitrogen oxides (NOx), and non-methane

volatile organic compounds (NMVOCs).  This latter

group of ozone precursors is included in the category

referred to as “criteria pollutants” in the United States

under the Clean Air Act14 and its subsequent amend-

ments.  The tropospheric concentrations of both ozone

and these precursor gases are short-lived and, there-

fore, spatially variable.

Halocarbons, Perfluorocarbons, and Sulfur

Hexafluoride (SF6).  Halocarbons are, for the most part,

man-made chemicals that have both direct and indirect

radiative forcing effects.  Halocarbons that contain chlo-

rine chlorofluorocarbons (CFCs), hydrochlorofluoro-

carbons (HCFCs), methyl chloroform, and carbon tetra-

chloride and bromine halons, methyl bromide, and

hydrobromofluorocarbons (HBFCs) result in strato-

spheric ozone depletion and are therefore controlled

under the Montreal Protocol on Substances that De-

plete the Ozone Layer.  Although CFCs and HCFCs

include potent global warming gases, their net radia-

tive forcing effect on the atmosphere is reduced be-

cause they cause stratospheric ozone depletion, which

is itself an important greenhouse gas in addition to

shielding the Earth from harmful levels of ultraviolet

radiation.  Under the Montreal Protocol, the United

States phased out the production and importation of

halons by 1994 and of CFCs by 1996.  Under the

Copenhagen Amendments to the Protocol, a cap was

placed on the production and importation of HCFCs

by non-Article 515 countries beginning in 1996, and

then followed by a complete phase-out by the year 2030.

The ozone depleting gases covered under the Montreal

Protocol and its Amendments are not covered by the

UNFCCC; however, they are reported in this inventory

under Annex L.

Hydrofluorocarbons (HFCs), perfluorocarbons

(PFCs), and sulfur hexafluoride (SF6) are not ozone de-

pleting substances, and therefore are not covered un-

der the Montreal Protocol.  They are, however, power-

ful greenhouse gases.  HFCs primarily used as replace-

ments for ozone depleting substances but also emitted

as a by-product of the HCFC-22 manufacturing process

currently have a small aggregate radiative forcing im-

pact; however, it is anticipated that their contribution

to overall radiative forcing will increase (IPCC 1996).

PFCs and SF6 are predominantly emitted from various

industrial processes including aluminum smelting, semi-

conductor manufacturing, electric power transmission

and distribution, and magnesium casting.  Currently,

the radiative forcing impact of PFCs, and SF6 is also

small; however, because they have extremely long at-

mospheric lifetimes, their concentrations tend to irre-

versibly accumulate in the atmosphere.

Carbon Monoxide (CO).  Carbon monoxide has

an indirect radiative forcing effect by elevating con-

centrations of CH4 and tropospheric ozone through

chemical reactions with other atmospheric constituents

(e.g., the hydroxyl radical) that would otherwise assist

in destroying CH4 and tropospheric ozone.  Carbon

monoxide is created when carbon-containing fuels are

burned incompletely.  Through natural processes in the

atmosphere, it is eventually oxidized to CO2.  Carbon

monoxide concentrations are both short-lived in the

atmosphere and spatially variable.

Nitrogen Oxides (NOx).  The primary climate

change effects of nitrogen oxides (i.e., NO and NO2) are

indirect and result from their role in promoting the for-

mation of ozone in the troposphere and, to a lesser de-

gree, lower stratosphere, where it has positive radiative

forcing effects.  (NOx emissions injected higher in the

stratosphere16 can lead to stratospheric ozone deple-
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17 Sulfur dioxide is a primary anthropogenic contributor to the formation of “acid rain” and other forms of atmospheric acid
deposition.
18 Volcanic activity can inject significant quantities of aerosol producing sulfur dioxide and other sulfur compounds into the strato-
sphere, which can result in a longer negative forcing effect (i.e., a few years) (IPCC 1996).

tion.)  Additionally, NOx emissions from aircraft are ex-

pected to decrease methane concentrations, thus having

a negative radiative forcing effect (IPCC 1999).  Nitro-

gen oxides are created from lightning, soil microbial

activity, biomass burning—both natural and anthropo-

genic fires—fuel combustion, and, in the stratosphere,

from nitrous oxide (N2O).  Concentrations of NOx are

both relatively short-lived in the atmosphere and spa-

tially variable.

Nonmethane Volatile Organic Compounds

(NMVOCs).  Nonmethane volatile organic compounds

include compounds such as propane, butane, and ethane.

These compounds participate, along with NOx, in the

formation of tropospheric ozone and other photochemi-

cal oxidants.  NMVOCs are emitted primarily from trans-

portation and industrial processes, as well as biomass

burning and non-industrial consumption of organic sol-

vents.  Concentrations of NMVOCs tend to be both short-

lived in the atmosphere and spatially variable.

Aerosols.  Aerosols are extremely small particles

or liquid droplets found in the atmosphere.  They can be

produced by natural events such as dust storms and vol-

canic activity or by anthropogenic processes such as

fuel combustion.  Their effect upon radiative forcing is

to both absorb radiation and to alter cloud formation,

thereby affecting the reflectivity (i.e., albedo) of the

Earth.  Aerosols are removed from the atmosphere prima-

rily by precipitation, and generally have short atmo-

spheric lifetimes.  Like ozone precursors, aerosol con-

centrations and composition vary by region (IPCC 1996).

Anthropogenic aerosols in the troposphere are pri-

marily the result of sulfur dioxide (SO2)17 emissions from

fossil fuel and biomass burning.  Overall, aerosols tend

to produce a negative radiative forcing effect (i.e., net

cooling effect on the climate), although because they

are short-lived in the atmosphere lasting days to weeks

their concentrations respond rapidly to changes in emis-

sions.18  Locally, the negative radiative forcing effects

of aerosols can offset the positive forcing of greenhouse

gases (IPCC 1996).  “However, the aerosol effects do not

cancel the global-scale effects of the much longer-lived

greenhouse gases, and significant climate changes can

still result” (IPCC 1996).  Emission estimates for sulfur

dioxide are provided in Annex M of this report.
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A Global Warming Potential (GWP) is intended as

a quantified measure of the globally averaged relative

radiative forcing impacts of a particular greenhouse gas

(see Table 1-1).  It is defined as the cumulative radiative

forcing both direct and indirect effects over a specified

time horizon resulting from the emission of a unit mass

of gas relative to some reference gas (IPCC 1996).  Di-

rect effects occur when the gas itself is a greenhouse gas.

Indirect radiative forcing occurs when chemical trans-

formations involving the original gas produces a gas or

gases that are greenhouse gases, or when a gas influ-

ences the atmospheric lifetimes of other gases.  The ref-

erence gas used is CO2, and therefore GWP weighted

emissions are measured in million metric tons of carbon

equivalents (MMTCE).  Carbon comprises 12/44ths of

carbon dioxide by weight.  The relationship between

gigagrams (Gg) of a gas and MMTCE can be expressed

as follows:

where,

MMTCE = Million Metric Tons of Carbon

Equivalents

Gg = Gigagrams (equivalent to a thousand

metric tons)

GWP = Global Warming Potential

= Carbon to carbon dioxide molecular

weight ratio.

MMT = Million Metric Tons

GWP values allow policy makers to compare the

impacts of emissions and reductions of different gases.
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According to the IPCC, GWPs typically have an uncer-

tainty of ±35 percent.  The parties to the UNFCCC have

also agreed to use GWPs based upon a 100 year time

horizon although other time horizon values are available.

In addition to communicating emissions in units
of mass, Parties may choose also to use global
warming potentials (GWPs) to reflect their in-
ventories and projections in carbon dioxide-
equivalent terms, using information provided
by the Intergovernmental Panel on Climate
Change (IPCC) in its Second Assessment Re-
port.  Any use of GWPs should be based on the
effects of the greenhouse gases over a 100-year
time horizon.  In addition, Parties may also use
other time horizons.19

Greenhouse gases with long atmospheric lifetimes

(e.g., CO2, CH4, N2O, HFCs, PFCs, and SF6) tend to be

evenly distributed throughout the atmosphere, and con-

sequently global average concentrations can be deter-

mined.  The short-lived gases such as water vapor, tropo-

spheric ozone, ozone precursors (e.g., NOx, CO, and

NMVOCs), and tropospheric aerosols (e.g., SO2 prod-

ucts), however, vary regionally, and consequently it is

difficult to quantify their global radiative forcing im-

pacts.   No GWP values are attributed to these gases that

are short-lived and spatially inhomogeneous in the at-

mosphere.  Other greenhouse gases not yet listed by the

Intergovernmental Panel on Climate Change (IPCC), but

are already or soon will be in commercial use include:

HFC-245fa, hydrofluoroethers (HFEs), and nitrogen

trifluoride (NF3).
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Total U.S. greenhouse gas emissions rose in 1998

to 1,834.6million metric tons of carbon equivalents

(MMTCE)20 (11.2 percent above 1990 baseline levels).
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19 Framework Convention on Climate Change; FCCC/CP/1996/15/Add.1; 29 October 1996; Report of the Conference of the Parties at
its second session; held at Geneva from 8 to 19 July 1996; Addendum; Part Two: Action taken by the Conference of the Parties at its
second session; Decision 9/CP.2; Communications from Parties included in Annex I to the Convention:  guidelines, schedule and
process for consideration; Annex:  Revised Guidelines for the Preparation of National Communications by Parties Included in Annex
I to the Convention; p. 18.
20 Estimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value,
or Global Warming Potential (see previous section).
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The single year increase in emissions from 1997 to 1998

was 0.4 percent (6.8 MMTCE), less than the 1.3 percent

average annual rate of increase for the 1990s.  Figure 1-

1 through Figure 1-3 illustrate the overall trends in total

U.S. emissions by gas, annual changes, and absolute

changes since 1990.

As the largest source of U.S. greenhouse gas emis-

sions, CO2 from fossil fuel combustion, accounted for

80 percent of weighted emissions in 1998.  Emissions

from this source grew by 11 percent (148.1 MMTCE)

from 1990 to 1998 and were also responsible for over 80

percent of the increase in national emissions during this

period.  The annual increase in CO2 emissions from this
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source was only 0.5 percent in 1998 lower than the

source’s average annual rate of 1.3 percent during the

1990s despite a strong 3.9 percent increase in U.S. gross

domestic product.

In addition to economic growth, changes in CO2

emission from fossil fuel combustion are also correlated

with energy prices and seasonal temperatures.  Excep-

tionally mild winter conditions in 1998 moderated

growth in CO2 emissions from fossil fuel combustion

below what would have been expected given the strength

of the economy and continued low fuel prices.  Table 1-

2 shows annual changes in emissions during the last few

years of the 1990s for particular fuel types and sectors.

Carbon dioxide emissions from fossil fuel com-

bustion increased dramatically in 1996, due primarily

to two factors: 1) fuel switching by electric utilities

from natural gas to more carbon intensive coal as to

colder winter conditions and the associated rise in de-

mand for natural gas from residential, commercial and

industrial customers for heating caused gas prices to

rise sharply; and 2) higher consumption of petroleum

fuels for transportation.  Milder weather conditions in

summer and winter moderated the growth in emissions

in 1997; however, the shut-down of several nuclear

power plants lead electric utilities to increase their con-

sumption of coal to offset the lost capacity.  In 1998,

weather conditions were a dominant factor in slowing

the growth in emissions.  Warm winter temperatures

resulted in a significant drop in residential, commer-

cial, and industrial natural gas consumption.  This drop

in emissions from natural gas used for heating was pri-

marily offset by two factors:  1) electric utility emis-

sions, which increased in part due to a hot summer and

its associated air conditioning demand; and 2) in-

creased motor gasoline consumption for transportation.

Other significant trends in emissions from addi-

tional source categories over the nine year period from

1990 through 1998 included the following:

● Aggregate HFC and PFC emissions resulting from

the substitution of ozone depleting substances (e.g.,

CFCs) increased by 14.2 MMTCE.  This increase

was partly offset, however, by reductions in PFC

emissions from aluminum production by 2.6

MMTCE (48 percent), which were the result of both
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voluntary industry emission reduction efforts and

lower domestic aluminum production.

● Combined N2O and CH4 emissions from mobile

combustion rose by 3.3 MMTCE (22 percent), pri-

marily due to increased rates of N2O generation in

highway vehicles.

● Methane emissions from the manure management

activities have increased by 7.9 MMTCE (53 per-

cent) as the composition of the swine and dairy in-

dustries shift toward larger facilities.  An increased

number of large facilities leads to an increased use

of liquid systems, which translates into increased

methane production.

● Methane emissions from coal mining dropped by

6.2 MMTCE (26 percent) as a result of the mining of

less gassy coal from underground mines and the in-

creased use of methane from degasification systems.

● Nitrous oxide emissions from agricultural soil man-

agement increased by 8.5 MMTCE (11 percent) as

fertilizer consumption and cultivation of nitrogen

fixing crops rose.

● By 1998, all of the three major adipic acid produc-

ing plants had voluntarily implemented N2O abate-

ment technology; as a result, emissions fell by 3.0

MMTCE (60 percent).  The majority of this decline

occurred from 1997 to 1998, despite increased pro-

duction.

Overall, from 1990 to 1998, total emissions of CO2,

CH4, and N2O increased by 153.7 (11 percent), 3.1 (2

percent), and 11.1 MMTCE (10 percent), respectively.

During the same period, weighted emissions of HFCs,

PFCs, and SF6 rose by 17.0 MMTCE (73 percent).  De-

spite being emitted in smaller quantities relative to the

other principle greenhouse gases, emissions of HFCs,

PFCs, and SF6 are significant because of their extremely

high Global Warming Potentials and, in the cases of

PFCs and SF6, long atmospheric lifetimes.  Conversely,

U.S. greenhouse gas emissions were partly offset by car-

bon sequestration in forests and in landfilled carbon,

which were estimated to be 12 percent of total emis-

sions in 1998.

As an alternative, emissions can be aggregated

across gases by the IPCC defined sectors, referred to

here as chapters.  Over the nine year period of 1990 to

1998, total emissions in the Energy, Industrial Processes,

Agriculture, and Waste chapters climbed by 146.5 (10

percent), 18.5 (39 percent), 18.5 (14 percent), and 1.5

MMTCE (2 percent), respectively.  Estimates of the quan-

tity of carbon sequestered in the Land-Use Change and

Forestry chapter, although based on projections, de-

clined by 105.5 MMTCE (33 percent).

Table 1-4 summarizes emissions and sinks from

all U.S. anthropogenic sources in weighted units of

MMTCE, while unweighted gas emissions and sinks in

gigagrams (Gg) are provided in Table 1-5.  Alternatively,

emissions and sinks are aggregated by chapter in Table
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21 Energy-related activities are those that involve fossil fuel combustion (industrial, transportation, residential, and commercial end-use
sectors), and the production, transmission, storage, and distribution of fossil fuels.
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Emissions of greenhouse gases from various

sources have been estimated using methodologies that

are consistent with the Revised 1996 IPCC Guidelines

for National Greenhouse Gas Inventories (IPCC/UNEP/

OECD/IEA 1997).  To the extent possible, the present

U.S. Inventory relies on published activity and emis-

sion factor data.  Depending on the emission source

category, activity data can include fuel consumption or

deliveries, vehicle-miles traveled, raw material processed,

etc.; emission factors are factors that relate quantities of

emissions to an activity.  For some sources, IPCC default

methodologies and emission factors have been employed.

However, for most emission sources, the IPCC default

methodologies were expanded and more comprehensive

methods were applied.

Inventory emission estimates from energy con-

sumption and production activities are based primarily

on the latest official fuel consumption data from the

Energy Information Administration (EIA) of the U.S. De-

partment of Energy.  Emission estimates for NOx, CO,

and NMVOCs were taken directly, except where noted,

from the United States Environmental Protection

Agency’s (EPA) report, National Air Pollutant Emission

Trends 1900 - 1998 (EPA 1999), which is an annual EPA

publication that provides the latest estimates of regional

and national emissions of criteria pollutants.  Emissions

of these pollutants are estimated by the EPA based on

statistical information about each source category, emis-

sion factors, and control efficiencies.  While the EPA’s

estimation methodologies for criteria pollutants are con-

ceptually similar to the IPCC recommended methodolo-

gies, the large number of sources EPA used in develop-

ing its criteria pollutant estimates makes it difficult to

reproduce the methodologies from EPA (1999) in this

inventory document.  In these instances, the references

containing detailed documentation of the methods used

are identified for the interested reader.  For agricultural

sources, the EPA criteria pollutant emission estimates

were supplemented using activity data from other agen-

cies.  Complete documentation of the methodologies

and data sources used is provided in conjunction with

the discussion of each source and in the various annexes.

Emissions from fossil fuels combusted in ships and

aircraft engaged in the international transport of passen-

gers and cargo are not included in U.S. totals, but are
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reported separately as international bunkers in accor-

dance with IPCC reporting guidelines (IPCC/UNEP/

OECD/IEA 1997).  Carbon dioxide emissions from fuel

combusted within U.S. territories, however, are included

in U.S. totals.

����������"�������
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While the current U.S. emissions inventory pro-

vides a solid foundation for the development of a more

detailed and comprehensive national inventory, it has

several strengths and weaknesses.

First, this inventory by itself does not provide a

complete picture of past or future emissions in the United

States; it only provides an inventory of U.S. emissions

for the years 1990 through 1998.  However, the United

States believes that common and consistent inventories

taken over a period of time can and will contribute to

understanding future emission trends.  The United States

produced its first comprehensive inventory of greenhouse

gas emissions and sinks in 1993, and intends to update

it annually, in conjunction with its commitments under

the UNFCCC.  The methodologies used to estimate emis-

sions will also be updated periodically as methods and

information improve and as further guidance is received

from the IPCC and UNFCCC.

Secondly, there are uncertainties associated with

the emission estimates.  Some of the current estimates,

such as those for CO2 emissions from energy-related ac-

tivities and cement processing, are considered to be fairly

accurate.  For other categories of emissions, however, a

lack of data or an incomplete understanding of how emis-

sions are generated limits the scope or accuracy of the

estimates presented.  Despite these uncertainties, the

Revised 1996 IPCC Guidelines for National Greenhouse
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22 Emissions from nonutility generators are not included in these estimates.  Nonutilties were estimated to produce about 10 percent of
the electricity generated in the United States in 1998 (DOE and EPA 1999).
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ther research is needed in some cases to improve the

accuracy of emission factors used to calculate emissions

from a variety of sources.  For example, the accuracy of

current emission factors applied to methane and nitrous

oxide emissions from stationary and mobile combustion

is highly uncertain.

Collecting detailed activity data.  Although meth-

odologies exist for estimating emissions for some sources,

problems arise in obtaining activity data at a level of

detail in which aggregate emission factors can be ap-

plied.  For example, the ability to estimate emissions of

methane and nitrous oxide from jet aircraft is limited

due to a lack of activity data by aircraft type and number

of landing and take-off cycles.

Applying Global Warming Potentials.  GWP val-

ues have several limitations including that they are not

applicable to unevenly distributed gases and aerosols

such as tropospheric ozone and its precursors.  They are

also intended to reflect global averages and, therefore,

do not account for regional effects.  Overall, the main

uncertainties in developing GWP values are the estima-

tion of atmospheric lifetimes, assessing indirect effects,

choosing the appropriate integration time horizon, and

assessing instantaneous radiative forcing effects which

are dependent upon existing atmospheric concentra-

tions.  According to the IPCC, GWPs typically have an

uncertainty of ±35 percent (IPCC 1996).

Gas Inventories (IPCC/UNEP/OECD/IEA 1997) require

that countries provide single point estimates for each

gas and emission or removal source category.  Within

the discussion of each emission source, specific factors

affecting the accuracy of the estimates are discussed.

Finally, while the IPCC methodologies provided

in the Revised 1996 IPCC Guidelines represent baseline

methodologies for a variety of source categories, many

of these methodologies continue to be improved and

refined as new research and data becomes available.  The

current U.S. inventory uses the IPCC methodologies

when applicable, and supplements them with other avail-

able methodologies and data where possible.  The United

States realizes that additional efforts are still needed to

improve methodologies and data collection procedures.

Specific areas requiring further research include:

Incorporating excluded emission sources.  Quan-

titative estimates of some of the sources and sinks of

greenhouse gas emissions are not available at this time.

In particular, emissions from some land-use activities

and industrial processes are not included in the inven-

tory either because data are incomplete or because meth-

odologies do not exist for estimating emissions from

these source categories.  See Annex P for a discussion of

the sources of greenhouse gas emissions and sinks ex-

cluded from this report.

Improving the accuracy of emission factors.  Fur-
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Emissions calculated for the U.S. inventory reflect

current best estimates; in some cases, however, estimates

are based on approximate methodologies, assumptions,

and incomplete data.  As new information becomes avail-

able in the future, the United States will continue to

improve and revise its emission estimates.

1����=������� �������

In accordance with the IPCC guidelines for report-

ing contained in the Revised 1996 IPCC Guidelines for

National Greenhouse Gas Inventories (IPCC/UNEP/

OECD/IEA 1997), this U.S. inventory of greenhouse gas

emissions and sinks is segregated into six sector-spe-

cific chapters, listed below in Table 1-9.

Within each chapter, emissions are identified by

the anthropogenic activity that is the source or sink of

the greenhouse gas emissions being estimated (e.g., coal

mining).  Overall, the following organizational struc-

ture is consistently applied throughout this report:

��������	
���������� Overview of

emission trends for each IPCC defined sector

��������Description of source pathway and emis-

sion trends from 1990 through 1998

— �������������Description of analytical

methods employed to produce emission esti-

mates

— �������������Identification of data ref-

erences, primarily for activity data and emis-

sion factors

— ������������ Discussion of relevant is-

sues related to the uncertainty in the emission

estimates presented

Special attention is given to carbon dioxide from

fossil fuel combustion relative to other sources because

of its share of emissions relative to other sources and its

dominant influence on emission trends.  For example,

each energy consuming end-use sector (i.e., residential,

commercial, industrial, and transportation), as well as

the electric utility sector, are treated individually.  Ad-

ditional information for certain source categories and

other topics is also provided in several Annexes listed

in Table 1-10.
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Each year the EPA not only recalculates and re-

vises the emission estimates for all years that are pre-

sented in the Inventory of U.S. Greenhouse Gas Emis-

sions and Sinks but also attempts to improve the analy-

ses themselves through the use of better methods or data.

A summary of this year’s changes is presented in the

following three sections and includes updates to histori-

cal data, changes in methodology, and other changes.

The magnitude of each change is also described.

Changes to historical data are generally due to

statistical data supplied by other agencies.  Data sources

are provided for further reference.

For methodological changes, differences between
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the previous Inventory and this Inventory are explained.

Many of the changes in methodology are due to a recent

series of IPCC good practice workshops held to assist in

the preparation of greenhouse gas inventories and in the

implementation of the Revised 1996 IPCC Guidelines

(IPCC/UNEP/OECD/IEA 1997).  Unless otherwise noted,

the methodological changes incorporated into this year’s

Inventory reflect the recommendations of experts at these

IPCC good practice workshops.  In general, when meth-

odological changes have been implemented, the entire

time series (1990 through 1998) has been recalculated

to reflect the change.

����������3��������	�;���
● In the CO2 Emissions from Fossil Fuel Combustion

section of the Energy chapter, most differences, as

compared to previous emission estimates, are due to

revised energy consumption data from the Energy

Information Administration (EIA 1999a, 1999c,

1999d) for selected years (see below for detail on an

additional small methodological change).  In addi-

tion, a small error in estimates of CO2 emissions

from combustion of petroleum used for transporta-

tion has been corrected in this Inventory.  Previ-

ously, the combustion efficiency had been inadvert-

ently applied to bunker fuel emissions prior to re-

moving them from the calculation of CO2 emissions

from petroleum used for transportation.  In the cur-

rent Inventory, the combustion efficiency is correctly

applied once to all emissions after the subtraction

of bunker fuels.  The combined data and method-

ological changes resulted in an average decrease

of 4.3 MMTCE (0.3 percent) in annual CO2 emis-

sions from fossil fuel combustion for 1990 through

1997.

● In the Stationary Combustion (excluding CO2) sec-

tion of the Energy Chapter, differences from previ-

ous emission estimates are due to revised energy

consumption data from the EIA (1999a, 1999d) for

selected years.  This revision resulted in an increase

of less than 0.1 MMTCE (0.6 percent) in annual

CH4 emissions and an average increase of less than

0.1 MMTCE (0.7 percent) in annual N2O emissions

from stationary combustion for 1990 through 1997.

● In the Mobile Combustion (excluding CO2) sec-

tion of the Energy Chapter, differences with previ-

ous emission estimates for highway sources are due

to revised estimates of historical vehicle-miles-trav-

eled by the Federal Highway Administration (FHWA

1999).  Extremely small differences exist in the

non-highway estimates due to revised historical

fuel consumption data from EIA (1999a, 1999c)

and FHWA (1999).  These revisions caused an av-

erage increase of less than 0.1 MMTCE (3.0 per-

cent) in annual CH4 emissions and an increase of

0.3 MMTCE (1.9 percent) in annual N2O emissions

from mobile combustion for 1990 through 1997.

● In the Natural Gas Systems section of the Energy
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Chapter, historical estimates of methane emissions

are revised based on the transmission pipeline mile-

age reported by the Office of Pipeline Safety (OPS).

Inventories in previous years relied on the American

Gas Association (AGA) for transmission pipeline

mileage data.  AGA aggregates pipeline mileage data

as reported in FERC Form 2 “Annual Report of Natu-

ral Gas Pipeline Companies”; however, only inter-

state pipeline companies regulated by FERC sub-

mit Form 2.  In contrast, OPS data is for all compa-

nies with more than one mile of transmission pipe-

line and includes both intra- and interstate pipe-

lines.  Accordingly, OPS reports pipeline mileage

that is higher than that reported by AGA.  Using the

new data, EPA recalculated historical emission esti-

mates, which resulted in increases for most years.

The historical emission estimates have increased an

average of 0.7 MMTCE (1.5 percent) in annual CH4

emissions for 1990 through 1997.

● In the Natural Gas Flaring and Criteria Pollutant

Emissions in the Oil and Gas Activities section of

the Energy chapter, changes in emission estimates

for natural gas flaring are due to revisions in data

from the EIA (1999e).  These revisions caused an

average increase of 0.2 MMTCE (5.8 percent) in

CO2 annual emissions for 1990 through 1997.  The

EPA (1999b) has also revised estimates for criteria

pollutants from oil and gas activities for 1996 and

1997.  These revisions resulted in average increases

of 3.5 percent in annual NOx emissions, and 3.9

percent in CO annual emissions from 1990 through

1997, and 1.0 percent in annual NMVOCs emissions

from1990 through 1997.

● In the International Bunker Fuels section of the

Energy chapter, a small error in the 1990-1997 In-

ventory is corrected in this volume.  Emissions from

combustion of distillate fuel in marine bunkers were

misreported by two years in that edition, presenting

1988 estimates for 1990, 1989 estimates for 1991,

and so forth.  In addition, the activity data for for-

eign airlines at U.S. airports in 1997 have been ad-

justed slightly (BEA 1999). The combined data and

methodological changes resulted in an average de-

creases of 2.0 MMTCE (7.4 percent) in annual CO2

emissions, less than 0.1 MMTCE (10.9 percent) in

annual CH4 emissions and less than 0.1 MMTCE

(8.3 percent) in annual N2O emissions from interna-

tional bunker fuels for 1990 through 1997.

● In the Limestone and Dolomite Use section of the

Industrial Processes chapter, the 1997 value for lime-

stone and dolomite consumption was revised by the

United States Geological Survey (USGS 1999).  This

data change resulted in an increase of 0.2 MMTCE,

or 9.3 percent, of CO2 emissions from limestone and

dolomite use in 1997.

● In the Carbon Dioxide Consumption section of the

Industrial Processes chapter, the 1997 value was re-

vised.  The reference (Freedonia 1999) does not pro-

vide data for 1997, so it has been extrapolated using

annual growth rates from confirmed 1993 through

1996 values.  Previously, the growth in CO2 produc-

tion was also applied to calculate CO2 used in EOR

applications.  However, this year’s data shows that

Freedonia holds EOR constant for 1996-1998.  This

revision in data resulted in an average increase of

less than 0.1 MMTCE, or 5.3 percent, of CO2 emis-

sions from CO2 consumption for 1997.

● In the Petrochemical Production section of the In-

dustrial Processes chapter, the differences between

the 1990-1997 Inventory and this volume reflect

updated production data for ethylene, ethylene

dichloride, and methanol from the Chemical Manu-

facturers Association (CMA 1999).  These updates

caused an average increase of less than 0.1 MMTCE

(1.5 percent) in annual CH4 emissions from petro-

chemical production for 1994 through 1997.

● In the Substitution of Ozone Depleting Substances

section of the Industrial Processes chapter, a review

of the current chemical substitution trends with in-

put from industry representatives resulted in updated

assumptions for the Vintaging Model, particularly

in the stationary refrigeration and foams sectors.

These updates resulted in an average decrease of 2.0

MMTCE (22.7 percent) in aggregate HFC, PFC, and

SF6 emissions from substitution of ozone depleting

substances for 1994 through 1997.

● In the Enteric Fermentation section of the Agricul-

ture chapter, the emission estimates for the 1990-
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1998 Inventory have been recalculated using up-

dated animal population data.  Specifically, animal

population data for 1994 through 1997 were up-

dated to reflect the recent publication of final live-

stock population estimates by USDA (1999a-h, n).

Also, horse population data for 1990 through 1998

were updated to reflect revised data from the Food

and Agriculture Organization (FAO 1999).  The dairy

cow emission factors were also updated to reflect

revised milk production data.  These data modifica-

tions caused an average increase of less than 0.1

MMTCE (less than 0.1 percent) in annual CH4 emis-

sions from enteric fermentation for 1990 through

1997.
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The emission factor used to calculate emissions

from the combustion of residual fuel at electric utilities

was updated to 21.29 MMTCE/QBtu, based on new data

that EIA received from electric utilities (EIA 1999b).

The emission factor for residual fuel for all other sectors

remains at 21.49 MMTCE/QBtu.

Additionally, non-bunker jet fuel emissions from

military vehicles for 1990-1998, which are accounted

for under the transportation end-use sector, have been

estimated for the first time in this inventory.  Data on jet

fuel expenditures by the U.S. military was supplied by

the Office of the Under Secretary of Defense (Environ-

mental Security), U.S. Department of Defense (DoD).  Data

on fuel delivered to the military within the U.S. was pro-

vided from unpublished data by the Defense Energy

Support Center, under DoD’s Defense Logistics Agency.

The quantity of fuel used was estimated using these data

sources.  Jet fuel densities for each fuel type were ob-

tained from the Air Force (1998). The combined data

and methodological changes resulted in an average de-

crease of 4.3 MMTCE (0.3 percent) of CO2 annual emis-

sions from fossil fuel combustion for 1990 through 1997.
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EPA has restated the emissions of methane from

petroleum systems for 1998 and previous years, result-

ing in a substantial, 5.4 MMTCE, almost four-fold in-

crease in the estimate in CH4 from 1990 through 1997.

The new, higher estimate of methane emissions from pe-

troleum systems is based on work sponsored by EPA and

presented in Estimates of Methane Emissions from the

U.S. Oil Industry (EPA 1999a).  Where the previous esti-

mates of methane emissions from the petroleum industry

used emission and activity factors based on top-down,

broad categories of activities, the revised approach is

based on a more detailed, bottom-up analysis of 70 dif-

ferent crude oil handling and processing activities from

the wellhead to refining.

The overall approach to these new petroleum sec-

tor estimates is now consistent with the detailed, bot-

tom-up analysis that has been used for several years to

estimate methane emissions from the natural gas indus-

try.  As with natural gas, the new approach to estimating

methane emissions from petroleum systems is based on

a detailed characterization of the petroleum sector, which

describe the emissions producing sources within the

sector.  Under this approach, EPA has developed emis-

sions factors for each emission producing activity that

describes the rate of annual emissions per activity.  The

emissions factors derive largely from Radian Interna-

tional LLC (Radian 1996e).  Other sources of emissions

factors include data from various reports and documents

of the American Petroleum Institute, EPA, Minerals Man-

agement Service (MMS) reports, Gas Research Institute

(GRI), Canadian Association of Petroleum Producers

(CAPP), and various industry peer review panels. Activ-

ity factors are used to generalize the emissions to the

entire industry and are multiplied by the emission fac-

tors to generate the total emissions estimates.  The ma-

jor sources of activity factors include various reports

from the Energy Information Administration (EIA), API,

Radian, EPA, MMS, the Oil &Gas Journal, and peer

review panels.
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International bunker fuel emissions resulting from

military aviation and marine activities for 1990-1998

have been estimated for the first time in this inventory.

Data on jet fuel expenditures by the U.S. military was

supplied by the Office of the Under Secretary of Defense

(Environmental Security), U.S. Department of Defense

(DoD).  Estimates of the percentage of each services’

total operations that are international operations were

developed by DoD.  Military aviation bunkers include

international operations, operations conducted from na-

val vessels at sea, and operations conducted from U.S.

installations principally over international water in di-

rect support of military operations at sea.  Data on fuel

delivered to the military within the U.S. was provided

from unpublished data by the Defense Energy Support

Center, under DoD’s Defense Logistics Agency.  Together,

the data allow the quantity of fuel used in military inter-

national operations to be estimated. Jet fuel densities for

each fuel type were obtained (Air Force 1998). The com-

bined data and methodological changes resulted in an

average decreases of 2.0 MMTCE (7.4 percent) in an-

nual CO2 emissions, less than 0.1 MMTCE (10.9 per-

cent) in annual CH4 emissions and less than 0.1 MMTCE

(8.3 percent) in annual N2O emissions from international

bunker fuels for 1990 through 1997.
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During clinker production some of the clinker pre-

cursor materials remain in the kiln as non-calcinated,

partially calcinated, or fully calcinated cement kiln dust.

The emissions attributable to the calcinated portion of

the cement kiln dust are not accounted for by the clinker

emission factor.  These additional CO2 emissions were

estimated as 2 percent of the CO2 emissions calculated

from clinker production.  The previous inventory did

not include cement kiln dust emissions estimates. These

additional emissions from cement kiln dust were com-

bined with the emissions from clinker production to cal-

culate total cement production emissions.  This method-

ological change resulted in an average increase of 0.2

MMTCE (2.0 percent) in annual CO2 emissions from

cement manufacture for 1990 through 1997.
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During the calcination stage of lime manufacture,

CO2 is driven off as a gas and normally exits the system

with the stack gas.  Carbon dioxide emissions were esti-

mated by applying a CO2 emission factor to the total

amount of lime produced.  The emission factor used in

this analysis is the product of the mass of CO2 released

per unit of lime, and the average calcium plus magne-

sium oxide (CaO + MgO) content of lime.  In previous

inventories the average calcium plus magnesium oxide

content of lime was not factored into the emissions fac-

tor.  The inclusion of the CaO or CaO + MgO content of

lime in the current inventory, was recommended by the

National Lime Association (Males 1999).  Lime industry

experts believe that approximately 93 percent is a repre-

sentative value for lime’s average calcium plus magne-

sium oxide content (ASTM 1996; Schwarzkopf 1995).

The remainder is composed of silica, aluminum, and iron

oxides (3.83 percent) and CaCO3 (3.41 percent).  These

other compounds are present because limestone feed is

not 100 percent pure, nor is the conversion process 100

percent efficient (Males 1999).  This yields an emission

factor of 0.73 tons of CO2 per ton of lime produced.  In

the previous Inventory, CaO was considered to be 100

percent of limestone, thus yielding an emission factor of

0.785 tons of CO2 per ton of lime produced.  This meth-

odological change resulted in an average decrease of

0.2 MMTCE (6.8 percent) in annual CO2 emissions from

lime manufacture for 1990 through 1997.
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The equation used to estimate N2O emissions from

adipic acid production was changed from the previous

Inventory to include both a destruction factor and an

abatement system utilization factor.  The N2O destruc-

tion factor represents the amount of N2O expressed as a

percentage of N2O emissions that are destroyed by the

currently installed abatement technology.  The abate-

ment system utilization factor represents the percent of

time that the abatement equipment operates.  This meth-

odological change resulted in an average increase of 0.3

MMTCE (7.5 percent) in annual N2O emissions from
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adipic acid production for 1990 through 1997.

4���������������������

An estimated 20 percent of nitric acid plants in the

United States are equipped with Non-Selective Catalytic

Reduction (NSCR) technology (Choe, et al. 1993).  In

the process of destroying NOx, NSCR systems also de-

stroy 80 to 90 percent of the N2O.  Hence, the emission

factor is equal to (9.5 × 0.80) + (2 × 0.20) = 8 kg N2O per

metric ton HNO3.  In previous Inventories the emission

factor was calculated without weighting the percent of

plants using NSCR and Selective Catalytic reduction

(SCR) technologies, thus the previous emission factor

was 5.5 kg N2O per metric ton HNO3.  This methodologi-

cal change resulted in an average increase of 1.7 MMTCE

(46.2 percent) in annual N2O emissions from nitric acid

production for 1990 through 1997.
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PFC emissions from aluminum production were

estimated by multiplying an emission factor by the an-

nual production.  In the previous Inventory, PFC emis-

sions were estimated using a single per unit emission

factor for 1990, and emissions for 1991 through 1996

were estimated with emission factors that incorporated

data on reductions in anode effects provided by alumi-

num companies through the Voluntary Aluminum Indus-

try Partnership (VAIP).  The current inventory combines

data on smelter operating parameters (anode effect fre-

quency and anode effect duration) with slope coefficients

that relate the operating parameters to emissions of CF4

and C2F6. The operating parameter data has been reported

by smelters and the slope coefficients are based upon

measurements taken at the individual smelters.  In cases

where data reports or smelter specific coefficients are

unavailable, technology-specific defaults have been

used.  These revisions in methodology resulted in an

average increase of 0.3 MMTCE (8.3 percent) in annual

PFC emissions from aluminum production for 1990

through 1997.
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HFC, PFC, and SF6 emissions from semiconductor

manufacture were estimated using silicon chip manufac-

turing characteristics and data provided through the

Emission Reduction Partnership for the Semiconductor

Industry.  For previous Inventories, emissions were esti-

mated based on gas sales data from 1994, emission fac-

tors for the most commonly used gases, and projections

regarding the growth of semiconductor sales and the ef-

fectiveness of emission reduction efforts.  For the 1998

Inventory, emissions have been recalculated using an

improved estimation method that uses two sets of data.

For 1990 through 1994, emissions were estimated based

on the historical consumption of silicon (square centi-

meters), the estimated average number of interconnect-

ing layers in the chips produced, and an estimated per-

layer emission factor.  The average number of layers per

chip was based on industry estimates of silicon consump-

tion by line-width and of the number of layers per line-

width.  The per-layer emission factor was based on the

total annual emissions reported by the participants in

the EPA’s Emission Reduction Partnership for the Semi-

conductor Industry.  For the three years for which gas

sales data were available (1992 through 1994), the esti-

mates derived using the new method are within 10 per-

cent of the estimates derived using gas sales data and

average values for emission factors and GWP values.

For 1995 through 1998, emissions were estimated

based on the total annual emissions reported by the par-

ticipants in the EPA’s Emission Reduction Partnership

for the Semiconductor Industry.  Partners estimate their

emissions using a range of methods; the partners with

relatively high emissions typically multiply estimates

of their PFC consumption by process-specific emission

factors that they have either measured or obtained from

suppliers manufacturing equipment and based tools.  To

estimate total U.S. emissions from semiconductor manu-

facturing based on reported partner emissions, a per-plant

emissions factor was estimated for the partners.  This

per-plant emission factor was then applied to plants op-

erated by semiconductor manufacturers who were not

partners, considering the varying characteristics of the

plants operated by partners and non-partners (e.g., typi-
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cal plant size and type of device produced).  The result-

ing estimate of non-partner emissions was added to the

emissions reported by the partners to obtain total U.S.

emissions.  These revisions in methodology resulted in

an average increase of 0.4 MMTCE (72.4 percent) in

annual HFC, PFC, and SF6 emissions from semiconduc-

tor manufacture for 1990 through 1997.

8������8����
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The methodology for estimating N2O emissions

from manure management no longer assumes that 20

percent of the manure nitrogen volatilizes before N2O

production and therefore is not available for N2O pro-

duction. This assumption was used in previous Invento-

ries to correct for what appeared to be an inconsistency

with the Agricultural Soil Management emission esti-

mate methodologies, which account for indirect N2O

emissions from nitrogen volatilized from managed ma-

nure systems, as well as from nitrogen in applied animal

manure. However, as a result of efforts carried out by the

IPCC in their work on inventory “good practice,” the

determination was made that there is not an inconsis-

tency.  Through this process, it became clear that the

total amount of manure nitrogen in managed systems is

available for both N2O production (accounted for in

the Manure Management calculations) and nitrogen

volatilization (accounted for in the Agricultural Soil

Management calculations).  Therefore, this step has been

removed so that the methodology corresponds with the

guidance described in IPCC/UNEP/OECD/IEA (1997).

This results in a larger amount of nitrogen available for

N2O production.

Additionally, all animal population data, except

horses, for 1994 through 1997 were updated to reflect

the recent publication of final livestock population es-

timates for 1994 through 1997 from USDA (USDA

1999a-f, i-o).  Horse population data for 1990 through

1998 were updated to reflect updated data from the Food

and Agriculture Organization (FAO 1999).  These meth-

odological and data changes together cause an average

increase of 1.9 MMTCE (11.2 percent) in annual CH4

emissions and 0.8 MMTCE (28.3 percent) in annual

N2O emissions from manure management for 1990

through 1997.

�������	��@�����

The climatic conditions of Arkansas (in 1998),

southwest Louisiana, Texas, and Florida allow for a sec-

ond, or ratoon, rice crop to be grown each year.  This

second rice crop is produced from re-growth on the

stubble after the first crop has been harvested.  For the

1990-1998 U.S. Inventory, the approach used to esti-

mate emissions from rice cultivation was modified to

account for emissions from ratooned and primary areas

separately.  In this Inventory, data was collected on the

flooding season length, area cultivated, and emissions

rate range for both the primary and ratoon crops.  In

previous Inventories, emissions from the primary and

ratoon seasons were not estimated separately.  Instead,

flooding season lengths and a daily emission factor

range that are representative of the primary crop were

used to estimate emissions from both the primary and

ratooned areas.  This approach was assumed to result in

a reasonable first approximation for the ratooned areas

because the higher daily average emissions from ra-

tooned areas are at least somewhat canceled out by a

shorter ratoon flooding season (compared to the pri-

mary crop).  For the current Inventory, information on

ratoon flooding season lengths was collected from agri-

cultural extension agents in the states that practice ra-

tooning, and emission factors for both the primary sea-

son and the ratoon season were derived from published

results of field experiments in the United States.  This

change caused an average decrease of 0.2 MMTCE (6.3

percent) in annual CH4 emissions from rice cultivation

for 1990 through 1997.
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The current Inventory includes two new sources of

nitrogen that were not accounted for in previous inven-

tories:  land application of sewage sludge and produc-

tion of non-alfalfa forage legumes.  The current Inven-

tory also includes several data and methodological

changes relative to the previous Inventory.  Three changes

to the data have been made.  First, an error was found in

a conversion factor used to calculate organic fertilizer

nitrogen consumption; correcting this factor has resulted
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in higher organic fertilizer consumption statistics and

lower synthetic fertilizer consumption statistics.  Sec-

ond, crop production statistics for some crops have

changed due to the use of updated statistics from the

U.S. Department of Agriculture (USDA 1994a, 1998).

Third, a more recent data source has been used to esti-

mate the annual areas under histosol cultivation, result-

ing in higher area estimates for the entire time series

(USDA 1994b).

Two methodological changes have also been

made.  First, the emission factor for histosol cultivation

has been revised upward as a result of new guidance

proposed by the IPCC in their work on inventory “good

practice.” Second, in the indirect calculations for leach-

ing and runoff, the total amount of applied nitrogen has

been assumed to be subject to leaching and runoff, rather

than just the unvolatilized portion.  This change was

also a result of work carried out under the “good prac-

tice” inventory effort.  Through this process, it became

clear that the methodology assumes all of the volatil-

ized nitrogen redeposits.  Therefore, in order to simplify

the methodology, rather than including a volatilization

and subsequent redeposition step, the leaching and run-

off fraction is just applied to all the applied nitrogen in

a single calculation.  This change to the leaching and

runoff calculation has resulted in an increase in the emis-

sion estimates for this process. All the changes taken

together (i.e., the inclusion of the two additional sources

of applied nitrogen, combined with the data changes

and the methodological changes) resulted in an average

increase in the annual emissions from agricultural soil

management of 10.2 MMTCE (14.7 percent) relative to

the estimates in the previous Inventory.

�����	�������������A�����

This inventory includes three methodological

changes as compared to previous Inventories.  Previous

calculations on rice production in Florida were based on

the assumption that the Sem-Chi Rice Co. accounted for

all of Florida’s rice production. However, this Inventory

uses revised production data to include acreage from

additional producers.  Average production per acre for

Florida for all years was assumed to be the same as 1998

productivity of Sem-Chi Rice.  Total production in

Florida for 1990 through 1998 was estimated using this

average productivity and the revised annual acreage.

The methodology for estimating the percentage of

rice crop residue burned from rice was also revised.  In

the previous Inventory, the percentage of rice burned

was assumed to be 3 percent in all states except Califor-

nia.  To obtain a more accurate estimate for this Inven-

tory, estimates of the percentage of rice area burned per

year for 1990 through 1998 in each of the seven rice

burning states were obtained from agricultural exten-

sion agents.  A weighted (by area) national average per-

cent area burned was calculated for each year.

Additionally, production numbers for corn were

changed to include only corn from grain.  Corn for si-

lage was included in the previous Inventory, but is now

excluded because there is no resulting residue. Histori-

cal crop production data, which previously had been

taken from annual USDA summary reports, was revised

using two USDA reports of final crop estimates (USDA

1994a, 1998).  These methodological changes cause an

average decrease of less than 0.1 MMTCE (17.1 percent)

in annual CH4 emissions and less than 0.1 MMTCE (12.9

percent) in annual N2O emissions from agriculture resi-

due burning for 1990 through 1997.
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The methodology used to estimate recovered land-

fill gas was altered from the previous Inventory.  Previ-

ous landfill gas recovery estimates (1990-1997) were

based on 1990 and 1992 data obtained from Govern-

mental Advisory Associates (GAA 1994).  The 1998 In-

ventory reflects estimates of landfill gas recovered per

year based on site-specific data collected from vendors

of flaring equipment, and a database on landfill gas-to-

energy (LFGTE) projects compiled by the EPA’s Land-

fill Methane Outreach Program (LMOP).  Based on the

information provided by vendors, the EPA estimated to-

tal methane recovered due to the use of 235 flares for

1990 through 1998.  This estimate likely underestimates

emissions because the EPA believes that more than 700

flares are in use at landfills in the United States.  The
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EPA is currently working with the Solid Waste Associa-

tion of North America (SWANA) to better characterize

the emissions reduced by flaring and expects to present

a revised estimate in the next Inventory.  Additionally,

the LMOP database provided data on landfill gas flow

and energy generation for 237 out of approximately 260

operational LFGTE projects.  From this data, the EPA

was able to estimate the methane emissions avoided due

to LFGTE projects.

The EPA assumes that emissions from industrial

landfills are equal to seven percent of the total methane

emissions from municipal landfills.  The amount of meth-

ane oxidized is assumed to be ten percent of the meth-

ane generated (Liptay et al. 1998).  To calculate net meth-

ane emissions, methane recovered and oxidized is sub-

tracted from methane generated at municipal and indus-

trial landfills.  The 1990 through 1997 emission esti-

mates were updated for this Inventory according to the

revised recovery estimates.  This change resulted in an

average decrease in the annual estimates of total CH4

emissions from landfills of 1.6 MMTCE (2.3 percent)

relative to the estimates in the previous Inventory.
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The assumptions used to estimate N2O emissions

from human sewage changed slightly from those used

for the previous Inventory.  The total estimate of nitro-

gen in human sewage was decreased by the amount of

nitrogen added to soils via sewage sludge applications

which are accounted for under the Agricultural Soil Man-

agement source category.

Annually variable population and per capita pro-

tein consumption factors were obtained from the U.S.

Census Bureau and the United Nations Food and Agri-

culture Organization (FAO), respectively.  Protein con-

sumption estimates are updated by the FAO annually.

However, data for protein intake was unavailable for 1998

and therefore, the value of per capita protein consump-

tion for the previous year was used.  In addition, the

protein intake estimate for 1997 was unavailable for the

1997 Inventory.  Thus, this Inventory reflects an updated

1997 protein intake estimate published in 1998.  These

methodological changes for the 1990 through 1997 es-

timates resulted in an average annual decrease in N2O

emissions from Human Sewage of 0.2 MMTCE (6.8 per-

cent) relative to the estimates in the previous Inventory.

1�����������
Two source categories have been added in the cur-

rent Inventory.  First, CO2 emissions from the combus-

tion of plastics in municipal solid waste are now reported

in the Waste Combustion section.  Previously, only N2O

emissions had been estimated.  The second, an addition

in Land-Use Change and Forestry, addresses the storage

of carbon resulting from the disposal of yard trimmings

in landfills.  Yard trimmings, a sizeable portion of mu-

nicipal solid waste, are a significant carbon sink when

landfilled.

The IPCC Reporting Tables, presented in Annex N

of the 1990-1997 Inventory, have been removed from

this Inventory.  A new, more detailed, common reporting

format has been developed by the UNFCCC as a substi-

tute for those tables.  The United States intends to sub-

mit information to the UNFCCC Secretariat using this

common reporting format in a separate report.
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�nergy-related activities were the primary sources of U.S. anthropogenic greenhouse gas emissions, accounting

for 85 percent of total emissions on a carbon equivalent basis in 1998. This included 99, 34, and 18 percent of

the nation’s carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) emissions, respectively. Energy-related CO2

emissions alone constituted 80 percent of national emissions from all sources on a carbon equivalent basis, while the non-

CO2 emissions from energy represented a much smaller portion of total national emissions (4 percent collectively).

Emissions from fossil fuel combustion comprise the vast majority of energy-related emissions, with CO2 being the

primary gas emitted (see Figure 2-1). Due to the relative importance of fossil fuel combustion-related CO2 emissions, they

are considered separately from other emissions. Fossil fuel combustion also emits CH4 and N2O, as well as criteria pollut-

ants such as nitrogen oxides (NOx), carbon monoxide (CO), and non-methane volatile organic compounds (NMVOCs).

Mobile fossil fuel combustion was the second largest source of N2O emissions in the United States, and overall energy-

related activities were collectively the largest source of crite-

ria pollutant emissions.

Energy-related activities other than fuel combustion,

such as the production, transmission, storage, and distribu-

tion of fossil fuels, also emit greenhouse gases. These emis-

sions consist primarily of CH4 from natural gas systems, pe-

troleum systems, and coal mining. Smaller quantities of CO2,

CO, NMVOCs, and NOx are also emitted.

The combustion of biomass and biomass-based fuels

also emits greenhouse gases. Carbon dioxide emissions from

these activities, however, are not included in national emis-

sions totals in the Energy chapter because biomass fuels are

of biogenic origin. It is assumed that the carbon released

when biomass is consumed is recycled as U.S. forests and

crops regenerate, causing no net addition of CO2 to the at-

mosphere. The net impacts of land-use and forestry activities

on the carbon cycle are accounted for in the Land-use change and Forestry chapter. Emissions of other greenhouse gases

from the combustion of biomass and biomass based fuels are included in national totals under stationary and mobile

combustion.

Overall, emissions from energy-related activities have increased from 1990 to 1998 due, in part, to the strong

performance of the U.S. economy. Over this period, the U.S. Gross Domestic Product (GDP) grew approximately 23

1,468
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percent, or at an average annual rate of 3.1 percent. This

robust economic activity increased the demand for fossil

fuels, with an associated increase in greenhouse gas emis-

sions. Table 2-1 summarizes emissions for the Energy

chapter in units of million metric tons of carbon equiva-

lents (MMTCE), while unweighted gas emissions in

Teragrams (Tg) are provided in Table 2-2. Overall, emis-

sions due to energy-related activities were 1,554.8

MMTCE in 1998, an increase of 10 percent since 1990.
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Carbon dioxide emissions from fossil fuel com-

bustion grew by 0.5 percent from 1997 to 1998. Excep-

tionally mild winter conditions in 1998 moderated

growth in CO2 emissions from fossil fuel combustion

below what would have been expected given the strength

of the economy and continued low fuel prices. Overall,

CO2 emissions from fossil fuel combustion have in-

creased by 11.2 percent since 1990.

Eighty-five percent of the energy consumed in the

United States was produced through the combustion of

fossil fuels such as coal, natural gas, and petroleum (see

Figure 2-2 and Figure 2-3). Of the remaining portion, 8

percent was supplied by nuclear electric power and 7

percent by renewable energy (EIA 1999a).

As fossil fuels are combusted, the carbon stored in

the fuels is emitted as CO2 and smaller amounts of other

gases, including methane (CH4), carbon monoxide (CO),

and non-methane volatile organic compounds

(NMVOCs). These other gases are emitted as a by-prod-

uct of incomplete fuel combustion.1

The amount of carbon in fuels varies significantly

by fuel type. For example, coal contains the highest

amount of carbon per unit of useful energy. Petroleum

has roughly 75 percent of the carbon per unit of energy

as coal, and natural gas has only about 55 percent.2  Pe-

troleum supplied the largest share of U.S. energy de-

mands, accounting for an average of 39 percent of total

1 See the sections entitled Stationary Combustion and Mobile Combustion for information on non-CO2 gas emissions from fossil fuel
combustion.
2 Based on national aggregate carbon content of all coal, natural gas, and petroleum fuels combusted in the United States.

energy consumption over the period of 1990 through

1998. Natural gas and coal followed in order of impor-

tance, accounting for an average of 24 and 22 percent of

total consumption, respectively. Most petroleum was

consumed in the transportation end-use sector, while the

vast majority of coal was used by electric utilities, with

natural gas consumed largely in the industrial and resi-

dential end-use sectors (see Figure 2-4) (EIA 1999a).

Emissions of CO2 from fossil fuel combustion in-

creased at an average annual rate of 1.3 percent from
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38.8% Petroleum

23.2% Natural Gas

22.9% Coal

7.6% Nuclear

7.5% Renewable

Source: DOE/EIA-0384(99), Annual Energy Review 1998,
Table 1.3, July 1999
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1990 to 1998. The major factor behind this trend was a

robust domestic economy, combined with relatively low

energy prices (see Figure 2-5). For example, petroleum

prices reached historic lows in 1998, with prices in many

cases less than those seen in the 1970s before the oil

crisis. After 1990, when CO2 emissions from fossil fuel

combustion were 1,320.1 MMTCE (4,840.5 Tg), there

was a slight decline of emissions in 1991 due to a na-

tional economic downturn, followed by an increase to

1,468.2 MMTCE (5,383.5 Tg) in 1998 (see Figure 2-5,

Table 2-3, and Table 2-4).

Since 1990, overall fossil fuel consumption in-

creased significantly. Higher coal consumption during

the period accounted for about 36 percent of the change

in total CO2 emissions from fossil fuel combustion, pe-

troleum accounted for 42 percent, and natural gas for 21

percent.

In regard to annual changes from 1997 to 1998,

absolute emissions from petroleum and coal increased by

11.5 and 5.1 MMTCE, respectively. Increased demand

for transportation fuels and by electric utilities were the

primary causes of the growth in emissions from petroleum

combustion, while record electricity demand drove most

of the increase in emissions from coal combustion. Emis-

sions from natural gas combustion, however, decreased
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by 9.1 MMTCE (2.9 percent), again due in large part to

the mild winter conditions and lower heating demands.

An analysis was performed by the EIA (1999c) to

examine the effects of weather conditions on U.S. fuel

consumption patterns. The analysis—using the EIA’s

Short-Term Forecasting System—found that if normal

weather conditions had existed in 1998, overall CO2

emissions from fossil fuel combustion would have in-

creased by about 1.2 percent above weather-adjusted

emissions in 1997, instead of the actual 0.5 percent in-

crease.3  See also Box 2-1 and Table 2-11 for additional

discussion on overall emission trends and Figure 2-9 for

data on heating degree days.4

3 The 1.2 percent growth rate in EIA’s weather adjusted model is actually the average annual growth rate between 1990 and 1998. The
EIA goes on to state that given the high rate of economic growth in 1998, the increase in weather adjusted emissions between 1997 and
1998 would likely have been even greater.
4 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F, while cooling degree days are deviations of the mean daily temperature above 65° F. Excludes Alaska and Hawaii. Normals
are based on data from 1961 through 1990.
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For the purpose of international reporting the IPCC

(IPCC/UNEP/OECD/IEA 1997) requires that particular

adjustments be made to national fuel consumption sta-

tistics. Certain fossil fuel-based products are used for

manufacturing plastics, asphalt, or lubricants. A portion

of the carbon consumed for these non-energy products

can be sequestered for long periods of time. To account

for the fact that the carbon in these fuels ends up in

products instead of being combusted (i.e., oxidized and

released into the atmosphere), the fraction of fossil fuel-

based carbon in manufactured products is subtracted from

emission estimates. The IPCC (1997) also requires that

CO2 emissions from the consumption of fossil fuels for

aviation and marine international transport activities

(i.e., international bunker fuels) be reported separately,

and not included in national emission totals. Both esti-

mates of carbon in products and international bunker

fuel emissions for the United States are provided in Table

2-5 and Table 2-6.

&�'(
���1#������(���
(���	'������2	�!�������!��0��� ���������	� ����
	�������(�.��"
	���
(��� '�������)**&��+

���
-��.��
	��� ��� ���� ���� ���� ���� ���� ���� ���� ����

(���"��(�
������� �" �)��$�	�� ���� ��� ��� ���� ���� ���� ��� ���� ����
$"������� ���� ���� ���� ���� ���� ���� ���� ���� ����
2���4�� ����� ��� ��� ��� ��� ��� ��� ��� ��� ���
2���������� ��� ��� ��� ��� ��� ��� ��� ��� ���

/ �
� ��"� ���0� 1
��(�
��+ ���� ���� �� ���� ���� ���� ���� ���� ����
93�����# ���� ���� ���� ���� ���� ���� ���� ���� ����
.����# ���� ���� ���� ���� ���� ���� ���� ���� ����

#�,��� $���������� ��%��� ������ 5��� �""������� "������
����6�2������
�-������
�"��� ��� �"�4�"��� ���"���

&�'(
���3#������(���
(���	'������2	�!�������!��0��� ���������	� ����
	�������(�.��"
	���
(��� '�������)&���0�+

���
-��.��
	��� ��� ���� ���� ���� ���� ���� ���� ���� ����

(���"��(�
������� �" �)��$�	�� ����� ����� ����� ����� ����� ���� ����� ��� �����
$"������� ����� ����� ����� ����� ����� ����� ����� ����� �����
2���4�� ����� ��� ��� ��� ��� ��� ��� ��� ��� ���
2���������� ��� ��� ��� ��� ��� ��� ��� ��� ���

/ �
� ��"� ���0� 1
��(�
��+ ���� ��� ��� ���� ��� ��� ���� ���� �����
93�����# ���� ���� ���� ���� ���� ���� ���� ���� ����
.����# ���� ���� ���� ���� ���� ���� ���� ���� ����

#�,��� $���������� ��%��� ������ 5��� �""������� "������
����6�2������
�-������
�"��� ��� �"�4�"��� ���"���

% $23�
��
	������ ��&4�"� 
When analyzing CO2 emissions from fossil fuel

combustion, four end-use sectors were defined: indus-

trial, transportation, residential, and commercial. Elec-

tric utilities also emit CO2; however, these emissions

occur as they combust fossil fuels to provide electricity

to one of the four end-use sectors. For the discussion

below, electric utility emissions have been distributed

to each end-use sector based upon their share of national

electricity consumption. This method of distributing

emissions assumes that each sector consumes electricity

from an equally carbon-intensive electricity source. In

reality, sources of electricity vary widely in carbon in-

tensity. By giving equal carbon-intensity weight to each

sector’s electricity consumption, for example, emissions

attributed to the industrial end-use sector may be over-

estimated, while emissions attributed to the residential

end-use sector may be underestimated. After the end-use

sectors are discussed, emissions from electric utilities

are addressed separately. Emissions from U.S. territories
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are also calculated separately due to a lack of end-use-

specific consumption data. Table 2-7 and Figure 2-6 sum-

marize CO2 emissions from direct fossil fuel combustion

and pro-rated emissions from electricity consumption

by end-use sector.

The overall demand for energy in the United States

and other countries fluctuates in response to general eco-

nomic conditions, energy prices, and weather. For ex-

ample, a year with strong economic growth, low energy

prices, and severe summer and winter weather condi-

tions would be expected to have proportionally greater

emissions from fossil fuel combustion than a year with

poor economic performance, high energy prices, and mild

average temperatures. Except for 1991, economic growth

in the United States during the 1990s has fluctuated but

overall been robust, and energy prices have been low

and declining. Average U.S. temperatures, however have

fluctuated more significantly, with hotter summer tem-

peratures in 1998 stimulating electricity demand and

warmer winter temperatures reducing demand for heat-

ing fuels.

Longer-term changes in energy consumption pat-

terns are a function of variables that affect the scale of

consumption (e.g., population, number of cars, and size

of houses) and the efficiency with which energy is used

in equipment (e.g., cars, power plants, steel mills, and

light bulbs) and consumer behavior (e.g., bicycling or

tele-commuting to work instead of driving).

Carbon dioxide emissions, however, are also a func-

tion of the type fuel combusted and its carbon intensity.

Producing heat or electricity using natural gas or wind

energy instead of coal, for example, can reduce or even

eliminate the CO2 emissions associated with energy con-

sumption (see Box 2-1).
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The industrial end-use sector accounted for ap-

proximately one-third of CO2 emissions from fossil fuel

combustion. On average, nearly 63 percent of these emis-

sions resulted from the direct consumption of fossil fu-

els in order to meet industrial demand for steam and
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process heat. The remaining 37 percent resulted from

their consumption of electricity for uses such as motors,

electric furnaces, ovens, and lighting.

The industrial end-use sector includes activities

such as manufacturing, construction, mining, and agri-

culture. The largest of these activities in terms of energy

consumption is manufacturing, which was estimated in

1994 to have accounted for 80 percent of industrial en-

ergy consumption (EIA 1997). Therefore, in general

emissions from the industrial end-use are fairly corre-

lated with economic growth, however, certain activities

within the sector, such as heating of industrial buildings

and agriculture, are also affected by weather conditions.

According to current EIA sectoral definitions, the

industrial sector also includes emissions from nonutility

generators (e.g., independent power producers) who pro-

duce electricity for their own use, to sell to large con-

sumers, or to sell on the wholesale electricity market.

The number and quantity of electricity generated by

nonutilities has increased significantly as many states

have begun deregulating their electricity markets. In

future inventories, these nonutility generators will be

removed from the industrial sector and incorporated into

a single sector with electric utilities.

Although the largest share of emissions was attrib-

uted to the industrial end-use sector, from 1990 to 1998,

its emissions grew the least in percentage terms (6 per-

cent). From 1997 to 1998, emissions actually declined

slightly (1 percent), likely due in part to lower output by

some energy intensive industries—such as primary met-

als—and weather-related changes in agricultural activi-

ties.

The industry was also the largest user of fossil fu-

els for non-energy applications. Fossil fuels can be used

for producing products such as fertilizers, plastics, as-

phalt, or lubricants that can sequester or store carbon for

long periods of time. Asphalt used in road construction,

for example, stores carbon essentially indefinitely. Simi-

larly, fossil fuels used in the manufacture of materials

like plastics can also store carbon, if the material is not

burned. The amount of carbon contained in industrial

products made from fossil fuels rose 24 percent between

1990 and 1998, to 85.6 MMTCE (313.8 Tg CO2).
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Transportation was second to the industrial end-

use sector in terms of U.S. CO2 emissions from fossil fuel

combustion, accounting for slightly over 30 percent—

excluding international bunker fuels. Almost all of the

energy consumed in this end-use sector came from pe-

troleum-based products, with nearly two-thirds due to

gasoline consumption in automobiles and other high-

way vehicles. Other uses, including diesel fuel for the

trucking industry and jet fuel for aircraft, accounted for

the remainder.

Following the overall trend in U.S. energy con-

sumption, fossil fuel combustion for transportation grew

steadily after declining in 1991, resulting in an increase

in CO2 emissions of 33 percent from 1990 to 454.9

MMTCE (1,668.0 Tg) in 1998. This increase was prima-

rily the result of greater motor gasoline and jet fuel con-

sumption. It was slightly offset by decreases in the con-

sumption of residual fuel.

Overall, motor vehicle fuel efficiency stabilized

in the 1990s after increasing steadily since 1977 (EIA

1999a). This trend was due, in part, to a decline in gaso-

line prices and new motor vehicle sales being increas-

ingly dominated by less fuel-efficient light-duty trucks

and sport-utility vehicles (see Figure 2-7 and Figure 2-8).

Moreover, declining petroleum prices during the 1990s,

combined with a strong economy and a growing popula-

tion, were largely responsible for an overall increase in

vehicle miles traveled (EIA 1999a).

Cents per
Gallon

Cents per
VMT

60

80

100

120

140

160

180

1972 1975 1978 1981 1984 1987 1990 1993 1996

In
d

e
x

(1
9

7
2

=
1

0
0

)

Source for gasoline prices: DOE/EIA-0384(97), Annual Energy
Review 1997, July, 1998, Table 5.22
Source for motor vehicle fuel efficiency: DOT/FHWA, Highway
Statistics Summary to 1995, Highway Statistic 1996, 1997, 1998.

*���	�����(��
�6
���(�2	��
��)6
�(+

����	
� ��4



������������

Table 2-8 provides a detailed breakdown of CO2

emissions by fuel category and vehicle type for the

transportation end-use sector. Fifty-eight percent of

the emissions from this end-use sector were the result

of the combustion of motor gasoline in passenger cars

and light-duty trucks. Diesel highway vehicles and

jet aircraft were also significant contributors, each ac-

counting for 14 percent of CO2 emissions from the

transportation end-use sector.
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From 1990 to 1998, the residential and commer-

cial end-use sectors, on average, accounted for 20 and 16

percent, respectively, of CO2 emissions from fossil fuel

combustion. Both end-use sectors were heavily reliant

on electricity for meeting energy needs, with about two-

thirds of their emissions attributable to electricity con-

sumption for lighting, air conditioning, and operating

appliances. The remaining emissions were largely due to

the direct consumption of natural gas and petroleum prod-

ucts, primarily for heating and cooking needs. Coal con-

sumption was a minor component of energy use in both

the residential and commercial end-use sectors.

Unlike in other major end-use sectors, emissions

from residences and commercial buildings did not de-

cline during the economic downturn in 1991, but in-

stead decreased in 1994, then grew steadily through

1998. This difference in overall trends compared to other

end-use sectors is because energy consumption in resi-

dences and commercial buildings is affected proportion-

ately more by the weather than by prevailing economic

conditions. Both end-use sectors are also affected by

population and regional migration trends.

In 1998, winter conditions in the United States

were extremely warm, with heating degree days 12 per-

cent below normal (see Figure 2-9). Due primarily to

these warm winter conditions, emissions from natural

gas consumption in residences and commercial estab-

lishments declined by an impressive 10 and 6 percent,

respectively.

In 1998, electricity consumption in the residential

and commercial end-use sectors increased by 4.5 and

1.7 percent, respectively. These increases were partly the

result of air conditioning related demand and the hotter

than normal summer in 1998, with cooling degree days

12 percent above normal (see Figure 2-10). U.S. tem-

peratures during June, July, and August of 1998 were on

average 10 percent higher than normal levels.6  In the

month of June, alone, residential customers increased

their consumption of electricity by 17 percent above

that for the same period the previous year (EIA 1999b).

%�
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The United States relied on electricity to meet a

significant portion of its energy requirements. Electric-

5 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F. Excludes Alaska and Hawaii. Normals are based on data from 1961 through 1990.
6 Measured in terms of cooling degree days. Normals defined by the average between 1961 and 1990.
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ity was consumed primarily in the residential, commer-

cial, and industrial end-use sectors for uses such as light-

ing, heating, electric motors, appliances, electronics, and

air conditioning (see Figure 2-11).

In 1998, retail sales by electric utilities increased

in all end-use sectors due largely to robust economic

growth and the year’s summer weather conditions. The

summer of 1998 for the United States was exceptionally

warm, with cooling degree days 14 percent above nor-

mal (see Figure 2-10).7  As a result, in part, of increased

demand for electricity, especially for air conditioning,

emissions from electric utilities rose by 3.2 percent from

1997 to 1998.

To generate the majority of this electricity, utili-

ties combusted fossil fuels, especially coal. In 1998, elec-

tric utilities were the largest producers of CO2 emissions

from fossil fuel combustion, accounting for 37 percent.

Electric utilities were responsible for such a large share

of emissions partly because they rely on more carbon

intensive coal for a majority of their primary energy.

Some of the electricity consumed in the United States

was generated using low or zero CO2 emitting technolo-

gies such as hydroelectric or nuclear energy. In 1998,

however, coal, natural gas, and petroleum were used to

produce the majority—52, 15, and 4 percent, respec-

tively—of the electricity generated by utilities in the

United States (EIA 1999b).

Electric utilities were the dominant consumer of

coal in the United States, accounting for 88 percent in

1998. Consequently, changes in electricity demand have

a significant impact on coal consumption and associ-

ated CO2 emissions. In fact, electric utilities consumed

record amounts of coal (18,717 TBtu) in 1998. Overall,

emissions from coal burned at electric utilities increased

by 17 percent from 1990 to 1998. This increase in coal-

related emissions from was alone responsible for 46 per-

cent of the overall rise in CO2 emissions from fossil fuel

combustion.

In addition to this rise in consumption of coal,

consumption of both natural gas and petroleum also rose

in 1998 by 10 and 42 percent, respectively (EIA 1999f).

This dramatic change in petroleum consumption was

due mainly to a drop in petroleum prices (26 percent or

the lowest price in 20 years) and the increased electric-

ity demand which required the use of idle or

underutilized petroleum units (EIA 1999b).

Demand for fossil fuels by electric utilities is also

affected by the supply of electricity from other energy

sources. In 1998, there was a significant decline in hy-

droelectric generation (8.5 percent) due mainly to re-

duced snowfall in the Northwest (EIA 1999b). This de-

7 Cooling degree days in 1998 were approximately 3 standard deviations above the normal value (i.e., average of 1961 to 1990).
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8 CO2 emissions, however, may be generated from upstream activities (e.g., manufacture of the equipment).
9 One exajoule (EJ) is equal to 1018 joules or 0.9478 QBtu.
10 This statement assumes that there is no net loss of biomass-based carbon associated with the land use practices used to produce these
biomass fuels.
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11 In other words, the emissions from the generation of electricity are intentionally double counted by attributing them both to utilities
and the sector in which electricity consumption occurred.
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cline, however, offset by a slightly larger increase in

electricity generation at nuclear power plants (7 percent)

after seven generating units, that had previously been

idle, were brought back into service (EIA 1999b).

It is important to note that the electric utility sec-

tor includes only regulated utilities. According to cur-

rent EIA sectoral definitions, nonutility generators of

electricity (e.g., independent power producers, qualify-

ing cogenerators, and other small power producers) are

included in the industrial sector. These nonutility gen-

erators produce electricity for their own use, to sell to

large consumers, or to sell on the wholesale electricity

market. The number and quantity of electricity gener-

ated by nonutilities has increased significantly as many

states have begun deregulating their electricity markets.

A recent report by the U.S. Department of Energy

and the EPA (DOE and EPA 1999) estimated emissions

from the entire electric power industry, including regu-
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lated utilities and nonutilities. According to this report

CO2 emissions from nonutilities in 1998 were 56

MMTCE, bringing combined emissions from electricity

generation up to 41 percent (605.5 MMTCE) of total

U.S. CO2 emissions from fossil fuel combustion, versus

37 percent from utilities alone. In other words,

nonutilities were responsible for 10 percent of emissions

from electricity generation. The growth in nonutility

emissions from 1997 to 1998 was 9 percent. In future

inventories, these nonutility generators will be removed

from the industrial sector and incorporated into a single

sector with electric utilities.

7
�*�$���-.
The methodology used by the United States for

estimating CO2 emissions from fossil fuel combustion is

conceptually similar to the approach recommended by

the IPCC for countries that intend to develop detailed,
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12 Fuel consumption by U.S. territories (i.e. American Samoa, Guam, Puerto Rico, U.S. Virgin Islands, Wake Island, and other U.S.
Pacific Islands) is included in this report and contributed emissions of13 MMTCE in 1998.
13 See Waste Combustion section of Waste chapter for discussion of emissions from the combustion of plastics in the municipal solid
waste steam.
14 Electric utilities are not considered a final end-use sector, because they consume energy solely to provide electricity to the other
sectors.

sectoral-based emission estimates (IPCC/UNEP/OECD/

IEA 1997). A detailed description of the U.S. methodol-

ogy is presented in Annex A, and is characterized by the

following steps:

1. Determine fuel consumption by fuel type and

sector. By aggregating consumption data by sector (e.g.,

commercial, industrial, etc.), primary fuel type (e.g., coal,

petroleum, gas), and secondary fuel category (e.g., mo-

tor gasoline, distillate fuel oil, etc.), estimates of total

U.S. fossil fuel consumption for a particular year were

made. The United States does not include territories in

its national energy statistics; therefore, fuel consump-

tion data for territories was collected separately. 12

2. Determine the total carbon content of fuels

consumed. Total carbon was estimated by multiplying

the amount of fuel consumed by the amount of carbon in

each fuel. This total carbon estimate defines the maxi-

mum amount of carbon that could potentially be released

to the atmosphere if all of the carbon in each fuel were

converted to CO2. The carbon content coefficients used

by the United States are presented in Annex A.

3. Subtract the amount of carbon stored in prod-

ucts. Non-energy uses of fossil fuels can result in storage

of some or all of the carbon contained in the fuel for

some period of time, depending on the end-use. For ex-

ample, asphalt made from petroleum can sequester up to

100 percent of the carbon for extended periods of time,

while other fossil fuel products, such as lubricants or

plastics, lose or emit some carbon when they are used

and/or burned as waste. Aggregate U.S. energy statistics

include consumption of fossil fuels for non-energy uses;

therefore, the portion of carbon that remains in products

after they are manufactured was subtracted from poten-

tial carbon emission estimates. The amount of carbon

remaining in products was based on the best available

data on the end-uses and fossil fuel products. These non-

energy uses occurred in the industrial and transporta-

tion sectors and U.S. territories.13

4. Adjust for carbon that does not oxidize during

combustion. Because combustion processes are not 100

percent efficient, some of the carbon contained in fuels

is not emitted to the atmosphere. Rather, it remains be-

hind as soot and ash. The estimated amount of carbon

not oxidized due to inefficiencies during the combus-

tion process was assumed to be 1 percent for petroleum

and coal and 0.5 percent for natural gas (see Annex A).

5. Subtract emissions from international bunker

fuels. According to the IPCC guidelines (IPCC/UNEP/

OECD/IEA 1997) emissions from international transport

activities, or bunker fuels, should not be included in

national totals. Because U.S. energy consumption sta-

tistics include these bunker fuels—distillate fuel oil, re-

sidual fuel oil, and jet fuel—as part of consumption by

the transportation sector, emissions from international

transport activities were calculated separately and sub-

tracted from emission estimates for the transportation

sector. The calculations for emissions from bunker fuels

follow the same procedures used for emissions from con-

sumption of all fossil fuels (i.e., estimation of consump-

tion, determination of carbon content, and adjustment

for the fraction of carbon not oxidized).

6. Allocate transportation emissions by vehicle

type. Because the transportation end-use sector was the

largest direct consumer of fossil fuels in the United

States,14  a more detailed accounting of carbon dioxide

emissions is provided. For fuel types other than jet fuel,

fuel consumption data by vehicle type and transporta-

tion mode were used to allocate emissions by fuel type

calculated for the transportation end-use sector. Specific

data by vehicle type were not available for 1998; there-

fore, the 1997 percentage allocations were applied to

1998 fuel consumption data in order to estimate emis-

sions in 1998. Military vehicle jet fuel consumption was

provided by the Defense Energy Support Center, under

Department of Defense’s (DoD) Defense Logistics Agency

and the Office of the Undersecretary of Defense (Envi-
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ronmental Security). The difference between total U.S.

jet fuel consumption (as reported by DOE/EIA) and ci-

vilian air carrier consumption for both domestic and in-

ternational flights (as reported by DOT/BTS and BEA)

plus military jet fuel consumption is reported as “other”

under the jet fuel category in Table 2-8, and includes

such fuel uses as blending with heating oils and fuel

used for chartered aircraft flights.

!��������	
�
Data on fuel consumption for the United States

and its territories, carbon content of fuels, and percent of

carbon sequestered in non-energy uses were obtained

directly from the Energy Information Administration

(EIA) of the U.S. Department of Energy (DOE). Fuel con-

sumption data were obtained primarily from the Monthly

Energy Review (EIA 1999f) and various EIA databases.

Data on military jet fuel use was supplied by the Office

of the Under Secretary of Defense (Environmental Secu-

rity) and the Defense Energy Support Center (Defense

Logistics Agency) of the U.S. Department of Defense

(DoD). Estimates of international bunker fuel emissions

are discussed in the section entitled International Bun-

ker Fuels.

IPCC (IPCC/UNEP/OECD/IEA 1997) provided

combustion efficiency rates for petroleum and natural

gas. Bechtel (1993) provided the fraction oxidation val-

ues for coal. Vehicle type fuel consumption data for the

allocation of transportation sector emissions were pri-

marily taken from the Transportation Energy Databook

prepared by the Center for Transportation Analysis at

Oak Ridge National Laboratory (DOE 1993, 1994, 1995,

1996, 1997, 1998). All jet fuel and aviation gasoline

was assumed to have been consumed in aircraft. Densi-

ties for each military jet fuel type were obtained from the

Air Force (1998).

Carbon intensity estimates were developed using

nuclear and renewable energy data from EIA (1998a)

and fossil fuel consumption data as discussed above and

presented in Annex A.

For consistency of reporting, the IPCC has recom-

mended that national inventories report energy data (and

emissions from energy) using the International Energy

Agency (IEA) reporting convention and/or IEA data. Data

in the IEA format are presented “top down”—that is,

energy consumption for fuel types and categories are

estimated from energy production data (accounting for

imports, exports, stock changes, and losses). The result-

ing quantities are referred to as “apparent consumption.”

The data collected in the United States by EIA, and used

in this inventory, are, instead, “bottom up” in nature. In

other words, they are collected through surveys at the

point of delivery or use and aggregated to determine

national totals.

It is also important to note that EIA uses gross

calorific values (GCV) (i.e., higher heating values) as its

reporting standard for energy statistics. Fuel consump-

tion activity data presented here have not been adjusted

to correspond to international standard, which are to re-

port energy statistics in terms of net calorific values

(NCV) (i.e., lower heating values).

3 	
���" �.
For estimates of CO2 from fossil fuel combustion,

the amount of CO2 emitted, in principle is directly re-

lated to the amount of fuel consumed, the fraction of the

fuel that is oxidized, and the carbon content of the fuel.

Therefore, a careful accounting of fossil fuel consump-

tion by fuel type, average carbon contents of fossil fuels

consumed, and consumption of products with long-term

carbon storage should yield an accurate estimate of CO2

emissions.

There are uncertainties, however, concerning the

consumption data sources, carbon content of fuels and

products, and carbon oxidation efficiencies. For example,

given the same primary fuel type (e.g., petroleum), the

amount of carbon contained in the fuel per unit of useful

energy can vary. Non-energy uses of the fuel can also

create situations where the carbon is not emitted to the

atmosphere (e.g., plastics, asphalt, etc.) or is emitted at a

delayed rate. The proportions of fuels used in these non-

energy production processes that result in the sequestra-

tion of carbon have been assumed. Additionally, ineffi-

ciencies in the combustion process, which can result in

ash or soot remaining unoxidized for long periods, were

also assumed. These factors all contribute to the uncer-

tainty in the CO2 estimates.
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15 Sulfur dioxide (SO2) emissions from stationary combustion are addressed in Annex M.

Other sources of uncertainty are fuel consumption

by U.S. territories and bunker fuels consumed by the

military. The United States does not collect as detailed

energy statistics for its territories as for the fifty states

and the District of Columbia. Therefore estimating both

emissions and bunker fuel consumption by these territo-

ries is difficult.

For Table 2-8, uncertainties also exist as to the

data used to allocate CO2 emissions from the transporta-

tion end-use sector to individual vehicle types and trans-

port modes. In many cases, bottom up estimates of fuel

consumption by vehicle type do not match top down

estimates from EIA. Further research is planned to better

allocate detailed transportation end-use sector emissions.

For the United States, however, these uncertainties

impact on overall CO2 emission estimates are believed

to be relatively small. For the United States, CO2 emis-

sion estimates from fossil fuel combustion are consid-

ered accurate within one or two percent. See, for example,

Marland and Pippin (1990).

����"� ��.���&����"� 
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Stationary combustion encompasses all fuel com-

bustion activities except those related to transportation

(i.e., mobile combustion). Other than carbon dioxide

(CO2), which was addressed in the previous section, gases

from stationary combustion include the greenhouse gases

methane (CH4) and nitrous oxide (N2O) and the criteria

pollutants nitrogen oxides (NOx), carbon monoxide (CO),

and non-methane volatile organic compounds

(NMVOCs).15  Emissions of these gases from stationary

sources depend upon fuel characteristics, technology

type, usage of pollution control equipment, and ambi-

ent environmental conditions. Emissions also vary with

the size and vintage of the combustion technology as

well as maintenance and operational practices.

Nitrous oxide and NOx emissions from stationary

combustion are closely related to air-fuel mixes and com-

bustion temperatures, as well as the characteristics of

any pollution control equipment that is employed. Car-

bon monoxide emissions from stationary combustion

are generally a function of the efficiency of combustion

and the use of emission controls; they are highest when

less oxygen is present in the air-fuel mixture than is nec-

essary for complete combustion. These conditions are

most likely to occur during start-up and shut-down and

during fuel switching (e.g., the switching of coal grades

at a coal-burning electric utility plant). Methane and

NMVOC emissions from stationary combustion are pri-

marily a function of the CH4 content of the fuel, com-

bustion efficiency, and post-combustion controls.

Emissions of CH4 increased slightly from 1990 to

1996, but fell to just below the 1990 level in 1998 to 2.3

MMTCE (395 Gg). This decrease in emissions was pri-

marily due to lower wood consumption in the residen-

tial sector. Nitrous oxide emissions rose 12 percent since

1990 to 4.3 MMTCE (50 Gg) in 1998. The largest source

of N2O emissions was coal combustion by electric utili-

ties, which alone accounted for 54 percent of total N2O

emissions from stationary combustion in 1998. Overall,

though, stationary combustion is a small source of CH4

and N2O in the United States.

In contrast, stationary combustion was a signifi-

cant source of NOx emissions, but a smaller source of CO

and NMVOCs. In 1998, emissions of NOx from station-

ary combustion represented 44 percent of national NOx

emissions, while CO and NMVOC emissions from sta-

tionary combustion contributed approximately 6 and 5

percent, respectively, to the national totals. From 1990

to 1998, emissions of NOx were fairly constant, while

emissions of CO and NMVOCs decreased by 10 and 15

percent, respectively.

The decrease in CO and NMVOC emissions from

1990 to 1998 can largely be attributed to decreased resi-

dential wood consumption, which is the most signifi-

cant source of these pollutants from stationary combus-

tion. Overall, NOx emissions from energy varied due to

fluctuations in emissions from electric utilities. Table

2-12 through Table 2-15 provide CH4 and N2O emission
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estimates from stationary sources by sector and fuel type.

Estimates of NOx, CO, and NMVOC emissions in 1998

are given in Table 2-16.16

7
�*�$���-.
Methane and nitrous oxide emissions were esti-

mated by multiplying emission factors (by sector and

fuel type) by fossil fuel and wood consumption data.

National coal, natural gas, fuel oil, and wood consump-

tion data were grouped into four sectors—industrial, com-

mercial/institutional, residential, and electric utilities.

For NOx, CO, and NMVOCs, the major source cat-

egories included in this section are those used in EPA

(1999): coal, fuel oil, natural gas, wood, other fuels (in-

cluding LPG, coke, coke oven gas, and others), and sta-

tionary internal combustion. The EPA estimates emis-

sions of NOx, CO, and NMVOCs by sector and fuel source

using a “bottom-up” estimating procedure. In other words,

emissions were calculated either for individual sources

(e.g., industrial boilers) or for multiple sources combined,

using basic activity data as indicators of emissions. De-

pending on the source category, these basic activity data

may include fuel consumption, fuel deliveries, tons of

refuse burned, raw material processed, etc.

The EPA derived the overall emission control effi-

ciency of a source category from published reports, the

1985 National Acid Precipitation and Assessment Pro-

gram (NAPAP) emissions inventory, and other EPA data-

bases. The U.S. approach for estimating emissions of NOx,

CO, and NMVOCs from stationary source combustion, as

described above, is consistent with the methodology rec-

ommended by the IPCC (IPCC/UNEP/OECD/IEA 1997).

More detailed information on the methodology

for calculating emissions from stationary sources, includ-

ing emission factors and activity data, is provided in

Annex B.

!��������	
�
Emissions estimates for NOx, CO, and NMVOCs in

this section were taken directly from the EPA’s National

Air Pollutant Emissions Trends: 1900 - 1998 (EPA 1999).

Fuel consumption data were provided by the U.S. En-

ergy Information Administration’s Annual Energy Re-

view (EIA 1999a) and Monthly Energy Review (EIA

1999b). Emission factors were provided by the Revised

1996 IPCC Guidelines for National Greenhouse Gas

Inventories (IPCC/UNEP/OECD/IEA 1997).

3 	
���" �.
Methane emission estimates from stationary

sources are highly uncertain, primarily due to difficul-

ties in calculating emissions from wood combustion (i.e.,

fireplaces and wood stoves). The estimates of CH4 and
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16 See Annex B for a complete time series of criteria pollutant emission estimates for 1990 through 1998.
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17 See Annex C for a complete time series of criteria pollutant emission estimates for 1990 through 1998.

N2O emissions presented are based on broad indicators

of emissions (i.e., fuel use multiplied by an aggregate

emission factor for different sectors), rather than specific

emission processes (i.e., by combustion technology and

type of emission control). The uncertainties associated

with the emission estimates of these gases are greater

than with estimates of CO2 from fossil fuel combustion,

which mainly rely on the carbon content of the fuel com-

busted. Uncertainties in both CH4 and N2O estimates are

due to the fact that emissions are estimated based on

emission factors representing only a limited subset of

combustion conditions. For the criteria pollutants, un-

certainties are partly due to assumptions concerning

combustion technology types, age of equipment, emis-

sion factors used, and activity data projections.

7��"�
���&����"� �8
#	��$" -����9

Mobile combustion emits greenhouse gases other

than CO2, including methane (CH4), nitrous oxide (N2O),

and the criteria pollutants carbon monoxide (CO), nitro-

gen oxides (NOx), and non-methane volatile organic

compounds (NMVOCs).

As with stationary combustion, N2O and NOx emis-

sions are closely related to fuel characteristics, air-fuel

mixes, combustion temperatures, as well as usage of pol-

lution control equipment. Nitrous oxide, in particular,

can be formed by the catalytic processes used to control

NOx and CO emissions. Carbon monoxide emissions from

mobile source combustion are significantly affected by

combustion efficiency and presence of post-combustion

emission controls. Carbon monoxide emissions are high-

est when air-fuel mixtures have less oxygen than required

for complete combustion. This occurs especially in idle,

low speed and cold start conditions. Methane and

NMVOC emissions from motor vehicles are a function of

the CH4 content of the motor fuel, the amount of hydro-

carbons passing uncombusted through the engine, and

any post-combustion control of hydrocarbon emissions,

such as catalytic converters.

Emissions from mobile combustion were estimated

by transport mode (e.g., highway, air, rail, and water) and

fuel type—motor gasoline, diesel fuel, jet fuel, aviation

gas, natural gas, liquefied petroleum gas (LPG), and re-

sidual fuel oil—and vehicle type. Road transport ac-

counted for the majority of mobile source fuel consump-

tion, and hence, the majority of mobile combustion emis-

sions. Table 2-17 through Table 2-20 provide CH4 and

N2O emission estimates from mobile combustion by ve-

hicle type, fuel type, and transport mode. Estimates of

NOx, CO, and NMVOC emissions in 1998 are given in

Table 2-21.17

Mobile combustion was responsible for a small

portion of national CH4 emissions but were the second

largest source of N2O in the United States. From 1990 to

1998, CH4 emissions declined by 10 percent, to 1.3

MMTCE (232 Gg). Nitrous oxide emissions, however,

rose 25 percent to 17.2 MMTCE (203 Gg) (see Figure

2-13). The reason for this conflicting trend was that the

control technologies employed on highway vehicles in

the United States lowered CO, NOx, NMVOC, and CH4

emissions, but resulted in higher average N2O emission

rates. Fortunately, since 1994 improvements in the emis-

sion control technologies installed on new vehicles have

reduced emission rates of both NOx and N2O per vehicle

mile traveled. Overall, CH4 and N2O emissions were domi-
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nated by gasoline-fueled passenger cars and light-duty

gasoline trucks.

Emissions of criteria pollutants generally in-

creased from 1990 through 1994, after which there were

decreases of 3 (NOx) to 14 (CO) percent by 1998. A

drop in gasoline prices combined with a strengthening

U.S. economy caused the initial increase. These factors

pushed the vehicle miles traveled (VMT) by road sources

up, resulting in increased fuel consumption and higher

emissions. Some of this increased activity was later off-

set by an increasing portion of the U.S. vehicle fleet

meeting established emissions standards.

18 The consumption of international bunker fuels is not included in these activity data, but are estimated separately under the
International Bunker Fuels source category.
19 These categories included: gasoline passenger cars, diesel passenger cars, light-duty gasoline trucks less than 6,000 pounds in weight,
light-duty gasoline trucks between 6,000 and 8,500 pounds in weight, light-duty diesel trucks, heavy-duty gasoline trucks and buses,
heavy-duty diesel trucks and buses, and motorcycles.
20 These categories included: gasoline and diesel farm tractors, other gasoline and diesel farm machinery, gasoline and diesel
construction equipment, snowmobiles, small gasoline utility engines, and heavy-duty gasoline and diesel general utility engines.

Fossil-fueled motor vehicles comprise the single

largest source of CO emissions in the United States and

are a significant contributor to NOx and NMVOC emis-

sions. In 1998, CO emissions from mobile combustion

contributed 74 percent of national CO emissions and

51 and 38 percent of NOx and NMVOC emissions, re-

spectively. Since 1990, emissions of CO and NMVOCs

from mobile combustion decreased by 8 and 12 per-

cent, respectively, while emissions of NOx increased by

4 percent.

7
�*�$���-.
Estimates for CH4 and N2O emissions from mo-

bile combustion were calculated by multiplying emis-

sion factors by measures of activity for each category.

Depending upon the category, activity data included

such information as fuel consumption, fuel deliveries,

and vehicle miles traveled (VMT). Emission estimates

from highway vehicles were based on VMT and emis-

sion factors by vehicle type, fuel type, model year, and

control technology. Fuel consumption data was em-

ployed as a measure of activity for non-highway ve-

hicles and then fuel-specific emission factors were ap-

plied.18  A complete discussion of the methodology

used to estimate emissions from mobile combustion is

provided in Annex C.

The EPA (1999) provided emissions estimates of

NOx, CO, and NMVOCs for eight categories of highway

vehicles,19 aircraft, and seven categories of off-high-

way vehicles.20
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Emission factors used in the calculations of CH4

and N2O emissions are presented in Annex C. The Re-

vised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA

1997) provided emission factors for CH4, and were de-

veloped using MOBILE5a, a model used by the Envi-

&�'(
�����#�<0;=��0=���!�<*70��� ���������	� 
*�'�(
��� '��������������)��+

(�
���.4
�6
*"	�
��.4
 ��# �� �76���

�����" 
��"-*>�. ����� ���� ����
(��������	��� ����� ������ �����
;��'� 0��-�2��)%� ����� ������ �����
H��3- 0��-�=�'�)��� ��� ����� ���
.����)-)��� �� ��� ��

!"
�
���"-*>�. ����� ���� ��
(��������	��� �� �� ��
;��'� 0��-�2��)%� �� �� �
H��3- 0��-�=�'�)��� ����� ����� ���

�� 2�"-*>�. ����� ����� �����
,'�4���"������ ��� ����� ���
;�)�
���3�� ��� ��� ��
���
�&<��4
�� ��� ��� ���
	�����)���� &<��4
�� ����� ����� ���
9��)��5�� ��� ��� ���
:�'��� ��� ������ ���

����� ������ ����� ����

��9��)��5�� ����
����� �)��"����-��
������� ������"� ���;2:�)-)����
�"� �'���5����"����� �)��"��)������������"���
�������
��F:�'��G� �)��"�����������4�>���"���)���������� �"��������� ��>
�"����"��� ���'��)�

��)����� �����������4�� �� ���3�)�����'��
�<��4
��I� �"�"������ 4�>���"� ��)���������� �"��������� ��>��"
���"��� ���'�� )�����)����� ���4�� �� ���3�)��
����6�2������
�-������
�"��� ��� �"�4�"��� ���"����,��
9�1�	�5����
���������������'����'������



������������1

ronmental Protection Agency (EPA) to estimate exhaust

and running loss emissions from highway vehicles. The

MOBILE5a model uses information on ambient tempera-

ture, vehicle speeds, national vehicle registration distri-

butions, gasoline volatility, and other variables in order

to produce these factors (EPA 1997).

Emission factors for N2O from gasoline highway

vehicles came from EPA (1998). This report contains

emission factors for older passenger cars—roughly pre-

1992 in California and pre-1994 in the rest of the United

States—from published references, and for newer cars

from a recent testing program at EPA’s National Vehicle

and Fuel Emissions Laboratory (NVFEL). These emis-

sion factors for gasoline highway vehicles are lower than

the U.S. default values in the Revised 1996 IPCC Guide-

lines, but are higher than the European default values,

both of which were published before the more recent

tests and literature review conducted by the NVFEL. The

U.S. default values in the Revised 1996 IPCC Guide-

lines were based on three studies that tested a total of

five cars using European rather than U.S. test protocols.

More details may be found in EPA (1998).

Emission factors for gasoline vehicles other than

passenger cars were scaled from those for passenger cars

with the same control technology, based on their rela-

tive fuel economy. This scaling was supported by lim-

ited data showing that light-duty trucks emit more N2O

than passenger cars with equivalent control technology.

The use of fuel-consumption ratios to determine emis-

sion factors is considered a temporary measure only, to

be replaced as additional testing data are available. For

more details, see EPA (1998). Nitrous oxide emission

factors for diesel highway vehicles were taken from the

European default values found in the Revised 1996 IPCC

Guidelines (IPCC/UNEP/OECD/IEA 1997). There is little

data addressing N2O emissions from U.S. diesel-fueled

vehicles, and in general, European countries have had

more experience with diesel-fueled vehicles. U.S. de-

fault values in the Revised 1996 IPCC Guidelines were

used for non-highway vehicles.

Activity data were gathered from several U.S. gov-

ernment sources including EIA (1999a), EIA (1999b),

FHWA (1998), BEA (1999), DESC (1999), DOC (1999),

FAA (1999), and DOT/BTS (1999). Control technology

data for highway vehicles were obtained from the EPA’s

Office of Mobile Sources. Annual VMT data for 1990

through 1998 were obtained from the Federal Highway

Administration’s (FHWA) Highway Performance Moni-

toring System database, as noted in EPA (1999).

Emissions estimates for NOx, CO, NMVOCs were

taken directly from the EPA’s National Air Pollutant

Emissions Trends, 1900 - 1998 (EPA 1999).

3 	
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Mobile source emission estimates can vary sig-

nificantly due to assumptions concerning fuel type and

composition, technology type, average speeds, type of

emission control equipment, equipment age, and oper-

ating and maintenance practices. Fortunately, detailed

activity data for mobile combustion were available, in-

cluding VMT by vehicle type for highway vehicles. The

allocation of this VMT to individual model years was

done using the profile of U.S. vehicle usage by vehicle

age in 1990 as specified in MOBILE 5a. Data to develop

a temporally variable profile of vehicle usage by model

year instead of age was not available.

Average emission factors were developed based

on numerous assumptions concerning the age and model

of vehicle; percent driving in cold start, warm start, and

cruise conditions; average driving speed; ambient tem-

perature; and maintenance practices. The factors for regu-

lated emissions from mobile combustion—CO, NOx, and

hydrocarbons—have been extensively researched, and

thus involve lower uncertainty than emissions of un-

regulated gases. Although methane has not been singled

out for regulation in the United States, overall hydrocar-

bon emissions from mobile combustion—a component

of which is methane—are regulated.

Compared to methane, CO, NOx, and NMVOCs,

there is relatively little data available to estimate emis-

sion factors for nitrous oxide. Nitrous oxide is not a

criteria pollutant, and measurements of it in automo-

bile exhaust have not been routinely collected. Re-

search data has shown that N2O emissions from vehicles

with catalytic converters are greater than those without

emission controls, and that vehicles with aged cata-
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lysts emit more than new ones. The emission factors

used were, therefore, derived from aged cars (EPA

1998b). The emission factors used for Tier 0 and older

cars were based on tests of 28 vehicles; those for newer

vehicles were based on tests of 22 vehicles. This sample

is small considering that it is being used to character-

ize the entire U.S. fleet, and the associated uncertainty

is therefore large. Currently, N2O gasoline highway

emission factors for vehicles other than passenger cars

are scaled based on those for passenger cars and their

relative fuel economy. Actual measurements should be

substituted for this procedure when they become avail-

able. Further testing is needed to reduce the uncertainty

in emission factors for all classes of vehicles, using

realistic driving regimes, environmental conditions, and

fuels.

Although aggregate jet fuel and aviation gaso-

line consumption data has been used to estimate emis-

sions from aircraft, the recommended method for esti-

mating emissions in the Revised 1996 IPCC Guidelines

is to use data by specific aircraft type (IPCC/UNEP/

OECD/IEA 1997). The IPCC also recommends that

cruise altitude emissions be estimated separately using

fuel consumption data, while landing and take-off (LTO)

cycle data be used to estimate near-ground level emis-

sions. The EPA is attempting to develop revised esti-

mates based on this more detailed activity data, and

these estimates are to be presented in future inventories.

Overall, uncertainty for N2O emissions esti-

mates is considerably higher than for CH4, CO, NOx,

or NMVOC; however, all these gases involve far

more uncertainty than CO2 emissions from fossil fuel

combustion.

U.S. jet fuel and aviation gasoline consumption is

currently all attributed to the transportation sector by

EIA, and it is assumed here that it is all used to fuel

aircraft. However it is likely that some fuel purchased by

airlines is not necessarily be used in aircraft, but instead

used to power auxiliary power units, in ground equip-

ment, and to test engines. Some jet fuel may also be used

for other purposes such as blending with diesel fuel or

heating oil.

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

mates for CO, NOx, and NMVOCs are based upon land-

ing and take-off (LTO) cycles and consequently only

capture near ground-level emissions, which are more rel-

evant for air quality evaluations. These estimates also

include both domestic and international flights. There-

fore, estimates presented here overestimate IPCC-defined

domestic CO, NOx, and NMVOC emissions by including

LTO cycles by aircraft on international flights but un-

derestimate because they do not include emissions from

aircraft on domestic flight segments at cruising altitudes.
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All underground and surface coal mining liberates

(i.e., releases) methane as part of normal operations. The

amount of methane liberated during mining is primarily

dependent upon the amount of methane stored in the

coal and the surrounding strata. This in situ methane

content is a function of the quantity of methane gener-

ated during the coal formation process and its ability to

migrate through the surrounding strata over time. The

degree of coalification—defined by the rank or quality

of the coal formed—determines the amount of methane

generated; higher ranked coals generate more methane.

The amount of methane remaining in the coal and sur-

rounding strata depends upon geologic characteristics

such as pressure within a coal seam. Deeper coal depos-

its tend to retain more of the methane generated during

coalification. Accordingly, deep underground coal seams

generally have higher methane contents than shallow

coal seams or surface deposits.

Underground coal mines contribute the largest

share of methane emissions. All underground coal mines

employ ventilation systems to ensure that methane lev-

els remain within safe concentrations. These systems can

exhaust significant amounts of methane to the atmo-

sphere in low concentrations. Additionally, over twenty

gassy U.S. coal mines supplement ventilation systems

with degasification systems. Degasification systems are

wells drilled from the surface or boreholes drilled inside

the mine that remove large volumes of methane before,

during or after mining. In 1998, 12 coal mines collected

methane from degasification systems and sold this gas

to a pipeline, thus reducing emissions to the atmosphere.
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Surface coal mines also release methane as the overbur-

den is removed and the coal is exposed; however, the

level of emissions is much lower than underground

mines. Additionally, after coal has been mined, small

amounts of methane retained in the coal are released

during processing, storage, and transport.

Total methane emissions in 1998 were estimated

to be 17.8 MMTCE (3,104.2 Gg), declining 26 percent

since 1990 (see Table 2-22 and Table 2-23). Of this

amount, underground mines accounted for 64 percent,

surface mines accounted for 15 percent, and post-min-

ing emissions accounted for 22 percent. With the excep-

tion of 1994 and 1995, total methane emissions declined

in each successive year during this period. In 1993, meth-

ane generated from underground mining dropped to a

low of 2,327.7 Gg, primarily due to labor strikes at many

large underground mines. In 1995, there was an increase

in methane emissions from underground mining due to

particularly increased emissions at the highest-emitting

coal mine in the country. The decline in methane emis-

sions from underground mines is the result of the mining

of less gassy coal, and an increase in gas recovery and

use. Surface mine emissions and post-mining emissions

remained relatively constant from 1990 to 1998.

In 1994, EPA’s Coalbed Methane Outreach Program

(CMOP) began working with the coal industry and other

stakeholders to identify and remove obstacles to invest-

ments in coal mine methane recovery and use projects.

Reductions attributed to CMOP were estimated to be 0.7,

0.8, 1.0, 1.3, and 1.7 MMTCE in 1994 through 1998,

respectively, compared to business-as-usual emissions.

7
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The methodology for estimating methane emis-

sions from coal mining consists of two steps. The first

step involves estimating methane emissions from under-

ground mines. Because of the availability of ventilation

system measurements, underground mine emissions can

be estimated on a mine-by-mine basis and then summed

to determine total emissions. The second step involves

estimating emissions from surface mines and post-min-

ing activities by multiplying basin-specific coal pro-
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duction by basin-specific emissions factors.

Underground mines. Total methane emitted from

underground mines is estimated to be the quantity of meth-

ane liberated from ventilation systems, plus methane lib-

erated from degasification systems, minus methane re-

covered and used. The Mine Safety and Heath Adminis-

tration (MSHA) samples methane emissions from ventila-

tion systems for all mines with detectable21  methane con-

centrations. These mine-by-mine measurements are used

to estimate methane emissions from ventilation systems.

Some of the higher-emitting underground mines

also use degasification systems (e.g., wells or boreholes)

that remove methane before, during, or after mining.

This methane can then be collected for use or vented to

the atmosphere. Various approaches are employed to

estimate the quantity of methane collected by each of

the more than twenty mines using these systems, de-

pending on available data. For example, some mines

report to EPA the amounts of methane liberated from

their degasification systems. For mines that sell recov-

ered methane to a pipeline, pipeline sales data are used

to estimate degasification emissions. Finally, for those

mines for which no other data are available, default

recovery efficiency values are developed, depending

on the type of degasification system employed.

Finally, the amount of methane recovered by

degasification systems and then used (i.e., not vented)

is estimated. This calculation is complicated by the

fact that methane is rarely recovered and used during

the same year in which the particular coal seam is mined.

In 1998, 12 active coal mines sold recovered methane

to pipelines. Emissions avoided for these projects are

estimated using gas sales data reported by various state

agencies, and information supplied by coal mine op-

erators regarding the number of years in advance of

mining that gas recovery occurs. Additionally, some of

the state agencies provide individual well production

information, which is used to assign gas sales to a par-

ticular year.

Surface Mines and Post-Mining Emissions. Sur-

face mining and post-mining methane emissions are

estimated by multiplying basin-specific coal produc-

tion by basin-specific emissions factors. For surface

mining, emissions factors are developed by assuming

that surface mines emit from one to three times as much

methane as the average in situ methane content of the

coal. This accounts for methane released from the strata

surrounding the coal seam. For this analysis, it is as-

sumed that twice the average in-situ methane content

is emitted. For post-mining emissions, the emission fac-

tor is assumed to be from 25 to 40 percent of the aver-

age in situ methane content of coals mined in the ba-

sin. For this analysis, it is assumed that 32.5 percent of

the average in-situ methane content is emitted.

!��������	
�
The Mine Safety and Health Administration pro-

vides mine-specific information on methane liberated

from ventilation systems at underground mines. EPA

develops estimates of methane liberated from

degasification systems at underground mines based on

available data for each of the mines employing these

systems. The primary sources of data for estimating

emissions avoided at underground mines are gas sales

data published by state petroleum and natural gas agen-

cies, information supplied by mine operators regarding

the number of years in advance of mining that gas re-

covery occurred, and reports of gas used on-site. An-

nual coal production data are taken from the Energy

Information Agency’s Coal Industry Annual (see Table

2-24) (EIA 1991, 1992, 1993, 1994, 1995, 1996, 1997,

1998, 1999). Data on in situ methane content and emis-

sions factors are taken from EPA (1993).

3 	
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The emission estimates from underground venti-

lation systems are based upon actual measurement data

for mines with detectable methane emissions. Accord-

ingly, the uncertainty associated with these measure-

ments is estimated to be low. Estimates of methane lib-

erated from degasification systems are less certain be-

cause EPA assigns default recovery efficiencies for a

subset of U.S. mines. Compared to underground mines,

21 MSHA records coal mine methane readings with concentrations of greater than 50 ppm (parts per million) methane. Readings below
this threshold are considered non-detectable.
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22 Preliminary estimate

there is considerably more uncertainty associated with

surface mining and post-mining emissions because of

the difficulty in developing accurate emissions factors

from field measurements. Because underground emis-

sions comprise the majority of total coal mining emis-

sions, the overall uncertainty is estimated to be only

±15 percent.22  Currently, the estimate does not include

emissions from abandoned coal mines because of lim-

ited data. The EPA is conducting research on the feasi-

bility of including an estimate in future years.

�������������.��
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Methane emissions from natural gas systems are

generally process related, with normal operations, rou-

tine maintenance, and system upsets being the primary

contributors. Emissions from normal operations in-

clude: natural gas combusting engine and turbine ex-

haust, bleed and discharge emissions from pneumatic

devices, and fugitive emissions from system compo-

nents. Routine maintenance emissions originate from

pipelines, equipment, and wells during repair and main-

tenance activities. Pressure surge relief systems and

accidents can lead to system upset emissions.

The U.S. natural gas system encompasses hun-

dreds of thousands of wells, hundreds of processing

facilities, hundreds of thousands of miles of transmis-

sion pipeline, and over a million miles of distribution

pipeline. The system, though, can be divided into four

stages, each with different factors affecting methane
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emissions, as follows:

Field Production. In this initial stage, wells are

used to withdraw raw gas from underground formations.

Emissions arise from the wells themselves, treatment

facilities, gathering pipelines, and process units such

as dehydrators and separators. Fugitive emissions and

emissions from pneumatic devices account for the ma-

jority of emissions. Emissions from field production

accounted for approximately 24 percent of methane

emissions from natural gas systems between 1990 and

1998. Emissions rose between 1990 and 1996 due to

an increased number of producing gas wells and re-

lated equipment, but returned to the 1990 level of 8.0

MMTCE in 1998 due to a decrease in domestic pro-

duction and improvements in technology coupled with

the normal replacement of older equipment.

Processing. In this stage, processing plants re-

move various constituents from the raw gas before it is

injected into the transmission system. Fugitive emis-

sions from compressors, including compressor seals,

were the primary contributor from this stage. Process-

ing plants accounted for about 12 percent of methane

emissions from natural gas systems during the period

of 1990 through 1998.

Transmission and Storage. Natural gas transmis-

sion involves high pressure, large diameter pipelines

that transport gas long distances from field produc-

tion areas to distribution centers or large volume cus-

tomers. Throughout the transmission system, compres-

sor stations pressurize the gas to move it through the

pipeline. Fugitive emissions from compressor stations

and metering and regulating stations accounted for

the majority of the emissions from transmission. Pneu-

matic devices and engine exhaust were smaller sources

of emissions from transmission facilities. A gradual

increase in transmission pipeline mileage has in-

creased methane emissions from natural gas transmis-

sion. Methane emissions from transmission and stor-

age accounted for approximately 40 percent of the

emissions from natural gas systems during the period

of 1990 through 1998.

Natural gas is also injected and stored in under-
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ground formations during periods of low demand, and

withdrawn, processed, and distributed during peri-

ods of high demand. Compressors and dehydrators

were the primary contributors to emissions from these

storage facilities. Less than one percent of total emis-

sions from natural gas systems can be attributed to

storage facilities.

Distribution. The distribution of natural gas re-

quires the use of low-pressure pipelines to deliver gas

to customers. There were 955,000 miles of distribution

pipelines (i.e., main) in 1997 (the latest year for which

distribution pipeline mileage data is available), increas-

ing from a 1990 figure of just over 837,000 miles (AGA,

1998). Distribution system emissions, which account

for approximately 24 percent of emissions from natural

gas systems, resulted mainly from fugitive emissions

from gate stations and non-plastic piping. An increased

use of plastic piping, which has lower emissions than

other pipe materials, has reduced the growth in emis-

sions from this stage.

Overall, natural gas systems emitted 33.6

MMTCE (5,860 Gg) of methane in 1998, a slight in-

crease over 1990 emissions of 33.0 MMTCE (5,770) in

1990 (see Table 2-25 and Table 2-26). Even though

transmission and distribution pipeline mileage and

natural gas production have increased from 1990 to

1998, emissions over that period have remained rela-

tively constant. Improvements in management prac-

tices and technology, along with the normal replace-

ment of older equipment, helped to stabilize emissions.

In addition, EPA’s Natural Gas STAR Program, initiated

in 1993, is working with the gas industry to promote

profitable practices that reduce methane emissions. The

program is estimated to have reduced emissions by 0.7,

1.2, 1.3, 1.8 and 2.2 MMTCE in 1994 through 1998,

respectively. In Table 2-25 and Table 2-26, Natural Gas

STAR reductions are included in the emission estimates

for each sector of the natural gas industry and are also

reflected in the total emission estimate.

7
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The foundation for the estimate of methane emis-

sions from the U.S. natural gas industry is a detailed

study by the Gas Research Institute and EPA (GRI/EPA

1996). The GRI/EPA study developed over 100 detailed

emission factors and activity levels through site visits to

selected gas facilities, and arrived at a national point

estimate for 1992. Since publication of this study, EPA

conducted additional analysis to update the activity data

for some of the components of the system, particularly

field production equipment. Summing emissions across

individual sources in the natural gas system provided a
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1992 baseline emission estimate from which the emis-

sions for the period 1990 through 1998 were derived.

Apart from the year 1992, detailed statistics on

each of the over 100 activity levels were not available

for the time series 1990 through 1998. To estimate these

activity levels, aggregate annual statistics were ob-

tained on select driving variables, including: number

of producing wells, number of gas plants, miles of trans-

mission pipeline, miles of distribution pipeline, and

miles of distribution services. By assuming that the

relationships among these variables remained constant

(e.g., the number of heaters per well remained the same),

the statistics on these variables formed the basis for

estimating other activity levels.

For the period 1990 through 1995, the emission

factors were held constant. A gradual improvement in

technology and practices is expected to reduce the emis-

sion factors slightly over time. To reflect this trend, the

emission factors were reduced by about 0.2 percent per

year starting with 1996, a rate that, if continued, would

lower the emission factors by 5 percent in 2020. See

Annex E for more detailed information on the method-

ology and data used to calculate methane emissions

from natural gas systems.

!��������	
�
Activity data were taken from the American Gas

Association (AGA 1991, 1992, 1993, 1994, 1995, 1996,

1997, 1998, 1999), Natural Gas Annual (EIA 1998),

and Natural Gas Monthly (EIA 1998), Independent Pe-

troleum Association of America (IPAA 1990, 1991,

1992, 1993, 1994, 1995, 1996, 1997, 1998), and the

Department of Transportation’s Office of Pipeline Safety

(OPS 2000). The U.S. Department of Interior (DOI 1997,

1998, 1999) supplied offshore platform data. All emis-

sion factors were taken from GRI/EPA (1996).
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The heterogeneous nature of the natural gas in-

dustry makes it difficult to sample facilities that are

completely representative of the entire industry. Be-

cause of this, scaling up from model facilities intro-

duces a degree of uncertainty. Additionally, highly vari-

able emission rates were measured among many system

components, making the calculated average emission

rates uncertain. Despite the difficulties associated with

estimating emissions from this source, the uncertainty

in the total estimated emissions are believed to be on

the order of ±40 percent.
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Methane emissions from petroleum systems are

primarily associated with crude oil production, trans-

portation, and refining operations. During each of these

activities, methane is released to the atmosphere as fu-

gitive emissions, vented emissions, operational upset

emissions, and emissions from the combustion of fuels.

These activities and associated methane emissions are

detailed below.

Production Field Operations. Production field

operations account for approximately 97 percent of to-

tal methane emissions from petroleum systems. The ma-

jor sources of methane from production operations are

venting from storage tanks and pneumatic devices, well-

head fugitives, combustion products, and process up-

sets. Vented methane from oil wells, storage tanks, and

related production field processing equipment was the

primary contributor to emissions from the oil industry,

accounting for, on average, 89 percent. Field storage

tanks and natural-gas-powered pneumatic devices used

to operate valves and small pumps were the dominant

contributors to venting emissions. Oil wells and off-

shore platforms accounted for most of the remaining

venting emissions.

Fugitive and combustion emissions from produc-

tion field operations accounted for three percent and

two percent, respectively, of total methane emissions

from the oil industry. Most fugitive methane emissions

in the field were from oil wellheads and the equipment

used to separate natural gas and water from the crude

oil. Nearly all of the combustion emissions in the field

were from engine exhaust. The EPA expects future emis-

sions from production fields to decline as the number

of oil wells declines and crude production slows.

Crude Oil Transportation. Crude transportation

activities accounted for less than one half percent of

total methane emissions from the oil industry. Venting



��,�������
���	�����������	

�����
������ ����������!����"�#����$%���

from tanks and marine vessel loading operations ac-

counted for the majority of methane emissions from crude

oil transportation. Fugitive emissions, almost entirely

from floating roof tanks, accounted for the remainder.

Crude Oil Refining. Crude oil refining processes

and systems accounted for only two percent of total

methane emissions from the oil industry because most

of the methane in crude oil is removed or escapes be-

fore the crude oil is delivered to the refineries. Within

refineries, vented emissions accounted for 86 percent,

while fugitive and combustion emissions were seven

percent each. Refinery system blowdowns for mainte-

nance and the process of asphalt blowing—with air to

harden it—were the primary venting contributors. Most

of the fugitive emissions from refineries were from leaks

in the fuel gas system. Refinery combustion emissions

accumulate from small amounts of unburned methane

in process heater stack emissions and from unburned

methane in engine exhausts and flares.

The EPA estimates total methane emissions from

petroleum systems in 1998 were 6.3 MMTCE (1,108

Gg). Since 1990, emissions declined gradually prima-

rily due to a decline in domestic oil production. Emis-

sion estimates are provided below in Table 2-27 and

Table 2-28.
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The EPA’s methodology for estimating methane
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emissions from petroleum systems is based on a compre-

hensive study of methane emissions from U.S. petroleum

systems, Estimates of Methane Emissions from the U.S.

Oil Industry (Draft Report) (EPA 1999). The study esti-

mated emissions from 70 activities occurring in petro-

leum systems from the oil wellhead through crude oil

refining, including 39 activities for crude oil production

field operations, 11 for crude oil transportation activi-

ties, and 20 for refining operations. Annex F explains the

emission estimates for these 70 activities in greater de-

tail. The estimate of methane emissions from petroleum

systems does not include emissions downstream from oil

refineries because these emissions are very small com-

pared to methane emissions upstream from oil refineries.

The methodology for estimating methane emis-

sions from the 70 oil industry activities employs emis-

sion factors and activity factors initially developed in

EPA (1999). The EPA estimates emissions for each activ-

ity by multiplying emission factors (e.g., emission rate

per equipment item or per activity) by their correspond-

ing activity factor (e.g., equipment count or frequency

of activity). The report (EPA 1999) provides emission

factors and activity factors for all activities except those

related to offshore oil production. For offshore oil pro-

duction, the EPA calculated an emission factor by divid-

ing an emission estimate from the Minerals Manage-

ment Service (MMS) by the number of platforms (the

activity factor).

The EPA collected activity factors for 1990 through

1998 from a wide variety of historical resources. For

1995, data on activity factors were available; however,

some activity factor data are not reported for other years.

When activity factor data were not available, the EPA

employed one of three options. Where appropriate, the

activity factor was assumed to be directly proportional

to annual oil production. (Proportionality constants were

calculated by dividing the activity factor for 1995 by

the annual oil production for 1995. The resulting pro-

portionality constants were then multiplied by the an-

nual oil production in years for which activity factors

must be estimated.) In other cases, the activity factor was

kept constant between 1990 and 1998. Lastly, 1997 data

was used when 1998 data were not yet available.

Emission factors were held constant for the period

1990 through 1998, with the exception of engine emis-

sions. Over time, more efficient engines are used to drive

pumps, compressors, and generators. The emission fac-

tor for these engines was adjusted accordingly.

!��������	
�
Nearly all emission factors were taken from earlier

work performed by Radian International LLC (Radian

1996e). Other emission factors were taken from API pub-

lication 4638 (API 1996), EPA default values, MMS re-

ports (MMS 1995 and 1999), the Exploration and Pro-

duction (E&P) Tank model (API and GRI), reports by the

Canadian Association of Petroleum Producers (CAPP

1992 and 1993), and consensus of industry peer review

panels.

The EPA uses many references to obtain activity

factors. Among the more important references are En-

ergy Information Administration annual and monthly

reports (EIA 1995, 1996, 1997, 1998), the API Basic

Petroleum Data Book (API 1997 and 1999), the GRI/

EPA report (Radian 1996a-d), Methane Emissions from

the Natural Gas Industry, consensus of industry peer

review panels, MMS reports (MMS 1995 and 1999), and

the Oil & Gas Journal (OGJ 1990-1998a,b). Appendix F
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provides a complete list of references.

3 	
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The detailed, bottom-up analysis used to evaluate

U.S. petroleum systems for the current Inventory reduces

the uncertainty related to the methane emission estimates

compared to previous estimates. However, a number of

uncertainties remain. Because published activity factors

are not available every year for all 70 activities ana-

lyzed for petroleum systems, the EPA must estimate some

of them. For example, there is uncertainty associated

with the estimate of annual venting emissions in pro-

duction field operations because a recent census of tanks

and other tank battery equipment, such as separators and

pneumatic devices, is not available. These uncertainties

are important because the production sector accounted

for 97 percent of total 1998 methane emissions from

petroleum systems. Uncertainties are also associated with

emission factors because highly variable emission rates

are summarized in one emission factor. The majority of

methane emissions occur during production field opera-

tions, where methane can first escape crude oil, so a bet-

ter understanding of tank battery equipment and tanks

would reduce the uncertainty associated with the esti-

mate of methane emissions from petroleum systems. Table

2-29 provides emission estimate ranges given the uncer-

tainty in the estimates of vented emissions from produc-

ing field tanks and pneumatic devices.
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The flaring of natural gas from oil wells is a small

source of carbon dioxide (CO2). In addition, oil and gas

activities also release small amounts of nitrogen oxides

(NOx), carbon monoxide (CO), and nonmethane volatile

organic compounds (NMVOCs). This source accounts

for only a small proportion of overall emissions of each

of these gases. Emissions of CO2, NOx, and CO from

petroleum and natural gas production activities were all

less than 1 percent of national totals, while NMVOC

emissions were roughly 2 percent of national totals.

Carbon dioxide emissions from petroleum produc-

tion result from natural gas that is flared (i.e., combusted)

at the production site. Barns and Edmonds (1990) noted

that of total reported U.S. venting and flaring, approxi-

mately 20 percent may be vented, with the remaining 80

percent flared; however, it is now believed that flaring

accounts for an even greater proportion, although some

venting still occurs. Methane emissions from venting

are accounted for under Petroleum Systems. For 1998,

the CO2 emissions from the flaring were estimated to be

approximately 3.4 MMTCE (12,296 Gg), an increase of

148 percent since 1990 (see Table 2-30).

Criteria pollutant emissions from oil and gas pro-

duction, transportation, and storage, constituted a rela-

tively small and stable portion of the total emissions of

these gases from the 1990 to 1998 (see Table 2-31).

7
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The estimates for CO2 emissions were prepared

using an emission factor of 14.92 MMTCE/QBtu of flared

gas, and an assumed flaring efficiency of 100 percent.

The quantity of flared gas was estimated as the total

reported vented and flared gas minus a constant 12,031

million cubic feet, which was assumed to be vented.23

Criteria pollutant emission estimates for NOx, CO,

and NMVOCs were determined using industry-published

production data and applying average emission factors.

!��������	
�
Activity data in terms of total natural gas vented

and flared for estimating CO2 emissions from natural gas

flaring were taken from EIA’s Natural Gas Annual (EIA

1998). The emission and thermal conversion factors were

also provided by EIA (see Table 2-32).

EPA (1999) provided emission estimates for NOx,

CO, and NMVOCs from petroleum refining, petroleum

product storage and transfer, and petroleum marketing

operations. Included are gasoline, crude oil and distil-

late fuel oil storage and transfer operations, gasoline

bulk terminal and bulk plants operations, and retail gaso-

23 See the methodological discussion under Petroleum Systems for the basis of the portion of natural gas assumed vented.
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24 See report of the Intergovernmental Negotiating Committee for a Framework Convention on Climate Change on the work of its ninth
session, held at Geneva from 7 to 18 February 1994 (A/AC.237/55, annex I, para. 1c) (contact secretariat@unfccc.de).
25 See FCCC/SBSTA/1996/9/Add.1 and Add.2 for a discussions of allocation options for international bunker fuels (see http://
www.unfccc.de/fccc/docs/1996/sbsta/09a01.pdf and /09a02.pdf).

line service stations operations.

3 	
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Uncertainties in CO2 emission estimates primarily

arise from assumptions concerning what proportion of

natural gas is flared and the flaring efficiency. The por-

tion assumed vented as methane in the methodology for

Petroleum Systems is currently held constant over the

period 1990 through 1998 due to the uncertainties in-

volved in the estimate. Uncertainties in criteria pollut-

ant emission estimates are partly due to the accuracy of

the emission factors used and projections of growth.
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Emissions resulting from the combustion of fuels

used for international transport activities, termed inter-

national bunker fuels under the United Nations Frame-

work Convention on Climate Change (UNFCCC), are

currently not included in national emission totals, but

are reported separately based upon location of fuel sales.

The decision to report emissions from international bun-

ker fuels separately, instead of allocating them to a par-

ticular country, was made by the Intergovernmental Ne-

gotiating Committee in establishing the Framework

Convention on Climate Change.24  These decisions are

reflected in the Revised 1996 IPCC Guidelines, in which

countries are requested to report emissions from ships or

aircraft that depart from their ports with fuel purchased

within national boundaries and are engaged in interna-

tional transport separately from national totals (IPCC/

UNEP/OECD/IEA 1997). The Parties to the UNFCCC

have yet to decide on a methodology for allocating these

emissions.25

Greenhouse gases emitted from the combustion of

international bunker fuels, like other fossil fuels, include

carbon dioxide (CO2), methane (CH4), nitrous oxide

(N2O), carbon monoxide (CO), oxides of nitrogen (NOx),

nonmethane volatile organic compounds (NMVOCs),

particulate matter, and sulfur dioxide (SO2).26  Two trans-

port modes are addressed under the IPCC definition of
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26 Sulfur dioxide emissions from jet aircraft and marine vessels, although not estimated here, are mainly determined by the sulfur
content of the fuel. In the U.S., jet fuel, distillate diesel fuel, and residual fuel oil average sulfur contents of 0.05, 0.3, and 2.3 percent,
respectively. These percentages are generally lower than global averages.
27 Naphtha-type jet fuel is used primarily by the military in turbojet and turboprop aircraft engines.
28 In 1996, there were only around a dozen civilian supersonic aircraft in service around the world which flew at these altitudes,
however.
29 However, at this lower altitude, ozone does little to shield the earth from ultraviolet radiation.
30 Cruise altitudes for civilian subsonic aircraft generally range from 8.2 to 12.5 km (27,000 to 41,000 feet).

international bunker fuels: aviation and marine. Emis-

sions from ground transport activities—by road vehicles

and trains—even when crossing international borders

are allocated to the country where the fuel was loaded

into the vehicle and, therefore, are not counted as bun-

ker fuel emissions.

The IPCC Guidelines distinguish between differ-

ent modes of air traffic. Civil aviation comprises aircraft

used for the commercial transport of passengers and

freight, military aviation comprises aircraft under the

control of national armed forces, and general aviation

applies to recreational and small corporate aircraft. The

IPCC Guidelines further define international bunker fuel

use from civil aviation as the fuel combusted for civil

(e.g., commercial) aviation purposes by aircraft arriving

or departing on international flight segments. However,

as mentioned above, and in keeping with the IPCC

Guidelines, only the fuel purchased in the United States

and used by aircraft taking-off (i.e., departing) from the

United States are reported here. The standard fuel used

for civil aviation is kerosene-type jet fuel, while the typi-

cal fuel used for general aviation is aviation gasoline.27

Emissions of CO2 from aircraft are a function of

fuel use, whereas emissions per flight or ton-mile in the

case of cargo, are a function of flight path, fuel effi-

ciency of the aircraft and its engines, occupancy, and

load factor. Methane, N2O, CO, NOx, and NMVOC emis-

sions depend upon engine characteristics, flight condi-

tions, and flight phase (i.e., take-off, climb, cruise, de-

cent, and landing). Methane, CO, and NMVOCs are the

product of incomplete combustion and occur mainly

during the landing and take-off phases. In jet engines,

N2O and NOx are primarily produced by the oxidation of

atmospheric nitrogen, and the majority of emissions oc-

cur during the cruise phase. The impact of NOx on atmo-

spheric chemistry depends on the altitude of the actual

emission. The cruising altitude of supersonic aircraft,

near or in the ozone layer, is higher than that of subsonic

aircraft. At this higher altitude, NOx emissions contrib-

ute to ozone depletion.28  At the cruising altitudes of

subsonic aircraft, however, NOx emissions contribute to

the formation of ozone. At these lower altitudes, the posi-

tive radiative forcing effect of ozone is most potent.29

The vast majority of aircraft NOx emissions occur at these

lower cruising altitudes of commercial subsonic aircraft

(NASA 1996).30

International marine bunkers comprise emissions

from fuels burned by ocean-going ships of all flags that

are engaged in international transport. Ocean-going ships

are generally classified as cargo and passenger carrying,

military (i.e., navy), fishing, and miscellaneous support

ships (e.g., tugboats). For the purpose of estimating green-

house gas emissions, international bunker fuels are solely

related to cargo and passenger carrying vessels, which is

the largest of the four categories, and military vessels.

Two main types of fuels are used on sea-going vessels:

distillate diesel fuel and residual fuel oil. Carbon diox-

ide is the primary greenhouse gas emitted from marine

shipping. In comparison to aviation, the atmospheric

impacts of NOx from shipping are relatively minor, as

the emissions occur at ground level.

Overall, aggregate greenhouse gas emissions in

1998 from the combustion of international bunker fuels

from both aviation and marine activities decreased by 3

percent since 1990, to 31.6 MMTCE (see Table 2-33).

Although emissions from international flights depart-

ing from the United States have increased significantly

(22 percent), emissions from international shipping voy-

ages departing the United States appear to have decreased

by 19 percent since 1990. Increased military activity

during the Persian Gulf War resulted in an increased level

of military marine emissions in 1990 and 1991; civilian

marine emissions during this period exhibited a similar

trend.31  Since 1994, marine emissions have steadily in-
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creased. The majority of these emissions were in the form

of carbon dioxide; however, small amounts of CH4 and

N2O were also emitted. Of the criteria pollutants, emis-

sions of NOx by aircraft at cruising altitudes are of pri-

mary concern because of their effects on ozone forma-

tion (see Table 2-34).

Emissions from both aviation and marine interna-

tional transport activities are expected to grow in the

future as both air traffic and trade increase, although

emission rates should decrease over time due to techno-

logical changes.32
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Emissions of CO2 were estimated through the ap-

plication of carbon content and fraction oxidized fac-

tors to fuel consumption activity data. This approach is

analogous to that described under CO2 from Fossil Fuel

Combustion. A complete description of the methodol-

ogy and a listing of the various factors employed can

be found in Annex A. See Annex G for a specific discus-
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31 See Uncertainty section for a discussion of data quality issues.
32 Most emission related international aviation and marine regulations are under the rubric of the International Civil Aviation
Organization (ICAO) or the International Maritime Organization (IMO), which develop international codes, recommendations, and
conventions, such as the International Convention of the Prevention of Pollution from Ships (MARPOL).
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sion on the methodology used for estimating emissions

from international bunker fuel use by the U.S. military.

Emission estimates for CH4, N2O, CO, NOx, and

NMVOCs were calculated by multiplying emission fac-

tors by measures of fuel consumption by fuel type and

mode. Activity data for aviation included solely jet

fuel consumption statistics, while the marine mode in-

cluded both distillate diesel and residual fuel oil.

!��������	
�
Carbon content and fraction oxidized factors for

kerosene-type and naptha-type jet fuel, distillate fuel

oil, and residual fuel oil were taken directly from the

Energy Information Administration (EIA) of the U.S.

Department of Energy and are presented in Annex A.

Heat content and density conversions were taken from

EIA (1998) and USAF (1998). Emission factors used in

the calculations of CH4, N2O, CO, NOx, and NMVOC

emissions were taken from the Revised 1996 IPCC

Guidelines (IPCC/UNEP/OECD/IEA 1997). For aircraft

emissions, the following values, in units of grams of

pollutant per kilogram of fuel consumed (g/kg), were

employed: 0.09 for CH4, 0.1 for N2O, 5.2 for CO, 12.5

for NOx, and 0.78 for NMVOCs. For marine vessels con-

suming either distillate diesel or residual fuel oil the

following values, in the same units, except where noted,

were employed: 0.03 for CH4, 0.08 for N2O, 1.9 for CO,

87 for NOx, and 0.052 g/MJ for NMVOCs.

Activity data on aircraft fuel consumption were

collected from three government agencies. Jet fuel con-

sumed by U.S. flag air carriers for international flight

segments was supplied by the Bureau of Transporta-

tion Statistics (DOT/BTS 1999). It was assumed that 50

percent of the fuel used by U.S. flagged carriers for

international flights—both departing and arriving in

the United States—was purchased domestically for

flights departing from the United States. In other words,

only one-half of the total annual fuel consumption es-

timate was used in the calculations. Data on jet fuel

expenditures by foreign flagged carriers departing U.S.

airports was taken from unpublished data collected by

the Bureau of Economic Analysis (BEA) under the U.S.

Department of Commerce (BEA 1999). Approximate

average fuel prices paid by air carriers for aircraft on

international flights was taken from DOT/BTS (1999)

and used to convert the BEA expenditure data to gal-

lons of fuel consumed. Data on jet fuel expenditures by

the U.S. military was supplied by the Office of the Un-

der Secretary of Defense (Environmental Security), U.S.

Department of Defense (DoD). Estimates of the percent-

age of each services’ total operations that were interna-

tional operations were developed by DoD. Military

aviation bunkers included international operations,

operations conducted from naval vessels at sea, and

operations conducted from U.S. installations principally

over international water in direct support of military

operations at sea. Data on fuel delivered to the military

within the United States was provided from unpublished

data by the Defense Energy Support Center, under DoD’s

Defense Logistics Agency (DESC 1999). Together, the

data allow the quantity of fuel used in military interna-

tional operations to be estimated. Jet fuel densities for

each fuel type were obtained from a report from the

U.S. Air Force (USAF 1998). Final jet fuel consumption

estimates are presented in Table 2-35. See Annex G for

additional discussion of military data.

Activity data on distillate diesel and residual fuel

oil consumption by cargo or passenger carrying marine

vessels departing from U.S. ports were taken from un-

published data collected by the Foreign Trade Division
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of the U.S. Department of Commerce’s Bureau of the

Census (DOC 1998). Activity data on distillate diesel

consumption by military vessels departing from U.S.

ports were provided by the Defense Energy Support Cen-

ter (DESC). The total amount of fuel provided to naval

vessels was reduced by 13 percent to account for fuel

used while the vessels were not-underway (i.e., in port).

Data on the percentage of steaming hours underway ver-

sus not-underway were provided by the U.S. Navy. These

fuel consumption estimates are presented in Table 2-36.

3 	
���" �.
Emission estimates related to the consumption of

international bunker fuels are subject to the same uncer-

tainties as those from domestic aviation and marine mo-

bile combustion emissions; however, additional uncer-

tainties result from the difficulty in collecting accurate

fuel consumption activity data for international trans-

port activities separate from domestic transport activi-

ties.33  For example, smaller aircraft on shorter routes

often carry sufficient fuel to complete several flight seg-

ments without refueling in order to minimize time spent

at the airport gate or take advantage of lower fuel prices

at particular airports. This practice, called tankering,

when done on international flights, complicates the use

of fuel sales data for estimating bunker fuel emissions.

Tankering is less common with the type of large, long-

range aircraft that make many international flights from

the United States, however. Similar practices occur in

the marine shipping industry where fuel costs represent

a significant portion of overall operating costs and fuel

prices vary from port to port, leading to some tankering

from ports with low fuel costs.

Particularly for aviation, the DOT/BTS (1998) in-

ternational flight segment fuel data used for U.S. flagged

carriers does not include smaller air carriers and unfortu-

nately defines flights departing to Canada and some

flights to Mexico as domestic instead of international.

As for the BEA (1998) data on foreign flagged carriers,

there is some uncertainty as to the average fuel price,

and to the completeness of the data. It was also not pos-

sible to determine what portion of fuel purchased by

foreign carriers at U.S. airports was actually used on do-

mestic flight segments; this error, however, is believed

to be small.34

Although aggregate fuel consumption data has

been used to estimate emissions from aviation, the rec-

ommended method for estimating emissions of gases

other than CO2 in the Revised 1996 IPCC Guidelines is

to use data by specific aircraft type (IPCC/UNEP/OECD/

IEA 1997). The IPCC also recommends that cruise alti-

tude emissions be estimated separately using fuel con-

sumption data, while landing and take-off (LTO) cycle

data be used to estimate near-ground level emissions of

gases other than CO2.35  The EPA is developing revised

33 See uncertainty discussions under CO2 from Fossil Fuel Combustion and Mobile Combustion.
34 Although foreign flagged air carriers are prevented from providing domestic flight services in the United States, passengers may be
collected from multiple airports before an aircraft actually departs on its international flight segment. Emissions from these earlier
domestic flight segments should be classified as domestic, not international, according to the IPCC.
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estimates based on this more detailed activity data, and

these estimates are to be presented in future inventories.

There is also concern as to the reliability of the

existing DOC (1998) data on marine vessel fuel con-

sumption reported at U.S. customs stations due to the

significant degree of inter-annual variation. Of note is

that fuel consumption data were not available for the

year 1990; therefore, an average of 1989 and 1991 data

was employed.

@��$�0"�&����� $�%�*� ��
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The combustion of biomass fuels—such as wood,

charcoal, and wood waste—and biomass-based fuels—

such as ethanol from corn and woody crops—generates

carbon dioxide (CO2). However, in the long run the car-

bon dioxide emitted from biomass consumption does

not increase atmospheric carbon dioxide concentrations,

assuming the biogenic carbon emitted is offset by the

uptake of CO2 resulting from the growth of new biom-

ass. As a result, CO2 emissions from biomass combustion

have been estimated separately from fossil fuel-based

emissions and are not included in the U.S. totals. Net

carbon fluxes from changes in biogenic carbon reser-

voirs in wooded or crop lands are accounted for in the

Land-Use Change and Forestry chapter.

In 1998, CO2 emissions due to burning of woody

biomass within the industrial and residential/commer-

cial sectors and by electric utilities were about 64.2

MMTCE (235,554 Gg) (see Table 2-37 and Table 2-38).

As the largest consumer of woody biomass, the indus-

trial sector in 1998 was responsible for 83 percent of the

CO2 emissions from this source. The combined residen-

tial/commercial36  sector was the second largest emitter,

making up 16 percent of total emissions from woody

biomass. The commercial end-use sector and electric

utilities accounted for the remainder.

Biomass-derived fuel consumption in the United

States consisted mainly of ethanol use in the transporta-

tion sector. Ethanol is primarily produced from corn

35 It should be noted that in the EPA’s National Air Pollutant Emissions Trends, 1900 - 1998 (EPA 1999), U.S. aviation emission
estimates for CO, NOx, and NMVOCs are based solely upon LTO cycles and consequently only capture near ground-level emissions,
which are more relevant for air quality evaluations. These estimates also include both domestic and international flights. Therefore,
estimates given under Mobile Source Fossil Fuel Combustion overestimate IPCC-defined domestic CO, NOx, and NMVOC emissions by
including landing and take-off (LTO) cycles by aircraft on international flights but underestimate because they do not include
emissions from aircraft on domestic flight segments at cruising altitudes. EPA (1998) is also likely to include emissions from ocean-
going vessels departing from U.S. ports on international voyages.
36 For this emissions source, data are not disaggregated into residential and commercial sectors.
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grown in the Midwest, and was used mostly in the Mid-

west and South. Pure ethanol can be combusted, or it can

be mixed with gasoline as a supplement or octane-en-

hancing agent. The most common mixture is a 90 per-

cent gasoline, 10 percent ethanol blend known as gaso-

hol. Ethanol and ethanol blends are often used to fuel

public transport vehicles such as buses, or centrally fu-

eled fleet vehicles. Ethanol and ethanol blends are be-

lieved to burn “cleaner” than gasoline (i.e., lower in NOx

and hydrocarbon emissions), and have been employed

in urban areas with poor air quality. However, because

ethanol is a hydrocarbon fuel, its combustion emits CO2.

In 1998, the United States consumed an estimated

105 trillion Btus of ethanol. Emissions of CO2 in 1998

due to ethanol fuel burning were estimated to be ap-

proximately 2.0 MMTCE (6,744 Gg) (see Table 2-39).

Ethanol production dropped sharply in the middle

of 1996 because of short corn supplies and high prices.

Plant output began to increase toward the end of the

growing season, reaching close to normal levels at the

end of the year. However, total 1996 ethanol production

fell far short of the 1995 level (EIA 1997). Production in

1998 returned to normal historic levels.

7
�*�$���-.
Woody biomass emissions were estimated by con-

verting U.S. consumption data in energy units (17.2 mil-

lion Btu per short ton) to megagrams (Mg) of dry matter

using EIA assumptions. Once consumption data for each

sector were converted to megagrams of dry matter, the

carbon content of the dry fuel was estimated based on

default values of 45 to 50 percent carbon in dry biomass.

The amount of carbon released from combustion was

estimated using 87 percent for the fraction oxidized (i.e.,

combustion efficiency). Ethanol consumption data in

energy units were also multiplied by a carbon coeffi-

cient (18.96 mg C/Btu) to produce carbon emission esti-

mates.

!��������	
�
Woody biomass consumption data were provided
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by EIA (1999) (see Table 2-40). The factor for convert-

ing energy units to mass was supplied by EIA (1994).

Carbon content and combustion efficiency values were

taken from the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997).

Emissions from ethanol were estimated using con-

sumption data from EIA (1999) (see Table 2-41). The

carbon coefficient used was provided by OTA (1991).

3 	
���" �.
The combustion efficiency factor used is believed

to under estimate the efficiency of wood combustion

processes in the United States. The IPCC emission factor

has been used because better data are not yet available.

Increasing the combustion efficiency would increase

emission estimates. In addition, according to EIA (1994)

commercial wood energy use is typically not reported

because there are no accurate data sources to provide

reliable estimates. Emission estimates from ethanol pro-

duction are more certain than estimates from woody bio-

mass consumption due to better activity data collection

methods and uniform combustion techniques.
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1 Carbon dioxide emissions from iron and steel production, ammonia manufacture, ferroalloy production, and aluminum production
are accounted for in the Energy chapter under Fossil Fuel Combustion of industrial coking coal, natural gas, and petroleum coke.
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�reenhouse gas emissions are produced as a by-product of various non-energy-related industrial activities.

That is, these emissions are produced from an industrial process itself and are not directly a result of energy

consumed during the process. For example, raw materials can be chemically transformed from one state to another.

This transformation can result in the release of greenhouse gases such as carbon dioxide (CO2), methane (CH4), or

nitrous oxide (N2O). The processes addressed in this chapter include cement production, lime manufacture, limestone

and dolomite use (e.g., flux stone, flue gas desulfurization, and glass manufacturing), soda ash production and use,

CO2 consumption, iron and steel production, ammonia manufacture, ferroalloy production, aluminum production,

petrochemical production, silicon carbide production, adipic acid production, and nitric acid production (see Figure

3-1).1

In addition to the three

greenhouse gases listed above,

there are also industrial sources

of several classes of man-made

fluorinated compounds called

hydrofluorocarbons (HFCs),

perfluorocarbons (PFCs), and

sulfur hexafluoride (SF6). The

present contribution of these

gases to the radiative forcing ef-

fect of all anthropogenic green-

house gases is small; however, be-

cause of their extremely long life-

times, they will continue to ac-

cumulate in the atmosphere as

long as emissions continue. Sul-

fur hexafluoride, itself, is the

most potent greenhouse gas the

IPCC has ever evaluated. Usage

of these gases, especially HFCs,
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2 See Annex P for a discussion of emission sources excluded.

is growing rapidly as they are the primary substitutes for

ozone depleting substances (ODSs), which are being

phased-out under the Montreal Protocol on Substances

that Deplete the Ozone Layer. In addition to ODS substi-

tutes, HFCs, PFCs, and other fluorinated compounds are

employed and emitted by a number of other industrial

sources in the United States. These industries include alu-

minum production, HCFC-22 production, semiconduc-

tor manufacture, electric power transmission and distribu-

tion, and magnesium metal production and processing.

In 1998, industrial processes generated emissions

of 67.0 MMTCE, or 3.7 percent of total U.S. greenhouse

gas emissions. Carbon dioxide emissions from all indus-

trial processes were 18.4 MMTCE (67,447 Gg) in the

same year. This amount accounted for only 1 percent of

national CO2 emissions. Methane emissions from pet-

rochemical and silicon carbide production resulted in

emissions of approximately 0.4 MMTCE (78 Gg) in 1998,

which was less than 1 percent of U.S. CH4 emissions.

Nitrous oxide emissions from adipic acid and nitric acid

production were 7.7 MMTCE (91 Gg) in 1998, or 6 per-

cent of total U.S. N2O emissions. In the same year, com-

bined emissions of HFCs, PFCs and SF6 totaled 40.5

MMTCE. Overall, emissions from industrial processes

increased by 39 percent from 1990 to 1998, due mainly

to growth in the use of HFCs.

Emission estimates are presented in this chapter

for several industrial processes that are actually ac-
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counted for within the Energy chapter. Although CO2

emissions from iron and steel production, ammonia

manufacture, ferroalloy production, and aluminum pro-

duction are not the result of the combustion of fossil

fuels for energy, their associated emissions are captured

in the fuel data for industrial coking coal, natural gas,

industrial coking coal, and petroleum coke, respectively.

Consequently, if all emissions were attributed to their

appropriate chapter, then emissions from energy would

decrease by roughly 31 MMTCE in 1998, and industrial

process emissions would increase by the same amount.

Greenhouse gases are also emitted from a number

of industrial processes not addressed in this chapter. For

example, caprolactam—a chemical feedstock for the

manufacture of nylon 6,6—and urea production are be-

lieved to be industrial sources of N2O emissions. How-

ever, emissions for these and other sources have not been

estimated at this time due to a lack of information on the

emission processes, manufacturing data, or both. As more

information becomes available, emission estimates for

these processes will be calculated and included in future

greenhouse gas emission inventories, although their con-

tribution is expected to be small.2

The general method employed to estimate emis-

sions for industrial processes, as recommended by the

Intergovernmental Panel on Climate Change (IPCC),

generally involved multiplying production data for each

process by an emission factor per unit of production.

The emission factors used were either derived using cal-

culations that assume precise and efficient chemical re-

actions or were based upon empirical data in published

references. As a result, uncertainties in the emission co-
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efficients can be attributed to, among other things, inef-

ficiencies in the chemical reactions associated with each

production process or to the use of empirically derived

emission factors that are biased and, therefore, may not

represent U.S. national averages. Additional sources of

uncertainty specific to an individual source category

are discussed in each section.

Table 3-1 summarizes emissions for the Industrial

Processes chapter in units of million metric tons of car-

bon equivalents (MMTCE), while unweighted gas emis-

sions in Gigagrams (Gg) are provided in Table 3-2.

�
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Cement manufacture is an energy and raw material

intensive process resulting in the generation of carbon

dioxide (CO2) from both the energy consumed in mak-

ing the cement and the chemical process itself.3 Cement

production accounts for about 2.4 percent of total glo-

bal industrial and energy-related CO2 emissions (IPCC

1996), and the United States is the world’s third largest

cement producer. Cement is manufactured in almost ev-

ery state and is used in all of them. Carbon dioxide,

emitted from the chemical process of cement produc-

tion, represents one of the largest sources of industrial

CO2 emissions in the United States.

During the cement production process, calcium

carbonate (CaCO3) is heated in a cement kiln at a tem-

perature of about 1,300oC (2,400oF) to form lime (i.e.,

calcium oxide or CaO) and CO2. This process is known

as calcination or calcining. Next, the lime is combined

with silica-containing materials to produce clinker (an

intermediate product), with the earlier by-product CO2

being released to the atmosphere. The clinker is then

allowed to cool, mixed with a small amount of gypsum,

and used to make Portland cement. The production of

masonry cement from Portland cement requires additional

lime and, thus, results in additional CO2 emissions. How-

ever, this additional lime is already accounted for in the
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Lime Manufacture source category in this chapter; there-

fore, the additional emissions from making masonry ce-

ment from clinker are not counted in this source’s total.

They are presented here for informational purposes only.

In 1998, U.S. clinker production—including

Puerto Rico—totaled 75,859 thousand metric tons, and

U.S. masonry cement production reached 3,910 thou-

sand metric tons (USGS 1999). The resulting emissions

of CO2 from clinker production were estimated to be

10.7 MMTCE (39,227 Gg) (see Table 3-3). Emissions

from masonry production from clinker raw material were

estimated to be 0.02 MMTCE (88 Gg) in 1998, but again

are accounted for under Lime Manufacture.

After falling in 1991 by 2 percent from 1990 lev-

els, cement production emissions have grown every year

since. Overall, from 1990 to 1998, emissions increased

by 18 percent. In 1998, output by cement plants increased

2 percent over 1997, to 75,859 thousand metric tons.

Cement is a critical component of the construction in-

dustry; therefore, the availability of public construction

funding, as well as overall economic growth, will have

considerable influence on cement production in the fu-

ture. In the near term, a strong domestic economy is a

key factor in maintaining high demand for construction

materials and, hence, growth in the cement industry and

associated CO2 emissions.

3 The CO2 emissions related to the consumption of energy for cement manufacture are accounted for under CO2 from Fossil Fuel
Combustion in the Energy chapter.
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lime is equivalent to roughly 2.86 percent of the starting

amount of the product, since:

0.6 × 0.05/(1 + 0.05) = 2.86%

An emission factor for this added lime can then be

calculated by multiplying this percentage (2.86 percent)

by the molecular weight ratio of CO2 to CaO (0.785) to

yield 0.0224 metric tons of additional CO2 emitted for

every metric ton of masonry cement produced.

As previously mentioned, the CO2 emissions from

the additional lime added during masonry cement pro-

duction are accounted for in the section on CO2 emis-

sions from Lime Manufacture. Thus, these emissions were

estimated in this chapter for informational purposes only,

and are not included in the cement emission totals.

)�!������	
�
The activity data for clinker and masonry cement

production (see Table 3-4) were obtained from U.S. Geo-

logical Survey (USGS 1992, 1995, 1996, 1997, 1998,

1999). The data were compiled by USGS through ques-

tionnaires sent to domestic clinker and cement manu-

facturing plants. The 1998 value for masonry cement

production was furnished by Hendrick van Oss, USGS.

*�	
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The uncertainties contained in these estimates are

primarily due to uncertainties in the lime content of clin-

ker, in the amount of lime added to masonry cement, and

in the percentage of CKD recycled inside the clinker

kiln. The lime content of clinker varies from 64 to 66

percent. CKD loss can range from 1.5 to 8 percent de-

pending upon plant specifications. Additionally, some
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Carbon dioxide emissions from cement manufac-

ture are created by the chemical reaction of carbon-con-

taining minerals (i.e., calcining limestone). While in the

kiln, limestone is broken down into CO2 and lime with

the CO2 released to the atmosphere. The quantity of the

CO2 emitted during cement production is directly pro-

portional to the lime content of the clinker. During cal-

cination, each mole of CaCO3 (i.e., limestone) heated in

the clinker kiln forms one mole of lime (CaO) and one

mole of CO2:

CaCO3 + heat → CaO + CO2

Carbon dioxide emissions were estimated by ap-

plying an emission factor, in tons of CO2 released per

ton of clinker produced, to the total amount of clinker

produced. The emission factor used in this analysis is

the product of the average lime fraction for clinker of

64.6 percent (IPCC/UNEP/OECD/IEA 1997) and a con-

stant reflecting the mass of CO2 released per unit of lime.

This yields an emission factor of 0.507 tons of CO2 per

ton of clinker produced. The emission factor was calcu-

lated as follows:

During clinker production, some of the clinker pre-

cursor materials remain in the kiln as non-calcinated,

partially calcinated, or fully calcinated cement kiln dust

(CKD). The emissions attributable to the calcinated por-

tion of the CKD are not accounted for by the clinker

emission factor. The IPCC recommends that these addi-

tional CKD CO2 emissions should be estimated as 2 per-

cent of the CO2 emissions calculated from clinker pro-

duction. Total cement production emissions were calcu-

lated by adding the emissions from clinker production

to the emissions assigned to CKD (IPCC/OECD/IEA

1999).

Masonry cement requires additional lime over and

above the lime used in clinker production. In particular,

non-plasticizer additives such as lime, slag, and shale

are added to the cement, increasing its weight by ap-

proximately 5 percent. Lime accounts for approximately

60 percent of this added weight. Thus, the additional

44.01 g/mole CO
2

56.08 g/mole CaO[ ]EFClinker = 0.646 CaO× =

    0.507 tons CO2/ton clinker
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amount of CO2 is reabsorbed when the cement is used

for construction. As cement reacts with water, alkaline

substances such as calcium hydroxide are formed. Dur-

ing this curing process, these compounds may react with

CO2 in the atmosphere to create calcium carbonate. This

reaction only occurs in roughly the outer 0.2 inches of

surface area. Because the amount of CO2 reabsorbed is

thought to be minimal, it was not estimated.
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Lime, or calcium oxide (CaO),4 is an important

manufactured product with many industrial, chemical,

and environmental applications. Its major uses are in

steel making, flue gas desulfurization (FGD) at coal-fired

electric power plants, construction, pulp and paper manu-

facturing, and water purification. Lime has historically

ranked fifth in total production of all chemicals in the

United States.

Lime production involves three main processes:

stone preparation, calcination, and hydration. Carbon

dioxide is generated during the calcination stage, when

limestone—mostly calcium carbonate (CaCO3)—is

roasted at high temperatures in a kiln to produce CaO

and CO2. The CO2 is driven off as a gas and is normally

emitted to the atmosphere. Some of the CO2 generated

during the production process, however, is recovered at

some facilities for use in sugar refining and precipitated

calcium carbonate (PCC)5 production. It is also impor-

tant to note that for certain applications, lime reabsorbs

CO2 during use (see Uncertainty, below).

Lime production in the United States—including

Puerto Rico—was reported to be 20,100 thousand met-

ric tons in 1998 (USGS 1999). This resulted in CO2 emis-

sions of 3.7 MMTCE (13,627 Gg) (see Table 3-5 and

Table 3-6).

At the turn of the century, over 80 percent of lime

consumed in the United States went for construction uses.

However, the contemporary lime market is distributed

across its four end-use categories as follows: metallurgi-

cal uses, 39 percent; environmental uses, 26 percent;

chemical and industrial uses, 24 percent, and construc-

tion uses, 9 percent. Domestic lime manufacture has in-

creased every year since 1991, when it declined by 1

percent from 1990 levels. Production in 1998 increased

2 percent over the previous year to about 20,100 thou-

sand metric tons. Overall, from 1990 to 1998, lime pro-

duction, and hence process CO2 emissions, increased by

23 percent. The increase in production is attributed in

part to growth in demand for environmental applications,

especially flue gas desulfurization technologies. In 1993,

the U.S. Environmental Protection Agency (EPA) com-

pleted regulations under the Clean Air Act capping sul-

4 Lime also exists in a dolomitic form (CaO·MgO).
5 Precipitated calcium carbonate is a specialty filler used in premium-quality coated and uncoated papers.
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fur dioxide (SO2) emissions from electric utilities. Lime

scrubbers’ high efficiencies and increasing affordability

have allowed the FGD end-use to expand from 12 per-

cent of total lime consumption in 1994 to 15 percent in

1998 (USGS 1999).

#
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During the calcination stage of lime manufacture,

CO2 is driven off as a gas and normally exits the system

with the stack gas. Carbon dioxide emissions were esti-

mated by applying a CO2 emission factor to the total

amount of lime produced. The emission factor used in

this analysis is the product of a constant reflecting the

mass of CO2 released per unit of lime and the average

calcium plus magnesium oxide (CaO + MgO) content

for lime. This yields an emission factor of 0.73 tons of

CO2 per ton of lime produced. The emission factor was

calculated as follows:

[(44.01 g/mole CO2) ÷ (56.08 g/mole CaO)]

× (0.93 CaO/lime) = 0.73 g CO2/g lime

Lime production in the United States was 20,100

thousand metric tons in 1998 (USGS 1999), resulting in

potential CO2 emissions of 14,670 Gg. Some of the CO2

generated during the production process, however, was

recovered for use in sugar refining and precipitated cal-

cium carbonate (PCC) production. Combined lime manu-

facture by these producers was 1,785 thousand metric

tons in 1998, generating 1.0 Gg of CO2. It was assumed

that approximately 80 percent of the CO2 involved in

sugar refining and PCC was recovered.

)�!������	
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The activity data for lime manufacture and lime

consumption by sugar refining and precipitated calcium

carbonate (PCC) for 1990 through 1992 (see Table 3-7)

were obtained from USGS (1991, 1992); for 1993 through

1994 from Michael Miller (1995); for 1995 through 1998

from USGS (1997, 1998, 1999). The CaO purity of lime

was obtained from ASTM (1996) and Schwarzkopf (1995).
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The term “lime” is actually a general term that in-

cludes various chemical and physical forms of this com-

modity. Uncertainties in the emission estimate can be at-

tributed to slight differences in the chemical composition

of these products. For example, although much care is

taken to avoid contamination during the production pro-

cess, lime typically contains trace amounts of impurities

such as iron oxide, alumina and silica. Due to differences

in the limestone used as a raw material, a rigid specifica-

tion of lime material is impossible. As a result, few plants

manufacture lime with exactly the same properties.

In addition, a portion of the CO2 emitted during

lime manufacture will actually be reabsorbed when the

lime is consumed. As noted above, lime has many differ-

ent chemical, industrial, environmental, and construction

applications. In many processes, CO2 reacts with the lime

to create calcium carbonate (e.g., water softening). Car-

bon dioxide reabsorption rates vary, however, depending

on the application. For example, 100 percent of the lime

used to produce precipitated calcium carbonate (PCC)

reacts with CO2; whereas most of the lime used in steel-

making reacts with impurities such as silica, sulfur, and

aluminum compounds. A detailed accounting of lime use

in the United States and further research into the associ-

ated processes are required to quantify the amount of CO2

that is reabsorbed.6 As more information becomes avail-

able, this emission estimate will be adjusted accordingly.
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6 Representatives of the National Lime Association estimate that CO2 reabsorption that occurs from the use of lime offsets as much as
a third of the CO2 emissions from calcination.
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In some cases, lime is generated from calcium car-

bonate by-products at paper mills and water treatment

plants.7 The lime generated by these processes is not in-

cluded in the USGS data for commercial lime consump-

tion. In the paper industry, mills that employ the sulfate

process (i.e., Kraft) consume lime in order to causticize a

waste sodium carbonate solution (i.e., black liquor). Most

sulfate mills recover the waste calcium carbonate after

the causticizing operation and calcine it back into lime—

thereby generating CO2—for reuse in the pulping pro-

cess. However, some of these mills capture the CO2 re-

leased in this process to be used as precipitated calcium

carbonate (PCC). Further research is necessary to deter-

mine to what extent CO2 is released to the atmosphere

through generation of lime by paper mills.

In the case of water treatment plants, lime is used

in the softening process. Some large water treatment

plants may recover their waste calcium carbonate and

calcine it into quicklime for reuse in the softening pro-

cess. Further research is necessary to determine the de-

gree to which lime recycling is practiced by water treat-

ment plants in the United States.
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Limestone (CaCO3) and dolomite

(CaCO3MgCO3)8 are basic raw materials used by a wide

variety of industries, including construction, agricul-

ture, chemical, metallurgy, glass manufacture, and envi-

ronmental pollution control. Limestone is widely dis-

tributed throughout the world in deposits of varying sizes

and degrees of purity. Large deposits of limestone occur

in nearly every state in the United States, and significant

quantities are extracted for industrial applications. For

some of these applications, limestone is sufficiently

7 Some carbide producers may also regenerate lime from their calcium hydroxide by-products, which does not result in emissions of
CO2. In making calcium carbide, quicklime is mixed with coke and heated in electric furnaces. The regeneration of lime in this process
is done using a waste calcium hydroxide (hydrated lime) [CaC2 + 2H2O → C2H2 + Ca(OH)2], not calcium carbonate [CaCO3]. Thus, the
calcium hydroxide is heated in the kiln to simply expel the water [Ca(OH)2 + heat → CaO + H2O] and no CO2 is released to the
atmosphere.
8 Limestone and dolomite are collectively referred to as limestone by the industry, and intermediate varieties are seldom distinguished.
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heated during the process to generate CO2 as a by-prod-

uct. Examples of such applications include limestone

used as a flux or purifier in metallurgical furnaces, as a

sorbent in flue gas desulfurization (FGD) systems for

utility and industrial plants, or as a raw material in glass

manufacturing.

In 1998, approximately 17,268 thousand metric

tons of limestone and 2,597 thousand metric tons of do-

lomite were used for these applications. Overall, both

limestone and dolomite usage resulted in aggregate CO2

emissions of 2.4 MMTCE (8,854 Gg) (see Table 3-8 and

Table 3-9).

Emissions in 1998 increased 4 percent from the

previous year. Although they decreased slightly in 1991,

1992, and 1993, CO2 emissions from this source have

since increased 73 percent from the 1990 baseline. In

the future, increases in demand for crushed stone are

anticipated. Demand for crushed stone from the trans-

portation sector continues to drive growth in limestone

and dolomite use. The Transportation Equity Act for the

21st Century, which commits over $200 billion dollars

to highway work through 2003, promises to maintain

the upward trend in consumption.

#
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Carbon dioxide emissions were calculated by mul-

tiplying the amount of limestone consumed by an aver-

age carbon content for limestone, approximately 12.0

percent for limestone and 13.2 percent for dolomite

(based on stoichiometry). Assuming that all of the car-

bon was released into the atmosphere, the appropriate

emission factor was multiplied by the annual level of

consumption for flux stone, glass manufacturing, and

FGD systems to determine emissions.

)�!������	
�
Consumption data for 1990 through 1998 of lime-

stone and dolomite used as flux stone and in glass manu-

facturing (see Table 3-10) were obtained from the USGS

(1991, 1993, 1996, 1997, 1998, 1999). Consumption

data for limestone used in FGD were taken from unpub-

lished survey data in the Energy Information

Administration’s Form EIA-767, “Steam Electric Plant

Operation and Design Report,” (EIA 1997, 1998). For

1990 and 1994, the USGS did not provide a breakdown

of limestone and dolomite production by end-use and

for 1998 the end-use breakdowns had not yet been final-

ized at the time of publication. Consumption figures for

these years were estimated by assuming that limestone

and dolomite accounted for the same percentage of total

crushed stone consumption for a given year as the aver-

age of the percentages for the years before and after (ex-

ception: 1990 and 1998 consumption were estimated

using the percentages for only 1991 and 1997, respec-

tively).  Furthermore, starting in 1996, USGS discontin-

ued reporting glass manufacture separately. From 1996

onward, limestone used in glass manufacture is estimated

based on its percent of total crushed stone for 1995.
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It should be noted that there is a large quantity of

crushed stone reported to the USGS under the category

“unspecified uses”. A portion of this consumption is

believed to be limestone or dolomite used as flux stone

and for glass manufacture. The quantity listed for “un-

specified uses” was, therefore, allocated to each reported

end-use according to each end-uses fraction of total con-

sumption in that year.9

*�	
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Uncertainties in this estimate are due in part, to

variations in the chemical composition of limestone. In

addition to calcite, limestone may contain smaller

amounts of magnesia, silica, and sulfur. The exact speci-

fications for limestone or dolomite used as flux stone

vary with the pyrometallurgical process, the kind of ore

processed, and the final use of the slag. Similarly, the

quality of the limestone used for glass manufacturing

will depend on the type of glass being manufactured.

Uncertainties also exist in the activity data. Much of the

limestone consumed in the United States is reported as

“other unspecified uses;” therefore, it is difficult to ac-

curately allocate this unspecified quantity to the correct

end-uses. Furthermore, some of the limestone reported

as “limestone” is believed to actually be dolomite, which

has a higher carbon content than limestone.

�����3�.
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Soda ash (sodium carbonate, Na2CO3) is a white

crystalline solid that is readily soluble in water and

strongly alkaline. Commercial soda ash is used as a raw

material in a variety of industrial processes and in many

familiar consumer products such as glass, soap and de-

tergents, paper, textiles, and food. It is used primarily as

an alkali, either in glass manufacturing or simply as a

material that reacts with and neutralizes acids or acidic

substances. Internationally, two types of soda ash are

produced—natural and synthetic. The United States pro-

duces only natural soda ash and is the largest soda ash-

producing country in the world. Trona is the principal

ore from which natural soda ash is made.

Only two states produce natural soda ash: Wyo-

ming and California. Of these two states, only Wyoming

has net emissions of CO2. This difference is a result of

the production processes employed in each state.10 Dur-

ing the production process used in Wyoming, natural

sources of sodium carbonate are heated and transformed

into a crude soda ash that requires further refining. Car-

bon dioxide (CO2) is generated as a by-product of this

9 This approach was recommended by USGS.
10 In California, soda ash is manufactured using sodium carbonate-bearing brines instead of trona ore. To extract the sodium carbonate,
the complex brines are first treated with CO2 in carbonation towers to convert the sodium carbonate into sodium bicarbonate, which
then precipitates from the brine solution. The precipitated sodium bicarbonate is then calcined back into sodium carbonate. Although
CO2 is generated as a by-product, the CO2 is recovered and recycled for use in the carbonation stage and is never actually released.
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reaction, and is eventually emitted into the atmosphere.

In addition, CO2 may also be released when soda ash is

consumed.

In 1998, CO2 emissions from the manufacture of

soda ash from trona were approximately 0.4 MMTCE

(1,600 Gg). Soda ash consumption in the United States

also generated 0.7 MMTCE (2,700 Gg) of CO2 in 1998.

Total emissions from this source in 1998 were then 1.2

MMTCE (4,325 Gg) (see Table 3-11 and Table 3-12).

Emissions have fluctuated since 1990. These fluctua-

tions were strongly related to the behavior of the export

market and the U.S. economy. Emissions in 1998 de-

creased by 2 percent from the previous year, but have

increased 4 percent since 1990.

The United States has the world’s largest deposits

of trona and represents about one-third of total world

soda ash output. The distribution of soda ash by end-use

in 1998 was glass making, 49 percent; chemical produc-

tion, 27 percent; soap and detergent manufacturing, 11

percent; distributors, 5 percent; flue gas desulfurization,

3 percent; pulp and paper production, 2 percent; and

water treatment and miscellaneous combined for the re-

maining 3 percent (USGS 1999).

Soda ash production and consumption decreased

by 3.5 and 1.8 percent from 1997 values, respectively.

Exports are a driving force behind U.S. soda ash produc-

tion and the Asian economic crisis beginning in late

1997 has been cited as a major cause for the drop in

world soda ash demand. Moderate growth (between 1.5

and 2 percent) is expected for 1999 as the Asian economy

recovers and as demand in South America continues to

grow (USGS 1999).

Construction is currently underway on a major soda

ash plant that will use a new feedstock—nahcolite, a

natural sodium bicarbonate found in deposits in

Colorado’s Piceance Creek Basin. By 2001, the plant is

expected to be mining more than 1.4 million tons of

nahcolite per year and converting it into 1 million tons

of soda ash (C&EN, 1999). Part of this process involves

the stripping of CO2. At this point, it is unknown whether

any CO2 will be released to the atmosphere or captured

and used for conversion back to sodium bicarbonate.

#
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During the production process, trona ore is calcined

in a rotary kiln and chemically transformed into a crude

soda ash that requires further processing. Carbon dioxide

and water are generated as by-products of the calcination

process. Carbon dioxide emissions from the calcination

of trona can be estimated based on the following chemi-

cal reaction:

2(Na3H(CO3)2 ×2H2O) → 3Na2CO3 + 5H2O + CO2

   [trona]        [soda ash]

Based on this formula, approximately 10.27 metric

tons of trona are required to generate one metric ton of

CO2. Thus, the 16.5 million metric tons of trona mined in

1998 for soda ash production (USGS 1999) resulted in

CO2 emissions of approximately 0.4 MMTCE (1,600 Gg).

Once manufactured, most soda ash is consumed in

glass and chemical production, with minor amounts in

soap and detergents, pulp and paper, flue gas desulfur-

ization and water treatment. As soda ash is consumed for

these purposes, additional CO2 is usually emitted. In

these applications, it is assumed that one mole of carbon

is released for every mole of soda ash used. Thus, ap-

proximately 0.113 metric tons of carbon (or 0.415 met-

ric tons of CO2) are released for every metric ton of soda

ash consumed.

)�!������	
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The activity data for trona production and soda

ash consumption (see Table 3-13) were taken from USGS
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(1993, 1994, 1995, 1998, and 1999). Soda ash manufac-

ture and consumption data were collected by the USGS

from voluntary surveys of the U.S. soda ash industry. All

six of the soda ash manufacturing operations in the United

States completed surveys to provide data to the USGS.

*�	
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Emissions from soda ash manufacture are consid-

ered to be relatively certain. Both the emissions factor

and activity data are reliable. However, emissions from

soda ash consumption are dependent upon the type of

processing employed by each end-use. Specific informa-

tion characterizing the emissions from each end-use is

limited. Therefore, uncertainty exists as to the accuracy

of the emission factors.
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Carbon dioxide (CO2) is used for a variety of ap-

plications, including food processing, chemical produc-

tion, carbonated beverages, and enhanced oil recovery

(EOR). Carbon dioxide used for EOR is injected into the

ground to increase reservoir pressure, and is therefore

considered sequestered.11 For the most part, however, CO2

used in non-EOR applications will eventually enter the

atmosphere.

Carbon dioxide is produced from a small number

of natural wells, as a by-product from the production of

chemicals (e.g., ammonia), or separated from crude oil

and natural gas. Depending on the raw materials that are

used, the by-product CO2 generated during these pro-

duction processes may already be accounted for in the

CO2 emission estimates from fossil fuel consumption

(either during combustion or from non-fuel uses). For

example, ammonia is primarily manufactured using natu-

ral gas as a feedstock. Carbon dioxide emissions from

this process are accounted for in the Energy chapter un-

der Fossil Fuel Combustion and, therefore, are not in-

cluded here.

In 1998, CO2 emissions from this source not ac-

counted for elsewhere were 0.4 MMTCE (1,413 Gg) (see

Table 3-14). This amount represents an increase of 9 per-

cent from the previous year and is 77 percent higher

than emissions in 1990.

#
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Carbon dioxide emission estimates were based on

CO2 consumption with the assumption that the end-use

applications, except enhanced oil recovery, eventually

release 100 percent of the CO2 into the atmosphere. Car-

bon dioxide consumption for uses other than enhanced

oil recovery was about 7,067 thousand metric tons in

1998. The Freedonia Group estimates that, in the United

States, there is an 80 to 20 percent split between CO2

produced as a by-product and CO2 produced from natu-

ral wells. Thus, emissions are equal to 20 percent of CO2

consumption. The remaining 80 percent was assumed to

11 It is unclear to what extent the CO2 used for EOR will be re-released. For example, the CO2 used for EOR may show up at the wellhead
after a few years of injection (Hangebrauk et al. 1992). This CO2, however, is typically recovered and re-injected into the well. More
research is required to determine the amount of CO2 that in fact escapes from EOR operations. For the purposes of this analysis, it is
assumed that all of the CO2 remains sequestered.
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already be accounted for in the CO2 emission estimates

from other categories (the most important being Fossil

Fuel Combustion).

)�!������	
�
Carbon dioxide consumption data (see Table 3-15)

were obtained from Industrial Gases to 2003, published

by the Freedonia Group Inc. (1994, 1996, 1999). The

1999 report contains actual data for 1998 only. Data for

1996 were obtained by personal communication with

Paul Ita of the Freedonia Group Inc. (1997). Data for

1997 production was calculated from annualized growth

rates for 1994 through 1996 while the 1997 value for

enhanced oil recovery was set equal to the 1998 value.

The percent of carbon dioxide produced from natural

wells was obtained from Freedonia Group Inc. (1991).

*�	
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Uncertainty exists in the assumed allocation of

carbon dioxide produced from fossil fuel by-products

(80 percent) and carbon dioxide produced from wells

(20 percent). In addition, it is possible that CO2 recovery

exists in particular end-use sectors. Contact with several

organizations did not provide any information regard-

ing recovery. More research is required to determine the

quantity, if any, that may be recovered.

7���������!

"������	!+��

In addition to being an energy intensive process,

the production of iron and steel also generates process-

related emissions of CO2. Iron is produced by first reduc-

ing iron oxide (ore) with metallurgical coke in a blast

furnace to produce pig iron (impure iron of about 4 to

4.5 percent carbon by weight). Carbon dioxide is pro-

duced as the coke used in this process is oxidized. Steel

(less than 2 percent carbon by weight) is produced from

pig iron in a variety of specialized steel furnaces. The

majority of CO2 emissions come from the production of

iron, with smaller amounts evolving from the removal of

carbon from pig iron to produce steel.

Emissions of CO2 from iron and steel production

in 1998 were 21.9 MMTCE (80,200 Gg). Emissions

fluctuated significantly from 1990 to 1998 due to

changes in domestic economic conditions and changes

in imports and exports. Forecasts for iron and steel pro-

duction remain mixed. Despite a 5 percent increase in

capital expenditures during 1998, plant capacity utili-

zation sank below 80 percent and steel imports contin-

ued to climb.

CO2 emissions from iron and steel production are

not included in totals for the Industrial Processes chap-

ter because they are accounted for with Fossil Fuel Com-

bustion emissions from industrial coking coal in the

Energy chapter.12 Emissions estimates are presented here

for informational purposes only (see Table 3-16). Addi-

tional CO2 emissions also occur from the use of lime-

stone or dolomite flux during production; however,

these emissions are accounted for under Limestone and

Dolomite Use.

#
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Carbon dioxide emissions were calculated by mul-

tiplying annual estimates of pig iron production by the

ratio of CO2 emitted per unit of iron produced (1.6 met-

ric ton CO2/metric ton iron). The emission factor em-

ployed was applied to both pig iron production and in-

tegrated pig iron plus steel production; therefore, emis-

sions were estimated using total U.S. pig iron produc-

tion for all uses including making steel.

12 Although the CO2 emissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes
chapter, information to distinguish individual non-energy uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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The emission factor was taken from the Revised

1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).

Production data for 1990 through 1997 (see Table 3-17)

were obtained from the U.S. Geological Survey’s (USGS)

Minerals Yearbook: Volume I-Metals and Minerals

(USGS 1996, 1997, 1998); data for 1998 were obtained

from USGS’s Mineral Commodity Summaries (1999).

*�	
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The emission factor employed was assumed to be

applicable to both pig iron production and integrated

pig iron plus steel production. This assumption was made

because the uncertainty in the factor is greater than the

additional emissions generated when steel is produced

from pig iron. Using plant-specific emission factors could

yield a more accurate estimate, but these factors were

not available. The most accurate alternative would be to

calculate emissions based on the amount of reducing

agent used, rather than on the amount of iron or steel

produced; however, these data were also not available.
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Emissions of CO2 occur during the production of

ammonia. In the United States, roughly 98 percent of

synthetic ammonia is produced by catalytic steam re-

forming of natural gas, and the remainder is produced

using naphtha (a petroleum fraction) or the electrolysis

of brine at chlorine plants (EPA 1997). The former two

fossil fuel-based reactions produce carbon monoxide and

hydrogen gas; however, the latter reaction does not lead

to CO2 emissions. Carbon monoxide (CO) in the first

two processes is transformed into CO2 in the presence of

a catalyst (usually a metallic oxide). The hydrogen gas

is diverted and combined with nitrogen gas to produce

ammonia. The CO2, included in a gas stream with other

process impurities, is absorbed by a scrubber solution.

In regenerating the scrubber solution, CO2 is released.

13 Although the CO2 emissions from the use of natural gas as a feedstock should be included in the Industrial Processes chapter,
information to distinguish individual non-energy uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Emissions of CO2 from ammonia production in

1998 were 7.3 MMTCE (26,900 Gg). Carbon dioxide

emissions from this source are not included in totals for

the Industrial Processes chapter because these emissions

are accounted for with non-energy use of natural gas

under Fossil Fuel Combustion in the Energy chapter.13

Emissions estimates are presented here for informational

purposes only (see Table 3-18).
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Emissions of CO2 were calculated by multiply-

ing annual estimates of ammonia production by an

emission factor (1.5 ton CO2/ton ammonia). It was as-

sumed that all ammonia was produced using catalytic

steam reformation, although small amounts may have

been produced using chlorine brines. The actual amount

produced using this latter method is not known, but

assumed to be small.

)�!������	
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The emission factor was taken from the Revised

1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).

Ammonia production data (see Table 3-19) were ob-

tained from the Census Bureau of the U.S. Department

of Commerce (Census Bureau 1998, 1999) as reported

in Chemical and Engineering News, “Facts & Figures

for the Chemical Industry.”
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It is uncertain how accurately the emission factor

used represents an average across all ammonia plants.

By using natural gas consumption data for each ammo-

nia plant, more accurate estimates could be calculated.

However, these consumption data are often considered

confidential and are difficult to acquire. All ammonia

production in this analysis was assumed to be from the

same process; however, actual emissions could differ

because processes other than catalytic steam reforma-

tion may have been used.
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Carbon dioxide is emitted from the production of

several ferroalloys. Ferroalloys are composites of iron

and other elements often including silicon, manganese,

and chromium. When incorporated in alloy steels,

ferroalloys are used to alter the material properties of the

steel. Estimates from two types of ferrosilicon (50 and

75 percent silicon) and silicon metal (about 98 percent

silicon) have been calculated. Emissions from the pro-

duction of ferrochromium and ferromanganese are not

included here because of the small number of manufac-

turers of these materials. As a result, government infor-

mation disclosure rules prevent the publication of pro-

duction data for them. Similar to emissions from the pro-

duction of iron and steel, CO2 is emitted when metallur-

gical coke is oxidized during a high-temperature reac-

tion with iron and the selected alloying element. Due to

the strong reducing environment, CO is initially pro-

duced. The CO is eventually oxidized, becoming CO2. A

representative reaction equation for the production of

50 percent ferrosilicon is given below:

����������������� ��� +→++

Emissions of CO2 from ferroalloy production in

1998 were 0.5 MMTCE (1,800 Gg). Carbon dioxide

emissions from this source are not included in the totals

for the Industrial Processes chapter because these emis-

sions are accounted for in the calculations for industrial

coking coal under Fossil Fuel Combustion in the En-

ergy chapter.14 Emission estimates are presented here for

informational purposes only (see Table 3-20).
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14 Although the CO2 emissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes
chapter, information to distinguish individual non-energy uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Emissions of CO2 were calculated by multiplying

annual estimates of ferroalloy production by material-

specific emission factors. Emission factors were applied

to production data for ferrosilicon 50 and 75 percent

(2.35 and 3.9 metric ton CO2/metric ton, respectively)

and silicon metal (4.3 metric ton CO2/metric ton). It was

assumed that all ferroalloy production was produced us-

ing coking coal, although some ferroalloys may have

been produced with wood, other biomass, or graphite

carbon inputs.

)�!������	
�
Emission factors were taken from the Revised 1996

IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).

Ferroalloy production data for 1990 through 1997 (see

Table 3-21) were obtained from the U.S. Geological

Survey’s (USGS) Minerals Yearbook: Volume I—Metals

and Minerals (USGS, 1991, 1992, 1993, 1994, 1995,

1996, 1997, 1998); data for 1998 were obtained from

USGS (1999) Mineral Industry Surveys: Silicon in De-

cember 1998.

*�	
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Although some ferroalloys may be produced us-

ing wood or other biomass as a carbon source, informa-

tion and data regarding these practices were not avail-

able. Emissions from ferroalloys produced with wood

would not be counted under this source because wood-

based carbon is of biogenic origin.15 Emissions from

ferroalloys produced with graphite inputs would be

counted in national totals, but may generate differing

amounts of CO2 per unit of ferroalloy produced com-

pared to the use of coking coal. As with emissions from

iron and steel production, the most accurate method for

these estimates would be basing calculations on the

amount of reducing agent used in the process, rather

than on the amount of ferroalloys produced. These data

were not available, however.
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Small amounts of methane (CH4) are released dur-

ing the production of some petrochemicals. Petrochemi-

cals are chemicals isolated or derived from petroleum or

natural gas.  Emissions are presented here from the pro-

duction of five chemicals: carbon black, ethylene, eth-

ylene dichloride, styrene, and methanol.

Carbon black is an intensely black powder made

by the incomplete combustion of an aromatic petroleum

feedstock. Almost all output is added to rubber to impart

strength and abrasion resistance, and the tire industry is

by far the largest consumer. Ethylene is consumed in the

production processes of the plastics industry including

polymers such as high, low, and linear low density poly-

ethylene (HDPE, LDPE, LLDPE), polyvinyl chloride

(PVC), ethylene dichloride, ethylene oxide, and

ethylbenzene. Ethylene dichloride is one of the first
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15 Emissions and sinks of biogenic carbon are accounted for in the Land-Use Change and Forestry chapter.
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manufactured chlorinated hydrocarbons with reported

production as early as 1795. In addition to being an

important intermediate in the synthesis of chlorinated

hydrocarbons, ethylene dichloride is used as an indus-

trial solvent and as a fuel additive. Styrene is a common

precursor for many plastics, rubber, and resins. It can be

found in many construction products, such as foam in-

sulation, vinyl flooring, and epoxy adhesives. Metha-

nol is an alternative transportation fuel as well as a prin-

ciple ingredient in windshield wiper fluid, paints, sol-

vents, refrigerants, and disinfectants. In addition, metha-

nol-based acetic acid is used in making PET plastics and

polyester fibers. The United States produces close to one

quarter of the world’s supply of methanol.

Aggregate emissions of CH4 from petrochemical

production in 1998 were 0.4 MMTCE (77 Gg) (see Table

3-22). Production levels of all five chemicals increased

from 1990 to 1998. Petrochemicals are currently in over-

supply and production for 1999 and 2000 is expected to

decrease.

#
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Emissions of CH4 were calculated by multiplying

annual estimates of chemical production by an emission

factor. The following factors were used: 11 kg CH4/met-

ric ton carbon black, 1 kg CH4/metric ton ethylene, 0.4

kg CH4/metric ton ethylene dichloride,16 4 kg CH4/met-

ric ton styrene, and 2 kg CH4/metric ton methanol. These

emission factors were based upon measured material bal-

ances. Although the production of other chemicals may

also result in methane emissions, there were not suffi-

cient data to estimate their emissions.

)�!������	
�
Emission factors were taken from the Revised 1996

IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997). An-

nual production data (see Table 3-23) were obtained from

the Chemical Manufacturers Association Statistical

Handbook (CMA 1999).

*�	
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The emission factors used here were based on a

limited number of studies. Using plant-specific factors

instead of average factors could increase the accuracy of

the emissions estimates, however, such data were not

available. There may also be other significant sources of

methane arising from petrochemical production activi-

ties that have not been included in these estimates.
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Methane is emitted from the production of silicon

carbide, a material used as an industrial abrasive. To make

silicon carbide (SiC), quartz (SiO2) is reacted with car-

16 The emission factor obtained from IPCC/UNEP/OECD/IEA (1997), page 2.23 is assumed to have a misprint; the chemical identified
should be dichloroethylene (C2H2Cl2) instead of ethylene dichloride (C2H4Cl2).
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bon in the form of petroleum coke. Methane is produced

during this reaction from volatile compounds in the pe-

troleum coke. Although CO2 is also emitted from this

production process, the requisite data were unavailable

for these calculations. Regardless, they are already ac-

counted for under CO2 from Fossil Fuel Combustion in

the Energy chapter. Emissions of CH4 from silicon car-

bide production in 1998 (see Table 3-24) were 1 Gg (less

than 0.05 MMTCE).
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Emissions of CH4 were calculated by multiplying

annual estimates of silicon carbide production by an

emission factor (11.6 kg CH4/metric ton silicon carbide).

This emission factor was derived empirically from mea-

surements taken at Norwegian silicon carbide plants

(IPCC/UNEP/OECD/IEA 1997).

)�!������	
�
The emission factor was taken from the Revised

1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997).

Production data for 1990 through 1998 (see Table 3-25)

were obtained from the Minerals Yearbook: Volume I-

Metals and Minerals, Manufactured Abrasives (USGS,

1991, 1992, 1993, 1994, 1995, 1996, 1997, 1998, 1999).

*�	
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The emission factor used here was based on one

study of Norwegian plants. The applicability of this fac-

tor to average U.S. practices at silicon carbide plants is

uncertain. A better alternative would be to calculate

emissions based on the quantity of petroleum coke used

during the production process rather than on the amount

of silicon carbide produced. These data were not avail-

able, however.
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Adipic acid production has been identified as an

anthropogenic source of nitrous oxide (N2O) emissions.

Worldwide, there are few adipic acid plants. The United

States is the major producer with three companies in

four locations accounting for approximately one-half of

world production. Adipic acid is a white crystalline solid

used in the manufacture of synthetic fibers, coatings,

plastics, urethane foams, elastomers, and synthetic lu-

bricants. Commercially, it is the most important of the

aliphatic dicarboxylic acids, which are used to manu-

facture polyesters. Ninety percent of all adipic acid pro-

duced in the United States is used in the production of

nylon 6,6. It is also used to provide some foods with a

“tangy” flavor.

Adipic acid is produced through a two-stage pro-

cess during which N2O is generated in the second stage.

The first stage of manufacturing usually involves the

oxidation of cyclohexane to form a cyclohexanone /

cyclohexanol mixture. The second stage involves oxi-

dizing this mixture with nitric acid to produce adipic

acid. Nitrous oxide is generated as a by-product of the

nitric acid oxidation stage and is emitted in the waste

gas stream. Process emissions from the production of

adipic acid will vary with the types of technologies and
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level of emissions controls employed by a facility. In

1990, two of the three major adipic acid producing plants

implemented N2O abatement technologies and as of

1998, all of the major adipic acid production facilities

had control systems in place.17 Only one small plant

does not control for N2O, representing approximately 3

percent of production.

Adipic acid production for 1998 was 866 thou-

sand metric tons. Nitrous oxide emissions from this source

were estimated to be 2.0 MMTCE (23 Gg) in 1998 (see

Table 3-26).

In 1998, adipic acid production reached its high-

est level in fourteen years. This increase is chiefly due to

rising demand for engineering plastics. Though produc-

tion continues to increase, emissions have been signifi-

cantly reduced due to the widespread installation of

pollution control measures. By 1998, all of the three

major producing plants had voluntarily implemented

N2O abatement technology, which resulted in an overall

reduction of emissions by approximately 60 percent.

#
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Nitrous oxide emissions were calculated by multi-

plying adipic acid production by the ratio of N2O emit-

ted per unit of adipic acid produced and adjusting for

the actual percentage of N2O released as a result of plant-

specific emission controls. Because emissions of N2O in

the United States are not regulated, emissions have not

been well characterized. However, on the basis of ex-

periments (Thiemens and Trogler 1991), the overall re-

action stoichiometry for N2O production in the prepara-

tion of adipic acid was estimated at approximately 0.3

kg of N2O per kilogram of product. Emissions are deter-

mined using the following equation:

17During 1997, the N2O emission controls installed by the third plant operated for approximately a quarter of the year.
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N2O emissions = [production of adipic acid]

 × [0.3 kg N2O / kg adipic acid]

×  [1 – (N2O destruction factor

× abatement system utility factor) ]

The “N2O destruction factor” represents the

amount of N2O expressed as a percentage of N2O emis-

sions that are destroyed by the currently installed abate-

ment technology. The “abatement system utility factor”

represents the percent of time that the abatement equip-

ment operates. Overall in the U.S., 63 percent of produc-

tion employs catalytic destruction, 34 percent uses ther-

mal destruction, and 3 percent of production has no N2O

abatement measures. The N2O abatement system destruc-

tion factor is assumed to be 95 percent for catalytic abate-

ment and 98 percent for thermal abatement (Reimer

1999a, 1999b). The abatement system utility factor is

assumed to be 95 percent for catalytic abatement and 98

percent for thermal abatement (Reimer 1999a, 1999b).

)�!������	
�
Adipic acid production data for 1990 through 1995

(see Table 3-27) were obtained from Chemical and Engi-

neering News, “Facts and Figures” and “Production of

Top 50 Chemicals” (C&EN 1992, 1993, 1994, 1995,

1996). For 1996 and 1997 data were projected from the
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1995 manufactured total based upon suggestions from

industry contacts. For 1998, production data were ob-

tained from Chemical Week, Product focus: adipic acid/

adiponitrile (CW 1999). The emission factor was taken

from Thiemens, M.H. and W.C. Trogler (1991). Adipic

acid plant capacities for 1998 were updated using Chemi-

cal Week, Product focus: adipic acid/adiponitrile (CW

1999). Plant capacities for previous years were obtained

from Chemical Market Reporter (1998).

*�	
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Because N2O emissions are controlled in some adi-

pic acid production facilities, the amount of N2O that is

actually released will depend on the level of controls in

place at a specific production plant. Thus, in order to

calculate accurate emission estimates, it is necessary to

have production data on a plant-specific basis. In most

cases, however, these data are confidential. As a result,

plant-specific production figures were estimated by al-

locating total adipic acid production using existing plant

capacities. This creates a degree of uncertainty in the

adipic acid production data used to derive the emission

estimates as it is necessary to assume that all plants oper-

ate at equivalent utilization levels.

The emission factor was based on experiments

(Thiemens and Trogler 1991) that attempt to replicate

the industrial process and, thereby, measure the reaction

stoichiometry for N2O production in the preparation of

adipic acid. However, the extent to which the lab results

are representative of actual industrial emission rates is

not known.
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Nitric acid (HNO3) is an inorganic compound used

primarily to make synthetic commercial fertilizers. It is

also a major component in the production of adipic

acid—a feedstock for nylon—and explosives. Virtually

all of the nitric acid produced in the United States is

manufactured by the catalytic oxidation of ammonia

(EPA 1997). During this reaction, N2O is formed as a by-

product and is released from reactor vents into the atmo-

sphere.

Currently, the nitric acid industry controls for NO

and NO2 , i.e., NOx. As such the industry uses a combina-

tion of non-selective catalytic reduction (NSCR) and

selective catalytic reduction (SCR) technologies. In the

process of destroying NOx, NSCR systems are also very

affective at destroying N2O. However, NSCR units are

generally not preferred in modern plants because of high

energy costs and associated high gas temperatures.

NSCRs were widely installed in nitric plants built be-

tween 1971 and 1977. Currently, it is estimated that ap-

proximately 20 percent of nitric acid plants use NSCR

(Choe, et al. 1993). The remaining 80 percent use SCR

or extended absorption, neither of which is known to

reduce N2O.

Nitric acid production was 8,504 thousand metric

tons in 1998 (C&EN 1999). Nitrous oxide emissions from

this source were estimated at 5.8 MMTCE (68 Gg) (see

Table 3-28). Nitric acid production for 1998 decreased 1

percent from the previous year, but has increased 18 per-

cent since 1990.
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Nitrous oxide emissions were calculated by multi-

plying nitric acid production by the amount of N2O emit-

ted per unit of nitric acid produced. An emissions factor

of 8 kg N2O / tonne HNO3 was used and represents a

combined factor comprising of 2 kg for plants using non-

selective catalytic reduction (NSCR) systems and 9.5 kg

for plants not equipped with NSCR (Reimer & Slaten

1992). An estimated 20 percent of HNO3 plants in the
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U.S. were equipped with NSCR (Choe, et al. 1993). In the

process of destroying NOx, NSCR systems also destroy

80 to 90 percent of the N2O. Hence, the emission factor is

equal to (9.5 × 0.80) + (2 × 0.20) = 8 kg N2O / mt HNO3.
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Nitric acid production data for 1990 through 1998

(see Table 3-29) were obtained from Chemical and Engi-

neering News, “Facts and Figures” (C&EN 1999). The

emission factor range was taken from Reimer, R.A., Parrett,

R.A., and Slaten, C.S. (1992).

*�	
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In general, the nitric acid industry is not well cat-

egorized. A significant degree of uncertainty exists in

nitric acid production figures because nitric acid plants

are often part of larger production facilities, such as fer-

tilizer or explosive manufacturing. As a result, only a

small volume of nitric acid is sold on the market making

production figures difficult to track. Emission factors

are also difficult to determine because of the large num-

ber of plants using many different technologies. Based

on expert judgment, it is estimated that the N2O destruc-

tion factor for NSCR nitric acid facilities is associated

with an uncertainty of approximately ± 10 percent.
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Hydrofluorocarbons (HFCs) and perfluorocarbons

(PFCs) are used primarily as alternatives to several classes

of ozone-depleting substances (ODSs) that are being

phased out under the terms of the Montreal Protocol and

the Clean Air Act Amendments of 1990.18 Ozone deplet-

ing substances—chlorofluorocarbons (CFCs), halons,

carbon tetrachloride, methyl chloroform, and

hydrochlorofluorocarbons (HCFCs)—are used in a vari-

ety of industrial applications including refrigeration and

air conditioning equipment, solvent cleaning, foam pro-

duction, sterilization, fire extinguishing, and aerosols.

Although HFCs and PFCs, unlike ODSs, are not harmful
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to the stratospheric ozone layer, they are powerful green-

house gases. Emission estimates for HFCs and PFCs used

as substitutes for ODSs are provided in Table 3-30 and

Table 3-31.

In 1990 and 1991, the only significant emissions

of HFCs and PFCs as substitutes to ODSs were relatively

small amounts of HFC-152a—a component of the re-

frigerant blend R-500 used in chillers—and HFC-134a

in refrigeration end-uses. Beginning in 1992, HFC-134a

was used in growing amounts as a refrigerant in motor

vehicle air conditioners and in refrigerant blends such

as R-404.19 In 1993, use of HFCs in foams and aerosols

began, and in 1994 these compounds also found appli-

cations as solvents and sterilants. In 1995, ODS substi-

tutes for halons entered widespread use in the United

States as halon production was phased-out.

The use and subsequent emissions of HFCs and

PFCs as ODS substitutes increased dramatically, from

small amounts in 1990, to 14.5 MMTCE in 1998. This

increase was the result of efforts to phase-out CFCs and

other ODSs in the United States. This trend is expected

to continue for many years, and will accelerate in the

early part of the next century as HCFCs, which are in-

terim substitutes in many applications, are themselves

phased out under the provisions of the Copenhagen

Amendments to the Montreal Protocol.
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The EPA used a detailed vintaging model of ODS-

containing equipment and products to estimate the ac-

tual—versus potential—emissions of various ODS sub-

stitutes, including HFCs and PFCs. The name of the model

refers to the fact that the model tracks the use and emis-

sions of various compounds for the annual “vintages” of

new equipment that enter service in each end-use. This

vintaging model predicts ODS and ODS substitute use

in the United States based on modeled estimates of the

quantity of equipment or products sold each year con-

taining these chemicals and the amount of the chemical

required to manufacture and/or maintain equipment and

products over time. Emissions for each end-use were es-

timated by applying annual leak rates and release pro-

files, which account for the lag in emissions from equip-

ment as they leak over time. By aggregating the data for

more than 40 different end-uses, the model produces es-

timates of annual use and emissions of each compound.

The major end-use categories defined in the

vintaging model to characterize ODS use in the United

States were: refrigeration and air conditioning, aerosols,

solvent cleaning, fire extinguishing equipment, steril-

ization, and foams.

The vintaging model estimates HFC and PFC use
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19 R-404 contains HFC-125, HFC-143a, and HFC-134a.
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and emissions resulting from their use as replacements

for ODSs by undertaking the following steps:
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The model begins by estimating CFC, halon, me-

thyl chloroform, and carbon tetrachloride use prior to

the restrictions on the production of these compounds

in the United States. For modeling purposes, total ODS

use was divided into more than 40 separate end-uses.

The methodology used to estimate baseline ODS use

varied depending on the end-use under consideration.

The next section describes the methodology used for

estimating baseline ODS use in the refrigeration, air con-

ditioning, and fire extinguishing (halon) end-uses. The

subsequent section details the methodology used for all

other end-uses.

����������	
�������
���������
�
�������������������������������������
��������	�������
 ���

For each equipment type, the model estimates the

total stock of ODS-containing equipment during the

period 1985 to 1997. The key data required to develop

stock estimates for each end-use were as follows:

● Total stock of ODS-containing equipment in use in the

United States in 1985

● The annual rate of growth in equipment consumption

in each end-use

● The retirement function for equipment in each end-use

Historical production and consumption data were

collected for each equipment type to develop estimates

of total equipment stock in 1985. For some end-uses, the

only data available were estimates of ODS usage. In these

cases, the total 1985 stock was estimated by dividing

total ODS use by the average charge of ODS in a typical

piece of equipment.

Stocks of ODS-containing equipment change over

time. In the vintaging model, the growth in equipment

stocks in each end-use was simulated after 1985 using

growth rates that define the total number of pieces of

new equipment added to the stock each year. The model

also uses a retirement function to calculate the length of

time each piece of equipment is expected to remain in

service. These retirement functions are a critical part of

the vintaging model because they determine the speed

at which the stock of equipment turns over and is re-

placed by new equipment. In this analysis, point esti-

mates of the average lifetime of equipment in each end-

use were used to develop retirement functions. These

retirement functions assume 100 percent survival of

equipment up to this average age and zero percent sur-

vival thereafter.

Given these data, the total equipment stock in ser-

vice in a given year t was estimated as the equipment

stock in the year (t-1), plus new equipment added to the

stock in year t, minus retirements in year t.

Annual ODS use was then estimated for each equip-

ment type during the period 1985 through 1998. Be-

cause control technologies can reduce particular kinds

of ODS use, use estimates were broken down by type of

use (e.g., use in new equipment at manufacture and use

required to maintain existing equipment). Baseline esti-

mates of ODS use were based on the following data col-

lected for each equipment type:

ODS charge size (the number of kilograms of ODS

installed in new equipment during manufacture)

ODS required to maintain existing equipment (In

many end-uses, chemical must be regularly added to

equipment to replace chemical emitted from the equip-

ment. Such emissions result from normal leakage and

from loss during servicing of the equipment.)

With these data, ODS usage for each refrigeration,

air conditioning, and fire extinguishing end-use was

calculated using the following equation:

(Total stock of existing equipment in use) × (ODS

required to maintain each unit of existing equipment) +

(New equipment additions) × (ODS charge size)
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For end-uses other than refrigeration, air condi-

tioning, and fire extinguishing, a simpler approach was
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used because these end-uses do not require partial re-

filling of existing equipment each year. Instead, such

equipment either does not require any ODS after initial

production (e.g., foams and aerosols), or requires com-

plete re-filling or re-manufacturing of the equipment

each year (e.g., solvents and sterilants). ODS use does

not need to be differentiated between new and existing

equipment for these end-uses. Thus, it is not necessary

to track the stocks of new and existing equipment sepa-

rately over time.

The approach used for these end-uses was to esti-

mate total ODS use in 1985 based on available industry

data.  Future ODS use was estimated using growth rates

that predict ODS consumption growth in these end-uses

over time, based upon input from industry.
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Having established a baseline for ODS equipment

in 1985, the vintaging model next defines controls that

may be undertaken for purposes of reducing ODS use

and emissions within each end-use. The following con-

trols were implemented in the model:

● Replacement of ODS used in the manufacturing of

new equipment or in the operation of existing

equipment (i.e., retrofits) with alternative chemi-

cals, such as HFCs and PFCs

● Replacement of ODS-based processes or products

with alternative processes or products (e.g., the use

of aqueous cleaning to replace solvent cleaning

with CFC-113)

● Modification of the operation and servicing of

equipment to reduce use and emission rates

through the application of engineering and recy-

cling controls

Assumptions addressing these types of controls in

each end-use were used to develop “substitution sce-

narios” that simulate the phase-out of ODSs in the United

States by end-use. These scenarios represent the EPA’s

best estimates of the use of control technologies towards

the phase-out ODS in the United States, and are periodi-

cally reviewed by industry experts.

In addition to the chemical substitution scenarios,

the model also assumes that a portion of ODS substitutes

are recycled during servicing and retirement of the equip-

ment. Recycling is assumed to occur in the refrigeration

and air conditioning and fire extinguishing end-uses.

The substitution scenarios defined for each equip-

ment type were applied to the relevant equipment stocks.

The equipment life-cycle was then simulated after the

imposition of controls. Substitute chemical use and emis-

sions—including HFCs and PFCs—were calculated for

each scenario using the methods described below.
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ODS substitute use (i.e., HFC and PFC use) was

calculated using the same routine described above for

refrigeration, air conditioning, and fire extinguishing

equipment. In terms of chemical usage, a key question

was whether implementation of a given ODS substitute

in an end-use changed the quantity of chemical required

to manufacture new equipment or service existing equip-

ment. In this analysis, it was assumed that the use of ODS

alternatives in new equipment—including HFCs and

PFCs—did not change the total charge of initial chemi-

cal used in the equipment in each end-use. For certain

refrigeration and air conditioning end-uses, however, it

was assumed that new equipment manufactured with

HFCs and PFCs would have lower leak rates than older

equipment. Existing ODS-containing equipment that was

retrofitted with HFCs or PFCs was assumed to have a

higher leak rate than new HFC/PFC equipment.

The use of HFCs and PFCs in all other end-uses

was calculated by simply replacing ODS use with the

chemical alternatives defined in the substitution sce-

narios. The use of HFCs and PFCs was not assumed to

change the quantity of chemical used in new or existing

equipment for these end-uses.

The vintaging model estimates HFC and PFC emis-

sions over the lifetime of equipment in each end-use.

Emissions may occur at the following points in the life-

time of the equipment:

● Emissions upon manufacture of equipment

● Annual emissions from equipment (due to normal

leakage, and if applicable, servicing of equipment)

● Emissions upon retirement of equipment

The emissions that occur upon manufacture of re-
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frigeration and air conditioning equipment were assumed

to be less than 0.1 percent. Annual emissions of HFCs

and PFCs from equipment—due to normal leakage and

servicing—were assumed to be constant each year over

the life of the equipment. The quantity of emissions at

disposal is a function of the prevalence of recycling at

disposal.

Emissions for open cell foam were assumed to be

100 percent in the year of manufacture. Closed cell foams

were assumed to emit a portion of total HFC/PFC use

upon manufacture, a portion at a constant rate over the

lifetime of the foam, and the rest at disposal. There were

no foam recycling technologies in use in the United

States; therefore, HFCs and PFCs remaining in closed

cell foam were assumed to be emitted by the end of the

product lifetime.

Emissions were assumed to occur at manufacture,

during normal operation, and upon retirement of fire

extinguishing systems. Emissions at manufacture were

assumed to be negligible and emissions upon disposal

were assumed to be minimal because of the use of recov-

ery technologies.

For solvent applications, 15 percent of the chemi-

cal used in equipment was assumed to be emitted in that

year. The remainder of the used solvent was assumed to

be reused or disposed without being released to the at-

mosphere.

For sterilization applications, all chemicals that

were used in the equipment were assumed to be emitted

in that year.

All HFCs and PFCs used in aerosols were assumed

to be emitted in the same year. No technologies were

known to exist that recycle or recover aerosols.

*�	
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Given that emissions of ODS substitutes occur from

thousands of different kinds of equipment and from mil-

lions of point and mobile sources throughout the United

States, emission estimates must be made using analyti-

cal tools such as the EPA vintaging model or the meth-

ods outlined in IPCC/UNEP/OECD/IEA (1997). Though

the EPA’s model is more comprehensive than the IPCC

methodology, significant uncertainties still exist with

regard to the levels of equipment sales, equipment char-

acteristics, and end-use emissions profiles that were used

to estimate annual emissions for the various compounds.
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Aluminum is a light-weight, malleable, and corro-

sion resistant metal that is used in many manufactured

products including aircraft, automobiles, bicycles, and

kitchen utensils. The United States was the largest pro-

ducer of primary aluminum, with 17 percent of the world

total in 1998 (USGS 1999). The United States was also a

major importer of primary aluminum. The production of

primary aluminum—in addition to consuming large quan-

tities of electricity—results in emissions of several green-

house gases including carbon dioxide (CO2) and two

perfluorocarbons (PFCs): perfluoromethane (CF4) and

perfluoroethane (C2F6).

Occasionally, sulfur hexafluoride (SF6) is also used

by the aluminum industry as a fluxing and degassing

agent in experimental and specialized casting operations.

In these cases it is normally mixed with argon, nitrogen,

and/or chlorine and blown through molten aluminum;

however, this practice is not used by primary aluminum

production firms in the United States and is not believed

to be extensively used by secondary casting firms. Where

it does occur, the concentration of SF6 in the mixture is

small and a portion of the SF6 is decomposed in the

process (Waite and Bernard 1990, Corns 1990). It has

been estimated that 230 Mg of SF6 were used by the
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aluminum industry in the United States and Canada

(Maiss and Brenninkmeijer 1998); however, this esti-

mate is highly uncertain. Emissions of SF6 have not been

estimated for this source.

Carbon dioxide is emitted during the aluminum

smelting process when alumina (aluminum oxide, Al2O3)

is reduced to aluminum using the Hall-Heroult reduc-

tion process. The reduction of the alumina occurs through

electrolysis in a molten bath of natural or synthetic cryo-

lite (Na3AlF6). The reduction cells contain a carbon lin-

ing that serves as the cathode. Carbon is also contained

in the anode, which can be a carbon mass of paste, coke

briquettes, or prebaked carbon blocks from petroleum

coke. During reduction, some of this carbon is oxidized

and released to the atmosphere as CO2.

Process emissions of CO2 from aluminum produc-

tion were estimated at 1.5 MMTCE (5,500 Gg) in 1998

(see Table 3-32). The CO2 emissions from this source,

however, are accounted for under the non-energy use

portion of CO2 from Fossil Fuel Combustion of petro-

leum coke and tar pitch in the Energy chapter. Thus, to

avoid double counting, CO2 emissions from aluminum

production are not included in totals for the Industrial

Processes chapter. They are provided here for informa-

tional purposes only.

In addition to CO2 emissions, the aluminum pro-

duction industry was also the largest source of PFC emis-

sions in the United States. During the smelting process,

when the alumina ore content of the electrolytic bath

falls below critical levels required for electrolysis, rapid

voltage increases occur, termed “anode effects.” These

anode effects cause carbon from the anode and fluorine

from the dissociated molten cryolite bath to combine,

thereby producing fugitive emissions of CF4 and C2F6.

In general, the magnitude of emissions for a given level

of production depends on the frequency and duration of

these anode effects. The more frequent and long-lasting

the anode effects, the greater the emissions.

Primary aluminum production-related emissions

of PFCs are estimated to have declined 48 percent since

1990 to 2.5 MMTCE of CF4 (1.42 Gg) and 0.3 MMTCE

of C2F6 (0.12 Gg) in 1998, as shown in Table 3-33 and

Table 3-34. This decline was both due to reductions in

domestic aluminum production and actions taken by

aluminum smelting companies to reduce the frequency

and duration of anode effects. The EPA supports alumi-

num smelters with these efforts through the Voluntary

Aluminum Industrial Partnership (VAIP).
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U.S. primary aluminum production for 1998—to-

taling 3,713 thousand metric tons—increased slightly

from 1997. This increase can be attributed to the reintro-

duction of previously idled production capacity (USGS

1999). In general, U.S. primary aluminum production is

very responsive to imports, mainly from Russia and other

republics of the Former Soviet Union. For example, in

1994 these countries exported 60 percent more ingots

(metal cast for easy transformation) to the United States

than in 1993, leading to a significant decline in domes-

tic production. However, 1998 imports from Russia were

10 percent below their peak level in 1994 (USGS 1999).

The transportation industry remained the largest

domestic consumer of aluminum, accounting for about

29 percent (USGS 1998). Leading automakers have an-

nounced new automotive designs that will expand the

use of aluminum materials in the near future. The U.S.

Geological Survey believes that demand for and pro-

duction of aluminum will continue to increase.
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Carbon dioxide is generated during alumina reduc-

tion to aluminum metal following the reaction below:

          2Al2O3 + 3C → 4Al + 3CO2

The CO2 emission factor employed was estimated

from the production of primary aluminum metal and the

carbon consumed by the process. During alumina reduc-

tion, approximately 1.5 to 2.2 metric tons of CO2 are emit-

ted for each metric ton of aluminum produced

(Abrahamson 1992). Based upon the mass balance for a

“typical” aluminum smelter (Drexel University Project

Team 1996), the emission factor was set at 1.5 metric tons

CO2 per metric ton of aluminum smelted. This value is at

the low end of the Abrahamson (1992) range.

The CO2 emissions from this source are already

accounted for under CO2 Emissions from Fossil Fuel

Combustion in the Energy chapter.20 Thus, to avoid

double counting, CO2 emissions from aluminum pro-

duction are not included in totals for the Industrial Pro-

cesses chapter.

PFC emissions from aluminum production were

estimated using a per unit production emission factor

that is expressed as a function of operating parameters

(anode effect frequency and duration), as follows:

PFC (CF4 or C2F6) kg/ton Al = S × Anode Effect

Minutes/Cell-Day

where:

S = Slope coefficient

Anode Effect Minutes/Cell-Day = Anode Effect

Frequency × Anode Effect Duration

The slope coefficient was established for each

smelter based on actual field measurements, where avail-

able, or default coefficients by technology-type based

on field measurements. Once established, the slope co-

efficient was used along with smelter anode effect data,

collected by aluminum companies and reported to the

VAIP, to estimate emissions factors over time. Emissions

factors were multiplied by annual production to esti-

mate annual emissions at the smelter level. Emissions

were then aggregated across smelters to estimate national

emissions. The methodology used to estimate emissions

is consistent with the methodologies recommended by

the IPCC (IPCC/UNEP/OECD/IEA 1997).
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20 Although the carbon contained in the anode is considered a non-energy use of petroleum coke or tar pitch and the CO2 emissions it
generates should be included in the Industrial Processes chapter, information to distinguish individual non-energy uses of fossil fuels
is unfortunately not available in DOE/EIA fuel statistics.
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Primary aluminum production data for 1990

through 1997 (see Table 3-35) were obtained from USGS,

Mineral Industry Surveys: Aluminum Annual Report

(USGS 1995, 1998). The data for 1998 were taken from

Mineral Industry Surveys: Aluminum in January 1999

(USGS 1999). The USGS requested data from the 13 do-

mestic producers, all of whom responded. The CO2 emis-

sion factor range was taken from Abrahamson (1992).

The mass balance for a “typical” aluminum smelter was

taken from Drexel University Project Team (1996).

PFC emission estimates were provided by the

EPA’s Climate Protection Division in cooperation with

participants in the Voluntary Aluminum Industrial Part-

nership (VAIP) program.
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Uncertainty exists as to the most accurate CO2

emission factor for aluminum production. Emissions vary

depending on the specific technology used by each

plant. However, evidence suggests that there is little varia-

tion in CO2 emissions from plants utilizing similar tech-

nologies (IPCC/UNEP/OECD/IEA 1997). A less uncer-

tain method would be to calculate emissions based upon

the amount of carbon—in the form of petroleum coke or

tar pitch—consumed by the process; however, this type

of information was not available.

For PFC emission estimates, the uncertainty in the

aluminum production data is relatively low (± 1 to 2

percent) compared to the uncertainty in the emissions

factors (± 10 to 50 percent). Uncertainty in the emissions

factors arises from the lack of comprehensive data for

both the slope coefficients and anode effect data. Cur-

rently, insufficient measurement data exist to quantify a

relationship between PFC emissions and anode effect

minutes for all smelters. Future inventories will incorpo-

rate additional data reported by aluminum companies

and ongoing research into PFC emissions from alumi-

num production.

Emissions of SF6 from aluminum fluxing and de-

gassing have not been estimated. Uncertainties exist

as to the quantity of SF6 used by the aluminum indus-

try and its rate of destruction as it is blown through

molten aluminum.
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Trifluoromethane (HFC-23 or CHF3) is generated

as a by-product during the manufacture of

chlorodifluoromethane (HCFC-22), which is primarily

employed in refrigeration and air conditioning systems

and as a chemical feedstock for manufacturing synthetic

polymers. Since 1990, production and use of HCFC-22

has increased significantly as it has replaced chlorofluo-

rocarbons (CFCs) in many applications. Because HCFC-

22 depletes stratospheric ozone, HCFC-22 production

for non-feedstock uses is scheduled to be phased out by

2020 under the U.S. Clean Air Act.21 Feedstock produc-

tion, in contrast, is permitted to continue indefinitely.

HCFC-22 is produced by the reaction of chloro-

form (CHCl3) and hydrogen fluoride (HF) in the pres-

ence of a catalyst, SbCl5. The reaction of the catalyst

and HF produces SbClxFy, (where x + y = 5), which reacts

with chlorinated hydrocarbons to replace chlorine at-

oms with fluorine. The HF and chloroform are introduced

by submerged piping into a continuous-flow reactor that

contains the catalyst in a hydrocarbon mixture of chlo-

roform and partially fluorinated intermediates. The va-

pors leaving the reactor contain HCFC-21 (CHCl2F),

HCFC-22 (CHClF2), HFC-23 (CHF3), HCl, chloroform,

and HF. The under-fluorinated intermediates (HCFC-21)

and chloroform are then condensed and returned to the

reactor, along with residual catalyst, to undergo further

fluorination. The final vapors leaving the condenser are

primarily HCFC-22, HFC-23, HCl and residual HF. HCl

is recovered as a useful byproduct, and the HF is re-

moved. Once separated from HCFC-22, the HFC-23 is

generally vented to the atmosphere as an unwanted by-

product, or may be captured for use in a limited number

of applications.

Emissions of HFC-23 in 1998 were estimated to be

10.9 MMTCE (3.4 Gg), which represents a 15 percent

21 As construed, interpreted, and applied in the terms and conditions of the Montreal Protocol on Substances that Deplete the Ozone
Layer. [42 U.S.C. §7671m(b), CAA §614]
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increase in emissions since 1990 (see Table 3-36). This

increase is attributable to the 30 percent increase in HCFC-

22 production that occurred since 1990; one third of this

increase occurred between 1997 and 1998. Separately,

the intensity of HFC-23 emissions (the amount of HFC-23

emitted per kilogram of HCFC-22 manufactured) has de-

clined significantly since 1990.

In the future, production of HCFC-22 in the United

States is expected to decline as non-feedstock HCFCs pro-

duction is phased-out. In contrast, feedstock production is

anticipated to continue growing steadily, mainly for manu-

facturing Teflon  and other chemical products. All U.S.

producers of HCFC-22 are participating in a voluntary

program with the EPA to reduce HFC-23 emissions.
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The EPA studied the conditions of HFC-23 gen-

eration, methods for measuring emissions, and technolo-

gies for emissions control. This effort was undertaken in

cooperation with the manufacturers of HCFC-22.

The methodology employed for estimating emis-

sions was based upon measurements of critical feed com-

ponents at individual HCFC-22 production plants. Indi-

vidual producers also measured HFC-23 concentrations

in their output stream by gas chromatography. Using mea-

surements of feed components and HFC-23 concentra-

tions in output streams, the amount of HFC-23 generated

was estimated. HFC-23 concentrations were determined

at the point the gas leaves the chemical reactor; therefore,

estimates also include fugitive emissions.
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Emission estimates were provided by the EPA’s Cli-

mate Protection Division in cooperation with the U.S.

manufacturers of HCFC-22.
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A high level of confidence has been attributed to

the HFC-23 concentration data employed because mea-

surements were conducted frequently and accounted for

day-to-day and process variability. It is estimated that the

emissions reported are within 20 percent of the true value.

This methodology accounted for the declining intensity

of HFC-23 emissions over time. The use of a constant

emission factor would not have allowed for such account-

ing. Earlier emission estimates assumed that HFC-23 emis-

sions were between 2 and 4 percent of HCFC-22 produc-

tion on a mass ratio basis. By 1996, the rate of HFC-23

generated as a percent of HCFC-22 produced dropped, on

average, below 2 percent in the United States.

�
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The semiconductor industry uses multiple long-

lived fluorinated gases in plasma etching and chemical

vapor deposition (CVD) processes. The gases most com-

monly employed are trifluoromethane (HFC-23),

perfluoromethane (CF4), perfluoroethane (C2F6), nitro-

gen trifluoride (NF3), and sulfur hexafluoride (SF6), al-

though other compounds such as perfluoropropane (C3F8)

and perfluorocyclobutane (c-C4F8) are also used. The

exact combination of compounds is specific to the pro-

cess employed.

Plasma etching is performed to provide pathways

for the electrical conducting material to connect indi-

vidual circuit components in the silicon, using HFCs,

PFCs, SF6 and other gases in plasma. The etching pro-

cess creates fluorine atoms that react at the semiconduc-

tor surface according to prescribed patterns to selectively

remove substrate material. A single semiconductor wa-

fer may require as many as 100 distinct process steps

that utilize these gases. Chemical vapor deposition cham-

bers, used for depositing materials that will act as insula-

tors and wires, are cleaned periodically using PFCs and

other gases. During the cleaning cycle the gas is con-

verted to fluorine atoms in plasma, which etches away
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residual material from chamber walls, electrodes, and

chamber hardware. However, due to the low destruction

efficiency (high dissociation energy) of PFCs, a portion

of the gas flowing into the chamber flows unreacted

through the chamber and, unless emission abatement

technologies are used, this portion is emitted into the

atmosphere.

In addition to being directly used in the manufac-

turing processes, these gases can also be transformed

during the process into a different HFC or PFC com-

pound, which is then exhausted into the atmosphere.

For example, when either CHF3 or C2F6 is used in clean-

ing or etching, CF4 is often generated and emitted as a

process by-product.

For 1998, it was estimated that total weighted emis-

sions of all fluorinated greenhouse gases by the U.S.

semiconductor industry were 2.1 MMTCE. Combined

emissions of all fluorinated greenhouse gases are pre-

sented in Table 3-37 below. The rapid growth of this

industry and the increasing complexity of semiconduc-

tor products could increase emissions in the future.

#
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Emissions were estimated using two sets of data.

For 1990 through 1994, emissions were estimated based

on the historical consumption of silicon (square centi-

meters), the estimated average number of interconnect-

ing layers in the chips produced, and an estimated per-

layer emission factor. (The number of layers per chip,

and hence the PFC emissions per square centimeter of

silicon, increases as the line-width of the chip decreases.)

The average number of layers per chip was based on

industry estimates of silicon consumption by line-width

and of the number of layers per line-width. The per-layer

emission factor was based on the total annual emissions

reported by the participants in the EPA’s PFC Emission

Reduction Partnership for the Semiconductor Industry.

For the three years for which gas sales data are available

(1992 through 1994), the estimates derived using his-

torical silicon consumption are within 10 percent of the

estimates derived using gas sales data and average val-

ues for emission factors and GWPs.

For 1995 through 1998, emissions were estimated

based on total annual emissions reported by participants

in the EPA’s PFC Emission Reduction Partnership for

the Semiconductor Industry. As part of the program, part-

ners estimated their emissions using a range of methods;

the partners with relatively high emissions typically mul-

tiplied estimates of their PFC consumption by process-

specific emission factors that they have either measured

or obtained from suppliers of PFC-based manufacturing

equipment. To estimate total U.S. emissions from semi-

conductor manufacturing based on reported partner emis-

sions, a per-plant emissions factor was estimated for the

partners. This per-plant emission factor was then applied

to PFC-using plants operated by semiconductor manu-

facturers who were not partners, considering the varying

characteristics of the plants operated by partners and

non-partners (e.g., typical plant size and type of device

produced). The resulting estimate of non-partner emis-

sions was added to the emissions reported by the part-

ners to obtain total U.S. emissions.

)�!������	
�
Aggregate emissions estimates for the semicon-

ductor manufacturers participating in the PFC Emission

Reduction Partnership were provided by manufacturers

(partners). Estimates of the numbers of plants operated

by partners and non-partners, and information on the

characteristics of those plants, were derived from the In-

ternational Fabs on Disk database. Estimates of silicon

consumed by line-width from 1990 through 1994 were
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derived from information from VLSI Research, and the

number of layers per line-width was obtained from the

Semiconductor Industry Association’s 1997 National

Technology Roadmap.

*�	
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Emission estimates for this source are improving,

but are still relatively uncertain. Emissions vary depend-

ing upon the total amount of gas used and the tool and

process in which the gas is used, but not all semiconduc-

tor manufacturers track this information. In addition, the

relationship between the emissions from semiconductor

manufacturers participating in the PFC Emission Reduc-

tion Partnership and total U.S. emissions from semicon-

ductor manufacturing is uncertain.
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The largest use for sulfur hexafluoride (SF6), both

domestically and internationally, is as an electrical in-

sulator in equipment that transmits and distributes elec-

tricity. It has been estimated that 30 percent of the world-

wide use of SF6 is leaked from electrical transmission

and distribution equipment (Maiss and Brenninkmeijer

1998). The gas has been employed by the electric power

industry in the United States since the 1950s because of

its dielectric strength and arc-quenching characteristics.

It is used in gas-insulated substations, circuit breakers,

and other switchgear. Sulfur hexafluoride has replaced

flammable insulating oils in many applications and al-

lows for more compact substations in dense urban areas.

Fugitive emissions of SF6 can escape from gas-

insulated substations and switchgear through seals, es-

pecially from older equipment. It can also be released

during equipment installation and when equipment is

opened for servicing, which typically occurs every few

years. In the past, some utilities vented SF6 to the atmo-

sphere during servicing; however, it is believed that in-

creased awareness and the relatively high cost of the gas

have reduced this practice.

Emissions of SF6 from electrical transmission and

distribution systems were estimated to be 7.0 MMTCE

(1.07 Gg) in 1998. This quantity amounts to a 25 per-

cent increase over the estimate for 1990 (see Table 3-38).

#
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The EPA developed its methodology for estimat-

ing SF6 emissions from electrical transmission and dis-

tribution systems in 1994. The method estimates actual

emissions of SF6 using a top-down, or production-based

approach. Specifically, emissions were calculated based

upon the following factors: 1) the estimated U.S. pro-

duction capacity for SF6, 2) the estimated use of this

production capacity, 3) the fraction of U.S. SF6 produc-

tion estimated to be sold annually to fill or refill electri-

cal equipment, and 4) the fraction of these sales esti-

mated to replace emitted gas.

Based on information gathered from chemical

manufacturers, it was estimated that in 1994 U.S. pro-

duction capacity for SF6 was approximately 3,000 met-

ric tons. It was assumed that plants were operating at 90

percent capacity, which was consistent with industry

averages and implied that 2,700 metric tons of SF6 were

produced in 1994. It was further assumed that 75 percent

of U.S. SF6 sales were made to electric utilities and elec-

trical transmission and distribution equipment manu-

facturers. This assumption is consistent with the esti-

mate given in Ko, et al. (1993) that worldwide, 80 per-

cent of SF6 sales is for electrical transmission and distri-

bution systems. Seventy-five percent of annual U.S. pro-

duction in 1994 was 2,000 metric tons.
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Finally, it was assumed that approximately 50 per-

cent of this production, or 1.0 thousand metric tons, re-

placed gas emitted into the atmosphere in 1994. This

amount is equivalent to 6.7 MMTCE (when rounding is

performed at the end of the calculation). EPA’s estimate

was based on information that emissions rates from this

equipment were significant and atmospheric measure-

ments that indicated that most of the SF6 produced inter-

nationally since the 1950s had been released. Emissions

from electrical equipment were known to occur from the

service and disposal of the equipment and leaks during

operation. Leaks from older equipment were reported to

release up to 50 percent of the equipment’s charge per

year, although leaks from newer equipment were reported

to release considerably less (e.g., less than 1 percent of

the charge per year).

It was assumed that emissions have remained con-

stant at 7 MMTCE since 1995.

)�!������	
�
Emission estimates were provided by EPA’s Cli-

mate Protection Division in cooperation with U.S. elec-

tric utilities and chemical producers.

*�	
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There is currently little verifiable data for estimat-

ing SF6 emissions from electrical transmission and dis-

tribution systems. Neither U.S. gas consumption nor

emission monitoring data were available when these es-

timates were developed. The EPA has recently launched

a voluntary program with electrical power systems to

reduce emissions of SF6 from equipment used to trans-

mit and distribute electricity such as high voltage cir-

cuit breakers, substations, transformers, and transmis-

sion lines. The EPA anticipates that better information

on SF6 emissions from electrical equipment will be pro-

vided through its voluntary agreements with electrical

utilities that use SF6 in equipment.

#�(�
�+�$
�����	!+����������	
��+�(

The magnesium metal production and casting in-

dustry uses sulfur hexafluoride (SF6) as a covergas to

prevent the violent oxidation of molten magnesium in

the presence of air. Small concentrations of SF6 in com-

bination with carbon dioxide and/or air are blown over

molten magnesium metal to induce and stabilize the for-

mation of a protective crust. A minute portion of the SF6

applied reacts with the magnesium to form a thin mo-

lecular film of mostly magnesium oxide and some mag-

nesium fluoride. Little conversion or destruction of SF6

occurs in the magnesium production or casting processes,

and it is currently assumed that all SF6 is emitted to the

atmosphere. SF6 has been used in this application around

the world for the last twenty years. It has largely replaced

salt fluxes, sulfur dioxide (SO2), and boron trifluoride

(BF3), which are toxic and more corrosive at higher con-

centrations.

For 1998, a total of 3.0 MMTCE (0.5 Gg) of SF6

was estimated to have been emitted by the magnesium

industry, 76 percent more than was estimated for 1990

(see Table 3-39). There are no significant plans for ex-

pansion of primary magnesium production in the United

States, but demand for magnesium metal for die casting

is growing as auto manufacturers design more magne-
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22 See Annex P for a discussion of sources of SF6 emissions excluded from the actual emissions estimates in this report.
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sium parts into vehicle models. The increased demand

for primary magnesium is expected to be met by magne-

sium producers located outside the United States

#
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Emissions were estimated from gas usage informa-

tion supplied to the EPA by primary magnesium produc-

ers. Consumption was assumed to equal emissions in the

same year. Although not directly employed, the Norwe-

gian Institute for Air Research (NIAR 1993) has reported

a range of emission factors for primary magnesium pro-

duction as being from 1 to 5 kg of SF6 per metric ton of

magnesium. A survey of magnesium die casters has also

reported an average emission factor of 4.1 kg of SF6 per

metric ton of magnesium parts die cast (Gjestland and

Magers 1996).

)�!������	
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Emission estimates were provided by the EPA’s

Climate Protection Division in cooperation with the U.S.

primary magnesium metal producers and casting firms.
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There are a number of uncertainties in these esti-

mates, including the assumption that SF6 does not react

nor decompose during use. It is possible that the melt

surface reactions and high temperatures associated with

molten magnesium would cause some gas degradation.

As is the case for other sources of SF6 emissions, verifi-

able SF6 consumption data for magnesium production

and processing in United States were not available. The

EPA has recently launched a voluntary partnership with

magnesium producers and casters to reduce emissions of

SF6 from magnesium production and processing. The

EPA anticipates that data provided by magnesium firms

will improve future SF6 emission estimates.

Sulfur hexafluoride may also be used as a covergas

for the casting of molten aluminum with a high magne-

sium content; however, it is uncertain to what extent this

practice actually occurs.
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In addition to the main greenhouse gases addressed

above, many industrial processes generate emissions of

criteria air pollutants. Total emissions of nitrogen ox-

ides (NOx), carbon monoxide (CO), and nonmethane

volatile organic compounds (NMVOCs) from non-en-

ergy industrial processes from 1990 to 1998 are reported

in Table 3-41.

#
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The emission estimates for this source were taken

directly from the EPA’s National Air Pollutant Emis-

sions Trends, 1900-1998 (EPA 1999). Emissions were

calculated either for individual categories or for many

categories combined, using basic activity data (e.g., the

amount of raw material processed) as an indicator of

emissions. National activity data were collected for in-

dividual categories from various agencies. Depending

on the category, these basic activity data may include

data on production, fuel deliveries, raw material pro-

cessed, etc.

Activity data were used in conjunction with emis-

sion factors, which together relate the quantity of emis-

sions to the activity. Emission factors are generally avail-

able from the EPA’s Compilation of Air Pollutant Emis-

sion Factors, AP-42 (EPA 1997). The EPA currently de-

rives the overall emission control efficiency of a source

category from a variety of information sources, includ-

ing published reports, the 1985 National Acid Precipita-

tion and Assessment Program emissions inventory, and

other EPA databases.

*�	
�!�+�!,
Uncertainties in these estimates are partly due to

the accuracy of the emission factors used and accurate

estimates of activity data.
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1 Solvent usage in the United States also results in the emission of small amounts of hydrofluorocarbons (HFCs) and hydrofluoroethers
(HFEs), which are included under Substitution of Ozone Depleting Substances in the Industrial Processes chapter.
2 “Non-industrial” uses include cutback asphalt, pesticide application adhesives, consumer solvents, and other miscellaneous
applications.

�he use of solvents and other chemical prod

ucts can result in emissions of various ozone

precursors (i.e., criteria pollutants).1 Nonmethane vola-

tile organic compounds (NMVOCs), commonly referred

to as “hydrocarbons,” are the primary gases emitted from

most processes employing organic or petroleum based

solvents, along with small amounts of carbon monoxide

(CO) and oxides of nitrogen (NOx) whose emissions are

associated with control devices used to reduce NMVOC

emissions. Surface coatings accounted for just under a

majority of NMVOC emissions from solvent use—44

percent in 1998—while “non-industrial”2 uses accounted

for about 37 percent and degreasing applications for 8

percent. Overall, solvent use accounted for approxi-

mately 30 percent of total U.S. emissions of NMVOCs in

1998, and increased less than 1 percent since 1990.

Although NMVOCs are not considered direct

greenhouse gases, their role as precursors to the forma-

tion of ozone—which is a greenhouse gas—results in

their inclusion in a greenhouse gas inventory. Emissions

from solvent use have been reported separately by the

United States to be consistent with the inventory report-

ing guidelines recommended by the IPCC. These guide-

lines identify solvent use as one of the major source

categories for which countries should report emissions.

In the United States, emissions from solvents are prima-

rily the result of solvent evaporation, whereby the lighter

hydrocarbon molecules in the solvents escape into the

atmosphere. The evaporation process varies depending

on different solvent uses and solvent types. The major

categories of solvents uses include: degreasing, graphic

arts, surface coating, other industrial uses of solvents

(i.e., electronics, etc.), dry cleaning, and non-industrial

uses (i.e., uses of paint thinner, etc.). Because many of

these industrial applications also employ thermal incin-

eration as a control technology, CO and NOx combus-

tion by-products are also reported with this source cat-

egory.

Total emissions of nitrogen oxides (NOx),

nonmethane volatile organic compounds (NMVOCs), and

carbon monoxide (CO) from 1990 to 1998 are reported

in Table 4-1.

����������	
Emissions were calculated by aggregating solvent

use data based on information relating to solvent uses

from different applications such as degreasing, graphic

arts, etc. Emission factors for each consumption category

were then applied to the data to estimate emissions. For

example, emissions from surface coatings were mostly

due to solvent evaporation as the coatings solidify. By

applying the appropriate solvent emission factors to the

type of solvents used for surface coatings, an estimate of

emissions was obtained. Emissions of CO and NOx result

primarily from thermal and catalytic incineration of sol-
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vent laden gas streams from painting booths, printing

operations, and oven exhaust.
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The emission estimates for this source were taken

directly from the EPA’s National Air Pollutant Emis-

sions Trends, 1900-1998 (EPA 1999). Emissions were

calculated either for individual categories or for many

categories combined, using basic activity data (e.g., the

amount of solvent purchased) as an indicator of emis-

sions. National activity data were collected for individual

applications from various agencies.

Activity data were used in conjunction with emis-

sion factors, which together relate the quantity of emis-
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sions to the activity. Emission factors are generally avail-

able from the EPA’s Compilation of Air Pollutant Emis-

sion Factors, AP-42 (EPA 1997). The EPA currently de-

rives the overall emission control efficiency of a source

category from a variety of information sources, includ-

ing published reports, the 1985 National Acid Precipita-

tion and Assessment Program emissions inventory, and

other EPA data bases.

%&������&�	
Uncertainties in these estimates are partly due to

the accuracy of the emission factors used and the reli-

ability of correlations between activity data and actual

emissions.
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�gricultural activities contribute directly to emissions of greenhouse gases through a variety of processes.

This chapter includes the following sources: enteric fermentation in domestic livestock, livestock manure

management, rice cultivation, agricultural soil management, and agricultural residue burning (see Figure 5-1). Agri-

culture-related land-use activities, such as conversion of

grassland to cultivated land, are discussed in the Land-

Use Change and Forestry chapter.

In 1998, agricultural activities were responsible

for emissions of 148.4 MMTCE, or 8 percent of total

U.S. greenhouse gas emissions. Methane (CH4) and ni-

trous oxide (N2O) were the primary greenhouse gases

emitted by agricultural activities. Methane emissions

from enteric fermentation and manure management rep-

resent about 19 and 13 percent of total CH4 emissions

from anthropogenic activities, respectively. Of all do-

mestic animal types, beef and dairy cattle were by far the

largest emitters of methane. Rice cultivation and agri-

cultural crop residue burning were minor sources of meth-

ane. Agricultural soil management activities such as fer-

tilizer application and other cropping practices were the

largest source of U.S. N2O emissions, accounting for 71

percent. Manure management and agricultural residue

burning were also smaller sources of N2O emissions.

Table 5-1 and Table 5-2 present emission estimates for the Agriculture chapter. Between 1990 and 1998, CH4

emissions from agricultural activities increased by 19 percent while N2O emissions increased by 12 percent. In

addition to CH4 and N2O, agricultural residue burning was also a minor source of the criteria pollutants carbon

monoxide (CO) and nitrogen oxides (NOx).
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Methane (CH4) is produced as part of normal di-

gestive processes in animals. During digestion, microbes

resident in an animal’s digestive system ferment food

consumed by the animal. This microbial fermentation

process, referred to as enteric fermentation, produces

methane as a by-product, which can be exhaled or eruc-

tated by the animal. The amount of methane produced

and excreted by an individual animal depends primarily

upon the animal’s digestive system, and the amount and

type of feed it consumes.

Among domestic animal types, ruminant animals

(e.g., cattle, buffalo, sheep, goats, and camels) are the

major emitters of anthropogenic methane because of their

unique digestive system. Ruminants possess a rumen, or

large “fore-stomach,” in which microbial fermentation

breaks down the feed they consume into soluble prod-

ucts that can be utilized by the animal. The microbial
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fermentation that occurs in the rumen enables them to

digest coarse plant material that non-ruminant animals

cannot. Ruminant animals, consequently, have the high-

est methane emissions among all animal types.

Non-ruminant domestic animals (e.g., pigs, horses,

mules, rabbits, and guinea pigs) also produce anthropo-

genic methane emissions through enteric fermentation,

although this microbial fermentation occurs in the large

intestine. These non-ruminants have significantly lower

methane emissions than ruminants because the capacity

of the large intestine to produce methane is lower.

In addition to the type of digestive system, an

animal’s feed intake also affects methane excretion. In

general, a higher feed intake leads to higher methane

emissions. Feed intake is positively related to animal

size, growth rate, and production (e.g., milk production,

wool growth, pregnancy, or work). Therefore, feed in-

take varies among animal types as well as among differ-

ent management practices for individual animal types.
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Methane emission estimates from enteric fermen-

tation are shown in Table 5-3 and Table 5-4. Total live-

stock emissions in 1998 were 33.7 MMTCE (5,885 Gg).

Emissions from dairy cattle remained relatively constant

from 1990 to 1998 despite a steady increase in milk

production. During this time, emissions per cow in-

creased due to a rise in milk production per dairy cow

(see Table 5-5); however, this trend was offset by a de-

cline in the dairy cow population. Beef cattle emissions

continued to decline, caused by the second consecutive

year of declining cattle populations. Methane emissions

from other animals have remained relatively constant.

$��%�&�"�'(
Livestock emission estimates fall into two catego-

ries: cattle and other domesticated animals. Cattle, due

to their large population, large size, and particular di-

gestive characteristics, account for the majority of meth-

ane emissions from livestock in the United States and

are handled separately. Also, cattle production systems

in the United States are well characterized in compari-

son with other livestock management systems. Overall,

emissions estimates were derived using emission fac-

tors, which were multiplied by animal population data.

While the large diversity of animal management

practices cannot be precisely characterized and evalu-

ated, significant scientific literature exists that describes

the quantity of methane produced by individual rumi-

nant animals, particularly cattle. A detailed model that

incorporates this information and other analyses of feed-

ing practices and production characteristics was used to

estimate emissions from cattle populations.

To derive emission factors for the various types of

cattle found in the United States, a mechanistic model of

rumen digestion and animal production was applied to

data on thirty-two different diets and nine different cattle

types (Baldwin et al. 1987a and b).1 The cattle types

were defined to represent the different sizes, ages, feed-

ing systems, and management systems that are typically

found in the United States. Representative diets were

1 The basic model of Baldwin et al. (1987a and b) was revised somewhat to allow for evaluations of a greater range of animal types and
diets. See EPA (1993).
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defined for each category of animal, reflecting the feeds

and forages consumed by cattle type and region. Using

this model, emission factors were derived for each com-

bination of animal type and representative diet. Based

upon the level of use of each diet in the five regions,

average regional emission factors for each of the nine

cattle types were derived.2 These emission factors were

then multiplied by the applicable animal populations

from each region.

For dairy and beef cows and replacements, emis-

sion estimates were developed using regional emission

factors. Dairy cow emission factors were modified to re-

flect changing—primarily increasing—milk production

per cow over time in each region. All other emission

factors were held constant over time. Emissions from

other cattle types were estimated using national average

emission factors.

Emissions estimates for other animal types were

based upon average emission factors representative of

entire populations of each animal type. Methane emis-

sions from these animals accounted for a minor portion

of total methane emissions from livestock in the United

States. Also, the variability in emission factors for each

of these other animal types (e.g., variability by age, pro-

duction system, and feeding practice within each ani-

mal type) is less than that for cattle.

See Annex H for more detailed information on the

methodology and data used to calculate methane emis-

sions from enteric fermentation.

+�����������
The emission estimates for all domestic livestock

were determined using a mechanistic model of rumen

digestion and emission factors developed in EPA (1993).

For dairy and beef cows and replacements, regional emis-

sion factors were used from EPA (1993). Emissions from

other cattle types were estimated using national average

emission factors from EPA (1993). Methane emissions

from sheep, goats, pigs, and horses were estimated by

using emission factors utilized in Crutzen et al. (1986)

and annual population data from U.S. Department of

Agriculture statistical reports (USDA 1994a-b, 1995a-d,

1996, 1997, 1998a-c, 1999a-i). These emission factors

are representative of typical animal sizes, feed intakes,

and feed characteristics in developed countries. The

methodology employed in EPA (1993) is the same as

those recommended in IPCC (1997). All livestock popu-

lation data were taken from USDA statistical reports. See

the following section on manure management for a com-

plete listing of reports cited. Table 5-5 provides a sum-

mary of cattle population and milk production data.

,���������(
The diets analyzed using the rumen digestion

model include broad representations of the types of feed

consumed within each region. Therefore, the full diver-

sity of feeding strategies employed in the United States

is not represented and the emission factors used may be

biased. The rumen digestion model, however, has been

validated by experimental data. Animal population and

production statistics, particularly for beef cows and other

grazing cattle, are also uncertain. Overall, the uncertainty

in the emission estimate is estimated to be roughly “20

percent (EPA 1993).

$������$���'�
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The management of livestock manure can produce

anthropogenic methane (CH4) and nitrous oxide (N2O)

emissions. Methane is produced by the anaerobic de-

composition of manure. Nitrous oxide is produced as

part of the nitrogen cycle through the nitrification and
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2 Feed intake of bulls does not vary significantly by region, so only a national emission factor was derived for this cattle type.
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denitrification of the organic nitrogen in livestock ma-

nure and urine.

When livestock and poultry manure is stored or

treated in systems that promote anaerobic conditions

(e.g., as a liquid in lagoons, ponds, tanks, or pits), the

decomposition of materials in manure tends to produce

methane. When manure is handled as a solid (e.g., in

stacks or pits) or deposited on pastures and range lands,

it tends to decompose aerobically and produce little or

no methane. A number of other factors related to how the

manure is handled also affect the amount of methane

produced: 1) air temperature and moisture affect the

amount of methane produced because they influence

the growth of the bacteria responsible for methane for-

mation; 2) methane production generally increases with

rising temperature and residency time; and 3) for non-

liquid based manure systems, moist conditions (which

are a function of rainfall and humidity) favor methane

production. Although the majority of manure is handled

as a solid, producing little methane, the general trend in

manure management, particularly for dairy and swine

producers, is one of increasing usage of liquid systems.

The composition of the manure also affects the

amount of methane produced. Manure composition var-

ies by animal type and diet. The greater the energy con-

tent and digestibility of the feed, the greater the poten-

tial for methane emissions. For example, feedlot cattle

fed a high energy grain diet generate manure with a high

methane-producing capacity. Range cattle feeding on a

low energy diet of forage material produce manure with

roughly half the methane-producing potential of feed-

lot cattle manure.

The amount of N2O produced depends on the ma-

nure and urine composition, the type of bacteria involved

in the process and the amount of oxygen and liquid in

the manure system. Nitrous oxide emissions result from

livestock manure and urine that is managed using liquid

and slurry systems, as well as manure and urine that is

collected and stored as a solid. Nitrous oxide emissions

from unmanaged livestock manure and urine on pas-

tures, ranges, and paddocks, as well as from manure and

urine that is spread onto fields either directly as “daily

spread,” or after it is removed from manure management

systems (e.g., lagoon, pit, etc.) is accounted for and dis-

cussed under Agricultural Soil Management.

Table 5-6, Table 5-7, and Table 5-8 provide esti-

mates of methane and N2O emissions from manure man-

agement by animal category. Estimates for methane emis-

sions in 1998 were 22.9 MMTCE (3,990 Gg), 53 percent

higher than in 1990. The majority of the increase in

methane emissions was from swine and dairy cow ma-

nure and are attributed to shifts by the swine and dairy

industries towards larger facilities. Larger swine and dairy

farms tend to use flush or scrape liquid systems. Thus the

shift towards larger facilities is translated into an in-

creasing use of liquid systems. This shift was accounted

for by incorporating weighted methane conversion fac-

tor (MCF) values calculated from the 1997 farm-size dis-

tribution reported in the 1997 Census of Agriculture

(USDA 1999m). An increase in feed consumption by dairy

cows to maximize milk production is also accounted for

in the estimates. A detailed description of the methodol-

ogy is provided in Annex I.

Total N2O emissions from managed manure sys-

tems in 1998 were estimated to be 4.0 MMTCE (47 Gg).

The 19 percent increase in N2O emissions from 1990 to

1998 can be partially attributed to an increase in the

population of poultry and swine. The population of beef

cattle in feedlots, which tend to use managed manure

systems, also increased. As stated previously, N2O emis-

sions from unmanaged livestock manure is accounted

for under Agricultural Soil Management. Methane emis-

sions were mostly unaffected by this increase in the beef

cattle population because feedlot cattle use solid stor-

age systems, which produce little methane.

$��%�&�"�'(
The methodologies presented in EPA (1993) form

the basis of the methane emissions estimates for each

animal type. The calculation of emissions requires the

following information:

● Amount of manure produced (amount per head times

number of head)

● Portion of the manure that is volatile solids (by ani-

mal type)

● Methane producing potential of the volatile solids

(by animal type)
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● Extent to which the methane producing potential is

realized for each type of manure management sys-

tem (by state and manure management system)

● Portion of manure managed in each manure man-

agement system (by state and animal type)

For swine and dairy cattle —the two largest emit-

ters of methane—estimates were developed using state-

level animal population data and average weighted

MCFs for each state. These weighted MCFs were deter-

mined for each farm size category based on the general

relationship between farm sizes and manure system us-

age, where larger facilities will tend to use liquid sys-

tems. These values were further adjusted to harmonize

with emissions reported in EPA (1993). For other animal

types, 1990 state-level emission estimates from the de-

tailed analysis presented in EPA (1993) were scaled by

the change in the state population.

Nitrous oxide emissions were estimated by first

determining manure management system usage. Manure

system usage for swine and dairy cows were based on

assumptions of system usage for the respective popula-

tions’ farm size distribution. Total Kjeldahl nitrogen3

production was calculated for all livestock using live-

stock population data and nitrogen excretion rates. Ni-

trous oxide emission factors specific to the type of ma-

nure management system were then applied to total ni-

trogen production to estimate N2O emissions.

See Annex I for more detailed information on the

methodology and data used to calculate methane emis-

sions from manure management. The same activity data

were also used to calculate N2O emissions.

+�����������
Annual livestock population data for all livestock

types except horses were obtained from the U.S. Depart-

ment of Agriculture’s National Agricultural Statistics

Service (USDA 1994a, 1995 a-e, 1996a-b, 1997a-b,

1998a-d, 1999a-k). Horse population data were obtained

from the FAOSTAT database (FAO 1999). Data on farm

size distribution for dairy cows and swine were taken

from the U.S. Department of Commerce (DOC 1995,

1987). Manure management system usage data for other

livestock were taken from EPA (1992). Nitrogen excre-

tion rate data were developed by the American Society

of Agricultural Engineers (ASAE 1999). Nitrous oxide

emission factors were taken from IPCC/UNEP/OECD/

IEA (1997). Manure management systems characterized

as “Other” generally refers to deep pit and litter systems.

The IPCC N2O emission factor for “other” systems (0.005

kg N2O/kg N excreted), was determined to be inconsis-

tent with the characteristics of these management sys-

tems. Therefore, in its place the solid storage/drylot emis-

sion factor was used.

,���������(
The primary factors contributing to the uncertainty

in emission estimates are a lack of information on the

usage of various manure management systems in each

state and the exact methane generating characteristics

of each type of manure management system. Because of

significant shifts in the swine and dairy sectors toward

larger farms, it is believed that increasing amounts of

manure are being managed in liquid manure manage-

ment systems. The existing estimates reflect these shifts

in the weighted MCFs based on the 1997 farm-size data.

However, the assumption of a direct relationship between

farm-size and liquid system usage may not apply in all

cases. In addition, the methane generating characteris-

tics of each manure management system type are based

on relatively few laboratory and field measurements, and

may not match the diversity of conditions under which

manure is managed nationally.

The N2O emission factors published in IPCC/

UNEP/OECD/IEA (1997) were also derived using lim-

ited information. The IPCC factors are global averages;

U.S.-specific emission factors may be significantly dif-

ferent. Manure and urine in anaerobic lagoons and liq-

uid/slurry management systems produce methane at dif-

ferent rates, and would in all likelihood produce N2O at

different rates, although a single emission factor was used

for both system types.

3 Total Kjeldahl nitrogen is a measure of organically bound nitrogen and ammonia nitrogen.
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Most of the world’s rice, and all rice in the United

States, is grown on flooded fields. When fields are

flooded, aerobic decomposition of organic material

gradually depletes the oxygen present in the soil and

floodwater, causing anaerobic conditions in the soil to

develop. Once the environment becomes anaerobic, meth-

ane is produced through anaerobic decomposition of

soil organic matter by methanogenic bacteria. As much

as 60 to 90 percent of the methane produced, however, is

oxidized by aerobic methanotrophic bacteria in the soil

(Holzapfel-Pschorn et al. 1985, Sass et al. 1990). Some

of the methane is also leached away as dissolved meth-

ane in floodwater that percolates from the field. The re-

maining un-oxidized methane is transported from the

submerged soil to the atmosphere primarily by diffusive

transport through the rice plants. Some methane also

escapes from the soil via diffusion and bubbling through

floodwaters.

The water management system under which rice is

grown is one of the most important factors affecting

methane emissions. Upland rice fields are not flooded,

and therefore are not believed to produce methane. In

deepwater rice fields (i.e., fields with flooding depths

greater than one meter), the lower stems and roots of the

rice plants are dead so the primary methane transport

pathway to the atmosphere is blocked. The quantities of

methane released from deepwater fields, therefore, are

believed to be significantly less than the quantities re-

leased from areas with more shallow flooding depths.

Some flooded fields are drained periodically during the

growing season, either intentionally or accidentally. If

water is drained and soils are allowed to dry sufficiently,

methane emissions decrease or stop entirely. This is due

to soil aeration, which not only causes existing soil meth-

ane to oxidize but also inhibits further methane produc-

tion in soils. All rice in the United States is grown under

continuously flooded conditions; none is grown under

deepwater conditions.

Other factors that influence methane emissions

from flooded rice fields include fertilization practices

(especially the use of organic fertilizers,) soil tempera-

ture, soil type, cultivar selection, and cultivation prac-

tices (e.g., tillage, and seeding and weeding practices).

The factors that determine the amount of organic mate-

rial that is available to decompose, i.e., organic fertilizer

use, soil type, cultivar type4, and cultivation practices,

are the most important variables influencing methane

emissions over an entire growing season because the

total amount of methane released depends primarily on

the amount of organic substrate available. Soil tempera-

ture is known to be an important factor regulating the

activity of methanogenic bacteria, and therefore the rate

of methane production. However, although temperature

controls the amount of time it takes to convert a given

amount of organic material to methane, that time is short

relative to a growing season, so the dependence of emis-

sions over an entire growing season on soil temperature

is weak. The application of synthetic fertilizers has also

been found to influence methane emissions; in particu-

lar, both nitrate and sulfate fertilizers (e.g., ammonium

nitrate, and ammonium sulfate) appear to inhibit meth-

ane formation. In the United States, soil types, soil tem-

peratures, cultivar types, and cultivation practices for

rice vary from region to region, and even from farm to

farm. However, most rice farmers utilize organic fertiliz-

ers in the form of rice residue from the previous crop,

which is left standing, disked, or rolled into the fields.

Most farmers also apply synthetic fertilizer to their fields,

usually urea. Nitrate and sulfate fertilizers are not com-

monly used in rice cultivation in the United States. In

addition, the climatic conditions of Arkansas, southwest

Louisiana, Texas, and Florida allow for a second, or ra-

toon, rice crop. This second rice crop is produced on the

stubble after the first crop has been harvested. Because

the first crop’s stubble is left behind in ratooned fields,

the amount of organic material that is available for de-

composition is considerably higher than with the first

(i.e., primary) crop. Methane emissions from ratoon crops

have been found to be considerably higher than those

from the primary crop.

Rice cultivation is a small source of methane emis-

sions in the United States (2 percent). Rice is cultivated

4 The roots of rice plants shed organic material. The amount of root exudates produced varies among cultivar types.
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in seven states: Arkansas, California, Florida, Louisiana,

Mississippi, Missouri, and Texas. Estimates of total an-

nual CH4 emissions from rice cultivation range from 2.3

to 2.7 MMTCE (404 to 476 Gg CH4) for the years 1990

to 1998 (Table 5-9 and Table 5-10). There was no appar-

ent trend over the nine year period, although total emis-

sions increased by 15 percent between 1990 and 1998

due to an increase in harvested area.

The factors that affect the rice area harvested vary

from state to state.5 In Florida, the state having the small-

est harvested rice area, rice acreage is largely a function

of sugarcane acreage. Sugarcane fields are flooded each

year to control pests, and on this flooded land a rice crop

is grown along with a ratoon crop of sugarcane

(Schueneman 1997). In Missouri, rice acreage is affected

by weather (e.g., rain during the planting season may

prevent the planting of rice), the price differential be-

tween soybeans and rice (e.g., if soybean prices are higher,

then soybeans may be planted on some of the land which

would otherwise have been planted in rice), and govern-

ment support programs (Stevens 1997). The price differ-

ential between soybeans and rice also affects rice acre-

age in Mississippi. Rice in Mississippi is usually rotated

with soybeans, but if soybean prices increase relative to

rice prices, then some of the acreage that would have

been planted in rice, is instead planted in soybeans (Street

1997). In Texas, rice production, and thus, harvested area,

are affected by both government programs and the cost

of production (Klosterboer 1997). California rice area is

influenced by water availability as well as government

programs and commodity prices. In Louisiana, rice area

is influenced by government programs, weather condi-

tions (e.g., rainfall during the planting season), as well

as the price differential between rice and corn and other

crops (Saichuk 1997). Arkansas rice area has been influ-

enced in the past by government programs. However,
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5 The statistic “area harvested” accounts for double cropping, i.e., if one hectare is cultivated twice in one year, then that hectare is
counted as two hectares harvested.
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due to the phase-out of these programs nationally, which

began in 1996, spring commodity prices have had a

greater effect on the amount of land planted in rice in

recent years (Mayhew 1997).

$��%�&�"�'(
The Revised 1996 IPCC Guidelines (IPCC/UNEP/

OECD/IEA 1997) recommend applying a seasonal emis-

sion factor to the annual harvested rice area to estimate

annual CH4 emissions. This methodology assumes that

a seasonal emission factor is available for all growing

conditions. Because season lengths are quite variable

both within and among states in the United States, and

because flux measurements have not been taken under

all growing conditions in the United States, an earlier

IPCC methodology (IPCC/UNEP/OECD/IEA 1995) has

been applied here, using season lengths that vary slightly

from the recommended approach. The 1995 IPCC Guide-

lines recommend multiplying a daily average emission

factor by growing season length and annual harvested

area. The IPCC Guidelines suggest that the “growing”

season be used to calculate emissions based on the as-

sumption that emission factors are derived from mea-

surements over the whole growing season rather than

just the flooding season. Applying this assumption to

the United States, however, would result in an overesti-

mate of emissions because the emission factors devel-

oped for the United States are based on measurements

over the flooding, rather than the growing, season. There-

fore, the method used here is based on the number of

days of flooding during the growing season and a daily

average emission factor, which is multiplied by the har-

vested area. Agricultural extension agents in each of the

seven states in the United States that produce rice were

contacted to determine water management practices and

flooding season lengths in each state. Although all con-

tacts reported that rice growing areas were continuously

flooded, flooding season lengths varied considerably

among states; therefore, emissions were calculated sepa-

rately for each state.

Emissions from ratooned and primary areas are es-

timated separately. Information on ratoon flooding sea-

son lengths was collected from agricultural extension

agents in the states that practice ratooning, and emis-

sion factors for both the primary season and the ratoon

season were derived from published results of field ex-

periments in the United States.

+�����������
The harvested rice areas for the primary and ratoon

crops in each state are presented in Table 5-11. Data for

all states except Florida for 1990 through 1995 were

taken from U.S. Department of Agriculture’s National

Agriculture Statistics Data—Historical Data (USDA

1999b). The data for 1996 through 1998 were obtained

from the Crop Production 1998 Summary (USDA 1999a).

Harvested rice areas in Florida from 1990 to 1998 were

obtained from Tom Schueneman (1999b, 1999c), a

Florida Agricultural Extension Agent. Acreages for the

ratoon crops were derived from conversations with the

agricultural extension agents in each state. In Arkansas,

ratooning occurred only in 1998, when the ratooned area

was less than 1 percent of the primary area (Slaton 1999a).

In the other three states in which ratooning is practiced

(i.e., Florida, Louisiana, and Texas), the percentage of

the primary area that was ratooned was constant over the

entire 1990 to 1998 period. In Florida, the ratooned area

was 50 percent of the primary area (Schueneman 1999a),

in Louisiana it was 30 percent (Linscombe 1999a), and

in Texas it was 40 percent (Klosterboer 1999a).

Information about flooding season lengths was

obtained from agricultural extension agents in each state

(Beck 1999, Guethle 1999, Klosterboer 1999b,

Linscombe 1999b, Scardaci 1999a and 1999b,

Schueneman 1999b, Slaton 1999b, Street 1999a and

1999b). These data are presented in Table 5-12.

To determine what daily methane emission factors

should be used for the primary and ratoon crops, meth-

ane flux information from all the rice field measurements

made in the United States was collected. Experiments in

which nitrate and sulfate fertilizers, or other substances

known to suppress methane formation, were applied, as

well as experiments in which measurements were not

made over an entire flooding season or in which flood-

waters were drained mid-season, were excluded from the

analysis. This left ten field experiments from California

(Cicerone et al. 1992), Texas (Sass et al. 1990, 1991a,

1991b, 1992), and Louisiana (Lindau et al. 1991, Lindau
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and Bollich 1993, Lindau et al. 1993, Lindau et al. 1995,

Lindau et al. 1998).6 These experimental results were

then sorted by season and type of fertilizer amendment

(i.e., no fertilizer added, organic fertilizer added, and

synthetic and organic fertilizer added). The results for

the primary crop showed no consistent correlation be-

tween emission rate and type or magnitude of fertilizer

application. Although individual experiments have

shown a significant increase in emissions when organic

fertilizers are added, when the results were combined,

emissions from fields that receive organic fertilizers were

not found to be, on average, higher that those from fields

that receive synthetic fertilizer only. In addition, there

appeared to be no correlation between fertilizer applica-

tion rate and emission rate, either for synthetic or or-

ganic fertilizers. These somewhat surprising results are

probably due to other variables that have not been taken

into account, such as timing and mode of fertilizer ap-

plication, soil type, cultivar type, and other cultivation

practices. There were limited results from ratooned fields.

Of those that received synthetic fertilizers, there was no

consistent correlation between emission rate and amount

of fertilizer applied, however, the type of synthetic fer-

tilizer did not vary among experiments. In contrast, all

the ratooned fields that received synthetic fertilizer had

emission rates that were higher than the one ratoon ex-

periment in which no synthetic fertilizer was applied.

Given these results, the highest and lowest emission rates

measured in primary fields that received synthetic fertil-

izer only—which bounded the results from fields that
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6 In some of these remaining experiments, measurements from individual plots were excluded from the analysis because of the reasons
just mentioned. In addition, one measurement from the ratooned fields (i.e., the flux of 2.041 g/m2/day in Lindau and Bollich 1993)
was excluded since this emission rate is unusually high compared to other flux measurements in the United States, as well as in Europe
and Asia (IPCC/UNEP/OECD/IEA 1997).
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received both synthetic and organic fertilizers—was used

as the emission factor range for the primary crop, and the

lowest and highest emission rates measured in all the

ratooned fields was used as the emission factor range for

the ratoon crop. These ranges are 0.020 to 0.609 g/m2-

day for the primary crop, and 0.301 to 0.933 g/m2-day

for the ratoon crop.

,���������(
The largest uncertainty in the calculation of CH4

emissions from rice cultivation is associated with the emis-

sion factors applied. Daily average emissions, derived

from field measurements in the United States, vary by

more than one order of magnitude (IPCC/UNEP/OECD/

IEA 1997). This variability is due to differences in culti-

vation practices, particularly the type, amount, and mode

of fertilizer application; differences in cultivar type; and

differences in soil and climatic conditions. By separat-

ing primary from ratooned areas, this Inventory has ac-

counted for more of this variability than previous inven-

tories. However, a range for both the primary (0.315 g/

m2day ±93 percent) and ratoon crop (0.617 g/m2day ±51

percent) has been used in these calculations to reflect the

remaining uncertainty. Based on this range, total meth-

ane emissions from rice cultivation in 1998 were esti-

mated to have been approximately 0.43 to 5.0 MMTCE

(75 to 876 Gg CH4), or 2.7 MMTCE ±84 percent.

Another source of uncertainty is in the flooding

season lengths used for each state. Flooding seasons in

each state may fluctuate from year to year, and thus a

range has been used to reflect this uncertainty. Even

within a state, flooding seasons can vary by county and

cultivar type (Linscombe 1999a).

The last source of uncertainty is in the practice of

flooding outside of the normal rice season. According to

the agriculture extension agents, all of the rice-growing

states practice this on some part of their rice acreage,

ranging from 5 to 33 percent of the rice acreage. Fields

are flooded for a variety of reasons: to provide habitat

for waterfowl, to provide ponds for crawfish production,

and to aid in rice straw decomposition. To date, methane

flux measurements have not been undertaken in these

flooded areas.

As scientific understanding improves, these emis-

sion estimates will be adjusted to better reflect these

variables.

)'����"����"����"�$���'�
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Nitrous oxide (N2O) is produced naturally in soils

through the microbial processes of nitrification and deni-

trification.7 A number of agricultural activities add ni-

trogen to soils, thereby increasing the amount of nitro-

gen available for nitrification and denitrification, and

ultimately the amount of N2O emitted. These activities

may add nitrogen to soils either directly or indirectly.

Direct additions occur through various soil management

practices (i.e., application of synthetic and organic fer-

tilizers, application of sewage sludge, application of

animal wastes, production of nitrogen-fixing crops, ap-

plication of crop residues, and cultivation of high or-

ganic content soils, which are also called histosols), and

through animal grazing (i.e., direct deposition of animal

wastes on pastures, range, and paddocks by grazing ani-

mals). Indirect additions occur through two mechanisms:

1) volatilization of applied nitrogen (i.e., fertilizer, sew-

age sludge and animal waste) as ammonia (NH3) and

oxides of nitrogen (NOx) and subsequent atmospheric

deposition of that nitrogen in the form of ammonium

(NH4) and oxides of nitrogen (NOx); and 2) surface run-

off and leaching of applied nitrogen into aquatic sys-

tems. Figure 5-2 illustrates these sources and pathways

of nitrogen additions to soils in the United States. Other

agricultural soil management practices, such as irriga-

tion, drainage, tillage practices, and fallowing of land,

can affect fluxes of N2O, as well as other greenhouse

gases, to and from soils. However, because there are sig-

nificant uncertainties associated with these other fluxes,

they have not been estimated.

Estimates of annual N2O emissions from agricul-

tural soil management range from 75.3 to 83.9 MMTCE

7 Nitrification is the aerobic microbial oxidation of ammonium to nitrate, and denitrification is the anaerobic microbial reduction of
nitrate to dinitrogen gas (IPCC/UNEP/OECD/IEA 1997). Nitrous oxide is a gaseous intermediate product in the reaction sequences of
both processes, which leaks from microbial cells into the soil atmosphere.
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(891 to 992 Gg) for the years 1990 to 1998 (Table 5-13

and Table 5-14).8 Emission levels fluctuated moderately

during the 1990 to 1993 period, increased sharply in

1994, and fluctuated again through 1998. These fluc-

tuations are largely a reflection of annual variations in

synthetic nitrogen fertilizer consumption and crop pro-

duction. Synthetic nitrogen fertilizer consumption, and

production of corn and most beans and pulses, increased

in 1994 due to the 1993 flooding of the North Central

region and the intensive cultivation that followed. From

1997 to 1998, N2O emission estimates decreased by 0.4

percent. Over the nine-year period, total emissions of

N2O increased by approximately 11 percent.

This N2O source category is divided into

three components: (1) direct emissions from

managed soils due to N applications and culti-

vation of histosols; (2) direct emissions from

managed soils due to grazing animals; and (3)

emissions from soils indirectly induced by ap-

plications of nitrogen. Except where specifi-

cally noted, the emission estimates for all three

components follow the methodologies in the

Revised 1996 IPCC Guidelines (IPCC/UNEP/

OECD/IEA 1997).
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Estimates of N2O emissions from this

component are based on the total amount of

nitrogen that is applied to, or made available

to—in the case of histosol cultivation—soils

through various practices. The practices are:

(1) the application of synthetic and organic

fertilizers, (2) the application of sewage sludge,

(3) the application of livestock and poultry

waste through both daily spread and eventual

application of wastes that had been managed

in waste management systems (e.g., lagoons),

(4) the production of nitrogen-fixing crops, (5)

the application of crop residues, and (6) the

cultivation of histosols.

Annual synthetic and organic fertilizer consump-

tion data for the United States were taken from annual

publications on commercial fertilizer statistics (AAPFCO

1995, 1996, 1997, 1998; TVA 1990, 1992a,b, 1994).

Organic fertilizers included in these publications are

manure, compost, dried blood, sewage sludge, tankage9,

and “other”. The manure portion of the organic fertiliz-

ers was subtracted from the total organic fertilizer con-

sumption data to avoid double counting10. Fertilizer

consumption data are recorded in “fertilizer year” totals

(i.e., July to June), which were converted to calendar

year totals by assuming that approximately 35 percent

8 Note that these emission estimates include applications of N to all soils, but the phrase “Agricultural Soil Management” is kept for
consistency with the reporting structure of the Revised 1996 IPCC Guidelines.
9 Tankage is dried animal residue, usually freed from fat and gelatin.
10 The manure used in commercial fertilizer is accounted for when estimating the total amount of animal waste nitrogen applied to soils.
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of fertilizer usage occurred from July to December (TVA

1992b). July to December values were not available for

calendar year 1998, so a “least squares line” statistical

test using the past eight data points was used to arrive at

an approximate total. Data on the nitrogen content of

synthetic fertilizers were available in the published fer-

tilizer reports; however, these reports did not include

nitrogen content information for organic fertilizers. It

was assumed that 4.1 percent of non-manure organic fer-

tilizers on a mass basis was nitrogen (Terry 1997). An-

nual consumption of commercial fertilizers—synthetic

and non-manure organic—in units of nitrogen are pre-

sented in Table 5-15. The total amount of nitrogen con-

sumed from synthetic and non-manure organic fertiliz-

ers was reduced by 10 percent and 20 percent, respec-

tively, to account for the portion that volatilizes to NH3

and NOx (IPCC/UNEP/OECD/IEA 1997).

Data collected by the U.S. Environmental Protec-

tion Agency (EPA) were used to derive annual estimates

of nitrogen additions from land application of sewage

sludge. Sewage sludge is generated from the treatment

of raw sewage in public or private wastewater treatment

works. Based on a 1988 questionnaire returned from 600

publicly owned treatment works (POTWs), the EPA esti-

mated that 5.4 million metric tons of dry sewage sludge

were generated in the United States in that year (EPA

1993). Of this total, 36 percent was applied to land—

including agricultural applications, compost manufac-

ture, forest land application, and the reclamation of min-

ing areas—34.0 percent was disposed in landfills, 10.3

percent was surface-disposed (in open dumps), 16.1 per-

cent was incinerated, and 6.3 percent was dumped into

the oceans (EPA 1993). In 1997, the EPA conducted a

nationwide state-by-state study that estimated that ap-

proximately 7 million metric tons of dry sewage sludge

were generated by 12,000 POTWs (Bastian 1999). The

same study concluded that 54 percent of sewage sludge

generated that year was applied to land. Sewage sludge

production increased between 1988 and 1997 due to

increases in the number of treatment plants and the mag-

nitude of industrial wastewater treated, as well as changes

in sewage treatment techniques. The proportion of sew-

age sludge applied to land increased due to the passage

of legislation in 1989 that banned all ocean dumping of

sewage, as well as stricter laws regulating the use of land-

fills for sewage disposal (Bastian 1999). To estimate sew-

age sludge production for the 1990 to 1998 period, the

values for 1988 and 1997 were linearly interpolated. To
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estimate the proportion of sewage sludge that was ap-

plied to land, the values for 1988 and 1992 were linearly

interpolated; the 1992 value was estimated by assuming

all sewage sludge dumped in the ocean before 1992 was

land applied that year (i.e., 1991 was the last year ocean

dumping of sludge occurred). A second interpolation

was then calculated for the period 1992 to 1997 using

the 1997 value and the 1992 estimate. The rate of sew-

age sludge production destined for land application is

currently leveling off (Bastian 1999); in the absence of

more precise data for 1998, the 1997 estimate was used

for 1998. Anywhere between 1 to 6 percent of dry weight

sewage sludge is nitrogen, both in organic and inorganic

form (National Research Council 1996); 4 percent was

used as a conservative average estimate of the nitrogen

content in sewage sludge. Annual land application of

sewage sludge in units of nitrogen is presented in Table

5-15. As with non-manure organic fertilizer applications

to managed soils, it was assumed that 20 percent of the

sewage sludge nitrogen volatilizes. A portion of sewage

sludge is used as commercial fertilizer; application of

this nitrogen and associated N2O emissions are accounted

for under the organic fertilizer application category.

To estimate the amount of livestock and poultry

waste nitrogen applied to soils, it was assumed that all of

it will eventually be applied to soils with two excep-

tions. These exceptions are (1) the nitrogen in the poul-

try waste that is used as feed for ruminants (i.e., approxi-

mately 10 percent of the poultry waste), and (2) the ni-

trogen in the waste that is directly deposited onto fields

by grazing animals.11 Annual animal population data

for all livestock types, except horses, were obtained from

the USDA National Agricultural Statistics Service (USDA

1994b,c, 1995a,b, 1996a,b, 1997a,b, 1998a,b; 1999a-

g,i-m). Horse population data were obtained from the

FAOSTAT database (FAO 1999). Population data by ani-

mal type were multiplied by an average animal mass

constant (ASAE 1999) to derive total animal mass for

each animal type. Total Kjeldahl nitrogen12 excreted

per year (i.e., manure and urine) was then calculated us-

ing daily rates of nitrogen excretion per unit of animal

mass (ASAE 1999) (Table 5-16). The amount of animal

waste nitrogen directly deposited by grazing animals—

derived using manure management system usage data

and farm size (Safely et al. 1992, DOC 1995) as described

in the “Direct N2O Emissions from Grazing Animals”

section—was then subtracted from the total nitrogen.

Ten percent of the poultry waste nitrogen produced in

managed systems and used as feed for ruminants was

then subtracted. Finally, the total amount of nitrogen

from livestock and poultry waste applied to soils was

then reduced by 20 percent to account for the portion

that volatilizes to NH3 and NOx (IPCC/UNEP/OECD/

IEA 1997).

11 An additional exception is the nitrogen in the waste that will runoff from waste management systems due to inadequate management.
There is insufficient information with which to estimate this fraction of waste nitrogen.
12 Total Kjeldahl nitrogen is a measure of organically bound nitrogen and ammonia nitrogen.
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Annual production statistics for some of the nitro-

gen-fixing crops (i.e., beans, pulses, and alfalfa) were

taken from U.S. Department of Agriculture reports (USDA

1994a, 1997c, 1998c, 1999h). These statistics are pre-

sented in Table 5-17. Crop product values for beans and

pulses were expanded to total crop dry biomass, in mass

units of dry matter, by applying residue to crop ratios

and dry matter fractions for residue from Strehler and

Stützle (1987). Crop production for the alfalfa were con-

verted to dry matter mass units by applying a dry matter

fraction value estimated at 80 percent (Mosier 1998). To

convert to units of nitrogen, it was assumed that 3 per-

cent of the total crop dry mass for all crops was nitrogen

(IPCC/UNEP/OECD/IEA 1997).

There are no published annual production statis-

tics for non-alfalfa legumes used as forage in the United

States (i.e., red clover, white clover, birdsfoot trefoil,

arrowleaf clover, crimson clover, hairy vetch). Estimates

of average annual crop coverage density and crop area

were obtained through personal communications with

agricultural extension agents or faculty at agronomy and

soil science departments of universities. The estimates

of dry matter crop coverage density were obtained

through on-site experiment and measurement results

(Smith 1999, Peterson 1999, Mosjidis 1999). Estimates

of average annual crop areas at the national level are

reported in Taylor and Smith (1995). Estimates of an-

nual crop production were derived by multiplying the

crop coverage densities by the crop areas. Total nitrogen

content was estimated in the same manner as for alfalfa.

Annual production estimates for non-alfalfa forage le-

gumes are presented in Table 5-17.

To estimate the amount of nitrogen applied to soils

as crop residue, it was assumed that all residues from

corn, wheat, bean, and pulse production, except the frac-

tions that are burned in the field after harvest, were ei-

ther plowed under or left on the field.13 Annual produc-

tion statistics were taken from U.S. Department of Agri-

culture (USDA 1994a, 1997c, 1998c, 1999h). These sta-

tistics are presented in Table 5-17 and Table 5-18. Crop

residue biomass, in dry matter mass units, was calcu-

lated from the production statistics by applying residue

13 Although residue application mode would probably affect the magnitude of emissions, a methodology for estimating N2O emissions
for these two practices separately has not been developed yet.
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to crop mass ratios and dry matter fractions for residue

from Strehler and Stützle (1987). For wheat and corn,

nitrogen contents were taken from Barnard and

Kristoferson (1985). For beans and pulses, it was assumed

that 3 percent of the total crop residue was nitrogen (IPCC/

UNEP/OECD/IEA 1997). The crops whose residues were

burned in the field are corn, wheat, soybeans, and pea-

nuts. For these crop types, the total residue nitrogen was

reduced by 3 percent to subtract the fractions burned in

the field (see the Agricultural Residue Burning section).

Total crop nitrogen in the residues returned to soils

was then added to the unvolatilized applied nitrogen

from commercial fertilizers, sewage sludge, and animal

wastes, and the nitrogen fixation from bean, pulse, al-

falfa and non-alfalfa forage legume cultivation. The sum

was multiplied by the IPCC default emission factor

(0.0125 kg N2O-N/kg N applied) to estimate annual N2O

emissions from nitrogen applied to soils.

Statistics on the area of histosols cultivated each

year were not available; however, estimates for the years

1982 and 1992 were available from National Resources

Inventory (USDA 1994d). The area statistics for 1982

and 1992 were linearly interpolated to obtain area esti-

mates for 1990 and 1991, and linearly extrapolated to

obtain area estimates for 1993 to 1998 (Table 5-19). To

estimate annual N2O emissions from histosol cultiva-

tion, the histosol areas were multiplied by the default

emission factor (8 kg N2O-N/ha cultivated) recommended

in the draft IPCC paper on “good practice” in imple-

14 The Revised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA 1997) indicate that emissions from animal wastes managed in solid
storage and drylot should also be included in the emissions from soils (see footnote “c” in Table 4-22 in the Reference Manual);
however, this instruction appeared to be an error (and footnote “b” should have been listed next to “Solid storage and drylot” in Table
4-22). Therefore, N2O emissions from livestock wastes managed in solid storage and drylot are reported under Manure Management,
rather than here. (See Annex H for a discussion of the activity data used to calculate emissions from the manure management source
category.)

menting the Revised 1996 IPCC Guidelines (IPCC

1999a). This recommended emission factor is based on

the results of recent measurements that indicate that ni-

trous oxide emissions from cultivated organic soils in

mid-latitudes are higher than previously estimated.

Annual N2O emissions from nitrogen applied to soils

were then added to annual N2O emissions from histosol

cultivation to estimate total annual direct N2O emissions

from agricultural cropping practices (Table 5-20).
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Estimates of N2O emissions from this component

were based on animal wastes that are not used as animal

feed, or applied to soils, or managed in manure manage-

ment systems, but instead are deposited directly on soils

by animals in pastures, range, and paddocks.14 It was

assumed that all unmanaged wastes fall into this cat-
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mainder was multiplied by the IPCC default emission

factor (0.02 kg N2O-N/kg N excreted) to estimate N2O

emissions (see Table 5-21).
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This component accounts for N2O that is emitted

indirectly from nitrogen applied as commercial fertil-

izer, sewage sludge, and animal waste. Through volatil-

ization, some of this nitrogen enters the atmosphere as

NH3 and NOx, and subsequently returns to soils through

atmospheric deposition, thereby enhancing N2O produc-

tion. Additional nitrogen is lost from soils through leach-

ing and runoff, and enters groundwater and surface wa-

ter systems, from which a portion is emitted as N2O. These

two indirect emission pathways are treated separately,

although the activity data used are identical.

Estimates of total nitrogen applied as commercial

fertilizer, sewage sludge, and animal waste were derived

using the same approach as was employed to estimate the

direct soil emissions. Annual application rates for syn-

thetic and non-manure organic fertilizer nitrogen were

derived from commercial fertilizer statistics as described

above (AAPFCO 1995, 1996, 1997, 1998; TVA 1990,

1992a and b, 1994). Annual application rates for sewage

sludge were also derived as described above. Annual to-

tal nitrogen excretion data for livestock and poultry by

animal type were derived from EPA data, also as described

above, using population statistics (USDA 1994b,c;

1995a,b; 1996a,b; 1997a,b; 1998a,b; 1999a-g,i-m; DOC

1987; and FAO 1999), average animal mass constants

(ASAE 1999), and daily rates of nitrogen excretion per

unit of animal mass (ASAE 1999). Annual nitrogen ex-

cretion was then summed over all animal types.

To estimate N2O emissions from volatilization and

subsequent atmospheric deposition, the methodology

described in the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997) was followed, where it is assumed

that 10 percent of the synthetic fertilizer nitrogen and 20

percent of animal waste (i.e., livestock and poultry) nitro-

gen applied as fertilizer are volatilized to NH3 and NOx. It

was then assumed that 1 percent of the total deposited

nitrogen is emitted as N2O. The same NH3 and NOx vola-

tilization and N2O emission rates as those used for animal

egory (Safely et al. 1992), except for unmanaged dairy

cow wastes. Although it is known that there is a small

portion of dairy cattle that graze, there are no available

statistics for this category, and therefore the simplifying

assumption is made that all unmanaged dairy cow wastes

fall into the daily spread category. Estimates of nitrogen

excretion by the remaining animals were derived from

animal population and weight statistics, information on

manure management system usage in the United States,

and nitrogen excretion values for each animal type.

Annual animal population data for all the remain-

ing livestock types, except horses, were obtained from

the USDA National Agricultural Statistics Service (USDA

1994b,c; 1995a,b; 1996a,b; 1997a,b; 1998a,b; 1999a-

g,i-m). Horse population data were obtained from the

FAOSTAT database (FAO 1999). Manure management

system utilization data for all livestock types except for

diary cattle and swine was taken from Safely et al (1992).

In the last few years, there has been a significant shift in

the dairy and swine industries toward larger, consoli-

dated facilities, which use manure management systems.

Based on the assumption that larger facilities have a

higher chance of using manure management systems,

farm-size distribution data reported in the 1992 and 1997

Census of Agriculture (DOC 1995, USDA 1999n) were

used to assess system utilization in the dairy and swine

industries. Populations in the larger farm categories were

assumed to utilize manure collection and storage sys-

tems; all the wastes from smaller farms were assumed to

be managed as pasture, range, and paddock. As stated

earlier, waste from manure collection and storage sys-

tems is covered under the manure management section.

Waste from pasture, range, and paddock is considered

direct depositing of waste, and is covered in this section.

For each animal type, the population of animals

within pasture, range, and paddock systems was multi-

plied by an average animal mass constant (ASAE 1999)

to derive total animal mass for each animal type. Total

Kjeldahl nitrogen excreted per year was then calculated

for each animal type using daily rates of nitrogen excre-

tion per unit of animal mass (ASAE 1999). Annual nitro-

gen excretion was then summed over all animal types

(see Table 5-21), and reduced by 20 percent to account

for the portion that volatilizes to NH3 and NOx. The re-
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waste fertilizer were used for nitrogen applied to land as

non-manure organic fertilizer and as sewage sludge. These

emission estimates are presented in Table 5-22.

To estimate N2O emissions from leaching and run-

off, it was assumed that 30 percent of the total nitrogen

applied to managed soils was lost to leaching and sur-

face runoff, and 2.5 percent of the lost nitrogen was emit-

ted as N2O (IPCC/UNEP/OECD/IEA 1997). These emis-

sion estimates are also presented in Table 5-22.

,���������(
A number of conditions can affect nitrification and

denitrification rates in soils. These conditions vary

greatly by soil type, climate, cropping system, and soil

management regime, and their combined effect on the

processes leading to N2O emissions are not fully under-

stood. Moreover, the amount of added nitrogen from each

source that is not absorbed by crops or wild vegetation,

but remains in the soil and is available for production of

N2O, is uncertain. Therefore, it is not yet possible to

develop statistically valid estimates of emission factors

for all possible combinations of soil, climate, and man-

agement conditions. The emission factors used were mid-

point estimates based on measurements described in the

scientific literature, and as such, are representative of

current scientific understanding. Nevertheless, estimated

ranges around each midpoint estimate are wide; most

are an order of magnitude or larger (IPCC/UNEP/OECD/

IEA 1997; IPCC 1999a,b).

Uncertainties also exist in the activity data used to

derive emission estimates. In particular, the fertilizer sta-

tistics include only those organic fertilizers that enter

the commercial market, so some non-commercial fertil-

izer uses have not been captured. Statistics on sewage

sludge applied to soils were not available on an annual

basis; annual production and application estimates were

based on two data points that were calculated from sur-

veys that yielded uncertainty levels as high as 14 per-

cent (Bastian 1999). Also, the nitrogen content of or-

ganic fertilizers varies by type, as well as within indi-

vidual types; however, average values were used to esti-

mate total organic fertilizer nitrogen consumed. Similar

uncertainty levels are associated with the nitrogen con-

tent of sewage sludge. Conversion factors for the bean,
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pulse, alfalfa, and non-alfalfa legume production statis-

tics were based on a limited number of studies, and may

not be representative of all conditions in the United

States. It was assumed that the entire crop residue for

corn, wheat, beans, and pulses was returned to the soils,

with the exception of the fraction burned. A portion of

this residue may be disposed of through other practices,

such as composting or landfilling; however, data on these

practices are not available. The point estimates of yearly

production yields for non-alfalfa forage legumes carry a

high degree of uncertainty; many of the estimated aver-

age coverage densities and cover areas are based on a

combination of on-field experimentation and expert

judgment. Also, the amount of nitrogen that is added to

soils from non-alfalfa forage will depend at least in part

on grazing intensity, which has not been taken into ac-

count. Lastly, the livestock excretion values, while based

on detailed population and weight statistics, were de-

rived using simplifying assumptions concerning the

types of management systems employed; for example,

emissions due to grazing dairy cattle are probably un-

derestimated, while emissions due to soil application of

dairy cattle waste are overestimated.

)'����"����"�3���&���-�����'

Large quantities of agricultural crop residues are

produced by farming activities. There are a variety of

ways to dispose of these residues. For example, agricul-

tural residues can be plowed back into the field,

composted and then applied to soils, landfilled, or

burned in the field. Alternatively, they can be collected

and used as a fuel or sold in supplemental feed markets.

Field burning of crop residues is not considered a net

source of carbon dioxide (CO2) because the carbon re-

leased to the atmosphere as CO2 during burning is as-

sumed to be reabsorbed during the next growing season.

Crop residue burning is, however, a net source of meth-

ane (CH4), nitrous oxide (N2O), carbon monoxide (CO),

and nitrogen oxides (NOx), which are released during

combustion.

Field burning is not a common method of agricul-

tural residue disposal in the United States; therefore,

emissions from this source are minor. The primary crop

types whose residues are typically burned in the United

States are wheat, rice, sugarcane, corn, barley, soybeans,

and peanuts, and of these residues, less than 5 percent is

burned each year, except for rice.15 Annual emissions
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15 The fraction of rice straw burned each year is significantly higher than that for other crops (see “Data Sources” discussion below).
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16 Burning Efficiency is defined as the fraction of dry biomass exposed to burning that actually burns. Combustion Efficiency is
defined as the fraction of carbon in the fire that is oxidized completely to CO2. In the methodology recommended by the IPCC, the
“burning efficiency” is assumed to be contained in the “fraction of residues burned” factor. However, the number used here to estimate
the “fraction of residues burned” does not account for the fraction of exposed residue that does not burn. Therefore, a “burning
efficiency factor” was added to the calculations.
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from this source over the period 1990 through 1998 av-

eraged approximately 0.2 MMTCE (31 Gg) of CH4, 0.1

MMTCE (1 Gg) of N2O, 650 Gg of CO, and 29 Gg of NOx

(see Table 5-23 and Table 5-24).

$��%�&�"�'(
The methodology for estimating greenhouse gas

emissions from field burning of agricultural residues is

consistent with the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997). In order to estimate the

amounts of carbon and nitrogen released during burn-

ing, the following equations were used:

Carbon Released = (Annual Crop Production) ×

(Residue/Crop Product Ratio) × (Fraction of Residues

Burned in situ) × (Dry Matter content of the Residue) ×

(Burning Efficiency) × (Carbon Content of the Residue)

× (Combustion Efficiency)16

Nitrogen Released = (Annual Crop Production) ×

(Residue/Crop Product Ratio) × (Fraction of Residues
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Burned in situ) × (Dry Matter Content of the Residue) ⋅
(Burning Efficiency) × (Nitrogen Content of the Resi-

due) × (Combustion Efficiency)

Emissions of CH4 and CO were calculated by mul-

tiplying the amount of carbon released by the appropri-

ate IPCC default emission ratio (i.e., CH4-C/C or CO-C/

C). Similarly, N2O and NOx emissions were calculated

by multiplying the amount of nitrogen released by the

appropriate IPCC default emission ratio (i.e., N2O-N/N

or NOx-N/N).

+�����������
The crop residues that are burned in the United

States were determined from various state level green-

house gas emission inventories (ILENR 1993, Oregon

Department of Energy 1995, Wisconsin Department of

Natural Resources 1993) and publications on agricul-

tural burning in the United States (Jenkins et al. 1992,

Turn et al. 1997, EPA 1992).

Crop production data were taken from the USDA’s

Field Crops, Final Estimates 1987-1992, 1992-1997

(USDA 1994, 1998) and Crop Production 1998 Sum-

mary (USDA 1999), except data on the production of

rice in Florida, which USDA does not estimate. To esti-

mate Florida rice production, an average 1998 value for

ice productivity (i.e., metric tons rice/acre) was obtained

from Sem-Chi Rice, which produces the majority of rice

in Florida (Smith 1999), and multiplied by total Florida

rice acreage each year (Schueneman 1999c). The pro-

duction data for the crop types whose residues are burned

are presented in Table 5-25.

The percentage of crop residue burned was assumed

to be 3 percent for all crops in all years, except rice,

based on state inventory data (ILENR 1993, Oregon De-

partment of Energy 1995, Noller 1996, Wisconsin De-

partment of Natural Resources 1993, and Cibrowski

1996). Estimates of the percentage of rice acreage on

which residue burning took place were obtained on a

state-by-state basis from agricultural extension agents

in each of the seven rice-producing states (Guethle 1999,

Fife 1999, Klosterboer 1999a and 1999b, Slaton 1999a

and 1999b, Linscombe 1999a and 1999b, Schueneman

1999a and 1999b, Street 1999a and 1999b) (see Table

5-26 and Table 5-27). The estimates provided for each

state remained the same from year to year for all states,

with the exception of California. For California, it was

assumed that the annual percents of rice acreage burned

in Sacramento Valley are representative of burning in

the entire state, because the Valley accounts for over 95

percent of the rice acreage in California (Fife 1999). The

annual percents of rice acreage burned in Sacramento
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Valley were obtained from Fife (1999). These values de-

clined over the 1990-1998 period because of a legis-

lated reduction in agricultural burning (see Table 5-27).

Because the percentage of rice acreage burned varied

from state to state, and from year to year within Califor-

nia, a weighted average national “percent burned” fac-

tor was derived for rice for each year (Table 5-27). The

weighting was based on rice area in each state.

Residue/crop product mass ratios, residue dry mat-

ter contents, residue carbon contents, and residue nitro-

gen contents for all crops except sugarcane, peanuts,

and soybeans were taken from Strehler and Stützle

(1987). These data for sugarcane were taken from Uni-

versity of California (1977) and Turn et al. (1997). Resi-

due/crop product mass ratios and residue dry matter con-

tents for peanuts and soybeans were taken from Strehler

and Stützle (1987); residue carbon contents for these

crops were set at 0.45 and residue nitrogen contents were

taken from Barnard and Kristoferson (1985). The value

for peanuts was set equal to the soybean value. These

assumptions are listed in Table 5-28. The burning effi-

ciency was assumed to be 93 percent, and the combus-

tion efficiency was assumed to be 88 percent for all crop

types (EPA 1994). Emission ratios for all gases (see Table

5-29) were taken from the Revised 1996 IPCC Guide-

lines (IPCC/UNEP/OECD/IEA 1997).

,���������(
The largest source of uncertainty in the calcula-

tion of non-CO2 emissions from field burning of agricul-

tural residues is in the estimates of the fraction of residue

of each crop type burned each year. Data on the fraction

burned, as well as the gross amount of residue burned

each year, are not collected at either the national or state

level. In addition, burning practices are highly variable

among crops, as well as among states. The fractions of

residue burned used in these calculations were based

upon information collected by state agencies and in pub-
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lished literature. It is likely that these emission estimates

will continue to change as more information becomes

available in the future.

Other sources of uncertainty include the residue/

crop product mass ratios, residue dry matter contents,

burning and combustion efficiencies, and emission ra-

tios. A residue/crop product ratio for a specific crop can

vary among cultivars, and for all crops except sugar-

cane, generic residue/crop product ratios, rather than ra-

tios specific to the United States, have been used. Resi-

due dry matter contents, burning and combustion effi-

ciencies, and emission ratios, all can vary due to weather

and other combustion conditions, such as fuel geom-

etry. Values for these variables were taken from literature

on agricultural biomass burning.
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�his chapter provides an assessment of the net carbon dioxide (CO2) flux caused by (1) changes in forest

carbon stocks, (2) changes in non-forest soil carbon stocks, and (3) changes in non-forest carbon stocks in

landfills.  Six components of forest carbon stocks are analyzed: trees, understory, forest floor, forest soil, wood

products, and landfilled wood.  The estimated CO2 flux from each of these forest components is based on carbon stock

estimates developed by the U.S. Forest Service, using methodologies that are consistent with the Revised 1996 IPCC

Guidelines (IPCC/UNEP/OECD/IEA 1997).  Changes in non-forest soil carbon stocks include mineral and organic

soil carbon stock changes due to agricultural land use and land management, and emissions of CO2 due to the

application of crushed limestone and dolomite to agricultural soils.  The methods in the Revised 1996 IPCC Guide-

lines were used to estimate all three components of changes in non-forest soil carbon stocks.  Changes in non-forest

carbon stocks in landfills are estimated for yard trimmings disposed in landfills using EPA’s method of analyzing life

cycle GHG emissions and sinks associated with solid waste management (EPA 1998).

Unlike the assessments in other chapters, which are based on annual activity data, the flux estimates in this

chapter, with the exception of emissions from liming and carbon storage associated with yard trimmings disposed in

landfills, are based on periodic activity data in the form of forest and soil surveys.  Carbon dioxide fluxes from forest

carbon stocks and from non-forest mineral and organic soils are calculated on an average annual basis over five- or

ten-year periods.  The resulting annual averages are applied to years between surveys.  As a result of this data

structure, estimated CO2 fluxes are constant over multi-year intervals.  In addition, because the most recent national

forest survey was completed for the year 1992, the estimates of the CO2 flux from forest carbon stocks are based in part

on modeled projections of stock estimates for the year 2000.1

The previous U.S. Inventory included only a preliminary assessment of the net CO2 flux from two non-forest

soil components: use and management of organic soils and liming of agricultural soils.  In the current Inventory,

revised estimates of flux from organic soils—based on revised activity data—updated flux estimates for liming of

agricultural soils—based on updated activity data—and flux estimates for non-forest mineral soils are included.

However, due to the lack of a national soil survey more recent than 1992, carbon flux estimates for non-forest mineral

and organic soils were not calculated for the 1993 through 1998 period.  Therefore, the non-forest soil carbon flux

estimates are not included in the total fluxes reported for this chapter.

1 The national forest survey for 1997 is expected to be completed this year.  This survey will be used to develop revised forest carbon
flux estimates, which will be presented in the 1990-1999 version of the U.S. Inventory.
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Estimates of total annual net CO2 flux from land-

use change and forestry decline from 316 to 211

MMTCE (1,160,000 to 773,000 Gg) net sequestration

between 1990 and 1998 (Table 6-1 and Table 6-2).  The

decrease in annual net CO2 sequestration is due to a

maturation and slowed expansion of the U.S. forest cover

and a gradual decrease in the rate of yard trimmings dis-

posed in landfills; the abrupt shift between 1992 and

1993 is a result of the use of methodologies that incor-

porate periodic activity data and decadal, rather than

annual, stock estimates.
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Globally, the most important human activity that

affects forest carbon fluxes is deforestation, particularly

the clearing of tropical forests for agricultural use.  Tropi-

cal deforestation is estimated to have released nearly 6

billion metric tons of CO2 per year during the 1980s, or

about 23 percent of global CO2 emissions from anthro-

pogenic activities.  Conversely, during this period about

7 percent of global CO2 emissions were offset by CO2

uptake due to forest regrowth in the Northern Hemisphere

(Houghton et al. 1995).
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In the United States, the amount of forest land has

remained fairly constant during the last several decades.

The United States covers roughly 2,263 million acres, of

which 33 percent (737 million acres) is forest land

(Powell et al. 1993).  The amount of forest land declined

by approximately 5.2 million acres between 1977 and

1987 (USFS 1990, Waddell et al. 1989), and increased

by about 5.3 million acres between 1987 and 1992

(Powell et al. 1993).  These changes represent average

fluctuations of only about 0.1 percent per year.  Other

major land-use categories in the United States include

range and pasture lands (29 percent), cropland (17 per-

cent), urban areas (3 percent), and other lands (18 per-

cent) (Daugherty 1995).

Given the low rate of change in U.S. forest land

area, the major influences on the current net carbon flux

from forest land are management activities and ongoing

impacts of previous land-use changes.  These activities

affect the net flux of carbon by altering the amount of

carbon stored in forest ecosystems.  For example, inten-

sified management of forests can increase both the rate

of growth and the eventual biomass density of the forest,

thereby increasing the uptake of carbon.  The reversion

of cropland to forest land through natural regeneration

also will, over decades, result in increased carbon stor-

age in biomass and soils.

Forests are complex ecosystems with several inter-

related components, each of which acts as a carbon stor-

age pool, including:

● Trees (i.e., living trees, standing dead trees, roots,

stems, branches, and foliage)

● Understory vegetation (i.e., shrubs and bushes)

● The forest floor (i.e., woody debris, tree litter, and

humus)

● Soil

As a result of biological processes in forests (e.g.,

growth and mortality) and anthropogenic activities (e.g.,

harvesting, thinning, and replanting), carbon is continu-

ously cycled through these ecosystem components, as

well as between the forest ecosystem and the atmosphere.

For example, the growth of trees results in the uptake of

carbon from the atmosphere and storage of carbon in

living biomass.  As trees age, they continue to accumu-

late carbon until they reach maturity, at which point they

are relatively constant carbon stores.  As trees die and

otherwise deposit litter and debris on the forest floor,

decay processes release carbon to the atmosphere and

also increase soil carbon.  The net change in forest car-

bon is the sum of the net changes in the total amount of

carbon stored in each of the forest carbon pools over

time.

The net change in forest carbon, however, may not

be equivalent to the net flux between forests and the

atmosphere because timber harvests may not always re-

sult in an immediate flux of carbon to the atmosphere.2

Harvesting in effect transfers carbon from one of the “for-

est pools” to a “product pool.”  Once in a product pool,

the carbon is emitted over time as CO2 if the wood prod-

uct combusts or decays.  The rate of emission varies con-

siderably among different product pools.  For example,

if timber is harvested for energy use, combustion results

in an immediate release of carbon.  Conversely, if timber

is harvested and subsequently used as lumber in a house,

it may be many decades or even centuries before the

lumber is allowed to decay and carbon is released to the

atmosphere.  If wood products are disposed of in land-

fills, the carbon contained in the wood may be released

years or decades later, or may even be stored permanently

in the landfill.

In the United States, improved forest management

practices, the regeneration of previously cleared forest

areas, and timber harvesting and use have resulted in an

annual net uptake (i.e., sequestration) of carbon.  Also,

due to improvements in U.S. agricultural productivity,

the rate of forest land clearing for crop cultivation and

pasture slowed in the late 19th century, and by 1920 this

practice had all but ceased.  As farming expanded in the

Midwest and West, large areas of previously cultivated

land in the East were brought out of crop production,

primarily between 1920 and 1950, and were allowed to

revert to forest land or were actively reforested.  The

impacts of these land-use changes are still affecting car-

bon fluxes from forests in the East.  In addition to land-

use changes in the early part of this century, in recent

2 For this reason, the term “apparent flux” is used in this chapter.
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decades carbon fluxes from Eastern forests were affected

by a trend toward managed growth on private land, re-

sulting in a near doubling of the biomass density in east-

ern forests since the early 1950s.  More recently, the 1970s

and 1980s saw a resurgence of federally sponsored tree-

planting programs (e.g., the Forestry Incentive Program)

and soil conservation programs (e.g., the Conservation

Reserve Program), which have focused on reforesting

previously harvested lands, improving timber manage-

ment activities, combating soil erosion, and converting

marginal cropland to forests.  In addition to forest regen-

eration and management, forest harvests have also af-

fected net carbon fluxes.  Because most of the timber that

is harvested from U.S. forests is used in wood products

and much of the discarded wood products are disposed

of by landfilling—rather than incineration—significant

quantities of this harvested carbon are transferred to long-

term storage pools rather than being released to the at-

mosphere.  The size of these long-term carbon storage

pools has also increased over the last century.

As shown in Table 6-3 and Table 6-4, U.S. forest

components, wood product pools, and landfilled wood

were estimated to account for an average annual net se-

questration of 311.5 MMTCE (1,142,200 Gg CO2) from

1990 through 1992, and 208.6 MMTCE (764,700 Gg

CO2) from 1993 through 1998.  The net carbon seques-

tration reported for 1998 represents an offset of about 14

percent of the 1998 CO2 emissions from fossil fuel com-
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3 Once the 1997 national forest survey is released, new annual estimates of forest carbon flux will be developed.  These new estimates
will be reported in the 1990-1999 U.S. Inventory.
4 These values will also be revised once the 1997 national forest survey is released.
5 This calculation does not account for carbon stored in imported wood products.  It does include carbon stored in exports, even if the
logs are processed in other countries (Heath et al. 1996).

bustion.  The average annual net carbon sequestration

reported for 1993 through 1998 represents a 33 percent

decrease relative to the average annual net carbon se-

questration reported for 1990 through 1992.  This over-

all decrease in annual net sequestration is due to changes

in the aggregate age structure of U.S. forests caused by

the maturation of existing forests and the slowed ex-

pansion of Eastern forest cover.  The abrupt shift in an-

nual net sequestration from 1992 to 1993 is the result of

calculating average annual fluxes using periodic activ-

ity data as well as models that estimate and project

decadal rather than annual stock estimates.

,���#�&��-
The methodology for estimating annual forest car-

bon flux in the United States differs from the method-

ologies employed for other activities because the forest

carbon flux estimates were derived from periodic sur-

veys rather than annual activity data.  In addition, be-

cause the most recent survey was completed for 1992, a

combination of survey data and projected data, rather

than complete historical data, was used to derive some

of the annual flux estimates.

Timber stock data from national forest surveys were

used to derive estimates of carbon contained in the four

forest ecosystem components (i.e., trees, understory, for-

est floor, and soil) for the survey years.  The apparent

annual forest carbon flux for a specific year was estimated

as the average annual change in the total forest carbon

stocks between the preceding and succeeding forest sur-

vey years.  The most recent national forest surveys were

conducted for the years 1987 and 1992.  Therefore, the

apparent annual forest carbon flux estimate for the years

1990 through 1992 was calculated from forest carbon

stocks derived from the 1987 and 1992 surveys.  To esti-

mate the apparent annual forest carbon flux estimate for

the years 1993 through 1998, the 1992 forest carbon

stocks and forest carbon stocks for 2000, which were de-

rived from a projection of timber stocks, were used.3

Carbon stocks contained in the wood product and

landfilled wood pools were estimated for 1990 using

historical forest harvest data, and were estimated for 2000

using projections of forest harvest.  Therefore, apparent

annual wood product and landfilled wood fluxes for the

years 1990 through 1998 were calculated from a 1990

historical estimate and a 2000 projection.4

The total annual net carbon flux from forests was

obtained by summing the apparent carbon fluxes associ-

ated with changes in forest stocks, wood product pools,

and landfilled wood pools.

The inventory methodology described above is

consistent with the Revised 1996 IPCC Guidelines (IPCC/

UNEP/OECD/IEA 1997).  The IPCC identifies two ap-

proaches to developing estimates of net carbon flux from

Land-Use Change and Forestry:  (1) using average an-

nual statistics on land-use change and forest manage-

ment activities, and applying carbon density and flux

rate data to these activity estimates to derive total flux

values; or (2) using carbon stock estimates derived from

periodic inventories of forest stocks, and measuring net

changes in carbon stocks over time.  The latter approach

was employed because the United States conducts peri-

odic surveys of national forest stocks.  In addition, the

IPCC identifies two approaches to accounting for car-

bon emissions from harvested wood:  (1) assuming that

all of the harvested wood replaces wood products that

decay in the inventory year so that the amount of carbon

in annual harvests equals annual emissions from har-

vests; or (2) accounting for the variable rate of decay of

harvested wood according to its disposition (e.g., prod-

uct pool, landfill, combustion).  The latter approach was

applied for this inventory using estimates of carbon

stored in wood products and landfilled wood.5  Although

there are large uncertainties associated with the data used

to develop the flux estimates presented here, the use of

direct measurements from forest surveys and associated

estimates of product and landfilled wood pools is likely
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to result in more accurate flux estimates than the alterna-

tive IPCC methodology.

������(����
The estimates of forest, product, and landfill car-

bon stocks used in this inventory to derive forest carbon

fluxes were obtained from Birdsey and Heath (1995),

Heath et al. (1996), and Heath (1997).  The amount of

carbon in trees, understory vegetation, the forest floor,

and forest soil in 1987 and 1992 was estimated using

timber volume data collected by the U.S. Forest Service

(USFS) for those years (Waddell et al. 1989; Powell et al.

1993).  The timber volume data include timber stocks

on forest land classified as timberland, reserved forest

land, or other forest land6 in the contiguous United States,

but do not include stocks on forest land in Alaska, Ha-

waii, U.S. territories, or trees on non-forest land (e.g.,

urban trees).7  The timber volume data include estimates

by tree species, size class, and other categories.

The amount of carbon in trees, understory vegeta-

tion, the forest floor, and forest soil in 2000 was esti-

mated by Birdsey and Heath (1995) using the FORCARB

forest carbon model (Plantinga and Birdsey 1993) linked

to the TAMM/ATLAS forest sector model (Adams and

Haynes 1980; Alig 1985; Haynes and Adams 1985; Mills

and Kincaid 1992).  The forest stock projections for 2000,

therefore, are based on multiple variables, including pro-

jections of prices, consumption, and production of tim-

ber and wood products; and projections of forest area,

forest inventory volume, growth, and removals.

The amount of carbon in aboveground and below

ground tree biomass in forests was calculated by multi-

plying timber volumes by conversion factors derived

from studies in the United States (Cost et al. 1990, Koch

1989).  Carbon stocks in the forest floor and understory

vegetation were estimated based on simple models (Vogt

et al. 1986) and review of numerous intensive ecosys-

tem studies (Birdsey 1992).  Soil carbon stocks were

calculated using a model similar to Burke et al. (1989)

based on data from Post et al. (1982).

Carbon stocks in wood products in use and in wood

stored in landfills were estimated by applying the

HARVCARB model (Row and Phelps 1991) to histori-

cal harvest data from the USFS (Powell et al. 1993) and

harvest projections for 2000 (Adams and Haynes 1980;

Mills and Kincaid 1992).  The HARVCARB model allo-

cates harvested carbon to disposition categories (i.e.,

products, landfills, energy use, and emissions), and tracks

the accumulation of carbon in different disposition cat-

egories over time.

Table 6-5 presents the carbon stock estimates for

forests—including trees, understory, forest floor, and for-

est soil—wood products, and landfilled wood used in

this inventory.  The increase in all of these stocks over

time indicates that, during the examined periods, for-

ests, forest product pools, and landfilled wood all accu-

mulated carbon (i.e., carbon sequestration by forests was

greater than carbon removed in wood harvests and re-

leased through decay; and carbon accumulation in prod-

uct pools and landfills was greater than carbon emis-

sions from these pools by decay and burning).

.�����	�-
There are considerable uncertainties associated

with the estimates of the net carbon flux from U.S. forests.

The first source of uncertainty stems from the underlying

forest survey data.  These surveys are based on a statisti-

cal sample designed to represent the wide variety of

growth conditions present over large territories.  There-

fore, the actual timber volumes contained in forests are

represented by average values that are subject to sam-

pling and estimation errors.  In addition, the forest survey

data that are currently available exclude timber stocks

on forest land in Alaska, Hawaii, U.S. territories, and trees

6 Forest land in the United States includes all land that is at least 10 percent stocked with trees of any size.  Timberland is the most
productive type of forest land, growing at a rate of 20 cubic feet per acre per year or more.  In 1992, there were about 490 million acres
of Timberlands, which represented 66 percent of all forest lands (Powell et al. 1993).  Forest land classified as Timberland is unreserved
forest land that is producing or is capable of producing crops of industrial wood.  The remaining 34 percent of forest land is classified
as Productive Reserved Forest Land, which is withdrawn from timber use by statute or regulation, or Other Forest Land, which includes
unreserved and reserved unproductive forest land.
7 Although forest carbon stocks in Alaska and Hawaii are large compared to the U.S. total, net carbon fluxes from forest stocks in Alaska
and Hawaii are believed to be minor. Net carbon fluxes from urban tree growth are also believed to be minor.
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on non-forest land (e.g., urban trees); however, net car-

bon fluxes from these stocks are believed to be minor.

The second source of uncertainty results from de-

riving carbon storage estimates for the forest floor, un-

derstory vegetation, and soil from models that are based

on data from forest ecosystem studies.  In order to ex-

trapolate results of these studies to all forest lands, it was

assumed that they adequately describe regional or na-

tional averages.  This assumption can potentially intro-

duce the following errors:  (1) bias from applying data

from studies that inadequately represent average forest

conditions, (2) modeling errors (e.g., erroneous assump-

tions), and (3) errors in converting estimates from one

reporting unit to another (Birdsey and Heath 1995).  In

particular, the impacts of forest management activities,

including harvest, on soil carbon are not well under-

stood.  Moore et al. (1981) found that harvest may lead

to a 20 percent loss of soil carbon, while little or no net

change in soil carbon following harvest was reported in

another study (Johnson 1992).  Since forest soils con-

tain over 50 percent of the total stored forest carbon in

the United States, this difference can have a large impact

on flux estimates.

The third source of uncertainty results from the

use of projections of forest carbon stocks for the year

2000 (Birdsey and Heath 1995) to estimate annual net

carbon sequestration from 1993 to 1998.  These projec-

tions are the product of two linked models (i.e.,

FORCARB and TAMM/ATLAS) that integrate multiple

uncertain variables related to future forest growth and

economic forecasts.  Because these models project

decadal rather than annual carbon fluxes, estimates of

annual net carbon sequestration from 1993 to 1998 are

calculated as average annual estimates based on pro-

jected long-term changes in U.S. forest stocks.

The fourth source of uncertainty results from in-

complete accounting of wood products.  Because the

wood product stocks were estimated using U.S. harvest

statistics, these stocks include exports, even if the logs

were processed in other countries, and exclude imports.

Haynes (1990) estimates that imported timber accounts

for about 12 percent of the timber consumed in the United

States, and that exports of roundwood and primary prod-

ucts account for about 5 percent of harvested timber.
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The amount of organic carbon contained in soils

depends on the balance between inputs of photosyn-

thetically fixed carbon (i.e., organic matter such as de-

cayed detritus and roots) and loss of carbon through de-

composition.  The quantity and quality of organic mat-

ter inputs, and the rate of decomposition, are determined

by the combined interaction of climate, soil properties,

and land-use.  Agricultural practices and other land-use

activities, such as clearing, drainage, tillage, planting,

crop residue management, fertilization, and flooding,

can modify both organic matter inputs and decomposi-

tion, and thereby result in a net flux of carbon to or from
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soils.  In addition, the application of carbonate minerals

to soils through liming operations results in emissions

of CO2.  The IPCC methodology for changes in non-

forest soil carbon stocks (IPCC/UNEP/OECD/IEA 1997)

is divided into three categories of land-use/land-man-

agement activities:  (1) agricultural land-use and land

management activities on mineral soils, especially land-

use change activities; (2) agricultural land-use and land

management activities on organic soils, especially cul-

tivation and conversion to pasture and forest; and (3)

liming of soils. Organic soils and mineral soils are treated

separately because each responds differently to land-

use practices.

Organic soils contain extremely deep and rich lay-

ers of organic matter.  When these soils are cultivated,

tilling or mixing of the soil aerates the soil, thereby ac-

celerating the rate of decomposition and CO2 genera-

tion.  Because of the depth and richness of the organic

layers, carbon loss from cultivated organic soils can con-

tinue over long periods of time.  Conversion of organic

soils to agricultural uses typically involves drainage as

well, which also causes soil carbon oxidation.  When

organic soils are disturbed, through cultivation and/or

drainage, the rate at which organic matter decomposes,

and therefore the rate at which CO2 emissions are gener-

ated, is determined primarily by climate, the composi-

tion (decomposability) of the organic matter, and the

specific land-use practices undertaken.  The use of or-

ganic soils for upland crops results in greater carbon loss

than conversion to pasture or forests, due to deeper drain-

age and/or more intensive management practices

(Armentano and Verhoeven 1990, as cited in IPCC/UNEP/

OECD/IEA 1997).

Mineral soils contain considerably less organic

carbon than organic soils.  Furthermore, much of the

organic carbon is concentrated near the soil surface.  When

mineral soils undergo conversion from their native state

to agricultural use, as much as half of the soil organic

carbon can be lost to the atmosphere.  The rate and ulti-

mate magnitude of carbon loss will depend on native

vegetation, conversion method and subsequent manage-

ment practices, climate, and soil type.  In the tropics, 40-

60 percent of the carbon loss occurs within the first 10

years following conversion; after that, carbon stocks

continue to drop but at a much slower rate. In temperate

regions, carbon loss can continue for several decades.

Eventually, the soil will reach a new equilibrium that

reflects a balance between carbon accumulation from

plant biomass and carbon loss through oxidation.  Any

changes in land-use or management practices that result

in increased biomass production or decreased oxidation

(e.g., crop rotations, cover crops, application of organic

amendments and manure, and reduction or elimination

of tillage) will result in a net accumulation of soil or-

ganic carbon until a new equilibrium is achieved.

Lime in the form of crushed limestone (CaCO3)

and dolomite (CaMg(CO3)2) is commonly added to agri-

cultural soils to ameliorate acidification.  When these

compounds come in contact with acid soils, they de-

grade, thereby generating CO2.  The rate of degradation

is determined by soil conditions and the type of mineral

applied; it can take several years for agriculturally-ap-

plied lime to degrade completely.

Of the three activities, use and management of

mineral soils was by far the most important in terms of

contribution to total flux during the 1990 through 1992

period (see Table 6-6 and Table 6-7).  Because the most

recent national survey of land-use and management is

from 1992, carbon flux estimates for the years 1993

through 1998 for non-forest organic and mineral soils

are not included.  Annual carbon sequestration on min-

eral soils for 1990 through 1992 was estimated at 18.2

MMTCE (66,600 Gg CO2), while annual emissions from

organic soils were estimated at 7.4 MMTCE (27,100 Gg

CO2).  Between 1990 and 1998, liming accounted for

net annual emissions that ranged from 2.1 to 3.0 MMTCE

(7,700 to 11,000 Gg CO2).  Total net annual CO2 flux

from all three activities on non-forest soils (use and man-

agement of mineral and organic soils, and liming of soils)

was negative over the 1990 to 1992 period (i.e., the com-

bined activities resulted in net carbon sequestration each

year).  While organic soils and liming both accounted

for net CO2 emissions, the sum of emissions from both

activities was more than offset by carbon sequestration

in mineral soils.

The emission estimates and analysis for this source

are restricted to CO2 fluxes associated with the use and
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management of non-forest mineral and organic soils and

liming of soils.  However, it is important to note that

land-use and land-use change activities may also result

in fluxes of non-CO2 greenhouse gases, such as methane

(CH4), nitrous oxide (N2O), and carbon monoxide (CO),

to and from soils.  For example, when lands are flooded

with freshwater, such as during hydroelectric dam con-

struction, CH4 is produced and emitted to the atmosphere

due to anaerobic decomposition of organic material in

the soil and water column.  Conversely, when flooded

lands, such as lakes and wetlands, are drained, anaerobic

decomposition and associated CH4 emissions will be re-

duced.  Dry soils are a sink of CH4, so eventually, drain-

age may result in soils that were once a source of CH4

becoming a sink of CH4.  However, once the soils be-

come aerobic, oxidation of soil carbon and other organic

material will result in elevated emissions of CO2.  More-

over, flooding and drainage may also affect net soil fluxes

of N2O and CO, although these fluxes are highly uncer-

tain.  The fluxes of CH4, and other gases, due to flooding

and drainage are not assessed in this inventory due to a

lack of activity data on the extent of these practices in

the United States as well as scientific uncertainties about

the variables that control fluxes.8

,���#�&��-���#�������(����
The methodologies used to calculate CO2 emis-

sions from use and management of mineral and organic

soils and from liming follow the Revised 1996 IPCC

Guidelines (IPCC/UNEP/OECD/IEA 1997), except where

noted below.

The estimates of annual net CO2 flux from mineral

soils are based on work by Eve et al. (2000).  Eve at al.

developed total mineral soil carbon stock estimates for

1982 and 1992 by applying the default IPCC carbon

stock and carbon adjustment factors to area estimates

derived from U.S. databases on climate (Daly et al. 1994,

1998), soil types and land use and management (USDA

1994), and tillage practices (CTIC 1998).  These data-

bases were linked to obtain total area for each combined

climate/soil/land-use/tillage category in 1982 and 1992.

To derive carbon stock estimates for each year, the areas

for each combined category were multiplied by the de-

fault IPCC values for soil carbon under native vegeta-

tion, and base, tillage, and input factors.  The base, till-

age, and input factors were adjusted to account for use of

a ten-year accounting period, rather than the 20-year

period used in the IPCC Guidelines.  The changes in

carbon stocks between 1982 and 1992 for all categories

8 However, methane emissions due to flooding of rice fields are included, as are nitrous oxide emissions from agricultural soils.  These
are addressed under the Rice Cultivation and Agricultural Soil Management sections, respectively, of the Agriculture chapter.
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were then summed, and divided by ten, to obtain an

estimate of total average annual change in carbon C

stocks (i.e., net flux) for that period.  The 1997 National

Resources Inventory, which will be a 1997 update of

USDA (1994), had not been completed at the time this

version of the U.S. Inventory was compiled.  Publication

of the 1997 National Resources Inventory will enable

mineral soil carbon stock estimates for 1997 to be devel-

oped, which will allow for estimation of annual average

mineral soil carbon flux for 1993 through 1998.

The estimates of annual CO2 emissions from or-

ganic soils are also based on Eve et al. (2000).  The

procedure used is similar to that for mineral soils, except

that organic soils under native vegetation were excluded

from the database under the assumption that they are not

significantly affected by human activity.  Following the

IPCC methodology, only organic soils under intense

management were included, and the default IPCC rates

of carbon loss were applied to the total 1982 and 1992

areas for the climate/land-use categories defined in the

IPCC Guidelines.  The area estimates were derived from

the same climatic, soil, and land-use/land management

databases that were used in the mineral soil calculations

(Daly et al. 1994, 1998; USDA 1994).  As with mineral

soils, producing estimates for 1993 through 1998 will

be possible once the 1997 National Resources Inven-

tory is published.

Carbon dioxide emissions from degradation of

limestone and dolomite applied to agricultural soils were

calculated by multiplying the annual amounts of lime-

stone and dolomite applied (see Table 6-8), by CO2 emis-

sion factors (0.120 metric ton C/metric ton limestone,

0.130 metric ton C/metric ton dolomite).9  These emis-

sion factors are based on the assumption that all of the

carbon in these materials evolves as CO2.  The annual

application rates of limestone and dolomite were de-

rived from estimates and industry statistics provided in

the U.S. Geological Survey’s Mineral Resources Program

Crushed Stone Reports and Mineral Industry Surveys

(USGS 1993; 1995; 1996; 1997a,b; 1998a,b; 1999a,b).

To develop these data, the Mineral Resources Program

obtained production and use information by surveying

crushed stone manufacturers.  Because some manufac-

turers were reluctant to provide information, the esti-

mates of total crushed limestone and dolomite produc-

tion and use are divided into three components:  (1)

production by end-use, as reported by manufacturers (i.e.,

“specified” production); (2) production reported by

manufacturers without end-uses specified (i.e., “unspeci-

fied” production); and (3) estimated additional produc-

tion by manufacturers who did not respond to the survey

(i.e., “estimated” production).  To estimate the total

amounts of crushed limestone and dolomite applied to

agricultural soils, it was assumed that the fractions of

“unspecified” and “estimated” production that were ap-

plied to agricultural soils were equal to the fraction of

“specified” production that was applied to agricultural

soils.  In addition, data were not available in 1990, 1992,

and 1998 on the fractions of total crushed stone produc-

tion that were limestone and dolomite, and on the frac-

tions of limestone and dolomite production that were

applied to soils.  To estimate these data, average annual

fractions were derived from data in the other years (i.e.,

1991, 1993, and 1994 through 1997) and were applied

to the total crushed stone production statistics in 1990,

1992, and 1998.
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9 Note: the default emission factor for dolomite provided in the Workbook volume of the Revised 1996 IPCC Guidelines (IPCC/UNEP/
OECD/IEA 1997) is incorrect.  The value provided is 0.122 metric ton carbon/metric ton of dolomite; the correct value is 0.130 metric
ton carbon/metric ton of dolomite.
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Uncertainties in the flux estimates for mineral and

organic soils result from both the activity data and the

carbon stock and adjustment factors.  Each of the datasets

used in deriving the area estimates has a level of uncer-

tainty that is passed on through the analysis, and the

aggregation of data over large areas necessitates a cer-

tain degree of generalization.  The default IPCC values

used for estimates of mineral soil carbon stocks under

native vegetation, as well as for the base, tillage and

input factors, carry with them high degrees of uncer-

tainty, as these values represent broad regional averages

based on expert judgment.  Moreover, measured carbon

loss rates from cultivated organic soils vary by as much

as an order of magnitude.  In addition, this methodology

does not take into account changes in carbon stocks and

land-use trends that occurred over longer time periods.

Uncertainties in the estimates of emissions from

liming stem primarily from the methodology, rather than

the underlying activity data.  It can take several years for

agriculturally-applied lime to degrade completely.  The

IPCC method assumes that the amount of mineral ap-

plied in any year is equal to the amount that degrades in

that year, so annual application rates can be used to de-

rive annual emissions.  Further research is required to

determine applied limestone degradation rates.  More-

over, soil and climatic conditions are not taken into ac-

count in the calculations.
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As is the case with landfilled forest products, car-

bon contained in landfilled yard trimmings can be stored

indefinitely.  In the United States, yard trimmings (i.e.,

grass clippings, leaves, branches) comprise a significant

portion of the municipal waste stream.  In 1990, the EPA

estimated discards of yard trimmings to landfills at over

21 million metric tons.  Since then, programs banning or

discouraging disposal, coupled with a dramatic rise in

the number of composting facilities, have decreased the

disposal rate for yard trimmings; the 1998 landfill dis-

posal was about 10 million metric tons.  The decrease in

the yard trimmings landfill disposal rate has resulted in

a decrease in the rate of landfill carbon storage from

about 4.9 MMTCE in 1990 to 2.3 MMTCE in 1998 (see

Table 6-9).

Yard trimmings comprise grass, leaves, and

branches and have long been a significant component of

the U.S. waste stream.  In 1990, discards (i.e., landfilling

plus combustion) of yard trimmings were about 27.9

million metric tons, representing 17.9 percent of U.S.

disposal of municipal solid waste (EPA 1999).  Unlike

most of the rest of the waste stream, yard trimmings dis-

posal has declined consistently in the 1990s—genera-

tion has declined at 3.3 percent per year, and recovery

(e.g., composting) has increased at an average annual

rate of 15 percent.  Laws regulating disposal of yard

trimmings now affect over 50 percent of the U.S. popula-

tion, up from 28 percent in 1992 (EPA 1999).  By 1997,

discards were about 15 million metric tons, representing

10 percent of U.S. municipal waste disposal.
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The methodology for estimating carbon storage is

based on a life cycle analysis of greenhouse gas emis-

sions and sinks associated with solid waste management

(EPA 1998).  According to this methodology, carbon stor-

age is the product of the mass of yard trimmings dis-

posed, on a wet weight basis and a storage factor.  The

storage factor is based on a series of experiments de-

signed to evaluate methane generation and residual or-

ganic material in landfills under average conditions
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(Barlaz 1997).  These experiments analyzed grass, leaves,

branches, and other materials, and were designed to pro-

mote biodegradation by providing ample moisture and

nutrients.

For purposes of this analysis, the composition of

yard trimmings was assumed to consist of 50 percent

grass clippings, 25 percent leaves, and 25 percent

branches.  A different storage factor was used for each

component.  The weighted average carbon storage fac-

tor is 0.19 Gg carbon per Gg of yard trimmings, as shown

in Table 6-10.  Results, in terms of carbon storage, are

also shown.

������(����
The yard trimmings discard rate was taken from

the EPA report Characterization of Municipal Solid

Waste in the U.S.: 1998 Update (EPA 1999), which pro-

vides estimates for 1990 through 1997 and forecasts for

2000 and 2005.  Yard trimmings discards for 1998 were

projected using the EPA (1999) forecast of generation

and recovery rates (decrease of 6 percent per year, in-

crease of 8 percent per year, respectively) for 1997

through 2000.  This report does not subdivide discards

of individual materials into volumes landfilled and com-

busted, although it does provide an estimate of the over-

all distribution of solid waste between these two man-

agement methods (76 percent and 24 percent, respec-

tively) for the waste stream as a whole.10  Thus, yard

trimmings disposal to landfills is the product of the quan-

tity discarded and the proportion of discards managed

in landfills (see Table 6-11).  The carbon storage factors

were obtained from EPA (1998).

.�����	�-
The principal source of uncertainty for the landfill

carbon storage estimates stem from an incomplete un-

derstanding of the long-term fate of carbon in landfill

environments.  Although there is ample field evidence

that many landfilled organic materials remain virtually

intact for long periods, the quantitative basis for pre-

dicting long-term storage is based on limited laboratory

results under experimental conditions.  In reality, there

is likely to be considerable heterogeneity in storage rates,

based on (1) actual composition of yard trimmings (e.g.,

oak leaves decompose more slowly than grass clippings)

and (2) landfill characteristics (e.g., availability of mois-

ture, nitrogen, phosphorus, etc.).  Other sources of uncer-

tainty include the estimates of yard trimmings disposal

rates—which are based on extrapolations of waste com-

position surveys, and the extrapolation of a value for

1998 disposal from estimates for the period from 1990

through 1997.
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10 Note that this calculation uses a different proportion for combustion than an earlier calculation in the waste combustion section
of Chapter 6.  The difference arises from different sources of information with different definitions of what is included in the solid
waste stream.
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�aste management and treatment activities are sources of greenhouse gas emissions (See Figure 7-1).

Landfills are the nation’s largest source of anthropogenic methane emissions, accounting for 33 percent

of the U.S. total.1  Waste combustion is the second largest source in this sector, emitting carbon dioxide (CO2) and

nitrous oxide (N2O).  Smaller amounts of methane are emitted from wastewater systems by bacteria used in various

treatment processes.  Wastewater treatment systems are also a potentially significant source of N2O emissions;

however, methodologies are not currently available to develop a complete estimate.  Nitrous oxide emissions from

the treatment of the human sewage component of wastewater were estimated, however, using a simplified methodol-

ogy.  Nitrogen oxide (NOx), carbon monoxide (CO), and non-methane volatile organic compounds (NMVOCs) are

emitted by each of these sources, and are addressed separately at the end of this chapter.  A summary of greenhouse gas

emissions from the Waste chapter is presented in Table 7-1 and Table 7-2.

Overall, in 1998, waste activities generated emissions of 65.4 MMTCE, or 3.6 percent of total U.S. greenhouse

gas emissions.

���������

Landfills are the largest anthropogenic source of

methane (CH4) emissions in the United States.  In 1998,

landfill emissions were approximately 58.8 MMTCE

(10,268 Gg).  Emissions from municipal solid waste

(MSW) landfills, which received about 61 percent of the

total solid waste generated in the United States, ac-

counted for about 93 percent of total landfill emissions,

while industrial landfills accounted for the remainder.

Landfills also emit non-methane volatile organic com-

pounds (NMVOCs).  There are over 2,300 landfills in the

United States (BioCycle 1999), with the largest landfills

receiving most of the waste and generating the majority

of the methane.

1 Landfills also store carbon from biogenic sources, due to incomplete degradation of organic materials such as wood products and
yard trimmings, as described in Chapter 6.
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Methane emissions result from the decomposition

of organic landfill materials such as paper, food scraps,

and yard trimmings.  This decomposition process is a

natural mechanism through which microorganisms de-

rive energy.  After being placed in a landfill, organic

waste is initially digested by aerobic (i.e., in the pres-

ence of oxygen) bacteria.  After the oxygen supply has

been depleted, the remaining waste is attacked by anaero-

bic bacteria, which break down organic matter into sub-

stances such as cellulose, amino acids, and sugars.  These

substances are further broken down through fermenta-

tion into gases and short-chain organic compounds that

form the substrates for the growth of methanogenic bac-

teria.  Methane-producing anaerobic bacteria convert

these fermentation products into stabilized organic ma-

terials and biogas consisting of approximately 50 per-

cent carbon dioxide (CO2) and 50 percent methane, by

volume.2  Methane production typically begins one or

two years after waste disposal in a landfill and may last

from 10 to 60 years.

Between 1990 and 1998, methane emissions from

landfills were relatively constant (see Table 7-3 and Table

7-4).  The roughly constant emissions estimates are a re-

sult of two offsetting trends:  (1) the amount of MSW in

landfills contributing to methane emissions increased,

thereby increasing the potential for emissions; and (2) the

amount of landfill gas collected and combusted by land-

fill operators also increased, thereby reducing emissions.

Methane emissions from landfills are a function of

several factors, including:  (1) the total amount of MSW

in landfills, which is related to total MSW landfilled

annually for the last 30 years; (2) composition of the

waste-in-place; (3) the amount of methane that is recov-

ered and either flared or used for energy purposes; and

(4) the amount of methane oxidized in landfills instead
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2 The percentage of CO2 in biogas released from a landfill may be smaller because some CO2 dissolves in landfill water (Bingemer and
Crutzen 1987).
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of being released into the atmosphere.  The estimated

total quantity of waste-in-place contributing to emis-

sions increased from about 4,926 Gg in 1990 to 5,907

Gg in 1998, an increase of 20 percent (see Annex J).

During this period, the estimated methane recovered and

flared from landfills increased as well.  In 1990, for ex-

ample, approximately 1,110 Gg of methane was recov-

ered and combusted (i.e., used for energy or flared) from

landfills.  In 1998, the estimated quantity of methane

recovered and combusted increased to 3,590 Gg.

Over the next several years, the total amount of

MSW generated is expected to increase slightly.  The

percentage of waste landfilled, however, may decline

due to increased recycling and composting practices.  In

addition, the quantity of methane that is recovered and

either flared or used for energy purposes is expected to

increase, partially as a result of a recently promulgated

regulation that requires large landfills to collect and

combust landfill gas (Federal Register 1996).

$�!%�����&'
Based on available information, methane emis-

sions from landfills were estimated to equal the methane

produced from municipal landfills, minus the methane

recovered and combusted, minus the methane oxidized

before being released into the atmosphere, plus the meth-

ane produced by industrial landfills.

The methodology for estimating CH4 emissions

from municipal landfills is based on a model that up-

dates the population of U.S. landfills each year.  This

model is based on the pattern of actual waste disposal by

each individual landfill surveyed by the EPA’s Office of

Solid Waste in 1987.  A second model was employed to

estimate emissions from the landfill population (EPA

1993).  For each landfill in the data set, the amount of

waste-in-place contributing to methane generation was

estimated using its year of opening, its waste acceptance

rate, year of closure, and design capacity.  Data on na-

tional waste disposed in landfills each year was appor-

tioned by landfill.  Emissions from municipal landfills
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were then estimated by multiplying the quantity of waste

contributing to emissions by emission factors (EPA 1993).

For further information see Annex J.

The estimated landfill gas recovered per year was

based on updated data collected from vendors of flaring

equipment, and a database compiled by the EPA’s Land-

fill Methane Outreach Program (LMOP).  Based on the

information provided by vendors, the methane com-

busted by the 235 flares in operation from 1990 to 1998

were estimated.  This estimate likely underestimates

emissions.  The EPA believes that more than 700 flares

exist in the United States, and so the EPA is working

with the Solid Waste Association of North America

(SWANA) to better characterize flaring activities.  Addi-

tionally, the LMOP database provided data on landfill

gas flow and energy generation for 237 of the approxi-

mately 260 operational landfill gas-to-energy projects.

Emissions from industrial landfills were assumed

to be equal to 7 percent of the total methane emissions

from municipal landfills.  The amount of methane oxi-

dized was assumed to be 10 percent of the methane gen-

erated (Liptay et al. 1998).  To calculate net methane

emissions, methane recovered and oxidized was sub-

tracted from methane generated at municipal and indus-

trial landfills.

,�!�#������
The landfill population model, including actual

waste disposal data from individual landfills, was devel-

oped from a survey performed by the EPA’s Office of

Solid Waste (EPA 1988).  National landfill waste dis-

posal data for 1991 through 1998 were obtained from

BioCycle (1999).  Documentation on the landfill meth-

ane emissions methodology employed is available in

the EPA’s Anthropogenic Methane Emissions in the

United States, Estimates for 1990:  Report to Congress

(EPA 1993).  Information on flares was obtained from

vendors, and information on landfill gas-to-energy

projects was obtained from the LMOP database.

-����!���!'
Several types of uncertainties are associated with

the estimates of methane emissions from landfills.  The

primary uncertainty concerns the characterization of

landfills.  Information is lacking on the area landfilled

and total waste-in-place—the fundamental factors that

affect methane production.  In addition, the statistical

model used to estimate emissions is based upon meth-

ane generation at landfills that currently have devel-

oped energy recovery projects, and may not precisely

capture the relationship between emissions and various

physical characteristics of individual landfills.  Overall,

uncertainty in the landfill methane emission rate is esti-

mated to be roughly ±30 percent.

.��!�#��+/�!���

Waste combustion involves the burning of garbage

and non-hazardous solids, referred to as municipal solid

waste (MSW).  In 1996, there were approximately 137

municipal waste combustion plants in operation within

the United States (EPA 1999).  Most of the organic materi-

als in MSW are of biogenic origin.  Net CO2 emissions

resulting from combustion of biogenic materials are ac-

counted for under Land-Use Change and Forestry (see Box

7-1).  However, one component—plastics—is of fossil ori-

gin, and is included as a source of CO2 emissions.  Plastics

in the U.S. wastestream are primarily in the form of con-

tainers, packaging, and durable goods.  Some other mate-

rials in the waste stream (e.g., some textiles and rubber) are

of fossil origin, but are not included in this estimate.

In addition, MSW combustion has been identified

as a source of nitrous oxide (N2O) emissions.  N2O emis-

sions are dependent on the types of waste burned and

combustion temperatures (De Soete 1993).

Carbon dioxide emissions have risen 25 percent

since 1990, to about 3.5 MMTCE (12,900 Gg) in 1998, as

the volume of plastics in MSW has increased (see Table

7-5 and Table 7-6).  Nitrous oxide emissions from MSW

combustion were estimated to be 0.1 MMTCE (1 Gg) in

1998, and have not changed significantly since 1990.
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In the report, Characterization of Municipal Solid

Waste in the United States (EPA 1999), the flows of plas-

tics in the U.S. wastestream are reported for seven resin

categories.  The 1997 quantity generated, recovered, and

discarded for each resin is shown in Table 7-7. The re-

port does not provide estimates for individual materials

landfilled and combusted, although it does provide such

an estimate for the waste stream as a whole. To estimate

the quantity of plastics landfilled and combusted, total

discards were apportioned based on the proportions of

landfilling and combustion for the entire U.S. wastestream

(76 percent and 24 percent, respectively).

Fossil CO2 emissions for 1997 were estimated as

the product of plastic combusted, carbon content, and

combustion efficiency (see Table 7-8).  The carbon con-

tent of each of the six types of plastics is listed, with the

value for “other plastics” assumed equal the weighted

average of the six categories.  A combustion efficiency

of 98 percent was assumed.

Emissions for 1990 through 1996 were calculated

using the same approach.  Estimates of the portion of
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plastics in the wastestream in 1998 were not available;

therefore, they were projected by assuming 3 percent

annual growth rate in generation and a 5.4 percent growth

rate for recovery, based on reported trends (EPA 1999).

Estimates of N2O emissions from MSW combus-

tion in the United States are based on the methodology

outlined in the EPA’s Compilation of Air Pollutant Emis-

sion Factors (EPA 1997).  According to this methodol-

ogy, emissions of N2O from MSW combustion is the prod-

uct of the mass of MSW combusted, an emission factor

of N2O emitted per unit mass of waste combusted, and an

N2O emissions control removal efficiency.  For MSW

combustion in the United States, an emission factor of

30 g N2O/metric ton MSW, and an estimated emissions

control removal efficiency of zero percent were used.

,�!�#������
The estimates of CO2 emissions and N2O emissions

are based on different data sources.  The fossil CO2 emis-

sions are a function of a specific material—plastics—as

reported by EPA (1999) in its characterization of the

municipal wastestream.  The N2O emissions are a func-

tion of total waste combusted, as reported in the April

1999 issue of BioCycle (Glenn 1999).  Table 7-9 pro-

vides MSW generation and percentage combustion data

for the total wastestream.  The emission factor of N2O

emissions per quantity of MSW combusted was taken

from Olivier (1993).
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As noted above, CO2 emissions from plastics are

based on (1) the carbon content of the various plastic

resins, and (2) an assumption of 98 percent combustion

efficiency, as reported in the EPA’s life cycle analysis of

greenhouse gas emissions and sinks from management

of solid waste (EPA 1998).

-����!���!'
A source of uncertainty affecting both fossil CO2

and N2O emissions is the estimate of the MSW combus-

tion rate. The EPA (1999) estimates of plastics genera-

tion, discards, and combustion are subject to consider-

able error.  Similarly, the BioCycle (Glenn 1999) esti-

mate of total waste combustion—used for the N2O esti-

mate—is based on a survey of state officials, who use
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differing definitions of solid waste and who draw from a variety

of sources of varying reliability and accuracy.  Despite the differ-

ences in methodology and data sources, the two references—

EPA’s Office of Solid Waste (EPA 1999) and BioCycle (Glenn

1999)—provide estimates of total solid waste combusted that

are relatively consistent (see Table 7-10).

The other principal source of uncertainty for the carbon

dioxide estimate is combustion efficiency.  Municipal waste

combustors vary considerably in their efficiency as a function

of waste type, moisture content, combustion conditions, and

other factors.  The value of 98 percent assumed here may not be

representative of typical conditions.

As with other combustion-related sources of N2O,

emissions are affected by combustion conditions (De

Soete 1993).  In part, because insufficient data exists to

provide detailed estimates of N2O emissions for indi-

vidual combustion facilities, the estimates presented are

highly uncertain.  The emission factor for N2O from MSW

combustion facilities used in the analysis is a default

used to estimate N2O emissions from facilities worldwide

(Olivier 1993).  As such, it has a range of uncertainty of

an order of magnitude (between 25 and 293 g N2O/metric

ton MSW combusted) (Watanabe, et al. 1992).  Due to a

lack of relevant information on the control of N2O emis-

sions from MSW combustion facilities in the United

States, the estimate of zero percent for N2O emissions

control removal efficiency is also uncertain.

.��!�2�!��# ���!+��!

The breakdown of organic material in wastewater

treatment systems produces methane when it occurs un-

der anaerobic conditions.  The amount of methane pro-

duced is driven by the extent to which the organic ma-

terial is broken down under anaerobic versus aerobic

conditions.  During collection and treatment, wastewa-

ter may be incidentally or deliberately managed under

anaerobic conditions.  The methane produced during

deliberate anaerobic treatment is typically collected and

flared or combusted for energy.  However, whenever

anaerobic conditions develop, some of the methane gen-

erated is incidentally released to the atmosphere.  Un-

treated wastewater may also produce methane if con-

tained under anaerobic conditions.

The organic content, expressed in terms of bio-

chemical oxygen demand (BOD), determines the meth-

ane producing potential of wastewater.  BOD represents

the amount of oxygen that would be required to com-

pletely consume the organic matter contained in the

wastewater through aerobic decomposition processes.

Under anaerobic conditions, wastewater with higher

BOD concentrations will produce more methane than

wastewater with lower BOD.

In 1998, methane emissions from municipal waste-

water were 0.9 MMTCE (163 Gg).  Emissions have in-

creased since 1990 reflecting the increase in the U.S.

human population.  Table 7-11 provides emission esti-

mates from domestic wastewater treatment.

(�)*
����%$�������,������*���*�"����	
���!)��	
"
)��<�	�������
�+,
	����(���-

0��� *1( :���'���

��� �
&� �&�
� ������ �&�	�& �
��  �&� �&�'� �������	&!'�&�''
��� ��&�	�&� 
 ��������& �&'' 
�� ��&
�	&��! �������'&
	'&��	
��! ��&!'!&��
 ��������& �&�	�
��	  �&�!&


 ��������&�	
&�! 
���  �&'!�&
!
 ��������&'��&
�
��'  �&��!&�!� �������'&
�&'	 
��
 "< �������	&	��&'	�

"<� -"��� <,�������.

(�)*
�����$���2� !�����������!
<�!
�	������	
=�	
��(�
�	!
�	

0��� $$ �* 	&

��� ��� 	�
�� ��� 	�
��� ��� 	!
�� ��� 		
��! ��� 	'
��	 ��� 	

��� ��� ��
��' ��� �
��
 ��� � 



�������������

At this time, data are not sufficient to estimate

methane emissions from industrial wastewater sources.

Further research is ongoing to quantify emissions from

this source.

$�!%�����&'
Wastewater methane emissions are estimated us-

ing the default IPCC methodology (IPCC/UNEP/OECD/

IEA 1997).  The total population for each year was mul-

tiplied by a per capita wastewater BOD production rate

to determine total wastewater BOD produced.  It was

assumed that, per capita, 0.05 kilograms of wastewater

BOD53 is produced per day and that 15 percent of waste-

water BOD5 is anaerobically digested.  This proportion

of BOD was then multiplied by an emission factor of

0.22 Gg CH4/Gg BOD5.

,�!�#������
National population data for 1990 to 1998 were

supplied by the U.S. Census Bureau (1999).  The emis-

sion factor employed was taken from Metcalf and Eddy

(1972).  Table 7-12 provides U.S. population and waste-

water BOD data.

-����!���!'
Domestic wastewater emissions estimates are

highly uncertain due to the lack of data on the occur-

rence of anaerobic conditions in treatment systems, es-

pecially incidental occurrences.  It is also believed that

industrial wastewater is responsible for significantly more

methane emissions than domestic wastewater treatment.

�+��#��2�&�

Sewage is disposed on land or discharged into

aquatic environments such as rivers and estuaries.  Prior

to being disposed on land or in water, it may be depos-

ited in septic systems or treated in wastewater treatment

facilities.  Nitrous oxide (N2O) may be generated during

each of these stages through nitrification and denitrifi-

cation of the nitrogen that is present in sewage.  Nitrifi-

cation occurs aerobically and converts ammonium into

nitrate, while denitrification occurs anaerobically, and

converts nitrate into dinitrogen gas.  Nitrous oxide is a

gaseous intermediate product in the reaction sequences

of both processes.  In general, temperature, pH, biochemi-

cal oxygen demand (BOD), and nitrogen concentration

affect N2O generation from human sewage.  BOD is the

amount of dissolved oxygen used by aerobic microor-

ganisms to completely consume the available organic

matter (Metcalf and Eddy 1972).  The amount of protein

consumed by humans determines the quantity of nitro-

gen contained in sewage.

Nitrous oxide emission from human sewage were

estimated using the IPCC default methodology (IPCC/

UNEP/OECD/IEA 1997) with one exception.  The IPCC

methodology assumes that N2O emissions associated

with land disposal and sewage treatment are negligible

and all sewage nitrogen is discharged directly into

aquatic environments.  In the United States, however, a

certain amount of sewage nitrogen is applied to soils via

sewage sludge applications and therefore, not all sew-

age nitrogen enters aquatic environments.4  The N2O

estimates presented here account for the amount of ni-

trogen in sewage sludge applied to soils.
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3 The 5-day biochemical oxygen demand (BOD) measurement (Metcalf and Eddy 1972).
4 The IPCC methodology is based on the total amount of nitrogen in sewage, which is in turn based on human protein consumption and
the fraction of nitrogen in protein (i.e., FracNPR).  A portion of the total nitrogen in sewage in the United States is applied to soils in the
form of sewage sludge each year.  This amount is estimated as part of agricultural soil management (see Chapter 6) and is subtracted
here from total nitrogen in human sewage to estimate sewage N2O emissions.
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Emissions of N2O from sewage nitrogen discharged

into aquatic environments were estimated to be 2.2

MMTCE (25 Gg N2O) in 1998.  An increase in the U.S.

population and the per capita protein intake resulted in

an overall increase of 10 percent in N2O emissions from

human sewage between 1990 and 1998 (see Table 7-13).

$�!%�����&'
With the exception described above, N2O emis-

sions from human sewage were estimated using the IPCC

default methodology (IPCC/UNEP/OECD/IEA 1997).

This is illustrated below:

N2O(s) = [(Protein) × (FracNPR) × (NR People)] ×

[1-FracN-SOIL] × (EF) × (44/28)

Where:

N2O(s) = N2O emissions from human sewage

Protein = Annual, per capita protein consumption

FracNPR = Fraction of nitrogen in protein

NR People = U.S. population

FracN-SOIL = Fraction of sewage sludge N applied

to soils

EF = Emission factor (kg N20-N/kg sewage-N

produced)

(44/28) = The molecular weight ratio of N2O to N2

,�!�#������
U.S. population data were taken from the U.S. Cen-

sus Bureau (1999).  Data on the annual per capita pro-

tein consumption were provided by the United Nations

Food and Agriculture Organization (FAO 1999) (see Table

7-14).  Because data on protein intake were unavailable

for 1998, the value of per capita protein consumption

for the previous year was used.  An emission factor has

not been specifically estimated for the United States, so

the default IPCC value (0.01 kg N2O-N/kg sewage-N

produced) was applied.  Similarly, the fraction of nitro-

gen in protein (0.16 kg N/kg protein) was also obtained

from IPCC/UNEP/OECD/IEA (1997).

-����!���!'
The U.S. population (NR people), per capita pro-

tein intake data (Protein), and fraction of nitrogen in

protein (FracNPR) are believed to be fairly accurate.  There

is significant uncertainty, however, in the emission fac-

tor (EF) employed due to regional differences that would

likely affect N2O emissions but are not accounted for in

the default IPCC factor.  Moreover, the underlying meth-

odological assumption that negligible N2O emissions

result from sewage treatment may be incorrect.  In addi-

tion N2O emissions from industrial wastewater, which

have not been addressed in the IPCC Guidelines, have

not been estimated.
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In addition to the main greenhouse gases addressed

above, waste generating and handling processes are also

sources of criteria air pollutant emissions.  Total emis-

sions of nitrogen oxides (NOx), carbon monoxide (CO),

and nonmethane volatile organic compounds (NMVOCs)

from waste sources for the years 1990 through 1998 are

provided in Table 7-15.

$�!%�����&'#���#,�!�#������
These emission estimates were taken directly from

the EPA’s National Air Pollutant Emissions Trends, 1900-

1998 (EPA 1999).  This EPA report provides emission

estimates of these gases by sector, using a “top down”

estimating procedure—emissions were calculated either

for individual sources or for many sources combined,

using basic activity data (e.g., the amount of raw mate-

rial processed) as an indicator of emissions.  National

activity data were collected for individual source cat-

egories from various agencies.  Depending on the source

category, these basic activity data may include data on

production, fuel deliveries, raw material processed, etc.

Activity data were used in conjunction with emis-

sion factors, which relate the quantity of emissions to

the activity.  Emission factors are generally available

from the EPA’s Compilation of Air Pollutant Emission

Factors, AP-42 (EPA 1997).  The EPA currently derives

the overall emission control efficiency of a source cat-

egory from a variety of information sources, including

published reports, the 1985 National Acid Precipitation

and Assessment Program emissions inventory, and other

EPA data bases.

-����!���!'
Uncertainties in these estimates are primarily due

to the accuracy of the emission factors used and accurate

estimates of activity data.
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